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Aging is the single common risk factor for a variety of diseases including Alzheimer´s, 

heart disease and cancer. Cellular senescence and the accumulation of senescent 

cells with age are considered the underlying causes of aging. Due to their potential 

involvement in age-related diseases, eliminating senescent cells and attenuating the 

senescence-associated secretory phenotype (SASP) have recently emerged as 

attractive strategies aiming to reverse or delay the onset of such diseases. Although 

recent studies indicate that senescent cells may be targeted by the immune system, 

they are unable to explain why senescent cells accumulate with age and at sites of 

age-related pathologies. Immune cells also exhibit altered functions with age and it 

has been suggested that the accumulation of senescent cells might be due to a 

defective immune surveillance with age. Nevertheless, to our knowledge, no studies 

have been done to address how immunosenescence affects the surveillance of 

senescent cells, mainly because these two subjects are often discussed 

independently.  

The overall goal of this work was to investigate the interplay between the immune 

system and senescent cells. Using an autologous in vitro system with skin-explanted 

fibroblasts and human peripheral lymphocytes isolated from the same donors, the 

interactions between immune cells and fibroblasts induced to senescence could be 

investigated. A novel mechanism of immune evasion was identified and dependent 

on the expression of HLA-E by senescent cells, a non-classical MHC molecule that 

protects senescent cells from immune clearance via the interaction with the inhibitory 

Natural Killer (NK) receptor NKG2A, expressed by NK and cytotoxic T cells. Using a 

monoclonal antibody to block the interaction of HLA-E with NKG2A in vitro, we could 

successfully enhance the clearance of senescent cells by the immune system. 

SUMMARY 
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Mechanistically, it was demonstrated that HLA-E expression on senescent cells is 

regulated by p38MAPK and induced after exposure to inflammatory cytokines, such 

as IL-6. 

Interestingly, it was found that NK cell receptors such as NKG2A and NKG2D were 

predominantly expressed by a subset of CD8+ T cells with a highly differentiated 

phenotype, which are expanded with age. To investigate the biological significance of 

the expression of NK cell receptors by differentiated CD8+ T cells, functional and 

transcriptomic studies were performed. It was found that highly differentiated CD8+ T 

cells acquire phenotypic and functional properties resembling NK cells, which are 

evident at the transcriptomic level by an overexpression of genes involved in NK cell 

receptor signaling and cytotoxic effector functions. These changes occur in parallel to 

a repression of genes involved in TCR signaling and TCR-dependent functions, such 

as proliferation. Collectively, these observations point to a specific program of CD8 T 

cell differentiation, whereby cells acquire innate-like characteristics as means of 

maintaining effector functions despite TCR suppression. The mechanisms underlying 

the acquisition of such unconventional functions, mediated independently of the TCR 

were investigated revealing a crucial role for the stimulatory NK cell receptor NKG2D 

in the regulation of innate-like functions mediated by CD8+ T cells.  

Overall, the results presented in this thesis contribute to a deeper understanding of 

the mechanisms underlying the recognition and elimination of senescent cells by the 

immune system. Moreover by studying the effects of terminal differentiation in the 

immune system capacity to fight against abnormal cells, the research here developed 

represent one step forward towards an integrative approach to studying aging. 
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1 INTRODUCTION 



1.1 CELLULAR SENESCENCE 

Cellular senescence is an important tumour suppressive mechanism that long-lived 

complex organisms like humans had developed to stop incipient cancer cells from 

dividing (DeGregori, 2011). Hayflick and colleagues first described cellular 

senescence as the mechanism that limited the number of divisions a cell could 

undergo in culture, known as Hayflick limit (Hayflick, 1965). Greider and Harley 

subsequently demonstrated that the basis for this programmed biological clock was 

the gradual loss of DNA at the chromosome ends, known as telomeres, with each 

cell division (Harley et al., 1990). Some years before in 1984, Greider and Blackburn 

had discovered the enzyme responsible for extending DNA at the chromosome ends, 

maintaining telomere length after each cell division (Greider and Blackburn, 1985). 

This enzyme was called telomerase and they later received a Nobel Prize for this 

discovery. The role of telomeres and telomerase in determining the replicative 

capacity of a cell was finally confirmed when Shay and Wright demonstrated that 

senescence could be delayed in primary human fibroblasts if telomerase was 

reintroduced (Bodnar et al., 1998). 

Telomeres are regions of repetitive DNA located at the end of chromosomes, 

composed of G-rich sequences (in mammals, TTAGGG repeats) (Severino et al., 

2000) and associated with a specialized protein complex known as shelterin (Moyzis 

et al., 1988, Chong et al., 1995). This nucleoprotein complex is important to protect 

chromosome ends from being recognized as double strand breaks (DSBs), leading to 

replicative stress (de Lange, 2009). Human telomeres have between 5-15 kilobase 

pairs in length, however telomere length is variable between cells, tissues and 

individuals (Samassekou et al., 2010). The inability of DNA polymerases to fully 

replicate linear DNA molecules leads to a net loss of 100–200 base pairs of telomeric 

DNA with each cell division, known as the end-replication problem (Levy et al., 1992).  
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Telomerase is a specialized reverse transcriptase that adds TTAGGG repeats to the 

end of chromosomes to maintain telomere length, circumventing the end-replication 

problem (Greider and Blackburn, 1985). However, telomerase is normally only active 

in specific tissues, including germline and stem cells, as well as in human 

lymphocytes, being repressed from most other somatic tissues during development 

(Bodnar et al., 1996, Wright et al., 1996). In the absence of telomerase, telomeres 

will eventually become critically short triggering a DNA-damage response (DDR), 

which will induce cellular senescence once a critical telomere length is reached 

(O'Sullivan and Karlseder, 2010).  

1.1.1 CAUSES AND MECHANISMS OF CELLULAR SENESCENCE 

Although critical telomere shortening was first described as the cause of cellular 

senescence, known as replicative senescence (Goldstein, 1990), accumulating 

evidence indicates that senescence may be driven by other mechanisms 

independently of telomere shortening. Senescence that occurs before critical 

telomere shortening is reached is often designated as premature senescence.  

According to the underlying mechanism, senescence may be classified in telomere-

dependent and telomere-independent senescence (Campisi and d'Adda di Fagagna, 

2007). Nevertheless, the distinction between telomere-dependent and independent 

mechanisms may be artificial as recent studies indicate that telomeres may be the 

source of the senescence signal, irrespective of the cause that induces senescence. 

In fact, it has been demonstrated that telomeres represent sites of preferential 

accumulation of DNA-damage, most likely because telomeric DNA damage is 

irreparable, originating a persistent DNA-damage response that will induce 

senescence (Hewitt et al., 2012, Fumagalli et al., 2012). 
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1.1.1.1 TELOMERE-DEPENDENT SENESCENCE  

Telomere-dependent senescence represents the forms of senescence associated 

with telomere shortening or dysfunction. As previously described, critical telomere 

shortening induces replicative senescence, which is a fundamental process occurring 

in every somatic cell, limiting the number of cells divisions that a cell can undergo 

(Campisi, 1997). In cells cultured in vitro, replicative senescence refers to the phase 

when cells stop dividing and reach a plateau in their growth curve – known as the 

“Hayflick limit (Hayflick and Moorhead, 1961)  (Figure 1.1).  

 

Figure 1.1 – Replicative Senescence. 

Cells cultured in vitro have a finite proliferative potential: after a period of exponential growth, 

cells fail to expand and reach a plateau in the growth curve, referred to as the “Hayflick limit”.  

 

Not only telomere shortening but also telomere uncapping by the loss of shelterin 

proteins can induce cellular senescence, through telomere-dependent mechanisms 

(von Zglinicki et al., 2003). Dysfunctional or uncapped telomeres may lead to 

chromosome-end fusions and tetraploidization resulting in genomic instability that 

increases the risk of cancer (Murnane, 2012). As a protective mechanism, cells in 

risk of transformation activate a DNA-damage response cells and undergo cell death 
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or cellular senescence to prevent uncontrolled cell proliferation (d'Adda di Fagagna 

et al., 2003). This mechanism has thus a crucial role in maintaining genome integrity 

and preventing cancer progression, explaining why it has been evolutionary 

conserved (Gomes et al., 2011). 

1.1.1.2 TELOMERE-INDEPENDENT SENESCENCE 

Telomere-independent senescence refers to the forms of senescence that are not 

driven by telomere dysfunction. Several lines of evidence indicate that DNA damage, 

usually in the form of double strand breaks (DSBs), is the major cause of senescence 

(d'Adda di Fagagna, 2008).  This may be induced by irradiation, oncogene activation, 

chromatin changes or oxidative damage. 

1.1.1.2.1 IRRADIATION-INDUCED SENESCENCE 

Exposure to ionizing radiation is a widely used method of inducing senescence as it 

originates double strand breaks leading to the activation of the DNA-damage 

response (DDR) (Bluwstein et al., 2013). Studies have demonstrated that the 

majority of the DDR foci induced after irradiation of human fibroblasts are efficiently 

repaired within 24 hours (Rodier et al., 2009, Bluwstein et al., 2013). However, the 

persistence of a few DDR foci is sufficient to induce a permanent activation of the 

DNA-damage response and senescence (Fumagalli et al., 2012).  

1.1.1.2.2 ONCOGENE-INDUCED SENESCENCE 

Oncogene-induced senescence (OIS) is a robust anti-proliferative response that 

follows oncogene activation and constitutes an efficient barrier to tumour progression 

(Mooi and Peeper, 2006). Aberrant activation of oncogenes usually results in a 

biphasic response, characterized by an initial burst of proliferation, followed by a 

proliferative arrest associated with the activation of the DDR and p53/p16 tumour 



 27 

suppressor pathways (Bartkova et al., 2006). This response leads to permanent cell 

cycle arrest and enforces the establishment of cellular senescence. 

While the relevance of this mechanism was at first questioned, oncogene-induced 

senescence has since then been proved to occur in vivo. The identification of cells 

exhibiting senescence markers in human and mouse premalignant lesions (such as 

human melanocytic nevi, benign prostate hyperplasia amongst other examples) but 

absent in the malignant counterparts provided strong evidence that oncogene-

induced senescence is indeed an important tumour suppressive mechanism in vivo 

(Michaloglou et al., 2005, Braig et al., 2005, Collado et al., 2005, Bartkova et al., 

2006, Suram et al., 2012).  

1.1.1.2.3 STRESS-INDUCED SENESCENCE 

In addition to genotoxic stress, other forms of cellular stress may induce senescence, 

such as oxidative stress, lack of growth factors or inadequate culture conditions 

(Ben-Porath and Weinberg, 2005, Campisi and d'Adda di Fagagna, 2007). Chronic 

signaling by anti-proliferative cytokines such as Interferon-α (Lanna et al., 2013) and 

β (Moiseeva et al., 2006) and transforming growth factor-β (Vijayachandra et al., 

2003) have been shown to induce senescence. Similarly, reactive oxygen species 

(ROS) can induce direct DNA damage and accelerate telomere erosion, both of 

which contribute to activation of a DDR and senescence (von Zglinicki, 2002). Recent 

studies demonstrate that chronic low-grade inflammation might enhance telomere 

dysfunction by increasing ROS-mediated DNA damage (Jurk et al., 2014). Both ROS 

and pro-inflammatory cytokines, especially IL-6 and IL-8 are not only generated 

during senescence but also contribute to stabilize senescence in a positive feedback 

loop (Passos and Von Zglinicki, 2006, Correia-Melo et al., 2014). The role of ROS in 

senescence is supported by evidence that treatment with antioxidants delays or 

prevents senescence (Glade and Meguid, 2015). 
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1.1.2 PHASES OF THE SENESCENCE RESPONSE 

Senescence is carefully regulated by different signaling pathways that act co-

ordinately in distinct phases of the senescence program (Figure 1.2):  

 
Figure 1.2 – Phases of the senescence response. 
 

The induction phase follows a triggering event such as telomere shortening, DNA-

damage, oxidative stress or growth factor deprivation (Akbar and Henson, 2011). The 

presence of DNA damage foci, marked by the phosphorylation of the histone γH2AX, 

activates ataxia-telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-

related (ATR) signaling cascades, to attempt repair. During this decision period, the 

majority of the DNA damage foci is repaired within hours, however the persistence of 

a few irreparable foci is sufficient to determine the next phase: a permanent cell 

growth arrest, mediated by the activation of the p53 and the p16INK4A pathways (Ben-

Porath and Weinberg, 2005, Campisi and d'Adda di Fagagna, 2007). A final phase 

initiated slowly over days after the initial insult is characterized by the activation of 

p38MAPK which in turn activates the transcription factor NF-κB leading to global 

changes in the transcriptome of the cell and to a characteristic secretory phenotype, 

known as senescence-associated secretory phenotype (SASP) (Freund et al., 2011). 
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1.1.3 SIGNALING PATHWAYS REGULATING SENESCENCE 

1.1.3.1 The DNA damage response 

The activation and persistence of a DNA damage response (DDR) is crucial for the 

commitment to senescence. This response consists of a cascade of events leading 

to the recruitment of specialized molecules to the sites of DNA damage to attempt 

repair. At the same time it induces cell cycle arrest (checkpoint function) until the 

DNA damage is fully repaired. This signaling cascade is orchestrated by two protein 

kinases, ataxia-telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-

related (ATR), which regulate the phosphorylation and function of downstream 

effectors, such as the checkpoint kinases Chk1 and 2 and phosphatases (Cdc25) 

and cyclin-dependent kinases (CDKs) which regulate cell cycle progression (d'Adda 

di Fagagna, 2008, Jackson and Bartek, 2009).  

Phosphorylation of the histone γH2AX at the serine residues (Ser136 and Ser139) is 

one of the firsts events in this cascade, important for the recruitment of other DNA 

repair molecules to the sites of damage, in a positive feedback loop (Celeste et al., 

2002). Evidence for the activation of the DNA damage response during senescence 

is demonstrated by the presence of nuclear foci containing phosphorylated γH2AX 

co-localized with 53-binding protein 1 (53BP1) and MRN-complex proteins (d'Adda di 

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

Eventually, this response will converge on the activation of key tumour suppressor 

proteins, such as p53 and p16INK4A that will induce cell cycle arrest and determine the 

end fate of the cell: to senesce or to dye by apoptosis. (Ben-Porath and Weinberg, 

2005).  
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1.1.3.2 p53/p21 and p16INK4A tumour suppressor pathways  

The tumour suppressor protein p53 has a primordial role in maintaining the genome 

integrity of a cell after genotoxic stress, being often regarded as the “guardian of the 

genome” (Lane, 1992). Activation of p53 (both by increased expression or by post-

translational modifications) mediates cell-cycle arrest through the activation of p21, a 

cyclin-dependent kinases (CDK) inhibitor that prevents the phosphorylation and 

inactivation of the retinoblastoma protein pRB. Active pRB in turn suppresses E2F1 

activity, a transcription factor that stimulates the expression of genes that are 

required for cell-cycle progression (Figure 1.2) (Levine, 1997, Sherr and McCormick, 

2002).  

Similarly, the tumour suppressor p16INK4A is a CDK inhibitor that mediates growth 

arrest through the activation of pRB and E2F1 suppression (Sherr and Roberts, 

1999). p16INK4A is expressed at low levels in normal cells and it may be induced in 

response to oncogene expression (Serrano et al., 1997), exposure to radiation 

(Piepkorn, 2000, Ju et al., 2003), oxidative stress (Jenkins et al., 2011) and also to 

growth factor deprivation or sub-optimal culture conditions (Ramirez et al., 2001). 

Interestingly, a number of studies have shown that levels of p16INK4A increase with 

age and its presence has been associated with a decline in tissue function, making it 

an appealing biomarker of aging (Krishnamurthy et al., 2004, Krishnamurthy et al., 

2006, Ressler et al., 2006, Liu et al., 2009). 

The contribution of each one of these pathways to senescence may depend on the 

cell type and probably on the nature of the stimuli that induces it. Whether these 

pathways act independently or in a redundant way is still not completely clear but it is 

accepted that there is a significant cross-talk between the two p53/p21 and 

p16INK4A/Rb pathways, providing an extra layer of protection against tumour 

development (Yamakoshi et al., 2009).  
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1.1.3.3 p38MAPK signaling pathway 

The senescence program is associated with the activation of yet another very 

important pathway, the p38 signaling pathway. p38 is a member of the mitogen-

activated protein kinase (MAPK) family, which may be activated in response to 

inflammation, environmental stresses (radiation, oxidative stress, heat shock, 

ischemia) and also DNA damage (Chang and Karin, 2001). p38MAPK plays an 

important role in senescence, due to its ability to induce growth arrest, through the 

activation of both p53 and p16/pRb pathways (Wong et al., 2009). The role of 

p38MAPK in senescence has been supported by studies where inhibition of p38 

activity could delay the senescence response caused by dysfunctional telomeres or 

reverse the premature senescence phenotype of fibroblasts isolated from patients 

with progeroid syndromes (Iwasa et al., 2003, Davis et al., 2005). Chronic activation 

of p38MAPK has been demonstrated in different forms of senescence and also in 

different type of cells suggesting that p38MAPK involvement in senescence is 

independent of the stimulus that causes it (Freund et al., 2011, Tivey et al., 2013, Xu 

et al., 2014). Chronic activation of p38MAPK signaling has been also demonstrated 

in senescent T cells and implicated in the induction of proliferative arrest and 

decreased telomerase activity, which could be reverted upon p38 inhibition (Di Mitri 

et al., 2011, Lanna et al., 2014).  

In addition to this, activation of p38MAPK in senescence has been implicated in the 

regulation of an important feature of senescent cells, known as the senescence-

associated secretory phenotype (SASP) (Freund et al., 2011). 
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1.1.4 SENESCENCE-ASSOCIATED SECRETORY PHENOTYPE (SASP) 

When cells become senescent they suffer widespread changes in protein expression 

and secrete a pletora of factors, including pro-inflammatory cytokines, chemokines, 

growth factors and proteases. This secretory phenotype, termed the senescence-

associated secretory phenotype (SASP) (Coppe et al., 2008) has important 

consequences to the tissue microenvironment. 

A list of the most important SASP factors are summarized in Table 1.1, including 

cytokines such as IL-1, IL-6, IL-8 and TNFα; chemokines, such as the growth 

regulated oncogene-α and β (GROα, -β also known as CXCL-1, -2), the monocyte 

chemoattractant protein-1 and 2 (MCP-1, MCP-2) and the macrophage-inflammatory 

protein-1α (MIP-1α); growth factors, such as the insulin-like growth factor (IGF) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF); reactive oxygen 

species and matrix metalloproteinases, amongst others (Davalos et al., 2010). This 

list of secreted factors is not exhaustive and some factors may differ depending on 

the type and function of each cell. Nevertheless, the presence of a SASP is highly 

conserved between species (Coppe et al., 2010b) and occurs in a variety of cell 

types (Erusalimsky and Kurz, 2005, Salminen et al., 2011). 

The SASP was initially thought to result from the persistent activation of the DNA 

damage response (Rodier et al., 2009), though it was later demonstrated that the 

major regulator was p38MAPK, which was both necessary and sufficient for its 

development (Freund et al., 2011). In fact, inhibition of the activity of p38MAPK using 

chemical inhibitors or by RNA interference significantly reduced the levels of most 

secreted SASP factors. 
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Table 1.1 – Senescence-associated secretory phenotype (SASP) factors 

 

Additionally, it was shown that p38MAPK regulates the SASP through the activation 

of the transcription factor NF-κB, which is responsible for the increased expression of 

many SASP genes (Freund et al., 2011). Other studies have demonstrated an 

important role of mammalian target of rapamycin (mTOR) signaling in regulating the 

secretome of senescent cells (Herranz et al., 2015, Laberge et al., 2015).  

Senescent cells also undergo chromatin reorganization, which is crucial for 

modulating gene expression, including SASP genes. Recent studies identified 

epigenetic regulators of the SASP including high mobility group box 2 (HMGB2) (Aird 

et al., 2016) and bromodomain‐containing protein 4 (BRD4)(Tasdemir et al., 2016). 
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The activity of SASP factors can modify the tissue microenvironment and affect 

neighbouring cells (Coppe et al., 2010a). Studies indicate that IL-6, IL-8 and GROα 

can induce senescence in a cell autonomous level, reducing the risk of oncogenic 

transformation (Acosta et al., 2008), however they can also act at a paracrine level to 

promote epithelial-to-mesenchymal transition (Krtolica et al., 2001, Parrinello et al., 

2005) and tumour progression in neighbouring cells (Nelson et al., 2012, Acosta et 

al., 2013). Other secreted factors, such as MCP-1 and IL-8 may help recruiting 

immune cells to clear senescent cells (Xue et al., 2007, Krizhanovsky et al., 2008) 

and promote tissue repair (Jun and Lau, 2010). However, the activity of SASP factors 

may also contribute to chronic inflammation and tissue damage and has been often 

implicated in the pathogenesis of many age-related diseases (Campisi, 2005, 

Demaria et al., 2014, Franceschi and Campisi, 2014).  

1.1.5 MARKERS OF CELLULAR SENESCENCE 

One of the most commonly used markers for identifying senescent cells is the activity 

of senescence-associated β-galactosidase (SA-β-Gal). The expression of this 

lysosomal enzyme is typically increased in senescent cells, most likely reflecting the 

increase in lysosomal mass with senescence (Lee et al., 2006, Kurz et al., 2000). 

The activity of this enzyme, detectable at pH 6.0, is only found in senescent cells 

being absent in non-senescent, quiescent or terminally differentiated cells, making it 

a good marker to differentiate these cells. It has been used to identify senescent cells 

in vitro as well as in vivo, in culture and in human tissues samples (Dimri et al., 

1995). Nevertheless, it has limitations as it has been reported that late-passage and 

over-confluent cells in culture may stain positively for SA-β-Gal (Yang and Hu, 2005). 

Despite the efforts to find a good biomarker of senescence, no single marker is 

unique or specific enough to be used alone. Most commonly, senescence is 

confirmed by a combination of markers (Collado and Serrano, 2006). These markers 
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often represent the most important features or hallmarks of senescence that are 

delineated below: 

- Enlarged and flattened morphology (although only visible in cells in culture); 

- Expression of senescence-associated β-galactosidase, detectable at pH 6.0 

by histochemical staining; 

- Cell cycle arrest or lack of proliferation, generally determined by low levels of 

Ki67 or bromodioxyuridine (BrdU) labeling; 

- Activation of the DNA-damage response with increased expression of DDR 

proteins and tumour suppressors p53/p21 and p16INK4A; 

- Formation and persistent expression of nuclear foci containing activated DDR 

proteins such as ATM, γH2AX, 53BP1 and preferentially located at telomeres; 

- Chronic activation of p38MAPK signaling pathway; 

- Robust secretory phenotype, with secretion of a plethora of pro-inflammatory 

cytokines, chemokines, growth factors and metalloproteinases. 
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1.2 SENESCENCE IN VIVO: A ROLE IN AGING AND CANCER 

Despite being initially described as a phenomenon occurring in cells in culture, a 

growing body of evidence indicates that senescent cells can also be found in vivo 

playing a role in the pathogenesis of aging and age-related diseases (Sharpless and 

Sherr, 2015, van Deursen, 2014). The senescence theory of aging suggests that 

organismal aging occurs as a result of the accumulation of senescent cells that 

cannot divide, diminishing the renewal capacity of tissues and/or alter tissue 

homeostasis due to its high secretory phenotype (Campisi, 2005). 

 

Figure 1.3 – The link between cellular senescence, aging and cancer. 

Despite the beneficial effect on tumour suppression, cellular senescence may have 

deleterious effects, especially later in life. The development of cancer and age-related 

diseases exponentially increase in late life and it has been associated with the accumulation 

of senescent cells.  

 

Evidence that senescent cells accumulate with age comes from studies in different 

organisms, from primates to mice and zebrafish (Herbig et al., 2006, Wang et al., 

2009, Henriques et al., 2013). In humans, cells with senescence markers have been 

detected in high proliferative tissues, such as the skin or the hematopoietic system 

and the frequency of these cells increases with age (Dimri et al., 1995, van Deursen, 
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2014). The assumption that the accumulation of senescent cells may be responsible 

for aging is supported by the identification of senescent cells at sites of age-related 

pathologies, including atherosclerosis, osteoarthritis, degenerating intervertebral 

discs and also in liver cirrhosis (Erusalimsky and Kurz, 2005, Price et al., 2002, 

Roberts et al., 2006, Wiemann et al., 2002).  

Despite this, the problem of detecting senescence in vivo is inexorably linked with the 

lack of a robust biomarker of senescence (Sharpless and Sherr, 2015). Although not 

detectable in all senescent cells, the expression of p16INK4A is the most used marker 

of aging in vivo and many studies have shown an age-dependent accumulation of 

p16INK4A positive cells, associated with a decline in cell and tissue function 

(Krishnamurthy et al., 2004, Krishnamurthy et al., 2006, Ressler et al., 2006, Liu et 

al., 2009, Waaijer et al., 2012). Other studies have shown a correlation between 

telomere length, age and age-related diseases (Hastie et al., 1990, Samani et al., 

2001, Cawthon et al., 2003). However, these studies were only correlative and the 

causative role of senescence in aging had yet to be proved.  

Two recent studies from Baker and colleagues were decisive for the establishment of 

the role of senescent cells in aging. Using a transgenic mouse model with inducible 

elimination of p16INK4A-positive cells, the authors demonstrated that elimination of 

senescent cells from early ages extended lifespan and delayed the onset of age-

related phenotypes in tissues such as muscle, eye and adipose tissue. Strikingly, 

elimination of these cells later in life could also halt the progression of pre-

established ageing phenotypes. The mechanism behind this was not completely 

explained, but the authors suggested that the acquisition of a SASP would contribute 

to age-related tissue dysfunction (Baker et al., 2011, Baker et al., 2016).  

Evidence for the existence of a SASP in vivo is supported by the age-associated 

increase in serum levels of IL-6 and TNFα (Bruunsgaard, 2006, Maggio et al., 2006, 
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Singh and Newman, 2011). However, the exact source of these inflammatory factors 

is not conclusive and the low-level chronic inflammation associated with aging, 

known as “inflammaging”, has also been linked with the dysfunction of immune 

system and immunosenescence (Franceschi et al., 2000). Nevertheless, the most 

probable scenario is that of multiple and inter-related mechanisms contributing to it. 

As cells don´t exist alone but are in constant interaction with each other at a tissue 

and organismal level, changes in the secretory phenotype of senescent cells may 

well affect the function of surrounding cells and the tissue microenvironment 

(Campisi, 2005, Kuilman and Peeper, 2009). This concept of paracrine senescence 

is now becoming more accepted and recent studies have presented evidence that it 

also occurs in vivo (Nelson et al., 2012, Acosta et al., 2013). Using mouse models of 

oncogene-induced senescence, Acosta et al observed that senescent cells were 

often found in clusters, which included different types of cells, mainly stromal 

fibroblasts, endothelial and immune cells. These findings were confirmed in human 

specimens of adenomatous polyps of the colon (Acosta et al., 2013). 

Although the role of senescence in driving aging may still be controversial, there is an 

increasing amount of evidence showing that oncogene-induced senescence does 

occur in vivo and represents an important tumour suppressive mechanism. The 

identification of cells undergoing OIS in both mouse and human premalignant 

lesions, absent in the malignant counterparts, is a compelling evidence that cellular 

senescence is indeed an important tumour suppressive mechanism in vivo 

(Michaloglou et al., 2005, Braig et al., 2005, Collado et al., 2005, Suram et al., 2012).  

Further supporting the role of senescence in cancer, senescence markers have been 

identified in tumours after conventional treatment with chemotherapeutic drugs or 

after ionizing radiation (Chang et al., 1999, Schmitt et al., 2002, Robert H. te Poele, 

2002, Efimova et al., 2010). In line with this, the use of targeted therapies to 
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selectively induce cellular senescence in tumour cells has recently emerged as a 

promising new weapon for cancer treatment (Collado and Serrano, 2010, Acosta and 

Gil, 2012, Nardella et al., 2011). Of particular note, several studies indicate that the 

successful outcome of prosenescence therapies depends on the effective clearance 

of senescent cells by the immune system (Toso et al., 2014, Soriani et al., 2009) and 

this immune response designated as senescence immune surveillance has provoked 

considerable interest not only for cancer therapy but also for the prevention of age-

related diseases (Hoenicke and Zender, 2012, Naylor et al., 2013). 

 

1.3 SENESCENCE SURVEILLANCE 

The fate of senescent cells in the organism is still unclear. Studies have shown that 

senescent cells can persist for a long time in tissues in living organisms. As an 

example, Michaloglou et al has shown that melanocytic nevi are formed by 

senescent melanocyte cells that reside in human skin for decades (Michaloglou et 

al., 2005). Nevertheless, accumulating evidence now indicates that the immune 

system is able to recognize senescent cells. An intimate crosstalk between 

senescent cells and the immune system has been described, involving both the 

innate and adaptive arms of the immune system. 

1.3.1 SURVEILLANCE BY THE INNATE IMMUNE SYSTEM 

In a pioneering study, Lowe and colleagues demonstrated that induction of 

senescence in tumour cells after p53 reactivation triggered an immune response that 

contributed to tumour regression in vivo. In this study, the response was mediated by 

the innate arm of the immune system, mainly through the activation of natural-killer 

(NK) cells, macrophages and neutrophils that infiltrated the tumour after p53 

restoration (Xue et al., 2007). This was the first demonstration of the interplay 
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between the senescent cells and the immune system, revealing a new role for 

senescence in promoting cancer suppression, through the activation of an immune 

response against senescent cells. 

Interestingly, a study by Reimann et al revealed that the immune system itself could 

induce senescence in tumour cells by the secretion of cytokines such as TGF-β by 

macrophages (Reimann et al., 2010). 

The clearance of senescent cells has also been shown to be important for 

counteracting non-malignant disorders, such as liver fibrosis. Using a mouse model 

of liver fibrosis, Krizhanovisky et al demonstrated that senescence of activated 

hepatic stellate cells (HSCs) limits the extent of liver fibrosis. They suggested that 

senescence not only limits the proliferation of HSCs but also facilitates the clearance 

of these cells from the liver, through the up-regulation of cytokines, adhesion 

molecules and immune ligands that activate and recruit NK cells. Using in vitro and in 

vivo cytotoxicity assays they were able to show that senescent cells (HSCs and 

fibroblasts) were more sensitive to NK cell-mediated killing than proliferating cells 

(Krizhanovsky et al., 2008). Later on, the authors demonstrated that senescent cells 

up-regulated ligands for the stimulatory NK cell receptor NKG2D, particularly MICA/B 

and ULBP2, which were crucial for triggering an efficient cytotoxic response 

mediated by NK cells towards senescent cells (Sagiv, 2016). 

1.3.2 THE ADAPTIVE IMMUNE SYSTEM AND SENESCENT CELLS 

These previous studies offered an insight on how the innate immune system is 

involved in the clearance of senescent cells. Nevertheless, other studies suggest that 

the adaptive immune system may also be an important mediator of the immune 

surveillance of senescent cells. 
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Using an in vivo model of oncogene-induced senescence in the liver, Lars Zender 

and colleagues demonstrated that premalignant senescent hepatocytes were 

subjected to immune clearance that was dependent on a response orchestrated by 

antigen-specific CD4+ T cells but required innate immune cells to execute the killing. 

Interestingly, the induction of an antigen-specific response against senescent 

hepatocytes was dependent on the fulfilment of the senescence programme, as 

hepatocytes that were transduced with a non-oncogenic Nras gene and did not 

undergo senescence were not cleared. These observations imply that the activation 

of senescence may be required for effective immune surveillance and that it is 

possible to induce a specific immune response against antigens expressed by 

premalignant senescent cells. Finally, the authors investigated whether this 

mechanism would occur in vivo by analysing liver samples of patients with chronic 

hepatitis C alone or co-infected with HCV-HIV. In co-infected patients, with a 

compromised immune system typically affecting CD4+ T cells, the frequency of 

senescent (p16+) cells was significantly higher than in mono-infected patients (Kang 

et al., 2011).  

Another study demonstrated how the adaptive immune system, in particular CD4+ T 

cells were important for the induction of senescence and complete remission of 

lymphoma and leukemia in mouse models. It was proposed that CD4+ T cells 

mediated this effect through the secretion of cytokines such as IFNγ and TNFα, IL-15 

and MCP-1 that are known to have anti-tumour (and possibly pro-senescence) 

effects (Rakhra et al., 2010). 

Collectively these studies demonstrated a role for both arms of the immune system, 

in clearing senescent cells (Figure 1.4). Intriguingly, none of these studies have 

implicated CD8+ T cells, which are major mediators of cytolytic responses to 

infection and cancer, in senescence surveillance. 
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Figure 1.4 – Senescence immune surveillance.  

Recent studies indicate a role for the innate immune system (macrophages, neutrophils and 
NK cells) and adaptive immune system (mainly CD4+ T cells) in mediating responses towards 
senescent cells in different pathological settings. Whether the immune system is able to mount 
an immune response towards senescent cells in non-pathological aging tissues still needs to 
be investigated (adapted from Hoenicke et al. 2004). 

 

The role of other components of the immune system, such as CD8+ T cells in 

mediating responses towards senescent cells still needs to be investigated. 

1.3.3 MECHANIMS OF ALERTING THE IMMUNE SYSTEM BY 

SENESCENT CELLS 

Senescence is associated with striking changes in gene expression and many of the 

up-regulated genes are involved in the modulation of the immune response (Kuilman 

et al., 2008, de Magalhaes et al., 2009, Purcell et al., 2014).  Alongside the up-

regulation of pro-inflammatory cytokines and adhesion molecules typically involved in 

the recruitment of leukocytes, senescent cells up-regulate the expression of 

membrane-bound ligands for the activating NK cell receptor NKG2D, rendering these 

cells sensitive to NK-cell mediated killing (Krizhanovsky et al., 2008, Soriani et al., 

2009, Iannello et al., 2013, Sagiv, 2016). 
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Previously, Gasser and colleagues had demonstrated that genotoxic stress and the 

activation of the DNA damage response induced the up-regulation of NKG2D ligands 

in mouse and human fibroblasts exposed to ionizing radiation and other DNA-

damaging agents (Gasser et al., 2005). By showing this, the authors demonstrated 

that the DNA damage response, a fundamental component of the senescence 

programme, not only serves to arrest the cell cycle and allow DNA repair, but also 

participates in the communication with the immune system to alert for the presence 

of potentially harmful cells. 

The hypothesis that cells in danger can emit “find me“ signals to alert the immune 

system has been previously proposed by Matzinger, in particular in response to 

infection, cancer or stress (Matzinger, 2002).  It is now widely accepted that stressed 

cells secrete alarmins or damage-associated molecular patterns (DAMPs) that are 

recognized by specific receptors (pattern recognition receptors (PPRs) expressed by 

dendritic cells, macrophages and other immune cells, priming an immune response 

that will eventually induce the clearance of these cells (Bianchi, 2007). One of these 

DAMPs is the high mobility group box 1 protein (HMGB1), which was recently shown 

to be released by senescent cells (Davalos et al., 2013). HMGB1 can bind several 

pattern recognition receptors (PPRs), including Toll-like receptor 2 and 4 (TLR-2, -4) 

as well as receptors for advanced glycosylation end products (RAGE), expressed not 

only by macrophages and dendritic cells but also by T lymphocytes (Park et al., 

2004, Kokkola et al., 2005, Dumitriu et al., 2005). It is plausible that senescent cells 

use these mechanisms to recruit and activate cells of the immune system. 

Thus, it seems that there are mechanisms to alert and mobilize the immune system 

towards senescent cells. Nonetheless, the immune surveillance of senescent cells is 

not completely efficient, since senescent cells accumulate with age.  
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1.3.4 MECHANISMS OF EVADING THE IMMUNE SYSTEM 

Not much is known about how senescent cells evade surveillance and clearance by 

the immune system. In contrast, escape from the immune system is now considered 

to be one of the hallmarks of cancer (Hanahan and Weinberg, 2011).  

Similarly to cancer cells, senescent cells may engage different mechanisms leading 

to immune escape such as: secretion of anti-inflammatory cytokines (IL-10, TGF-β), 

induction of regulatory T cells, activation of myeloid suppressor cells or down-

regulation of cell surface markers that mediate the interaction with the immune 

system (Zitvogel et al., 2006).  

Down-regulation of the expression of MHC-class I molecules is a well-described 

strategy that tumours and viruses use to escape CD8+ T cell-mediated responses 

(Ploegh, 1998, Bubenik, 2004). Modulation of the expression of non-classical MHC 

class I molecules such as HLA-E and HLA-G, has been described as a strategy used 

by tumour cells to avoid NK and T cell killing (Derre et al., 2006, de Kruijf et al., 2010, 

Algarra et al., 2004). Shedding of NKG2D ligands after cleavage by matrix 

metalloproteinases induces a downmodulation of NKG2D on effector cells, further 

impairing the immune surveillance of tumour cells (Groh et al., 2002). 

Alternatively, tumours may subvert the immune system through changes in the 

microenvironment, favouring the development of immunosuppressive or tolerogenic 

immune cells. As an example, overproduction of cytokines such as IL-4, IL-10 and 

TGF-β are associated with an M2 polarization of macrophages and TH2 responses as 

well as with induction of regulatory T cells and activation of myeloid-derived 

suppressor cells (MDSCs). Furthermore, tumours (or tumour-associated myeloid 

suppressor cells) may also increase the expression of enzymes such as arginase-1 

and indoleamine 2,3- dioxygenase (IDO), which change the availability of important 
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amino acids in the tumour milieu, blocking proliferation and function of CD8+ T cells 

(Bronte and Zanovello, 2005, Uyttenhove et al., 2003). 

All these mechanisms have been described in cancer cells, however whether 

senescent cells use similar strategies to evade the immune system remains to be 

investigated. In addition to this, another factor to be considered is the age-related 

impairment in immune responses or immunosenescence, which has important 

consequences for the surveillance of abnormal cells. 

1.4 IMMUNOSENESCENCE 

Aging is associated with a general decline in immune function, a process generally 

termed as immunosenescence, which is mostly driven by chronic antigenic 

stimulation and thymic involution (Vallejo, 2007, Lynch et al., 2009). 

These age-dependent alterations in the immune system affect the adaptive immune 

system and the T cell compartment in particular. T cells are highly susceptible to 

senescence, not only because they are long-lived but mostly because they undergo 

massive rounds of proliferation after repeated antigen challenge (Vallejo, 2007). 

Nevertheless, the effects of aging on the immune system are widespread and recent 

studies have described alterations in the function of B cells, NK, macrophages and 

dendritic cells as well as hematopoetic stem cells (Panda et al., 2009, Kuranda et al., 

2011, Le Garff-Tavernier et al., 2010).  

Clinically, these changes play a significant a role in the increased morbidity and 

mortality in the elderly and are manifested by a higher susceptibility to infections and 

cancer, reduced effectiveness of vaccinations and deregulated inflammation 

(McElhaney et al., 2012). 
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1.4.1 EFFECTS OF AGING ON THE INNATE IMMUNE SYSTEM 

In the innate immune compartment, age-related changes in the phenotype and 

function of NK cells have been described (Le Garff-Tavernier et al., 2010). These are 

associated with the accumulation of CD56dim NK cells with a mature phenotype, 

characterized by the increased expression of maturation markers such as CD57 

(Lopez-Verges et al., 2010) and KLRG1 (Huntington et al., 2007, Muller-Durovic et 

al., 2016). Although the effects of aging on the cytolytic function of NK cells are still 

controversial, our group recently identified a subset of CD56dim KLRG1high NK cells 

that is expanded in the elderly, displaying impaired cytotoxicity and proliferation as 

well as other features of senescence (Muller-Durovic et al., 2016). 

Other important changes include the skewing of hematopoiesis towards the myeloid 

lineages (Beerman et al., 2010, Kuranda et al., 2011) as well as augmented Th17 

immune responses (Tesar et al., 2009) that could contribute to the pro-inflammatory 

milieu characteristic of aging. Indeed, a well-recognized consequence of 

immunesenescence is a deregulation of the cytokine network towards a pro-

inflammatory profile, with increased plasma levels of IL-6 and TNFα found in the 

elderly that may contribute to the persistent low-grade inflammation termed 

“inflammaging” (Bruunsgaard et al., 2003, Franceschi et al., 2000).  

1.4.2 EFFECTS OF AGING ON THE ADAPTIVE IMMUNE SYSTEM 

One of the most recognized age-related changes in the immune system is the 

involution of the thymus leading to a reduced output of naïve T cells to the periphery. 

Despite thymic involution, the total number of circulating lymphocytes remains stable 

throughout life, reflecting the onset of compensatory homeostatic mechanisms that 

lead to the expansion of memory T cells (Linton and Dorshkind, 2004). Within the 

peripheral memory T cell pool, there is an accumulation of oligoclonal T cells, specific 



 47 

for viral infections such as cytomegalovirus (CMV) and Epstein-Barr Virus (EBV) with 

a differentiated phenotype (Khan et al., 2002, Fletcher et al., 2005, Pawelec and 

Gouttefangeas, 2006). In combination with the depletion of the peripheral pool of 

naïve T cells, the accumulation of these terminally differentiated T cells with age 

skews the immune repertoire and leads to impaired immune responses to new 

antigens and vaccination in the elderly (Akbar and Fletcher, 2005, McElhaney et al., 

2012). 

1.4.3 T CELL SENESCENCE: DIFFERENCES AND SIMILARITIES WITH 

CELLULAR SENESCENCE  

Although most of the features of senescence have been described in fibroblasts, 

similarities and differences between senescence in T cells and fibroblasts are found 

(summarized in Table 1.2). One crucial difference regards the expression of 

telomerase, which is found on T cells and is absent in fibroblasts. In fact, T 

lymphocytes are able to reactivate telomerase in response to mitogenic and antigenic 

stimulation (Hodes et al., 2002). However, T cells lose the capacity to reactivate 

telomerase with progressive differentiation and thus have a limited replicative 

capacity, as do all somatic cells (Roth et al., 2003). Repeated antigenic exposure 

leads to overt proliferation and consequent telomere shortening that will eventually 

trigger replicative senescence (Fletcher et al., 2005). Telomere-independent 

mechanisms of senescence may also occur in T cells (Di Mitri et al., 2011, Akbar and 

Henson, 2011).  
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Table 1.2 – Similarities and differences between senescence characteristics of 
fibroblasts and T cells. 

 

Mechanistically, the DNA-damage response activation and signaling through p53-p21 

and p16 pathways that regulate growth arrest are identical in both types of cells 

(Erickson et al., 1998, Scheuring et al., 2002, Mondal et al., 2013, Liu et al., 2011). 

Evidence of spontaneous phosphorylation of ATM and its downstream target γH2AX 

in highly differentiated T cells suggests that senescence in T lymphocytes may also 

depend on the persistent activation of the DNA-damage response (Di Mitri et al., 

2011, Lanna et al., 2014, Henson et al., 2014).  

Chronic activation of p38MAPK signalling pathway is also a prominent feature of 

senescence in T cells, which has been implicated in the regulation of telomerase 

activity and autophagy in T cells. In fact, inhibition of p38MAPK by specific small-

molecule inhibitors or RNA interference resulted in enhanced telomerase activity and 

increased proliferation of senescent T cells (Di Mitri et al., 2011, Lanna et al., 2014) 

as well as in increased autophagic activity (Henson et al., 2014).  

	

Senescence features in fibroblasts: Senescence features in T cells: 
 
Similarities: 
 
Short telomeres 
Expression of SA-β galactosidase 
Persistent DNA damage foci (ϒH2AX, 53BP1) 
Activation of p53 and pRB - p16INK4a 

Chronic activation of p38 MAPK 
Accumulation of senescence cells with age 
Secretion of growth factors, cytokines, proteases - 
SASP 
 
 
Differences: 
 
Permanent cell cycle arrest 
No telomerase 
No specific surface markers identified  
 

 
Similarities: 
 
Short telomeres 
Expression of SA-β galactosidase 
Persistent activation of the DNA damage response (ϒH2AX) 
Activation of p53 and pRB - p16INK4a 
Chronic activation of p38 MAPK 
Accumulation of differentiated T cells with age 
Highly functional: increased secretion of TNFα, IFNγ, perforin, 
granzyme B  

 
Differences: 
 
Decreased proliferative capacity 
Decreased telomerase activity 
Altered expression of surface receptors: âCD28, 
âCD27,áCD45RA 
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Although it is not yet described whether senescent T cells have a SASP, it is well 

documented that highly differentiated T cells are very functional and metabolically 

active, secreting high levels of cytokines such as IFN-γ and TNF-α, as well as IL-6, 

IL-8, GROα and MIP-1α among other factors (Libri et al., 2011, Henson et al., 2014). 

As discussed previously, the nature of the SASP may be cell-dependent although a 

common signature is frequently found.  

One important difference in the senescence programme of T cells compared to 

fibroblasts is the altered expression of surface receptors in T cells that may be used 

as markers to identify senescent T cells. Hence, T lymphocytes are probably one of 

the best models to study cellular senescence in vivo, not only because they are 

easily isolated from the blood and analysed ex vivo, but also because they can be 

robustly identified by the differential expression of surface markers. 

1.4.4 MARKERS OF T CELL DIFFERENTIATION AND SENESCENCE  

Multiple combinations of cell surface markers have been used to categorize T cells 

into different subsets based on their phenotype and function. The most commonly 

used markers are the co-stimulatory receptors CD28 and CD27, the lymph-node 

homing receptor CC-chemokine receptor 7 (CCR7) and the two isoforms of the 

leukocyte common antigen CD45 (CD45RA and CD45RO) (Appay et al., 2002, 

Sallusto et al., 2004, Appay et al., 2008). 

In the present thesis, CD8+ T cell subsets were stratified according to the relative 

expression of CD28 and CD27, allowing the distinction of three populations at 

different stages of differentiation (Figure 1.5): an early differentiated subset 

(CD28+CD27+), an intermediate differentiated population with loss of one of these 

markers (CD28-CD27+) and a highly differentiated subset that is double negative for 

both markers (CD28-CD27-) (Appay et al., 2002).  
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Figure 1.5 – Schematic representation of CD8+ T cell subsets stratified 
according to CD28 and CD27 expression. 

 

Alternatively, CD8+ T cell subsets can be divided according to the expression of 

CD27 and CD45RA into naïve (Tnaive CD27+CD45RA+), central memory (TCM; 

CD45RA-CD27+), effector memory (TEM; CD45RA-CD27-) and effector memory T 

cells that re-express CD45RA (TEMRA; CD45RA+CD27-)(Appay et al., 2008). Using 

this method, re-expression of CD45RA defines the subset of effector memory T cells 

with characteristics of late differentiation (TEMRA) (Michie et al., 1992, Henson et al., 

2012).  

 

Figure 1.6 - CD8+ T cell subsets stratified according to CD27 and CD45RA 
expression. 
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Multiples lines of evidence show that highly differentiated (CD27-CD28-CD45RA+/-) T 

cells exhibit characteristics of senescence: 

- Accumulate with age, chronic viral infections and in chronic inflammatory 

syndromes (Fletcher et al., 2005, Schmidt et al., 1996); 

- Have short telomeres (Monteiro et al., 1996, Fletcher et al., 2005); 

- Have reduced proliferative capacity (Henson et al., 2009, Di Mitri et al., 2011); 

- Lose the capacity to activate telomerase (Plunkett et al., 2007); 

- Have persistent activation of the DNA damage response (Di Mitri et al., 2011, 

Lanna et al., 2014, Henson et al., 2014); 

- Have altered signalling pathways, including defective AKT phosphorylation 

(Plunkett et al., 2007), spontaneous activation of p38MAPK and AMP Kinase 

activity (Plunkett et al., 2007, Di Mitri et al., 2011, Lanna et al., 2014) and low 

levels of mTOR (Henson et al., 2014). 

- Secret high levels of cytokines such as IFN-γ and TNF-α and, in the case of 

CD8+ T cells, also express high levels of cytotoxic granules, granzyme B and 

perforin (Libri et al., 2011, Henson et al., 2014).  

 

In addition to the described features, other characteristics of highly differentiated 

CD8+ T cells have been recently described, revealing additional aspects of the 

function of these cells in the organism. As an example, highly differentiated T cells 

express high levels of CX3CR1, the receptor for fractalkine expressed by inflamed 

endothelium and LFA-1 (Lymphocyte function-associated antigen 1), an adhesion 

molecule that binds ICAM-1, facilitating their migration towards inflamed tissues 

(Faint et al., 2001). Another important feature of terminally differentiated T cells is the 

acquisition of receptors that are normally attributed to NK cells that will be discussed 

next. 
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1.4.5 INCREASED EXPRESSION OF NK CELL RECEPTORS WITH T 

CELL DIFFERENTIATION 

There is mounting evidence that T cells, in particular CD8+ T cells, acquire a variety 

of NK cell receptors with age and differentiation, including CD16, CD56, NKp30, 

CD94, members of the NK receptor G2 (NKG2) and killer-cell immunoglobulin-like 

receptor (KIR) families (Tarazona et al., 2000, Abedin et al., 2005, Strauss-Albee et 

al., 2014). 

Studies in human centenarians have shown an increased proportion of T cells 

expressing NK cell receptors (NKRs), whereas these cells represented a minor 

population of circulating lymphocytes in newborns and young healthy individuals 

(Miyaji et al., 1997, Pittet et al., 2000). The frequency of NKR-expressing T cells not 

only increases with age but also in conditions associated with chronic immune 

activation (Tarazona et al., 2000, Abedin et al., 2005, Vallejo et al., 2011).  

Killer-cell lectin-like receptor G1 (KLRG1) is an example of NK cell receptor that 

increases significantly with age in both CD4+ and CD8+ T cells as well as NK cells. 

The highest percentage of KLRG1+ T cells is seen in the most differentiated subsets, 

which have lost CD28 and have defective proliferation and therefore KLRG1 is 

commonly used as a marker of terminal differentiation or maturation (Ouyang et al., 

2003, Voehringer et al., 2002, Henson et al., 2009) KLRG1 has been shown to 

deliver inhibitory signals to T cells inducing defective AKT phosphorylation and 

blocking proliferation of highly differentiated CD28-CD27-CD8+ T cells (Henson et al., 

2009). In NK cells, KLRG1 inhibits NK cell function (cytotoxicity, cytokine secretion, 

proliferation, and telomerase expression) through the activation of AMP kinase 

(Muller-Durovic et al., 2016). 

It has been suggested that the expression of NK receptors on T cells possibly 

represents another remodelling mechanism that occurs with age to compensate the 
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loss of co-stimulatory receptors and the contraction of TCR repertoire (Vallejo et al., 

2011). However, it may also disclose new functions of the adaptive immune system 

or re-acquisition of reminiscent innate immune functions, less dependent on the 

TCR/antigen specificity. 

But, how does immunosenescence itself influence the aging process of an organism? 

Observations from patients with HIV infection who exhibit features of 

immunosenescence and are also examples of premature aging syndromes, with 

increased cardiovascular and other age-associated co-morbidities, suggests that 

both processes are linked and that immunosenescence may have a detrimental role 

in the aging process (Le Saux et al., 2012). 

It is reasonable to speculate that immunosenescence is one of the main culprits for a 

defective immunesurveillance against senescent cells, leading to the accumulation of 

senescent cells with age, contributing to the pathogenesis of age-related diseases. 

However, to date and to our knowledge no studies have been done to test this: how 

immunosenescence affects the surveillance of senescent cells and how 

immunosenescence contributes to aging due to a defective clearance and 

accumulation of senescent cells.   
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1.5 HYPOTHESIS AND AIMS  

It has been recently demonstrated that the immune system can recognize and clear 

senescent cells. NK cells, macrophages and CD4+ T cells are amongst the cells that 

have been shown to participate in the immune surveillance of senescent cells (Xue et 

al., 2007, Krizhanovsky et al., 2008, Rakhra et al., 2010, Kang et al., 2011). 

Remarkably a role of CD8+ T cells in the clearance of senescent cells has never 

been explored. In addition, despite recent observations that senescent cells can be 

targeted by the immune system, the question remains: why do senescent cells 

accumulate with age and evade immune clearance?  

The aim of this project was to investigate the interplay between the immune system 

and senescent fibroblasts, with particular attention to CD8+ T cells, and understand 

why do senescent cells escape CD8+ T cell killing. 

The working hypothesis was that senescent cells exhibit changes in the expression 

of MHC molecules, which will have an impact on the interactions with the immune 

system. It was also hypothesized that immunosenescence and the age-related 

defects in the immune responses will contribute to the defective immune surveillance 

of senescent cells with age. 

The specific objectives were as follows: 

1. To investigate the expression of classical and non-classical MHC molecules 

on senescent cells compared to non-senescent and study the mechanisms 

involved in the regulation of the expression of these molecules upon 

senescence. 
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2. To explore the impact of altered MHC expression in the immune surveillance 

of senescent cells using an autologous co-culture system with primary 

human fibroblasts and autologous T and NK cells.  

3. To investigate the potential benefits of targeting inhibitory receptors to 

improve immune responses to senescent cells. 

4. To assess the effects of immunosenescence in the surveillance of senescent 

cells. 

  



 

2 Senescent fibroblasts express ligands to 

alert the immune system 
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2.1 ABSTRACT 

Recent evidence indicates that senescent cells communicate with the immune 

system mostly through the secretion of proinflammatory mediators that attract 

immune cells and induce local immune responses. How senescent cells interact with 

immune effectors to trigger immune responses is still not completely understood.  

In the present chapter, a comprehensive analysis of the expression of Major 

Histocompatibility Complex (MHC) molecules on the surface of primary human 

fibroblasts following the induction of senescence was performed using flow 

cytometry. It was found that senescent cells become immunogenic through the up-

regulation of atypical ligands such as the non-classical MHC class I molecules 

MICA/B and HLA-E, which are absent in non-senescent cells.  This pattern of MHC 

expression was common to different forms of senescence, regardless of the stimuli 

that cause it. Mechanistically, it was found that the DNA-damage response is 

involved in the regulation of expression of MICA-B whilst the expression of HLA-E on 

senescent fibroblasts is mainly regulated by the p38MAPK signaling pathway and 

induced by the proinflammatory cytokine IL6. These observations suggest a role of 

inflammation in the induction of HLA-E expression on senescent cells, which could 

be critical to the regulation of immune responses to senescent cells as it will be 

further explored in the following chapters. 

 

KEY POINTS 

• Senescent cells express non-classical MHC class I molecules, such as 

MICA/B and HLA-E, not present on non-senescent cells; 

• HLA-E expression on senescent cells is regulated by p38MAPK and induced 

by the proinflammatory cytokine IL6. 
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2.2 INTRODUCTION 

Cellular senescence is associated with important changes in gene expression, which 

most notably include an overexpression of genes involved in inflammation and 

modulation of immune responses, suggesting that the communication with the 

immune system is an important aspect of the senescence program (Kuilman et al., 

2008, de Magalhaes et al., 2009, Purcell et al., 2014). Previous studies have shown 

that senescent cells secrete factors that promote the recruitment of immune effectors 

and this has been shown to be important for tissue repair and regeneration (Demaria 

et al., 2014, Yun et al., 2015). Senescent cells may also secrete alarmins or damage-

associated molecular patterns (DAMPs), such as the high mobility group box protein 

(HMGB1) protein, which binds several pattern recognition receptors (PPRs), in 

dendritic cells, macrophages and other immune cells (Davalos et al., 2013). 

Moreover, senescent cells up-regulate stress-induced ligands, such as MICA/B and 

other ligands for NKG2D, rendering them sensitive to NK-cell mediated killing 

(Krizhanovsky et al., 2008, Soriani et al., 2009, Iannello et al., 2013, Sagiv, 2016).  

The modulation of the surface expression of Major Histocompatibility Complex (MHC) 

molecules is an important mechanism that regulates the interactions of a cell with 

both the adaptive and innate immune systems. Alterations in the surface expression 

of MHC molecules leading to immune escape mechanisms have been extensively 

described in cancer and viral-infected cells (Ploegh, 1998, Zitvogel et al., 2006, 

Kochan et al., 2013, Halenius et al., 2015).  Nevertheless, not much is known about 

how senescence modifies the expression of MHC molecules and whether these 

changes may affect the immune surveillance of senescent cells.  

The MHC class I region contains the classical human leukocyte antigens (HLA-A, -B, 

and -C) which are highly polymorphic and ubiquitously expressed at the surface of 

nearly every nucleated cell in the body. MHC class I molecules are expressed as 
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heterotrimeric structures involving the HLA class I heavy chain non-covalently 

associated with the light chain β2-microglobulin (β2m) and a short peptide of 8-10 

amino acids (Garcia et al., 1996, Hennecke and Wiley, 2001). These molecules have 

an essential role in mediating immune responses, sampling both the intracellular and 

extracellular microenvironment by presenting self- or pathogenic peptides to CD8+ 

cytotoxic T cells (Neefjes et al., 2011, Neefjes and Ovaa, 2013).  

The MHC class I group also includes the non-classical MHC class I molecules (HLA-

E, -F, and -G), which are structurally similar to the classical class I molecules, but 

have limited polymorphism and tissue distribution (Wei and Orr, 1990, Gobin and van 

den Elsen, 2000). Among these, HLA-E is ubiquitously expressed albeit at very low 

levels at the surface of most cells with higher levels found on leukocytes, endothelial 

cells and trophoblastic cells (Ulbrecht et al., 1999, Coupel et al., 2007). HLA-E 

expression has been implicated in the induction of immune tolerance in both 

physiological (pregnancy) and pathological conditions (tumours or viral infections), by 

interacting with the inhibitory receptor NKG2A expressed on NK and CTLs (Ishitani et 

al., 2003, Kochan et al., 2013, Halenius et al., 2015, Parham and Moffett, 2013). 

Similarly, HLA-G has a very restricted expression on normal cells and aberrant 

expression at the surface of tumour cells has been associated with immune evasion 

and poor prognosis. An increasing body of evidence has thus confirmed a role for 

non-classical MHC class I molecules, in particular HLA-E and HLA-G in viral and 

tumour escape from NK and CTL-mediated immune responses (Algarra et al., 2004, 

de Kruijf et al., 2010, Amiot et al., 2011, Zeestraten et al., 2014).  

Additional molecules contained in the MHC class I region are MHC class I 

polypeptide-related sequence A and B (MICA/B) and the UL16-binding protein family 

(ULBP1-6) (Raulet, 2003, Raulet et al., 2013, Lanier, 2015). These proteins are 

distant relatives of MHC class I molecules as they do not associate with β2-

microglobulin and they are normally not expressed on healthy cells but are often up-
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regulated during cellular stress, viral infection and in tumour cells (Nice et al., 2009, 

Raulet et al., 2013). The expression of these ligands has been implicated in the 

induction of cytolytic immune responses against tumours and stressed cells through 

the interaction with the receptor NKG2D expressed on NK and CD8+ T cells (Bauer 

et al., 1999, Diefenbach et al., 2000, Cosman et al., 2001, Champsaur and Lanier, 

2010). Previous studies have demonstrated that senescent cells can also up-regulate 

the expression of these ligands, therefore becoming more susceptible to NK-cell 

mediated killing (Krizhanovsky et al., 2008, Sagiv, 2016). 

To my knowledge, the expression of MHC molecules on senescent cells has not 

been thoroughly studied. Therefore, as a first approach to study the immune 

surveillance of senescent cells, a comprehensive analysis of the surface expression 

of MHC molecules was performed on primary human fibroblasts following the 

induction of senescence. The mechanisms involved in the regulation of the 

expression of MHC class I molecules were also investigated, with particular focus on 

the regulation of non-classical molecules such as HLA-E, a previously unrecognized 

immune ligand expressed on senescent cells. 

2.3 RESULTS 

2.3.1 Establishment of a model of premature senescence in primary 

human fibroblasts 

To investigate the effects of senescence on the expression of MHC molecules, a 

model of premature senescence was adapted to primary human fibroblasts. Briefly, 

fibroblasts were derived from the skin of healthy volunteers, using skin explant 

cultures, as previously described (Takashima, 2001, Vangipuram et al., 2013).  
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Exposure to ionizing radiation is a widely used method of inducing premature 

senescence through the activation of the DNA-damage response (Rodier et al., 2009, 

Bluwstein et al., 2013). Therefore we exposed skin-explanted fibroblasts to 10 Gy of 

ionizing radiation (Xray), determined on preliminary experiments as the lowest 

effective dose in inducing senescence without increasing apoptosis.  After irradiation, 

cells were left to recover in culture for 7-14 days, until they develop a senescent 

phenotype. Cells were harvested at different time points - day 1 (D1), day 7 (D7) and 

day 14 (D14) post-irradiation - to confirm the expression of senescence markers and 

to investigate changes on MHC expression, as compared to controls. In every 

experiment, non-irradiated early-passage fibroblasts (passages 3-9), grown in the 

same conditions as irradiated cells were used as controls (for a full description of the 

methodology please refer to Materials and Methods – Chapter I). 

To confirm that ionizing radiation effectively induced senescence in primary human 

fibroblasts, a panel of senescence markers was used. The increased activity of 

senescence-associated β-galactosidase (SA-β-Gal) is a widely used marker of 

senescence. As expected, there was an increase in the number of cells staining 

positively for SA-β-Gal activity over time after radiation, compared to controls (Figure 

2.1A,B).  

Permanent cell growth arrest is a hallmark of senescence. Ki67, a nuclear antigen 

expressed in active phases of the cell cycle (G1, S, G2 and M phases) and absent in 

non-proliferating cells, was used as an indirect marker of proliferation. As illustrated 

in the representative FACS plots (Figure 2.1C), Ki67 expression progressively 

decreased after irradiation. After day 7, the frequency of Ki67+ cells was very low, 

suggesting that cells have ceased proliferation. The analysis of the growth curves 

confirmed that, in contrast to controls, irradiated cells do not replicate, corroborating 

that growth arrest is stable and permanent (Figure 2.1D). 
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Figure 2.1 - Ionizing radiation effectively induces senescence in primary human 
fibroblasts.  

A. Histochemical staining of irradiated fibroblasts for senescence-associated β-
galactosidase (SA-β-Gal). Non-irradiated cells were used as controls (first panel). 
Cells were observed using a phase-contrast microscope (20x). Scale bar = 100µm. B. 
Summary data obtained as in A) and presented as the percentage of SA-β-Gal+ cells. 
For each time point at least 100 cells were analysed in 3 independent experiments. C. 
FACS analysis of Ki67 expression at the indicated timepoints after irradiation. 
Numbers indicate percentages of Ki67+ cells. D. Growth curve of irradiated (Δ) and 
non-irradiated fibroblasts (�). Cumulative population doublings (cPD) were calculated 
at the indicated timepoints as described in Methods (n=3). Comparison between 
groups performed with one-way Anova with Dunn´s multiple comparison post-test 
(***p< 0.001).  
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Activation of the DNA-damage response (DDR) is another important feature of 

senescence. The phosphorylation of γH2AX at the serine residue 139 (Ser139) is 

one of the first events in the DNA-damage response cascade and high levels of 

phosphorylated γH2AX were detected using phospho-flow cytometry and western 

blotting, hours after irradiation (Figure 2.2).  

 
Figure 2.2 - Phosphorylation of the histone γH2AX (Ser139) as an early marker 
of the activation of the DNA-damage response after irradiation.  

A. Time-course analysis of the phosphorylation of γH2AX (Ser139) after irradiation, 
assessed by phospho-flow cytometry. Numbers indicate mean fluorescence intensity 
(MFI). B. Summary of results obtained as in A), presented as the fold change of 
γH2AX (Ser139) MFI in irradiated cells relative to non-irradiated controls, set as 1 
(n=4). Analysis of variance between timepoints performed with repeated measures 
Anova with Bonferroni correction for multiple comparisons (***p< 0.001). C. 
Representative immunoblot of phospho-γH2AX (Ser139) at the indicated timepoints 
after irradiation. GAPDH expression was used as a protein loading control. Numbers 
below lanes indicate the relative expression (normalized to GAPDH), determined by 
ImageJ analysis. Numbers on the right indicate molecular weights (kDa). 

 

The decrease in phosphorylated γH2AX 24 hours post-irradiation, confirms previous 

studies indicating that the majority of the DDR foci induced after irradiation of human 

fibroblasts are efficiently repaired within 24 hours (Rodier et al., 2009, Bluwstein et 

al., 2013). However the persistence of a few irreparable DDR foci is sufficient to 

induce senescence (Fumagalli et al., 2012). The permanent activation of the DDR 

was confirmed by immunofluorescence showing the persistence of nuclear foci of 

phosphorylated γH2AX at day 14 after irradiation (Figure 2.3, top panel).  
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The same cells showed an increased expression of the tumour suppressor p16INK4a, 

another surrogate marker of senescence (Figure 2.3, lower panel).  

 

Figure 2.3 – Immunofluorescence staining of γH2AX (Ser139) and p16INK4a in 
irradiated primary human fibroblasts (Day 14) compared to controls.  

Primary human fibroblasts were X- irradiated (10Gy) and analysed for the expression 
of γH2AX (Ser139) and p16INK4a, at day 14 after irradiation (B-D). Non-irradiated cells 
were used as controls (A-C). Nuclei were counterstained with DAPI (blue). Scale 
bars, 100 µM. 

 

Collectively these results document that a dose of 10 Gy of ionizing radiation 

effectively induces senescence in primary human fibroblasts and therefore may be 

used as a method to induce premature senescence in skin-derived primary human 

fibroblasts. 
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In addition to DNA damage, other types of stress are known to induce cellular 

senescence such as critical telomere shortening, activation of oncogenes or oxidative 

stress (Sharpless and Sherr, 2015). To validate the observations obtained with the 

model of irradiation-induced senescence, other models of senescence such as 

replicative senescence and oncogene-induced senescence were employed. 

To experimentally reproduce replicative senescence, primary human fibroblasts were 

cultured until they reached replicative exhaustion, determined as the point where 

cells were unable to divide and reached a plateau in their growth rate. As observed in 

a representative growth curve (Figure 2.4A), where cumulative population doublings 

(cPD) represent a measure of the total number of divisions a cell has undergone 

since their initial isolation, primary human fibroblasts continuously cultured in vitro 

undergo an initial exponential growth phase and then reach a plateau, at which they 

exhibit senescence markers such as the positive staining for SA-β-galactosidase 

(Figure 2.4B). 

 

Figure 2.4 - Replicative senescence.  

A. Replicative lifespan of primary human fibroblasts passaged until replicative 

senescence (plateau), confirmed by the presence of SA-β-galactosidase activity (B)  

in cells with cumulative population doublings (cPD) > 60. Scale bar = 100µm. 
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To study oncogene-induced senescence (OIS), IMR90 human fibroblasts expressing 

the ER:H-RASV12 inducible system were obtained from Dr. Acosta (MRC Institute of 

Genetics & Molecular Medicine, Edinburgh, UK). These cells have been previously 

validated as a model of OIS (Acosta et al., 2013). In this model, treatment with 4-

hydroxytamoxifen (4OHT) activates the oncogene H-RASG12V, resulting in the 

induction of a stable cell growth arrest and expression of senescence markers, such 

as p16INK4a and SA-β-galactosidase, between 4-7 days of treatment (Figure 2.5).  

 

Figure 2.5 – Oncogene-induced senescence.  

IMR90 cells infected with a vector expressing H-RASG12V or a control vector (STOP) 
associated with the tamoxifen-induced ER fusion protein were treated with 200 nM of 
tamoxifen (4OHT) for 7 days and analysed for the expression of senescence 
markers. A) Immunofluorescence staining of γH2AX (Ser139); B) Histochemical 
staining for SA-β-galactosidase activity; C) Flow cytometry analysis of Ki67 and 
p16INK4a expression demonstrating an increased expression of p16INK4a and a 
decrease in Ki67 expression after the activation of H-RASG12V. Images are 
representative stainings of 3 different experiments with similar findings. 
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2.3.2 Senescent cells express non-classical Major Histocompatibility 

Complex molecules 

To investigate the effects of senescence on MHC expression, a comprehensive 

analysis of the expression of different MHC molecules was performed, using flow 

cytometry. The surface expression of classical MHC-class I and II molecules, as well 

as the non-classical MHC class Ib molecules (HLA-E, -F and –G) and the MHC-

related proteins of the MICA/B and ULBP families were monitored on primary human 

fibroblasts after exposure to ionizing radiation. 

Exposure to ionizing radiation induced a significant change in the expression of MHC 

molecules at the surface of primary human fibroblasts. The most significant changes 

were observed with HLA-E and MICA/B expression, with a two-fold induction after 

irradiation relative to non-irradiated cells (p< 0.05, Figure 2.6A). As expected, the 

baseline expression of these ligands was very low and virtually no MICA/B or HLA-E-

positive cells could be found in normal human fibroblasts. A time-course analysis of 

cell surface expression of the two ligands revealed a delayed kinetics with a maximal 

up-regulation observed between 7-14 days after irradiation (Figure 2.6B and 2.6C), 

as they developed features of senescence suggesting that the expression of these 

immune ligands is stable, associated with the establishment of senescence and not 

only due to acute DNA damage. 

Total MHC class I expression (detected with W6/32 antibody clone that recognizes 

an epitope shared by HLA-A, -B and –C) and MHC class II expression did not 

change significantly after the induction of senescence nor did other non-classical 

MHC class I molecules, such as HLA-G.  Regarding ULBP molecules, although an 

increased expression was observed after irradiation, the fold induction relative to 

normal cells did not reach significant levels (Figure 2.6A).  



 68 

 

Figure 2.6 – Senescent fibroblasts have an altered expression of MHC 
molecules, with a significant upregulation of HLA-E and MICA/B relative to 
normal cells.  

Primary human fibroblasts were irradiated with a senescence-inducing dose of X-ray 
(10Gy) and analysed for the surface expression of the indicated MHC molecules, 
compared to non-irradiated controls grown in similar culture conditions. A) 
Cumulative data (n=6 donors) of MHC expression on senescent fibroblasts (black 
bars) at day 14 post-irradiation, presented as the mean fluorescence intensity (MFI) 
for each of the indicated molecules, compared to non-irradiated controls (grey bars). 
Isotype controls for each antibody were performed in irradiated cells to account for 
background fluorescence (white bars). Comparison between irradiated and non-
irradiated cells was calculated using Mann-Whitney U test (*p< 0.05). B) Time-course 
analysis of HLA-E and MICA/B (C) expression post-irradiation, assessed by flow 
cytometry and presented as the MFI fold change relative to baseline (before 
irradiation), set as 1 (grey bar). Analysis of variance between timepoints performed 
with repeated measures Anova with Bonferroni adjustment for multiple comparisons 
(*p< 0.05, **p< 0.01). 
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To assess whether this pattern of MHC expression was common to other forms of 

senescence, MHC expression was analysed on cells induced to senesce via the 

activation of H-RASG12V or continuous passaging to replicative senescence. 

Regardless of the senescence-inducing stimuli, cells undergoing senescence 

presented a common signature of MHC expression with a consistent induction of 

HLA-E and MICA/B. This phenotype was also common to other types of cells, such 

as endothelial cells (HUVECs) (Figure 2.7). 

 
Figure 2.7- Overexpression of MICA/B and HLA-E is a common signature of 
different forms of senescence.  

Representative FACS plots showing a similar pattern of expression of HLA-E and 
MICA/B in different forms of senescence: senescence was induced in human 
fibroblasts using irradiation (DNA-damage induced senescence), H-RAS activation  
(oncogene-induced senescence) or continuous passaging (replicative senescence) 
and the mean fluorescence intensity (MFI) of the represented MHC molecules 
compared between senescent (black lines), non-senescent (filled histograms) and 
isotype controls (dashed lines). Human umbilical vein endothelial cells (HUVECs) 
were irradiated (10 Gy X-ray) and MHC expression analysed by flow cytometry, as 
described for human fibroblasts. 
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Taken together, these results indicate that senescent cells have the means of 

communicating with the immune system by up-regulating non-classical MHC class I 

molecules that are not expressed under basal conditions. The expression of MICA/B 

and other NKG2D ligands by senescent cells has been described in recent papers 

(Iannello et al., 2013, Sagiv, 2016). To the best of my knowledge, the up-regulation of 

HLA-E expression in the context of senescence has never been reported before. 
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2.3.3 HLA-E positive cells exhibit features of senescent cells 

To confirm whether cells expressing HLA-E were in fact senescent cells, flow 

cytometry and immunofluorescence microscopy were used to analyse the co-

expression of HLA-E with senescence-associated markers. As illustrated in the 

representative flow cytometry plots in Figure 2.8A, HLA-E positive cells rarely 

expressed Ki67 yet the expression of the tumour suppressor p16Ink4a was frequently 

found (Figure 2.8B), indicating that the majority of HLA-E expressing cells were in 

cell cycle arrest. 

 

Figure 2.8 – HLA-E expressing cells exhibit high levels of p16Ink4a and low 
expression of Ki67.  
Flow cytometry analysis of the co-expression of HLA-E with Ki67 (A), and HLA-E with 
p16Ink4a (B) in senescent cells compared to non-senescent. Numbers indicate 
percentages of cells per quadrant. Images are representative of two experiments 
(one performed with irradiated-senescent fibroblasts and other with IMR90 
ER:RAS+4OHT  compared to controls). 
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Immunofluorescence microscopy confirmed the expression of HLA-E at the surface 

of senescent cells that concomitantly presented nuclear DNA damage foci of 

phosphorylated γH2AX, whereas none of these were found in controls (Figure 2.9A). 

The same cells stained positively for the presence of senescence-associated β-

galactosidase using histochemistry (Figure 2.9A, left panel), further indicating that 

HLA-E expressing cells exhibit the markers of senescent cells. 

Importantly, the kinetics of HLA-E expression followed the pattern observed for other 

senescence-associated markers, in particular the activation of p38MAPK which has 

been previously associated with senescence (Freund et al., 2011, Tivey et al., 2013, 

Xu et al., 2014). In fact, as shown in the representative immunoblot (Figure 2.9B), 

the expression of HLA-E follows a similar pattern to that of p38MAPK 

phosphorylation (at Thr180/Tyr182), with a slow increase after radiation, reaching a 

peak at day 7 and maintained at day 14. By contrast, the phosphorylation of γH2AX 

follows a different pattern with a striking increase immediately after irradiation and 

slow recovery thereafter, suggesting that HLA-E up-regulation is not associated with 

the DNA-damage response. 

In summary, from these data it may concluded that HLA-E positive cells exhibit 

markers of senescence, suggesting that HLA-E expression is also part of the 

senescence phenotype in fibroblasts. 
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Figure 2.9 – HLA-E expressing cells express senescence-associated markers. 

A) Immunofluorescence staining of irradiated primary human fibroblasts (day 14 after 

Xray 10 Gy) compared to non-irradiated controls for the expression of HLA-E, γH2AX 

(pSer139) and p16INK4a. The same cells stained for senescence associated-β-

galactosidase (SA-β-Gal) using histochemistry (left panel). B) Western blot analysis 

performed on lysates from cells harvested at the indicated time points after irradiation 

showing similar kinetics for HLA-E expression and the phosphorylation of p38MAPK. 

Phosphorylated γH2AX (ser139) is also shown but following different kinetics. 

GAPDH was used a loading control. Numbers indicate molecular weights (kDa) of 

blotted proteins. Representative immunoblot of three different experiments. 
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2.3.4 HLA-E expression on senescent cells is regulated by p38MAPK  

To understand the mechanisms regulating HLA-E expression on senescent cells we 

investigated two major signaling pathways involved in senescence: the DNA-damage 

response (DDR) and the p38MAPK-signaling pathway.  

The DDR has been previously implicated in the regulation of MICA/B expression on 

human and mouse fibroblasts exposed to genotoxic stress (Gasser et al., 2005, 

Soriani et al., 2009, Cerboni et al., 2014). Therefore, it was investigated whether the 

DDR was also involved in the modulation of HLA-E expression after irradiation. To 

this end, cells were pretreated with the specific ATM inhibitor KU-55933 (10µM), 12 

hours before irradiation and continuously thereafter, over a period of 7 days. MHC 

expression was monitored by flow cytometry at day 1, 4 and 7 post-irradiation, 

compared to vehicle-treated cells and non-irradiated controls. Consistent with 

previous reports, inhibition of ATM significantly decreased MICA/B expression after 

irradiation (Figure 2.10A, p < 0.05), corroborating the role of the DDR in maintaining 

MICA/B expression on senescent cells.  

Notably, the expression of HLA-E on senescent fibroblasts was not substantially 

altered after ATM inhibition (Figure 2.10B). These results were further confirmed 

with the use of an alternative small molecule inhibitor of both ATM and ATR 

(CGK733, 10µM), suggesting that canonical DDR signaling is not necessary for the 

senescence-associated expression of HLA-E (data not shown). 
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Figure 2.10 – ATM inhibition prevents MICA/B upregulation but not HLA-E 
expression after radiation.  

Primary human fibroblasts were treated with 10µM of the ATM inhibitor KU55933 12 

hours before irradiation and continuously thereafter, over a period of 7 days. Cells 

were harvested at the indicated time points and compared to DMSO-treated and non-

irradiated controls for the surface expression of HLA-E and MICA/B by flow 

cytometry. Summary data (n=4) of the effect of ATM inhibition on MICA/B (A) and 

HLA-E expression (B), presented as the percentage of cells expressing the indicated 

ligands within the different conditions. Comparison between treated and vehicle-

treated groups performed with the Mann-Whitney U test (*p< 0.05). 
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Sustained activation of p38MAPK is a hallmark of senescence (Freund et al., 2011) 

and the parallel kinetics of HLA-E expression and p38MAPK activation (Figure 2.9B) 

prompted us to study the role of p38MAPK signaling in the regulation of HLA-E 

expression on senescent cells. To investigate this, cells were treated with BIRB796, 

a small molecule that specifically inhibits p38MAPK at a dose of 0.5µM, as previously 

described (Di Mitri et al., 2011), before and after irradiation for 7 days. Similarly, cells 

were harvested at day 1, 4 and 7 post-irradiation to monitor HLA-E expression by 

western blotting (Fig 2.11A) and flow cytometry (Figure 2.11C). As indicated by the 

levels of phosphorylated heat-shock protein 27 (at serine 78), a downstream target of 

p38MAPK (Zarubin and Han, 2005), treatment with BIRB796 effectively blocked the 

activation of p38MAPK after irradiation (Figure 2.11A). Strikingly, treatment with this 

inhibitor also prevented the up-regulation of HLA-E after irradiation, suggesting that 

activation of p38MAPK is required for HLA-E expression (Figure 2.11A). 

Similar observations were obtained in the oncogene-induced senescence (OIS) 

model, where treatment with BIRB796 significantly inhibited HLA-E up-regulation 

after the induction of senescence upon oncogene activation (Figure 2.11B).  

The role of p38MAPK signaling in the regulation of HLA-E expression was further 

corroborated by flow cytometry monitoring HLA-E expression on cells pretreated with 

the small molecule SB203580, which inhibits p38MAPK through a different 

mechanism to BIRB796, thus excluding off-target effects of the drugs  (Figure 2.11C-

D). Interestingly, we did not find a significant effect of p38MAPK inhibition on MICA/B 

expression (Figure 2.11E), indicating that MICA/B and HLA-E expression on 

senescent cells are regulated by different signaling pathways. 

Together, these observations point out to an extrinsic mechanism of regulation of 

HLA-E expression through the stress-induced p38MAPK, rather than a DNA-damage 

driven response as observed for MICA/B. 
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Figure 2.11 – HLA-E expression on senescent fibroblasts is regulated by 
p38MAPK signaling.  

A) Primary human fibroblasts were treated with BIRB796 (0.5µM) 12 hours before 
irradiation and continuously after that, over 7 days. Expression of HLA-E was 
monitored by western blot at the indicated time points after irradiation and compared 
to DMSO-treated controls. Undetectable levels of phosphorylated Hsp27 confirm an 
effective inhibition of p38MAPK by BIRB796. B) IMR90 ER:RAS cells were treated 
with DMSO (first lane), 4OHT (second lane) or 4OHT + BIRB796 (third lane) and 
subjected to western blot for the analysis of HLA-E expression and pHsp27. GAPDH 
served as loading control. C-E) Cumulative data (n=4) of HLA-E and MICA/B 
expression analysed by flow cytometry on irradiated fibroblasts treated BIRB796 
(0.5µM) or SB203580 (10µM), compared to DMSO-treated and non-irradiated 
controls. Comparison between treated and vehicle-treated groups performed with the 
Mann-Whitney U test (*p< 0.05). 
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2.3.5 HLA-E expression is induced by SASP-associated 

proinflammatory cytokines  

The proposed role of p38MAPK as a major regulator of the senescence-associated 

secretory phenotype (SASP) (Freund et al., 2011) prompted us to investigate 

whether SASP factors could induce HLA-E expression on neighbouring cells, in a 

non-cell-autonomous manner (paracrine effect). To this end, early-passage 

fibroblasts were exposed to conditioned medium (CM) from senescent or non-

senescent cells and HLA-E expression was monitored by flow cytometry, 48 hours 

after exposure. When indicated, a p38MAPK inhibitor (BIRB796) was added for 12 

hours before collection of CM to block the secretion of SASP factors by senescent 

cells (Freund et al., 2011). It was found that HLA-E expression could indeed be 

induced 48 hours after exposure to CM from senescent cells (p< 0.05, Figure 2.12). 

Inhibition of p38MAPK activity during CM collection from senescent cells partially 

prevented the up-regulation of HLA-E on normal cells, although not significantly 

(p>0.05, Figure 2.12). 
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Figure 2.12 - Treatment of normal cells with conditioned medium from 
senescent cells induces an up-regulation of HLA-E expression, partially 
prevented by p38MAPK inhibition.  

A) Normal fibroblasts were exposed to conditioned medium (CM) from senescent or 
non-senescent cells for 48 hours and the expression of HLA-E was analysed by flow 
cytometry. In one condition, a p38 inhibitor (p38i) was added for 12 hours before 
collection of CM from senescent cells. B) Representative FACS histograms of HLA-E 
expression after exposure to CM from senescent and non-senescent cells. Numbers 
indicate Mean Fluorescence Intensity (MFI). C) Summary data (n=3) acquired as in A 
and B. 
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Using cytometric bead arrays (CBA) we investigated the secretion of SASP-factors 

by irradiated primary human fibroblasts and identified IL-6, IL-8 and MCP-1 as the 

most highly secreted factors, compared to normal early-passage fibroblasts (Figure 

2.13A). Exposure of normal early passage fibroblasts to treatment with some of 

these factors, revealed a significant effect of IL-6, individually or a combination of all 

factors, in inducing a significant up-regulation of HLA-E expression, not evident when 

cells were treated with IL-8 or IL-1β individually (Figure 2.13B).  

IL6 has been previously implicated in many of the SASP-induced effects on 

surrounding cells (Coppe et al., 2010a). Moreover, increased levels of IL6 have been 

found in the serum of elderly patients, corroborating a role of this cytokine in 

“inflammaging” (Franceschi and Campisi, 2014). Collectively, these findings support 

a model in which the low-level chronic inflammation that underlies the SASP and 

aging contributes to the modulation of the expression of HLA-E on senescent cells.  
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Figure 2.13 – Effect of soluble factors secreted by primary human fibroblasts on 
HLA-E expression.  

Supernatant of irradiated senescent primary human fibroblasts or early-passage 

normal fibroblasts were collected and analysed by cytokine bead arrays. A) 

Summary data (n=12) of the concentration of the indicated cytokines (in pg/mL) 

demonstrating a significant increase in the secretion of IL-6, IL-8 and MCP1 by 

senescent cells relative to normal cells. The lower limit of detection was 1.5 pg/ml.  

B) Normal fibroblasts were exposed to IL-6 (20 ng/mL), IL-8 (20 ng/mL), IL-1β (20 

ng/mL) or IFNα (500U/mL) or a combination of these, for 48 hours and analysed for 

the expression of HLA-E by flow cytometry. Summary data of 3 different experiments. 

Comparison between groups performed with Kruskal-Wallis test (*p< 0.05). 
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2.3.6 Expression of HLA-E on senescent cells in the p16-3MR reporter 

mouse model 

To confirm the previous findings in vivo, the p16-3MR reporter mouse model was 

used to investigate whether senescent cells express the mouse homolog of HLA-E, 

the ligand Qa-1. This transgenic progeroid mouse model allows the identification of 

p16INK4a positive senescent cells via the concomitant expression of luciferase, which 

can be detected by luminescence. Most importantly, this model allows the selective 

deletion of senescent cells via the administration of ganciclovir, which selectively 

targets cells expressing p16INK4a and the herpes simplex virus 1 (HSV-1) thymidine 

kinase (HSV-TK) (Demaria et al., 2014). To induce senescence mice were treated 

with the chemotherapeutic drug bleomycin, an agent that causes pulmonary fibrosis 

in mice and has been shown to induce cellular senescence in lung epithelial cells 

(Aoshiba et al., 2003, Schafer et al., 2017). 

Mice were treated with PBS or bleomycin for 14 days, with or without ganciclovir to 

eliminate senescent cells and whole lungs were harvested for analysis of Qa-1, 

p16INK4a (as a marker of senescence) and collagen expression (as a marker of 

fibrosis) by quantitative polymerase chain reaction (qRT-PCR). An increase in Qa-1 

and p16INK4a mRNA levels were found in bleomycin-treated mice compared to PBS-

treated controls, which were decreased after elimination of senescent cells with 

ganciclovir (Figure 2.14 C,D). Collagen mRNA levels followed the same trend as Qa-

1 and p16INK4a, suggesting that fibrosis is associated with the development of 

senescence and alleviated when senescent cells are cleared (Figure 2.14D). 

Although further investigation would have been necessary to directly prove that Qa-1 

is expressed by p16-positive senescent cells, these findings support the hypothesis 

that HLA-E /Qa-1 expression is associated with senescence, both in vitro an in vivo. 
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Figure 2.14 – Expression of Qa-1 (the mouse homolog of HLA-E) in the p16-3MR 
model of senescence. 

A) Schematic of the p16-3MR (trimodality reporter) fusion protein, which contains 

functional domains of a synthetic Renilla luciferase (LUC), monomeric red fluorescent 

protein (mRFP), and truncated herpes simplex virus 1 (HSV-1) thymidine kinase 

(HSV-TK) associated with the p16 promoter. B) p16-3MR mice were treated with 

bleomycin (intra-tracheal injection of 1.9 UI/Kg), ganciclovir (GCV,25 mg/kg; daily i.p. 

injections) or PBS;  C-E) qRT-PCR was used to quantify mRNA levels encoding 

p16INK4a (C), Qa-1 (D) and collagen1a (E) in lung tissue isolated from mice treated 

with PBS (white bar), bleomycin + vehicle control (black bars) and bleomycin + GCV 

(grey bars), (n=3 in each group). mRNA levels for the indicated genes were 

normalized to tubulin and presented as the relative fold difference to PBS-treated 

mice, set as 1. Statistical analysis performed with Kruskal-Wallis test with Dunn´s 

multiple comparison test. 
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2.4 DISCUSSION  

In the present chapter, after establishing a valid model of premature senescence in 

primary human fibroblasts derived form the skin of healthy volunteers, an extensive 

analysis of the expression of MHC molecules on senescent cells relative to the non-

senescent counterparts was performed, using flow cytometry. It was found that 

senescence is associated with a significant change in the surface expression of MHC 

molecules, with a significant increase in the expression of non-classical MHC 

molecules that have restricted expression on normal cells. Alongside the previously 

described up-regulation of MICA/B, we identified HLA-E as a novel immune ligand 

that is significantly up-regulated on senescent cells. 

The up-regulation of MICA/B and other NKG2D ligands after DNA damage and the 

induction of senescence has been previously reported and implicated in the 

recognition by NK cells (Gasser et al., 2005, Krizhanovsky et al., 2008, Soriani et al., 

2009, Iannello et al., 2013, Sagiv, 2016). By contrast, to our knowledge, the up-

regulation of HLA-E in the context of senescence has never been described although 

microarray analysis of the transcriptome of human replicative senescent fibroblasts, 

included HLA-E in the list of senescence-regulated genes more than twofold up-

regulated, as compared to young growing cells (Lackner et al., 2014). 

Whilst the expression of this immune ligand is not specific to senescence, as it has 

also been reported in cancer and viral-infected cells (Tomasec et al., 2000, Kochan 

et al., 2013), the restricted expression of HLA-E on normal cells suggests that a 

pathological response may be driving the expression of HLA-E.  

Mechanistically, it was demonstrated that the expression of HLA-E is regulated by 

p38MAPK signaling, independently of the DNA damage response that regulates the 

expression of activating immune ligands such as MICA/B. This finding supports a 
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theory where senescence may have two opposite sides – one beneficial and 

dependent on the activation of the DNA-damage response and the other detrimental, 

regulated by p38MAPK. Indeed, the activation of the DDR, which is responsible for 

cell growth arrest, leads to the expression of activating immune ligands such as 

MICA/B to ensure an eventual clearance of abnormal cells. In contrast, the activation 

of p38MAPK associated with the secretion of proinflammatory cytokines, leads to the 

expression of HLA-E which, (as it will be explored in the second chapter) may 

prevent an effective elimination of senescent cells. 

Previous studies have reported that pro-inflammatory cytokines such as IL-1β, TNFα 

and IFNγ can induce the expression of HLA-E on endothelial cells (Coupel et al., 

2007). We identified IL-6 as an important soluble factor secreted by senescent 

primary human fibroblast that induces HLA-E expression in normal neighbouring 

cells, in a paracrine fashion. IL-6 has been previously implicated in many of the 

SASP-induced effects on surrounding cells, including epithelial-to-mesenchymal 

transition (Laberge et al., 2012, Krtolica et al., 2001), tumour progression (Barnes et 

al., 2011, Kumari et al., 2016) as well as fibrinogenesis and endothelial cell activation 

(Coppe et al., 2010a, Barnes et al., 2011). Moreover, increased levels of IL-6 and IL-

8 have been found in the serum of elderly patients, contributing to the systemic low-

level chronic inflammation that has been linked to many age-related diseases 

(Franceschi and Campisi, 2014). The modulation of HLA-E expression by IL-6 thus 

suggests that sustained inflammation may contribute to the persistence of senescent 

cells in tissues (through a mechanism of immune evasion that we will explore in the 

following chapter), further contributing to the pathogenesis of age-related diseases. 

This mechanism may be common to other inflammatory settings, explaining why 

HLA-E expression is not only found in senescence. 

We cannot exclude that other transcriptional and post-translational mechanisms may 

be involved in the regulation of HLA-E expression. In fact, HLA-E expression is also 
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regulated at a post-translational level through the de novo generation of peptides that 

will be presented by HLA-E and stabilize its expression at the cell surface (Braud et 

al., 1998b, Bland et al., 2003).  Previous studies have demonstrated that the stability 

of HLA-E molecules at the cell surface depends on the availability of highly 

conserved 9mer peptides commonly generated after trimming of the leader sequence 

of classical MHC class I molecules (Lee et al., 1998, Llano et al., 1998, Petrie et al., 

2008). However, in recent years it has been demonstrated that HLA-E can present a 

much more diverse repertoire of peptides, derived not only from viral particles, such 

as during CMV, EBV and HCV infection, but also from intracellular self-proteins, such 

as heat-shock proteins (Michaelsson et al., 2002, van Hall et al., 2010). This 

deserves further investigation to explore whether HLA-E can present self-peptides 

derived from intracellular signalling pathways activated in senescent cells and use 

these as reporters of cellular stress. 

The activation of p38 MAPK has been implicated in other forms of senescence, not 

only premature senescence induced by irradiation or oncogene activation, but also in 

replicative senescence and in premature aging syndromes, such as Werner 

Syndrome and Ataxia Telangiectasia (Iwasa et al., 2003, Davis and Kipling, 2009). 

Prof.Akbar´s group has also demonstrated how p38 MAPK activation is involved in 

the regulation of some of the most important features of senescence in T cells (Di 

Mitri et al., 2011, Henson et al., 2014, Lanna et al., 2014). It would be interesting to 

explore whether these forms of senescence are also associated with an up-

regulation of HLA-E and MICA/B. 

As for MICA/B, HLA-E expression is frequently up-regulated in a wide variety of 

cancers and during viral infections. In some types of solid tumours, such as 

melanoma, surface expression of HLA-E was reported as an independent risk factor 

for adverse patient outcome and prognosis.  Interactions with the immune system are 

crucial to the effects of HLA-E expression under physiological and pathological 
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conditions. HLA-E is recognized by both activating (NKG2C) and inhibitory (NKG2A) 

receptors, which are commonly found on NK cells. In the following chapter, the 

interplay between senescent cells and the immune system mediated via the 

interaction between MICA/B and HLA-E with the respective specific receptors 

expressed on immune cells will be investigated. 

In conclusion of this first part of the study, it is proposed that an altered MHC 

expression profile is a feature of senescence that may be involved in the 

communication with the immune system and regulation of the immune surveillance of 

senescent cells. 
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2.5 MATERIALS AND METHODS – CHAPTER ONE 

2.5.1 Skin explant culture for derivation of primary human fibroblasts 

Primary human fibroblasts were derived from skin obtained from 4mm punch 

biopsies taken in sun-protected areas of the forearm of previously consented 

volunteers in accordance with the Declaration of Helsinki and approved by the Ethics 

Committee of the Royal Free Hospital and University College London. Donors did not 

have any co-morbidity nor were on any immunosuppressive drugs that could 

influence the results. Explanted skin was anchored onto the bottom of a six-well 

culture plate (VWR International) in Dulbecco modified Eagle’s medium (DMEM; 

Invitrogen, UK), supplemented with 20% fetal calf serum (FCS), 2 mM glutamine and 

100 IU/ml penicillin/streptomycin (all from Sigma Aldrich, UK) and placed in a 

humidified incubator at 37°C and 5% CO2, as previously described (Vangipuram et 

al., 2013). In this skin explant culture, fibroblasts appear 7-14 days after the first 

outgrowth of keratinocytes and are eventually selected over keratinocytes by the use 

of DMEM supplemented with 20% FBS. Media was changed every 2-3 days after 

attachment and outgrowth of cells. Once the monolayers had reached confluence the 

fibroblasts were passaged and cultured in 25-cm2 tissue culture flasks. 

 

Figure 2.15 – Microscopic appearance of a skin-explant culture.  

Images obtained at day 7 showing fibroblasts (F) outgrowing from the keratinocyte 

layer (K).  

F 

K 
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2.5.2 Cell culture 

Primary human fibroblasts were cultured in DMEM supplemented with L-glutamine (2 

mM), 100 U/ml of streptomycin–penicillin and 10% FCS, at 37°C in 5% CO2 

humidified incubator. Cells were passaged into new flasks whenever they had 

reached 80% confluence and cell count and viability was assessed using the trypan 

blue method.   

Where indicated, population doublings (PD) were calculated using the following 

equation: PD log (number of cells counted after expansion)-log (number of cells 

seeded)/log2.  

2.5.3 Induction of senescence 

Cells were irradiated with a total dose of 10 Gy (X-ray) at rates of 5 Gy/min, using the 

following settings (AGO-HS X-ray machine): 215 Kv per 12 mA, using an aluminium 

filter at a distance of 30 cm. Cells were allowed to recover in culture and harvested 

after trypsinization at different time points for the analysis of the expression of 

senescence-associated markers and changes in MHC expression, as indicated in 

each section. Early-passage fibroblasts (between passages 3 and 9) were used as 

controls.  

A dose of 10Gy of X-ray was established based on preliminary experiments, in which 

doses between 2Gy and 20Gy were tested to determine the lowest effective dose in 

inducing senescence without increasing the levels of apoptosis, measured by the 

detection of Annexin V using flow cytometry. 
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2.5.4 Oncogene-induced senescence 

IMR90 ER:RAS and IMR90 ER:STOP cells obtained from Dr. Juan Carlos Acosta 

(MRC Institute of Genetics & Molecular Medicine, Edinburgh, UK) were used to 

model oncogene-induced senescence as previously described (Acosta et al., 2013). 

Briefly, IMR90 human diploid fibroblasts transduced with a vector expressing H-

RASG12V or a control vector (STOP) associated with the tamoxifen-induced ER fusion 

protein were treated with 4-hydroxytamoxifen (4OHT) (Sigma Aldrich, St Louis, Mo, 

USA) at 200 nM to activate H-RASG12V oncogene. After 7 days of treatment, cells 

were harvested and analysed for the expression of senescence markers and for the 

analysis of MHC expression.  

2.5.5 Treatment with inhibitors 

ATM signaling was inhibited using the specific ATM inhibitor KU55933 (EMD 

Millipore) at a final concentration of 10µM, as previously described (Hickson et al., 

2004). Alternatively, the ATM/ATR inhibitor CGK733 (Calbiochem), at 10µM final 

concentration, was used as previously described (Alao and Sunnerhagen, 2009). 

Signaling through p38 MAPK was inhibited using the small-molecule BIRB796 

(Selleck Chemicals), at a final concentration of 0.5µM in the culture media or using 

the small molecule SB203580 (Calbiochem), at 10µM final concentration, as 

previously described (Di Mitri et al., 2011, Freund et al., 2011).  

Where indicated, cells at 80% confluence were pre-treated with specific inhibitors, 12 

hours before irradiation and continuously over a period of 7 days, with daily 

replenishment with fresh media and inhibitors. A solution of 0.1% DMSO in DMEM 

was used as vehicle-control.  
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2.5.6 Treatment with Conditioned Medium and Cytokines 

Conditioned media (CM) was collected after incubation of senescent versus non-

senescent cells with serum-free DMEM for 24 h, as previously described (Freund et 

al., 2011). After that CM were collected, clarified by centrifugation and filtration and 

diluted 1:1 with 10%FBS-DMEM. Normal fibroblasts (between passages 3-9) were 

incubated with the diluted CM for 48 hours until analysis of HLA-E expression by flow 

cytometry. When indicated, a p38MAPK inhibitor (BIRB796, 0.5µM) was added along 

the culture with CM to block the secretion of SASP factors by senescent cells and 

observe the effects on HLA-E expression. 

For cytokine treatment, recombinant human cytokines IL-6 (20 ng/mL), IL-8 (20 

ng/mL), IL-1β (20 ng/mL) or IFNα (500U/mL, all from Peprotech,UK) were diluted in 

complete DMEM at the indicated final concentrations. 

2.5.7 Cytometric Bead Array 

To measure soluble factors secreted by senescent fibroblasts compared to non-

senescent controls, Cytometric Bead Arrays (CBA, BD Biosciences) were performed, 

by Dr. Emma Chambers. Briefly, conditioned media from senescent and normal 

early-passage fibroblasts were collected as previously described. 50µl of each 

sample was incubated with 20µl of cytokine-specific beads in a microtitre plate, for 

3hours at room temperature (protected from light). After that, plates were washed 

twice and 20µl of detection antibody was added for a further 2 hours, at room 

temperature. After a final wash, samples were resuspended in FACS flow buffer and 

analysed in a BD Fortessa flow cytometer (BD Biosciences). 
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2.5.8 Flow cytometry  

For fibroblast staining, cells were washed in PBS and harvested after trypsin 

treatment, centrifuged at 1200 rpm for 10 minutes and resuspended in ice-cold 

1xPBS.  Flow cytometric analysis of the surface expression of MHC molecules was 

performed after a 30-minute incubation at 4°C with the following antibodies: 

Live/Dead Fixable Blue Dead Cell Stain (Invitrogen, UK), HLA-ABC PE (clone W6/32, 

eBioscience, UK), HLA-E APC (clone 3D12, eBioscience, UK) and MICA/B Alexa-

fluor 488 (clone 159207, R&D Systems, UK). 

 

Proliferation of irradiated versus non-irradiated fibroblasts was assessed by staining 

for the nuclear antigen Ki67 using the PE or FITC-labelled mouse Anti-Human Ki-67 

Set (BD Biosciences, UK), using the Foxp3 Staining Buffer Set (Miltenyi Biotec, UK), 

according to the manufacturer’s instructions. The intracellular staining for p16 

expression was performed using the same protocol as for Ki67, using the anti-

CDKN2A/p16INK4a antibody conjugated to Alexa-fluor 647 (Abcam, UK). 

Apoptosis was assessed using the FITC Annexin V Apoptosis detection kit (BD 

Biosciences, UK).  

Samples were acquired on a BD LSR II or LSR Fortessa flow cytometer (BD 

Biosciences, UK) after fixation with 2% formaldehyde (Sigma-Aldrich, UK). Data were 

analysed using FlowJo software (Tree Star, Ashland, OR). 

2.5.9 Phosphoflow cytometry 

For the detection of phosphorylated γ-H2AX using flow cytometry, cells were fixed for 

10 min at 37 °C with warm Cytofix Buffer (BD Biosciences). Cells were washed and 

permeabilized for 30 minutes at 4 °C with 100µl of ice-cold Perm Buffer III (BD 

Biosciences). Next, cells were washed twice in Stain Buffer (BD Biosciences) and 
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incubated for 30 minutes at room temperature with Alexa Fluor 488-conjugated 

antibody to γH2AX phosphorylated at Ser139 (clone 2F3; BioLegend). Cells were 

finally washed in Stain Buffer and immediately analysed by flow cytometry. 

2.5.10 Senescence-associated β-galactosidase staining 

Cells were fixed and stained using the Senescence-Associated β-Galactosidase 

Staining Kit (Cell Signaling, #9860), following the manufacturer´s instructions. After 

staining, cells were incubated for 12-16 hours at 37°C until visualization by phase-

contrast microscopy.  

2.5.11 Immunofluorescence 

Cells were cultured in sterile 8-well chamber-slides (Nunc), fixed in 4% 

paraformaldehyde and permeabilized in PBS containing 0.5% Triton X-100 for 10 

minutes. After blocking with protein block serum-free reagent (Dako) for 30 minutes, 

cells were incubated with primary antibodies overnight at 4°C, followed by a 1 hour 

incubation at room temperature with Alexa Fluor® 594 or Alexa Fluor® 488-

conjugated secondary antibody (Invitrogen). After a final washing step, slides were 

mounted with Vectashield containing DAPI (Vector laboratory) and visualized on a 

Zeiss Axiovert 200M fluorescence microscope. 

Primary antibodies used for immunofluorescence: rabbit polyclonal anti-histone 

γH2A.X Phospho (pS139) (Cell Signaling #9718), rabbit monoclonal to 

CDKN2A/p16INK4a (Abcam, ab108349) and mouse monoclonal to HLA-E purified 

(clone 3D12, eBioscience). 

2.5.12 Western blot analysis 

Cells were harvested after trypsinization, washed in PBS and lysed with Radio-

Immunoprecipitation Assay (RIPA) buffer (Sigma-Aldrich, UK), supplemented with 
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protease and phosphatase inhibitors (GE Healthcare, Amersham, UK) during 30 

minutes on ice. Concentrations of protein lysates were determined using the PierceTM 

BCA Protein Assay Kit (Thermo Scientific, Fisher Scientific, UK). 10 or 20 µg of total 

protein were diluted in SDS sample buffer (NuPage, NP0007, Life Tecnologies) plus  

Sample Reducing Agent (NuPAge, NP0004)  and boiled for 5’ at 95°C to allow 

protein denaturation. Cell lysates were separated by protein electrophoresis at 120V 

for 2 hours using 10% Bis-Tris pre-cast gels (NuPage) and MOPS-SDS 1X running 

buffer (0,05 M MOPS; 0,05 M Tris; 0,1% (p/v) SDS; 1,025 mM EDTA). Proteins were 

wet-transferred overnight at 4°C onto Hybond-P PVDF membranes (GE Healthcare, 

Amersham, UK) with freshly-made transfer buffer (25 mM Tris; 200 mM glycine; 20% 

(v/v) methanol). After blocking for 1h at room temperature with 5% non-fat dry milk in 

PBS-Tween 0.1%, membranes were incubated with primary antibodies overnight at 

4ºC. Membranes were then washed and incubated with HRP-conjugated secondary 

antibodies (GE Healthcare, Amersham, UK, 1:4000) for 1 hour at room temperature. 

After a final washing step, chemiluminescent reaction was detected using the ECL 

detection kit (GE Healthcare, Amersham, UK). Prior to re-probing with different 

antibodies, membranes were stripped at 37°C in agitation using Restore™ Western 

Blot Stripping Buffer (Thermo Scientific, 46430). The protein bands were quantified 

using Image J software (Version 1.44o). The integrated density of each band was 

measured using the gel analysis function of ImageJ, normalized to GAPDH. 

Primary antibodies used for western blotting were: rabbit polyclonal anti-histone 

γH2A.X Phospho (pS139), anti-Hsp27 Phospho (pS78), anti-p38 MAPK Phospho 

(pThr180/Tyr182), anti-p53 and anti – GAPDH (all from Cell Signaling Technology). 

For HLA-E expression we used the mouse monoclonal anti-HLA-E (MEM-E/02, 

Santa Cruz Biotechnology), as previously described (Menier et al., 2003). All primary 

antibodies were used at a dilution of 1:1000. 
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2.5.13 The p16-3MR progeroid mouse model 

All animal experiments with the p16-3MR mice were performed in Prof. Judith 

Campisi´s laboratory (Buck Institute for Research on Aging, Novato, California, USA), 

under protocols approved by the Buck Institute´s Comittee for Animal care and 

handling.  This transgenic mouse model was developed by members of the Campisi 

lab (Demaria et al., 2014) to enable the detection and live tracking of p16INK4a positive 

senescent cells in vivo by luminescence via the concomitant expression of luciferase. 

This model also enables the selective deletion of senescent cells by treatment with 

ganciclovir, which has high affinity for the herpes simplex virus 1 (HSV-1) thymidine 

kinase (HSV-TK) and low affinity to cellular thymidine kinase, thus reducing possible 

toxic effects. 

To induce senescence in these mice, bleomycin was administered via intra-tracheal 

instillation (1.9U/Kg, daily) during 14-21 days. Ganciclovir (25 mg/kg; daily) was 

administered via intra-peritoneal injection 5 days before the animals were sacrificed.  

Lung, liver and brain tissues were excised and analyzed by luminescence using a 

Xenogen imager or cryopreserved for future analysis. 

2.5.14 RNA Isolation, RT-PCR, and Real-Time Quantitative PCR 

Total RNA from mouse lung tissues was isolated using Directzol RNA miniprep 

(Zymo Research), following the manufacture's protocol. RNA was amplified and 

reverse-transcribed using TaqMan Universal PCR Master Mix (Applied Biosystems) 

as follows: 95°C for 10 min and 40 cycles of 95°C for 15 sec, 70°C for 5 sec, and 

60°C for 1min. cDNA was analysed by real-time quantitative PCR using the Roche 

Universal Probe Library system (Indianapolis, IN, USA). mRNA levels were 

normalized to averages of actin and tubulin, unless noted otherwise. All reactions 

were performed in triplicate and included the following: 1 µL of cDNA; 5 µM of each 

primer; 2x SYBR Green PCR Master Mix (Applied Biosystems); and water added to a 
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final volume of 25 µL. The relative amount of mRNA was determined using the 

comparative threshold (Ct) method by normalizing target cDNA Ct values to that of 

GAPDH. Fold increase ratios were calculated relative to the control (PBS) for each 

group using the formula 2e − ΔΔCt. 

Primer sequences and probes used:  

• Mouse actin F 5’- CTAAGGCCAACCGTGAAAAG-3’, R 5’ 

ACCAGAGGCATACAGGGACA-3’, UPL Probe #64; 

• Mouse tubulin F 5’-CTGGAACCCACGGTCATC-3’; R 5’-

GTGGCCACGAGCATAGTTATT-3’,UPL Probe #88; 

• Mouse Qa-1 F 5´- AGCCCCTCACCCTGAGAT-3’, R 5´- 

ACCACAGCTCCAAGGATGAT-3’, UPL Probe #94; 

• Mouse p16INK4a: F 5’-AATCTCCGCGAGGAAAGC-3’;R 5’-

GTCTGCAGCGGACTCCAT-3’, #91; 

 

2.5.15 Statistical analysis 

Statistical analysis was performed using GraphPad Prism Software, version 6.00 

(GraphPad Software). Distribution of data was assessed by D’Agostino-Pearson or 

the Shapiro-Wilk test and depending on the normality of the data, analysis was 

performed using parametric or non-parametric tests: Student t test or the Mann-

Whitney U test for comparison between two groups; If more than two groups were 

compared simultaneously, one-way ANOVA (for parametric data) or the Friedman 

test (for non-parametric data, paired samples) or Kruskal Wallis test (non-parametric 

data, non-paired) were applied, followed by post-hoc tests for multiple comparison 

adjustments. Probability values less than 0.05 were considered significant. Data are 

presented as mean ± standard error of the mean (SEM), unless otherwise stated. 
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Tests were used to determine data distribution and depending on the normality of the 

data, comparisons were performed using the Student t test, the non-parametric 

Mann–Whitney U test (for two groups), the Wilcoxon signed rank test (for > 2 paired 

groups), Kruskal–Wallis (for > 2 nonpaired groups) or Friedman (for > 2 paired 

groups) one-way ANOVA tests, as appropriate. Linear regression analysis was 

performed to generate lines of best fit and correlations between variables were 

analysed using Pearson´s or Spearman’s rank correlation coefficient (r). 
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3 Immune surveillance of senescent cells: why do 

senescent cells accumulate with age? 
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3.1 ABSTRACT 

Recent evidence demonstrate that senescent cells may be cleared by the immune 

system however fail to explain how senescent cells accumulate with age and at sites 

of age-related diseases. In this chapter, the immune surveillance of senescent cells 

was studied using an autologous in vitro co-culture system with primary human 

fibroblasts and immune cells from the same individuals. A possible mechanism of 

immune evasion of senescent cells was identified, dependent on the expression of 

HLA-E by senescent fibroblasts and interaction with the inhibitory receptor NKG2A, 

present in NK and a subset of CD8+ T cells. Importantly, in vitro blockade of the 

interaction between HLA-E and NKG2A results in a more effective immune response 

towards senescent cells, mediated through NKG2D recognition of MICA/B. With the 

increasing recognition that the accumulation of senescent cells negatively affects 

lifespan and is associated with many age-related diseases, these findings 

demonstrate the potential benefit of strategies aiming to improve the immune 

system´s ability to clear senescent cells from tissues to reduce the burden of co-

morbidities with age. 

 

KEY POINTS: 
 
§ Both NK and CD8+ T cells can selectively target senescent cells, via a NKG2D-

dependent mechanism; 

§ Expression of HLA-E by senescent cells leads to an immune escape 

mechanism, through the interaction with NKG2A on NK and CD8+ T cells; 

§ Blockade of HLA-E/NKG2A interaction effectively boosts immune responses 

against senescent cells in vitro.  
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3.2 INTRODUCTION 

In recent years, both the innate and adaptive immune systems have been implicated 

in the elimination of senescent cells (Xue et al., 2007, Krizhanovsky et al., 2008, 

Rakhra et al., 2010, Kang et al., 2011, Lujambio et al., 2013). The elimination of 

senescent cells has gained considerable interest not only for cancer therapy but also 

for preventing age-related diseases (Hoenicke and Zender, 2012, Naylor et al., 2013, 

Lujambio, 2016). Despite recent evidence for the existence of immune responses 

against senescent cells (Sagiv and Krizhanovsky, 2013), the immune surveillance of 

these cells is not totally efficient otherwise senescent cells would not accumulate with 

age and at sites of age-related pathologies (Erusalimsky and Kurz, 2005, Herbig et 

al., 2006, Boccardi et al., 2015). Human melanocytic nevi, which are enriched in cells 

with senescence markers (Michaloglou et al., 2005, Gray-Schopfer et al., 2006, Mooi 

and Peeper, 2006), represent an intriguing example of how senescent cells can 

persist for decades in the organism, protected from an effective immune response.  

In the present chapter, we will investigate possible mechanisms of immune evasion 

regulated by the expression of immunomodulatory ligands such as HLA-E on 

senescent cells. To assess the relevance of the expression of this molecule in vivo, 

human melanocytic nevi samples will be analysed for the expression of HLA-E. The 

immune surveillance of senescent cells will be studied using an autologous system 

with skin-explanted primary human fibroblasts and immune cells derived from the 

same individuals. It is shown that overexpression of HLA-E and interaction with the 

inhibitory NKG2A receptor, present not only in NK cells but also on a subset of CD8+ 

T cells, protects senescent cells from an effective immune clearance. Importantly, in 

vitro blockade of the interaction between HLA-E and NKG2A results in a more 

effective lysis of senescent cells by the immune system, pointing towards an 

attractive strategy to improve the elimination of senescent cells.  
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3.3 RESULTS 

3.3.1 MICA/B and HLA-E are recognized by receptors present on NK 

cells and CD8+ T cells 

To elucidate the role of HLA-E and MICA/B expression in regulating the immune 

surveillance of senescent cells, we first interrogated which cells could specifically 

recognize these immune ligands.  

HLA-E and MICA/B are ligands for immune receptors belonging to the Natural Killer 

Group 2 (NKG2) family, which are important regulators of NK cell function (Lopez-

Botet et al., 2000, Petrie et al., 2008).  MICA/B and ULBP antigens are ligands of 

NKG2D, one of the most potent stimulatory NK cell receptors (Raulet, 2003, Lanier, 

2015). HLA-E binds both NKG2A and NKG2C receptors, which interestingly have 

opposite effects on NK cell function (Braud et al., 1998a, Llano et al., 1998, Wada et 

al., 2004). NKG2A contains an ITIM-motif and functions as an inhibitory receptor that 

has a major role in the education of NK cells, preventing NK cell-reactivity against 

normal cells that express HLA-E bound to peptides derived form the signal sequence 

of class I molecules (Petrie et al., 2008, Cheent et al., 2013). In contrast, NKG2C 

through its association with DAP-12, an adaptor molecule containing an ITAM motif, 

acts as an activating receptor, leading to degranulation and cytokine secretion of NK 

cells (Lanier et al., 1998a, Pegram et al., 2011). Although commonly attributed to NK 

cells, an increasing body of evidence indicates that other immune cells express 

NKG2 receptors (Tarazona et al., 2000, Uhrberg et al., 2001, Derre et al., 2002). 

We first analysed the distribution of the receptors for HLA-E and MICA/B across 

distinct immune cells types, using flow cytometry. Peripheral blood mononuclear cells 

(PBMCs) were isolated from healthy volunteers (n=50; median age 52; range, 25-83) 

and stained with monoclonal antibodies for NKG2D, NKG2A and NKG2C in 
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combination with antibodies for the phenotypic markers CD3, CD4 and CD8 and 

analysed by multicolor flow cytometry. The frequency of cells expressing NK 

receptors was calculated for each of the following compartments – CD3-negative, 

CD3+, CD8+, CD4+ - using the gate strategy shown in Figure 3.1.     

 

 

Figure 3.1 - Expression of the NKG2 family of receptors in human peripheral 
blood mononuclear cells.   

PBMCs were isolated from peripheral blood of healthy volunteers (n= 50) and stained 

with specific antibodies for NKG2A, NKG2C and NKG2D combined with the 

phenotypic markers CD3, CD4, CD8 and analysed by multicolor flow cytometry. The 

figure shows the gating strategy used in a representative healthy donor to determine 

the frequency of NKG2A+ (top panel), NKG2C+ (middle panel) and NKG2D+ cells 

(bottom panel) in each compartment – CD3-negative, CD3-positive, CD4-positive, 

CD8-positive. Numbers indicate percentages of gated cells in each compartment. 
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Confirming previous reports, NKG2D+ cells were identified in both CD3-negative 

(which includes NK cells) and CD3+ (representing T cells) compartments. We then 

gated in the CD3-positive compartment to assess the distribution of NKG2D+ cells 

among CD8+ and CD4+ T cells. In line with previous studies (Bauer et al., 1999, 

Lanier, 2015), we confirmed that NKG2D was constitutively expressed on the 

majority of CD8+ T cells (mean 78.1 ± 9.3%) whereas only a very small percentage 

of CD4+ T cells expressed this receptor (mean 1.39 ± 1.72%, Figure 3.2).  

 

Figure 3.2 – NKG2D is highly expressed on CD8+ T cells and NK cells.  

A) Representative FACS histograms of the expression of NKG2D on the indicated 

subsets of human lymphocytes. Shaded histograms represent isotype controls. 

Numbers indicate percentages of cells. B) Summary data (n= 50) presented as 

percentages of NKG2D+ cells in each compartment, determined as in A). 

Comparison between groups performed with the non-parametric Friedman test with 

Dunn´s correction for multiple comparisons (*p< 0.05, **p<0.01, ***p< 0.001).  

 

Regarding the receptors for HLA-E (Figure 3.3), we observed that the expression of 

both the inhibitory NKG2A and activating NKG2C receptors was not only found on 

the CD3-negative compartment, but also a significant proportion of CD8+ T cells also 

expressed these receptors (NKG2A+ CD8+ cells 3.18± 3.67%; NKG2C+ CD8+ cells 

3.78 ± 9.13%). The high standard error of mean of NKG2C expression on CD8+ T 

cells indicates a high variability among donors, which is consistent with previous 
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reports indicating that the expression of this receptor is influenced by the gene copy 

number (Guma et al., 2004, Muntasell et al., 2016). 

 

Figure 3.3 – HLA-E specific receptors are expressed on NK cells and a 
proportion of human CD8+ T cells.  

Representative FACS histograms (A and C) and summary data (B and D) of NKG2A 

(top) and NKG2C (bottom) expression on the indicated subsets of human 

lymphocytes. Numbers in A and C indicate percentages of cells in each 

compartment. Statistical analysis performed with Friedman test with Dunn´s 

correction for multiple comparisons (*p< 0.05, **p<0.01, ***p< 0.001). 

 

In conclusion, with this data it was confirmed that not only NK cells but also CD8+ T 

cells expressed significant levels of NKG2 receptors and therefore may be able to 

recognize MICA/B and HLA-E expressing cells. 
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3.3.2 Expression of NKG2 receptors increases in highly differentiated T 

cells  

Previous studies have reported an increase in expression of NK cell receptors in T 

cells with a late differentiated phenotype (Vallejo et al., 2011). Therefore, the 

expression profile of NKG2A/NKG2C and NKG2D during different stages of 

differentiation was investigated. 

T cell differentiation is associated with a profound change in the expression of 

surface receptors and the loss of costimulatory receptors is commonly used as an 

indicative of advanced differentiation (Effros, 1997, Weng et al., 2009, Mahnke et al., 

2013). CD8+ T cells were therefore divided according to the expression of CD27 and 

CD28 receptors and the distribution of the NKG2 family of receptors was assessed 

within each subset. This classification has been previously used to distinguish CD8+ 

T cells according to their stage of differentiation (van Lier et al., 2003, Appay et al., 

2008, Henson et al., 2009) and allows the distinction of three populations (Figure 

3.4A): an early differentiated population (CD28+27+), an intermediate population 

(CD28-27+) and a population with a late differentiation phenotype (CD27-28- cells). 

In keeping with previous observations, the majority of CD8+ T cells expressing 

NKG2A and NKG2C receptors exhibited a highly differentiated phenotype (Figure 

3.4C-D), defined by the absence of co-stimulatory receptors CD28 and CD27.  

Regarding NKG2D, it was found that this receptor was highly expressed across all 

subsets of CD8+ T cells, nevertheless a significant increase in the proportion of 

CD8+ T cells expressing NKG2D was observed in late differentiated subset as 

compared to less differentiated cells (Figure 3.4E, p < 0.01). 
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Figure 3.4 - Expression of NKG2 receptors increases in highly differentiated 
CD8+ T cells.  

Representative FACS plot (A) and diagram (B) of the subsets defined by 

CD28/CD27 expression as: early (CD27+28+), intermediate (CD27+-28-) and late (CD27-

28-) differentiated cells. C-E) Summary data of the distribution of NKG2A+ (n= 30), 

NKG2C+ (n= 50) and NKG2D+ (n= 50) cells within the subsets of CD8+ T cells 

defined as in A. Comparison between groups done with Friedman test with Dunn´s 

correction for multiple comparisons (*p< 0.05, **p<0.01, ***p< 0.001, ****p< 0.0001). 
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We next investigated whether the expression of NKG2 receptors is altered with age. 

The proportion of NKG2A-positive CD8+ T cells significantly increased with age (r = 

0.4691, p = 0.0136), whereas no significant changes in the frequency of NKG2C and 

NKG2D expressing cells were observed with age (Figure 3.5). 

 
 

Figure 3.5 – Correlation between age and the frequency of CD8+ T cells 
expressing NKG2A (A), NKG2C (B) and NKG2D (C).  

Correlation assessed by Spearman test showing a significant increase of NKG2A-

expressing cells with age. 

 

In summary, this data demonstrates that the expression of receptors for HLA-E and 

MICA/B is significantly increased in CD8+ T cells exhibiting a terminal differentiated 

phenotype (CD27-28- T cells). Interestingly, although the expression of NKG2 

receptors on CD4+ T cells was much lower than on CD8+ T cells, the proportion of 

CD4+ T cells expressing NKG2 receptors was also predominantly found in the CD27-

CD28- late differentiated subset, with very low frequencies in the other subsets 

(Figure 3.6). 
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Figure 3.6 – Expression of NKG2 receptors within the CD4+ T cell compartment 
is mainly restricted to cells with a late differentiated phenotype.  

Summary data of the distribution of NKG2A+ (n= 30), NKG2C+ (n= 50)  and 

NKG2D+ cells (n= 50) among the subsets defined by CD27/CD28 within the CD4+ T 

cell compartment. Statistical analysis with Friedman test (*p< 0.05, **p<0.01, ***p< 

0.001). 

 

Both CD8+ and CD4+ CD28-27- terminally differentiated cells have been extensively 

characterized by Prof. Akbar´s group and others as exhibiting multiple features of 

immunesenescence (Plunkett et al., 2007, Henson et al., 2009, Weng et al., 2009, 

Akbar and Henson, 2011, Lanna et al., 2014). From this data it may be hypothesized 

that an increased expression of atypical ligands observed in senescent fibroblasts 

goes hand in hand with an increase in expression of their cognate receptors in the 

immune system, suggesting that the immune system is able to adapt to the aged-

microenvironment and to an increased expression of senescence-induced ligands on 

fibroblasts. 
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3.3.3 Both NK and CTLs selectively target senescent cells, through an 

NKG2D-dependent mechanism 

NK cells have been previously implicated in the surveillance and elimination of 

senescent cells, through the interaction between NKG2D and its ligands expressed 

on senescent cells (Iannello et al., 2013, Sagiv, 2016). The observation that CD8+ T 

lymphocytes also express specific receptors recognizing the senescence-induced 

ligands MICA/B and HLA-E prompted us to study whether these cells were also 

implicated in the immune surveillance of senescent cells.  

To study the immune surveillance of senescent cells an autologous co-culture 

system was developed using primary human fibroblasts derived from the skin of 

healthy volunteers and NK and CD8+ T cells isolated from peripheral blood of the 

same donors (Figure 3.7 and Materials and Methods).  After an effective induction 

of premature senescence using ionizing radiation (as demonstrated in chapter two), 

senescent irradiated and normal proliferating fibroblasts were used as targets in in 

vitro cytotoxic assays with autologous IL2-activated NK and CD8+ T cells. 

 

Figure 3.7 – Schematic model of the autologous co-culture system developed to 
study the interactions between the immune system and senescent cells.  
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Different flow cytometry-based methods, extensively described in the literature as 

good alternatives to chromium-release assays (Zaritskaya et al., 2010), were 

employed to determine cytotoxicity levels: active caspase 3 expression as a measure 

of induced apoptosis of target cells (Jerome et al., 2003) and CD107a expression as 

a marker of degranulation of effector cells (Aktas et al., 2009).  

We initially tested different effector to target (E:T) ratios and measured the 

expression of active caspase 3 on target cells after a 6-hour incubation period with 

purified NK and CD8+ T  cells (Figure 3.8A). Consistent with previous reports (Xue 

et al., 2007, Krizhanovsky et al., 2008), NK cells preferentially targeted senescent 

cells as shown by the significantly higher levels of active caspase 3 in senescent 

cells cultured with NK cells, compared to non-senescent cells (p < 0.01, Figure 

3.8B). Interestingly, CD8+ T cells could also induce significant lysis of senescent 

fibroblasts, suggesting that CD8+ T cells may be involved in the surveillance of 

senescent cells (p < 0.01, Figure 3.8B). 

 

Figure 3.8 - Both NK and CD8+ T cells selectively target senescent cells.  

A) Experimental design of active caspase 3 assay performed with purified human NK 
and CD8+ T cells in culture with autologous senescent and normal fibroblasts. B) 
Summary data of five independent experiments performed as in A), using different 
effector to target (E:T) ratios and presented as the percentage of active caspase 3 
expression on senescent (grey bars) and non-senescent fibroblasts (black bars), 
after a 6h-incubation with NK and CD8+ T cells. Controls (CTR) indicate 
spontaneous expression of caspase 3 on fibroblasts cultured without effector cells. 
Statistical analysis performed with 2-way Anova test (*p< 0.05, **p<0.01). 
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 Of note, the basal expression of active caspase 3 (labelled as CTR, Figure 3.8B) 

was higher on senescent fibroblasts compared to non-senescent fibroblasts, most 

likely due to the effects of radiation, making fibroblasts more prone to apoptosis. In 

every experiment a control for the spontaneous expression of caspase 3 as well as a 

positive control (to assess maximum lysis) was used. A similar method was used in 

the CD107a degranulation assay to assess specific cytotoxicity using a negative 

control with unstimulated effector cells and a positive control with PMA+ ionomycin 

stimulated effector cells (Materials and Methods). 

The results obtained with the active caspase 3 assay were further confirmed with the 

CD107a degranulation assay using a fixed E:T ratio (20:1, representing the optimal 

ratio determined in the previous assays), indicating that both NK and CD8+ T cells 

can target and induce cytolysis of senescent fibroblasts in vitro (p < 0.001, Figure 

3.9A/B). 

As NKG2D had been previously implicated in NK-cell mediated killing of senescent 

cells we next investigated whether NKG2D was also involved in CD8+ T cell 

responses against senescent cells. Pre-incubation of effector cells with specific 

NKG2D blocking antibodies lead to a significant decrease in cytotoxicity towards 

senescent fibroblasts, in both NK and CD8+ T cells (Figure 3.9B). Similar results 

were obtained after transfection of CD8+ T lymphocytes with a small interfering 

(siRNA) to silence NKG2D expression (Figure 3.9C and 3.9D), indicating that both 

NK and CD8+ T cells target senescent cells, via an NKG2D-dependent mechanism. 

The reduction of cytotoxicity observed upon NKG2D blockade or silencing was only 

partial as compared to controls, thus suggesting that additional activating receptors 

may be implicated in the killing of senescent cells, as previously reported (Soriani et 

al., 2009). The fact that we did not observe a significant decrease in the expression 

of MHC class I molecules at the surface of irradiated fibroblasts (Figure 2.6A), argues 

against the involvement of MHC class I-specific receptors of the KIR family. 
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Figure 3.9 – Killing of senescent cells by NK and CD8+ T cells is partially 
regulated by NKG2D.  

A) Experimental design of CD107a degranulation assays performed after antibody 
blockade of NKG2D or after manipulation of NKG2D expression in human CD8+ T 
cells with RNA interference. B) Summary data of 5 independent experiments 
performed as in A), using a fixed E:T ratio (20:1) and measuring CD107a expression 
on effector cells after incubation with mAb to NKG2D (1D11) or an isotype control. 
Results are presented as the percentage of specific cytotoxicity calculated using the 
formula (sample degranulation − spontaneous degranulation) / (maximum 
degranulation − spontaneous degranulation) × 100. Groups were compared using 
Kruskal Wallis test. C) Transfection of human CD8+ T cells with siRNA for NKG2D 
effectively reduced surface expression of NKG2D as compared to siRNA control. 
Numbers indicate MFI of NKG2D. D) CD107a expression in CD8+ T cells transfected 
with siNKG2D after co-culture with senescent vs non-senescent cells is effectively 
reduced as compared to cells transfected with siRNA control. Numbers indicate 
percentages of CD107a+ cells. CD8+ T cells cultured without targets (unstim CTR) 
and CD8+ T cells stimulated with PMA+ ionomycin were included as negative and 
positive controls, respectively. Representative of two different experiments (*p< 0,05, 
**p<0.01, and ***p< 0.001). 
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3.3.4 Blockade of NKG2A/HLA-E interaction enhances the immune-

mediated clearance of senescent cells 

Effector functions of NK and CD8+ T cells are tightly regulated by the balance 

between activating and inhibitory signals (Lanier, 2005). Therefore it was reasoned 

that positive signals delivered by NKG2D ligation may be blocked if the inhibitory 

receptor NKG2A is engaged with its ligand HLA-E expressed on senescent cells.  

To investigate this, in vitro assays were performed to assess degranulation of NK 

and CD8+ T cells after pre-incubation with specific blocking antibodies to NKG2A 

(Z199) or NKG2D (1D11), compared to isotype controls. As previously shown, 

blockade of NKG2D significantly suppressed both NK and CD8+ T cell responses 

against senescent cells (p < 0.01, Figure 3.9B and 3.10B). By contrast, blockade of 

NKG2A receptor engagement significantly boosted the cytotoxic activity of NK cells 

against senescent cells (p < 0.05) and enhanced CD8+ T cell activity, although not 

significantly (p > 0.05, Figure 3.10B). 

 
Figure 3.10 - Blockade of NKG2A receptor enhances immune-mediated lysis of 
senescent cells.  

A) Experimental design of CD107a degranulation assays performed after pre-

incubation of effector cells with blocking antibodies to NKG2A (Z199) and NKG2D 

(1D11) or the respective isotype controls, using a fixed E:T ratio of 20:1. B) Summary 

data (n=4) presented as the percentage of specific lysis mediated by CD8+ and NK 

cells. Statistical analysis done with Kruskal-Wallis test with Bonferroni correction. 

(*p< 0,05, **p<0.01). 
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To directly investigate the role of HLA-E in inhibiting immune responses against 

senescent cells, we used RNA interference to inhibit HLA-E expression. After 36 hour 

post-transfection, a significant decrease in HLA-E expression was observed in 

senescent fibroblasts transfected with with siRNA for HLA-E compared to siRNA 

control  (Figure 3.11A).  This resulted in a significant increase in degranulation 

(Figure 3.11B) and cytokine secretion (Figure 3.11C) by autologous NK and CTL, as 

compared to cells transfected with a scramble siRNA control.  

Overall, these findings suggest that HLA-E expression on senescent cells decreases 

their susceptibility to immune-mediated lysis, by protecting them from elimination by 

NK and CD8+ T cells expressing the inhibitory receptor NKG2A. 
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Figure 3.11 – Depletion of HLA-E expression significantly boosts NK and CD8+ 
T cell responses to senescent cells.  

Normal and senescent fibroblasts were transfected with siRNA to HLA-E (sc-62470, 

Santa Cruz) or a control siRNA (sc-37007, Santa Cruz) before co-culture with 

autologous NK and CD8+ T cells. A) HLA-E expression on fibroblasts was confirmed 

36h after transfection using flow cytometry. Values indicate the Mean Fluorescence 

Intensity (MFI) of HLA-E. B) Cumulative data of CD107a expression in NK (n=4) and 

CD8+ T cells (n=3), presented as the percentage of cytotoxicity (calculated as in 

Figure 2.8). Statistical analysis done with Kruskal Wallis test (*p< 0,05). D) 

Representative dot plots of TNF-alpha secretion by NK (top) and CD8+T cells 

(bottom) after 6-hour incubation with normal and senescent fibroblasts transfected 

with siHLA-E or siRNA control. Data is representative of 3 independent experiments.  
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3.3.5 Expression of HLA-E is found in cells from human melanocytic 

nevi 

Studies have shown that human melanocytic nevi are highly enriched with cells with 

markers of senescence and thus represent an example of oncogene-induced 

senescence in vivo. In fact, despite the presence of oncogenic mutations, most 

frequently in BRAF and RAS (Pollock et al., 2003, Bauer et al., 2007), the 

progression of human melanocytic nevi to melanomas is not frequent (Bevona et al., 

2003) and this is thought to be due to the induction of senescence, keeping these 

cells growth-arrested for decades (Michaloglou et al., 2005, Gray-Schopfer et al., 

2006, Mooi and Peeper, 2006). At the same time, human melanocytic nevi represent 

an example of how senescent cells can reside in tissues for decades without being 

effectively eliminated by the immune system. 

To assess the biological relevance of HLA-E expression on senescent cells in vivo, 

we investigated whether cells from human melanocytic nevi expressed HLA-E. To 

this end, formalin-fixed, paraffin-embedded (FFPE) tissue arrays of congenital and 

acquired human melanocytic nevi were stained for HLA-E and CD8 using 

immunohistochemistry (Figure 3.12). To confirm that cells expressing HLA-E were 

senescent cells, sections were also stained for Ki67 as an indirect marker of 

proliferation demonstrating that cells expressing HLA-E were rarely positive for Ki67 

confirming that they are in cell cycle arrest (Figure 3.12, bottom panel). In each 

tissue array, normal skin and melanoma samples were used as controls.  

Samples were analysed using an Image Analysis Software which identified each 

nuclei (in blue) and counted each HLA-E positive cell (in brown) and CD8+ cell (in 

red). The software was also able to calculate the distance between each red and 

brown dot, allowing us to determine the co-localization of HLA-E and CD8+ cells (for 

more details and complete data set, please refer to Materials and Methods).  



 

Figure 3.12 - Immunohistochemical staining of human melanocytic nevi.  

Formalin-fixed paraffin-embedded tissue arrays of human melanocytic nevi were analysed by immunohistochemistry using HLA-E (MEM-E/02), CD8 and Ki67 

specific antibodies. When double-staining for HLA-E and CD8, different chromogens reveal HLA-E (brown) and CD8 (red). Images are representative staining 

patterns of normal skin, congenital melanocytic nevi and melanoma showing the different scores of intensity for HLA-E, based on the percentages of positive 

cells for HLA-E  (indicated in brackets). Scale bar = 50 m. 
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A score for the intensity of HLA-E expression was defined based on the percentage 

of HLA-E positive cells (number of brown cells/number of blue nuclei), as negative 

(score 0: between 0-1%), mild (score 1: 1-5%), moderate (score 2: 5-10%) and 

intense (score 3: >10%). Among 24 melanocytic lesions studied, HLA-E expression 

was detectable in most (23/24) human melanocytic nevi (mean 12.87%, range 

0.08%-38.6%). In 10/24 (41.7%) lesions we observed a strong positivity for HLA-E 

(score 3), with frequencies of HLA-E positive cells up to 30% (Table 3.1). 

 

Table 3.1- IHC staining scores of HLA-E expression and CD8 infiltration in 

human melanocytic nevi (n=24). 

 

To assess CD8+ T cell infiltration, the percentage of CD8+ T cells (number of 

red/number of blue nuclei) was determined and varied between 0.05% and 16.5% 

(mean 5.29 ± 4.01%) amongst samples (Table 3.4 in Materials and Methods). 

Interestingly, CD8+ cells were frequently detected in the vicinity of HLA-E+ cells as 

shown in the representative images in Figure 3.13. To assess more accurately the 

distribution of CD8+ T cells in relation to HLA-E+ cells, the image analysis software 

was used to calculate the distance between each red and brown dot (for more details 

please refer to Materials and Methods). A high degree of co-localization between 

CD8+ cells and HLA-E+ cells (defined as >75% of red bordering brown/total red) was 

found in 7/24 (29%) of samples. Accordingly, a positive correlation was observed 

between the frequency of HLA-E+ cells in melanocytic lesions and the percentage of 

CD8+ cell infiltration (Figure 3.13E).  

                                 HLA-E Intensity Score 
                                          n                                    % 

Score 0 (0-1%) 1 4.2 

29.2 Score 1 (1-5%) 7 

Score 2 (5-10%) 6 35.0 

Score 3 (>10%) 10 41.7 

Total 24 100 
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Figure 3.13 – Immune infiltrates of CD8+ cells frequently colocalize with areas 

with strong HLA-E expression.  

Formalin-fixed paraffin-embedded sections of normal skin (A), melanocytic nevi (B-

C) and melanoma (D) were analysed by immunohostochemistry after co-staining for 

HLA-E (brown) and CD8 (red). Arrows indicate areas with CD8+ infiltrates 

surrounding HLA-E positive cells, rarely seen in normal skin and more intense in 

melanoma samples relative to benign nevi. E) Correlation assessed by Spearman 

test between the frequency of HLA-E+ cells and CD8+ infiltrates in human 

melanocytic nevi (n=24).  
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As NK cells can also stain positively for CD8, we used the CD3 marker to distinguish 

between NK and T cells and confirmed that CD3+ CD8+ T lymphocytes constitute an 

important component of the immune cell infiltrate (Figure 3.14 A-D), arguing in 

favour of a role of CD8+ T cells in the surveillance of senescent cells. 

 

Figure 3.14 – Immune infiltrates surrounding HLA-E positive melanocytes 

include CD3+ CD8 T cells.  

Consecutive sections of human melanocytic nevi lesions were double-stained with 

specific antibodies to HLA-E and CD8 (A and C) and HLA-E and CD3 (B and D), 

showing that part of the CD8+ infiltrates are also positive for CD3, thus 

corresponding to CD8+ T cells. 

 

Collectively these findings indicate that HLA-E expression is common in vivo among 

cells of human melanocytic nevi and may explain why these cells persist for decades 

in tissues, protected from an effective immune-mediated clearance. 

A B

C D

HLA-E/CD8 HLA-E/CD3



 
121 

3.4 DISCUSSION 

In the previous chapter, HLA-E and MICA/B were identified as significantly up-

regulated ligands on senescent cells, compared to non-senescent counterparts. Both 

ligands are recognized by NK cell receptors belonging to the NKG2 family, which are 

not only found on NK cells but also on CD8+ T cells. In the present work, we extend 

observations from other groups indicating that senescent cells can be targeted by the 

immune system, however demonstrating for the first time that not only NK but also 

CD8+ T cells play an important role in the immune surveillance of senescent cells.  

Functionally, it is demonstrated that both NK and CD8+ T lymphocytes can recognize 

and selectively target senescent cells, through an NKG2D-dependent mechanism. 

The concept that T cells can break the traditional rules and recognize cells using the 

receptors that are traditionally attributed to NK cells is not new and has been 

previously shown in tumour-infiltrating lymphocytes able to recognize NKG2D ligands 

expressed on tumour cells (Maccalli et al., 2007, Vivier et al., 2002, Nausch and 

Cerwenka, 2008). The findings described here suggest that CD8+ T cells may be 

equally important in the immune response to senescent cells, using receptors that 

are normally found on NK cells to recognize senescence-induced ligands. Consistent 

with this, an increased expression of the cognate receptors for MICA/B and HLA-E 

was detected in highly differentiated CD8+ T cells, which are significantly expanded 

with age. This suggests that the immune system is able to adapt to the age-

dependent accumulation of senescent cells, however for some reason fails to 

eliminate these cells efficiently. 

In this study, we propose a mechanism that may explain why senescent cells evade 

the immune system and accumulate with age. We propose that the expression of 

HLA-E on senescent cells may compromise an effective immune surveillance by NK 

and CD8+ T cells expressing the inhibitory receptor NKG2A.  
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Overall, our findings support a model for the immune surveillance of senescent cells 

in which a balance between the expression of activating NKG2D ligands and 

inhibitory HLA-E will determine the outcome of the immune response to senescent 

cells, mediated by both NK and CTLs (Figure 3.15). Blockade of the interaction 

between HLA-E and NKG2A may tip the balance towards the activation of immune 

cells and therefore enhance the immune-mediated lysis of senescent cells.    

 

Figure 3.15 - Model for the interactions between senescent cells and the 

immune system. 

 

NKG2A is an inhibitory C-type lectin receptor that recognizes HLA-E and is 

commonly found on NK cells but also expressed by some cytotoxic CD8+ T cells 

(Braud et al., 1998a, Borrego et al., 2006). Here we demonstrate that this receptor is 

predominantly expressed by CD8+ T cells with a terminally differentiated effector 

phenotype and is significantly increased with age.  Despite expressing high levels of 

the activating receptor NKG2D, the simultaneous presence of the inhibitory receptor 

NKG2A in late differentiated CD8+ T cells may compromise their function and 

therefore explain why the immune system is less effective in eliminating senescent 

cells with age. Even if the activating counterpart of NKG2A, the receptor NKG2C is 

co-expressed on the same cells, studies indicate that inhibitory receptor signaling is 
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dominant and overrides activation signals (Saez-Borderias et al., 2009, Beziat et al., 

2011). These results thus bring new insights to our understanding of how 

immunesenescence may affect the capacity of the immune system to fight senescent 

cells. 

Importantly, evidence is provided that in vitro blockade of the interaction between 

HLA-E and the inhibitory receptor NKG2A results in a more effective clearance of 

senescent cells mediated by NKG2D, thus confirming a role of NKG2A in supressing 

immune responses to senescent cells. Ligation of NKG2A with the cognate ligand 

HLA-E induces a signaling cascade downstream of the immunoreceptor tyrosine-

based inhibition motif (ITIM) that suppresses effector cytotoxic activity (Borrego et al., 

2005). This is thought to represent an important immune checkpoint, preventing NK 

cell-reactivity against normal cells that express HLA-E bound to peptides derived 

form the signal sequence of class I molecules (Petrie et al., 2008, Cheent et al., 

2013). Interestingly, accumulating evidence now indicates that HLA-E is able to 

present a diverse repertoire of peptides that includes epitopes derived from stress-

induced heat shock proteins, not only to NK but also to CD8+ T cells (Michaelsson et 

al., 2002, van Hall et al., 2010).  

In recent years, the manipulation of inhibitory signaling pathways in immune cells has 

gained great attention and represents an attractive approach to boost the host 

natural immune responses to abnormal cells. Immune checkpoint inhibitors, such as  

PD-1/PD-L1 and CTLA-4 inihibitors, are currently approved as fist-line therapies for 

advanced cancers, such as melanoma and lug cancer (Pardoll, 2012, Li et al., 2016). 

Similarly, humanized monoclonal antibodies targeting NKG2A (Monalizumab, 

formerly IPH2201) are currently in phase I/II development both in monotherapy and 

as adjuvants for gynecologic (NCT02331875) and head and neck (NCT02459301) 

cancers. Due to a restricted expression of HLA-E on healthy tissues, interventions 
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that specifically block the interaction of this ligand with its inhibitory receptor may be 

promising therapeutic approaches to selectively remove senescent cells from tissues. 

Increasing evidence indicates that the accumulation of senescent cells negatively 

influences lifespan and removal of senescent cells may be beneficial to prevent age-

related diseases and cancer (Baker et al., 2011, Baker et al., 2016, Lujambio, 2016). 

The persistence of senescent cells in tissues is thought to contribute to the 

maintenance of a low-level chronic inflammatory state that underlies many age-

related diseases (Campisi and d'Adda di Fagagna, 2007, van Deursen, 2014). This 

has prompted the quest to develop drugs (termed senolytic drugs) that selectively 

target senescent cells to alleviate the progression of age-related diseases and 

reverse some aspects of aging (Chang et al., 2016, Zhu et al., 2016). 

On the other hand, an increasing number of studies have reported the presence od 

senescence markers in tumour cells after treatment with chemotherapeutic drugs or 

after ionizing radiation (Efimova et al., 2010, Zhu et al., 2013, Kalathur et al., 2015) 

and the use of therapies to induce cellular senescence in tumours has recently 

emerged as a promising approach for treating cancer (Nardella et al., 2011, Acosta 

and Gil, 2012, Toso et al., 2015). However, the success of such senescence-based 

therapies depends on the effective clearance of senescent tumor cells from the 

organism (Toso et al., 2014, Soriani et al., 2009). Collectively, these facts reinforce 

the importance of strategies aiming to boost the natural capacity of the immune 

system to selectively remove senescent cells and ensure the success of 

senescence-based anticancer therapies. 

The observation that cells from human melanocytic nevi express HLA-E supports the 

relevance of this mechanism in vivo. Human melanocytic nevi are benign lesions 

associated with oncogenic mutations, most frequently in BRAF and RAS (Pollock et 

al., 2003, Bauer et al., 2007). The identification of cells displaying senescence 
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markers in these benign lesions whilst absent in the malignant counterparts, is a 

compelling evidence that cellular senescence is indeed an important tumour 

suppressive mechanism in vivo (Michaloglou et al., 2005, Gray-Schopfer et al., 2006, 

Mooi and Peeper, 2006). However, even if nevi are stable for years, they pose a risk 

for the development of melanoma (Bennett, 2016), further highlighting the 

advantages of eliminating senescent cells. In addition to representing a good 

example of oncogene-induced senescence in vivo, human nevi are also an intriguing 

example of how senescent cells may persist for decades in tissues without inducing 

an effective immune response. Our observations these cells express high levels of 

HLA-E may thus provide a plausible explanation to why human melanocytic nevi 

escape the immune system. 

In conclusion, this work provides important insights on the immune surveillance of 

senescent cells and identifies a novel mechanism of immune evasion that may 

contribute for the persistence of senescent cells in tissues, such as cells of human 

melanocytic nevi. This may open new promising therapeutic approaches based on 

the use immune modulators such as anti-NKG2A antibodies to improve the clearance 

of senescent cells and reduce the burden of co-morbidities and cancer with age. 

Further studies would be necessary to confirm the effectiveness of anti-NKG2A 

treatments in eliminating senescent cells in animal models. 
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3.5 MATERIALS AND METHODS 

3.5.1 Blood and skin sample collection 

Paired blood and skin samples were obtained from healthy donors in accordance 

with the Declaration of Helsinki and approved by the Ethical Committee of the Royal 

Free Hospital, London (Research Ethics number: 11/0473). 

Primary human fibroblasts were derived from skin explant cultures, as described in 

Chapter One. Cells were grown in culture with DMEM supplemented with 10% FCS, 

2 mM glutamine and 100 IU/ml penicillin/streptomycin (all from Sigma-Aldrich, UK), at 

37°C in a humidified 5% CO2 incubator. Sub-confluent cultures were X‑irradiated 

with a total dose of 10Gy and allowed to recover in culture for 7-14 days, during 

which time they developed the characteristic features of senescence.  

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood 

using Ficoll–Hypaque density gradient centrifugation (Amersham Biosciences, UK) 

from heparinized blood of healthy volunteers between the ages of 25 and 83 years 

(n= 50; median age 52, range 25-83) and resuspended in RPMI 1640 medium 

supplemented with 10% FCS, 2 mM glutamineand 100 IU/ml penicillin/streptomycin 

(all from Sigma-Aldrich, UK), at 37°C in a humidified 5% CO2 incubator. 

3.5.2 NK and CD8+ T Cell purification 

NK and CD8+ T cells were purified from freshly isolated PBMCs by negative 

selection using magnetic activated cell sorting (MACS, Miltenyi Biotec, UK) according 

to the manufacturer’s instructions. The purity of sorted cells (typically ≥ 95%) was 

assessed by flow cytometry using the following panel of phenotypic markers: CD3 PE 

CF594, CD8 APC, CD16 FITC and CD56 Brilliant Violet 421 (all from BD 
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Biosciences, UK). After sorting cells were resuspended in complete RPMI medium 

with IL2 (100U/mL) until incubation with target cells. 

3.5.3 Autologous Co-culture system 

Primary human fibroblasts were derived from skin explant cultures, irradiated and 

allowed to recover in culture until developing a senescent phenotype, as described in 

the first chapter. Senescent fibroblasts (between day 14 and 21 post-irradiation) were 

seeded onto flat-bottom 48-well plates (20x104 cells per well) and grown to 

confluence at 37 °C and 5% CO2. Early-passage fibroblasts (between passages 3 

and 9) were platted under the same conditions and used as non-senescent controls. 

When confluent, the monolayers were washed with Hanks’ solution (Life 

Technologies, Inc.) and effector cells were added at the desired effector:target ratio, 

typically 20:1 and 10:1. IL-2- activated NK and CD8+ T cells freshly purified from the 

peripheral blood of the same donors were used as effector cells in cytotoxic assays.  

3.5.4 Cytotoxic assays: Active Caspase 3 Assay 

Senescent and non-senescent fibroblasts were incubated with autologous NK and 

CD8+ T cells, at increasing effector to target ratios (10:1; 20:1). After a 6-hour 

incubation period, cells were harvested after trypsinization, washed, fixed and 

permeabilized with BD Cytofix/Cytoperm (BD 554722) at 4°C for 30 min followed by 

washing with BD Perm/Wash Buffer and staining for 30 minutes at 4°C with Anti-

Active Caspase 3 Antibody PE (BD 550821, all from BD Biosciences, UK). 

Quantification of active caspase 3 expression in fibroblasts incubated with medium 

only without effector cells was used as a negative control to assess spontaneous 

lysis. Fibroblasts treated with Camptothecin (8 μg/mL; Sigma-Aldrich) were used as 

positive controls. 
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3.5.5 Cytotoxic assays - CD107a degranulation assay and cytokine 

secretion 

CD107a (lysosomal-associated membrane protein-1, LAMP-1) expression was used 

as a marker of degranulation of CD8+ T and NK cells, as previously described (Aktas 

et al., 2009). Briefly, MACS- purified NK and CD8+ T cell subsets were incubated at 

37°C for 6 h with senescent or non-senescent fibroblasts, at a fixed effector to target 

ratio of 20:1, in the presence of APC-conjugated CD107a antibody (BD Biosciences). 

Brefeldin A (1 μg/ml; Sigma-Aldrich) and Monensin (1 μg/ml; Sigma-Aldrich) were 

added in the final 5h-incubation period. Effector cells incubated alone in the presence 

of phorbol-12-myristate-13-acetate (PMA, 50 ng/ml, Sigma-Aldrich) with Ionomycin, 

(250 ng/ml, Sigma-Aldrich) and were used as positive control whereas medium alone 

served as unstimulated (US) control. After incubation, cells were harvested, washed 

and stained for surface markers for 30 min on ice, followed by 

fixation/permeabilization and intracellular detection of cytokines (TNF-alpha and 

IFNγ) and analysed by flow cytometry on a LSR II flow cytometer (BD Biosciences). 

Analysis was performed with FlowJo software (TreeStar, Ashland, OR).  

Data are presented as percent specific cytotoxicity calculated using the formula 

(sample lysis/degranulation − spontaneous lysis/degranulation) / (maximum 

lysis/degranulation − spontaneous lysis/degranulation) × 100, a method that is widely 

used to assess cytotoxicity more accurately. 

3.5.6 Antibody Blockade experiments 

When indicated, freshly purified NK and CD8+ T cells were pre-incubated with 1 

μg/mL of anti-NKG2D (1D11, Ebioscience), 1 μg/mL of anti-NKG2A (Z199, Bekcman 

Coulter) or the respective isotype controls. After washing in PBS, effector cells were 

incubated with senescent and non-senescent fibroblasts, at a fixed effector to target 
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ratio of 20:1 for 6 hours in the incubator, in the presence of an anti-CD107a antibody. 

Brefeldin A (1 μg/ml; Sigma-Aldrich) and Monensin (1 μg/ml; Sigma-Aldrich) were 

added in the final 5h-incubation period.  CD107a expression as a marker of 

degranulation of effector cells and cytokine secretion (IFNγ and TNFα) were 

evaluated after 6hours incubation period and percent cytotoxicity was calculated as 

described previously. 

3.5.7 Transfection of cells with small interfering RNAs 

Primary human CD8+ T cells were transfected with small interfering RNA (siRNA) by 

electroporation using the Amaxa Human T Cell Nucleofector Kit and Nucleofector 

technology (Lonza), according to the manufacturer’s instructions. Briefly, 2-5x106 

cells were resuspended in Nucleofector solution with 200 nmol of siRNA for NKG2D 

(sc-42948) or a scrambled control siRNA (sc-37007; Santa Cruz). Cells were 

transferred into 24-well cell culture plates containing pre-equilibrated complete 

medium (RPMI) and incubated at 37°C.  Efficiency of siRNA transfection was 

confirmed by measuring the expression of NKG2D by flow cytometry, typically 36-48 

hours after transfection (please refer to Figure 3.9C for a representative example). 

For transfection of human fibroblasts with siRNA for HLA-E (sc-62470) or a 

scrambled control siRNA (sc-37007; Santa Cruz), we used the Amaxa Human 

Dermal Fibroblast Nuvleofector Kit (Lonza), as per manufacturer´s protocol. HLA-E 

siRNA (h) is a pool of 3 target-specific 19-25 nt siRNAs designed to inhibit HLA-E 

gene expression. Efficiency of siRNA transfection was confirmed by measuring the 

expression of HLA-E by flow cytometry, typically 36-48 hours after transfection 

(Figure 2.11B for a representative example). 

3.5.8 Flow Cytometry  

Multi-parametric flow cytometry was used for phenotypic analysis of PBMCs. For 
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analysis of surface expression of NK cell receptors, staining was performed at 4°C 

for 30 min in the presence of saturating concentrations of antibodies listed in Table 

3.2, using a live/dead fixable Near-Infrared stain (Thermo Scientific, L10119).  

For the detection of CD107a expression and intracellular cytokine staining, cells were 

fixed and permeabilized with the Fix & Perm® Kit (Invitrogen, Life Technologies, UK), 

before incubation with indicated antibodies or the respective isotype controls (Table 

3.2). For the detection of Active Caspase 3 expression, cells were fixed and 

permeabilized with BD Cytofix/Cytoperm (BD 554722) at 4°C for 30 min followed by 

washing with BD Perm/Wash Buffer and staining with Anti-Active Caspase 3 

Antibody PE (BD 550821), all included in the Active Caspase 3 PE kit (all from BD 

Biosciences, UK). 

 After staining, cells were washed in PBSA and resuspended in 2% 

paraformaldehyde until acquisition on a LSR II flow cytometer (BD Biosciences). 

Analysis was performed with FlowJo software (TreeStar, Ashland, OR).  

 

 
 

Table 3.2 – List of antibodies used in Flow Cytometry. 

 

 

Antibody Conjugate Clone Isotype Manufacturer Catalog # Dilution Dilution
CD3 BUV 395 UCHT1 Mouse IgG1 BD 563546 1/100 1:100

CD4 PercP Cy 5.5 SK3 Mouse IgG1 Biolegend 344608 Jan-50 1:50

CD8 BV 421 RPA-T8 Mouse IgG1 Biolegend 301036 01:50 1:50

CD27 BV 786 L128 Mouse IgG1 BD 563327 01:50 1:50

CD28 BV 510 T44 Mouse IgG1 Biolegend 302936 01:50 1:50

CD45RA BV 605 HI100 Mouse IgG2b Biolegend 304134 01:50 1:50

NKG2A AF 700 131411 Mouse IgG2a R&D Systems FAB 1059N 01:20 1:20

NKG2C APC 134591 Mouse IgG1 R&D Systems FAB138A 01:20 1:20

NKG2D PE 149810 Mouse IgG1 R&D Systems FAB139P 01:20 1:20

NKp30 PE AF29 Mouse IgG1 Miltenyi Biotec 130-099-706 01:20 1:20

IFNgamma PE-Cy7 B27 Mouse IgG1 BD 557643 01:20 1:20

TNFalpha APC MAb11 Mouse IgG1 BD 340534 01:10 1:10
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3.5.9 Tissue arrays of Congenital Melanocytic Nevi 

Tissue arrays of Congenital Melanocytic Nevi (CMN) were obtained from Dr. 

Veronica Kinsler in the Paediatric Dermatology Department at the Great Ormond 

Street Hospital, in agreement with the Research Ethics Committee and Research 

Development Office of Great Ormond Street Hospital and the University College 

London Institute of Child Health. Samples included in these tissue arrays had been 

obtained for clinical indications and informed consent was obtained for all patients 

involved.  

Each array included 14-16 formalin-fixed paraffin-embedded tissue sections of CMN 

from different patients and sections of normal skin, acquired melanocytic nevus and 

malignant melanoma as controls (Figure 3.16). 

 

Figure 3.16 – Representative images of tissue arrays of human congenital 

melanocytic nevi. 
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3.5.10 Immunohistochemical staining 

Immunohistochemical staining of formalin-fixed paraffin-embedded tissue arrays of 

congenital melanocytic nevi was performed by Alex Virasami (with the supervision of 

Professor Neil Sebire) at the Department of Histopathology, Great Ormond Street 

Hospital for Children. Stainings were performed on the automated Leica BOND-MAX 

immunostainer (Leica Biosystems) following deparaffinization and heat-induced 

epitope retrieval  (with Leica HIER solution ER2 at pH9). Staining was detected using 

Leica Bond polymers. 

When indicated, dual staining of HLA-E and CD8/CD3 was performed in the same 

tissue section using a sequential staining technique with the Chromoplex Dual 

Staining Detection system (Leica Biosystems): after the first primary antibody 

incubation, sections were stained with a peroxidase-DAB detection reagent (brown 

staining). The second primary antibody was applied after the excess DAB was rinsed 

off, followed by detection with an alkaline phosphatase detection system labeled with 

a fast red chromogen (red staining). 

All antibodies used were optimized for use on paraffin sections with appropriate 

positive and negative controls (Table 3.3). 

 

Antibody Clone Isotype Manufacturer Catalog # 

HLA-E MEM-E/02 Mouse IgG1 Abcam Ab2216 

CD8 4B11 Mouse IgG2b Leica PA0183 

CD3 LN10 Mouse IgG1 Leica PA0553 

Ki67 MM1 Mouse IgG1 Leica PA0118 

 

Table 3.3 – List of primary antibodies used for Immunohistochemistry. 
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3.5.11 Image Analysis 

Quantification of HLA-E, CD8 and CD3-positive on CMN tissue sections was 

performed with image analysis software, in collaboration with Mathew Ellis (Division 

of Neuropathology at UCL Institute of Neurology).  

Briefly, tissue array slides were scanned on a LEICA SCN400F digital slide scanner 

(LEICA Microsystems). Scanned images were then processed and analysed on the 

SlidePath Digital Image Hub (LEICA) with Definiens Tissue Studio 3.6 (Definiens AG 

Munich, Germany). After manual selection of the regions of interest (ROI) in each 

section, image analysis algorithms were defined as follows: the software determined 

the area of each ROI (in µm²) and identified and counted the number of nuclei (# 

blue), the number of HLA-E positive cells (# brown), the number of CD8-positive cells 

(# red) and the number of CD8+ cells bordering HLA-E+ cells (# red bordering 

brown) per region of interest. All counts were expressed as cells/ µm². Using this 

information we then defined a function for HLA-E intensity ((# brown/# blue)*100), 

CD8 infiltration ((# red/# blue)*100) and co-localization of CD8 and HLA-E ((# red 

bordering brown/# red)*100). The scores for HLA-E intensity and CD8 infiltration 

were defined according to frequency of HLA-E+ and CD8+ cells as: negative (score 

0: between 0-1%), mild (score 1: 1-5%), moderate (score 2: 5-10%) and intense 

(score 3: >10%). Due to image quality problems some sections with low quality of 

tissue morphology were excluded and a total of 24 sections of congenital human nevi 

were analysed. The complete data analysis is available in Table 3.4. 
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Table 3.4 – Quantification of HLA-E and CD8 positive cells performed by digital 

image analysis of human melanocytic nevi stained using 

immunohistochemistry.  

 

3.5.12 Statistical Analysis  

Statistical analysis was performed using GraphPad Prism version 6.00. Tests were 

used to determine data distribution and depending on the normality of the data, 

comparisons were performed using the Student t test, the non-parametric Mann–

Whitney U test (for two groups), the Wilcoxon signed rank test (for > 2 paired 

groups), Kruskal–Wallis (for > 2 nonpaired groups) or Friedman (for > 2 paired 

groups) one-way ANOVA tests, as appropriate. Linear regression analysis was 

performed to generate lines of best fit and correlations between variables were 

analysed using Pearson´s or Spearman’s rank correlation coefficient (r). Values of p 

< 0.05 were considered significant for all tests. Data are presented as means ± 

standard error of the mean (SEM) unless otherwise stated. 

 

 

 

CMN label Area (µm²) # Nucleus(blue) # Nucleus(Red)Red bordering Brown (CD8 bordering HLA-E)# Nucleus(Brown) Area IHC_Brown(µm²)#Red/#Blue*100 (CD8/total nucleous)#Brown/#Blue*100 (HLAe/nt)Red bordering Brown/total red

MDI 2409184 11107 507 405 658 61662 4.56 5.92 79.88

MDI 5294618 16327 1427 254 5155 495109.5 8.74 31.57 17.80

MDI 4884588 13731 879 724 8125 450164.5 6.40 59.17 82.37

MDI 2536287 9366 185 52 1111 159056.25 1.98 11.86 28.11

MDI 668465 644 82 35 249 59336 12.73 38.66 42.68

MDI 3309243 18117 167 107 1439 107703 0.92 7.94 64.07

MDI 2789191 10397 520 176 1211 86756.5 5.00 11.65 33.85

MDI 1865116 6399 43 42 435 25136.5 0.67 6.80 97.67

MDI 469211 1617 90 21 53 2265.75 5.57 3.28 23.33

MDI 2847470 7633 544 200 2444 152364 7.13 32.02 36.76

MDI 902587 2885 105 58 177 12452.25 3.64 6.14 55.24

MDI 3403055 14296 606 312 1641 148881.75 4.24 11.48 51.49

MDI 937157 3794 164 78 328 15894.75 4.32 8.65 47.56

MDI 2498848 9442 409 145 1989 113468.25 4.33 21.07 35.45

SNDI 1914257 9160 599 195 1026 91804.25 6.54 11.20 32.55

SNDI 2338713 13905 1024 467 556 141636.75 7.36 4.00 45.61

SNDI 1472323 3790 627 147 169 7365.5 16.54 4.46 23.44

SNDI 941658 7332 4 4 6 4922.25 0.05 0.08 100.00

SNDI 1417008 9293 541 377 524 57882.75 5.82 5.64 69.69

SNDI 1252299 9202 263 220 453 42254.75 2.86 4.92 83.65

SNDI 1190083 10202 101 67 427 45777.5 0.99 4.19 66.34

SNDI 1263369 7964 175 148 248 51623 2.20 3.11 84.57

SNDI 1575296 11112 301 249 407 80523.75 2.71 3.66 82.72

SNDI 1259527 5114 596 288 589 63354.5 11.65 11.52 48.32

Mean 2059981.38 8867.88 414.96 198.79 1225.83 103224.83 5.29 12.87 55.55

STDEV 1244673.12 4507.07 348.91 169.43 1834.12 123721.85 4.02 14.07 24.87
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4 Reprogramming of senescent CD8+ T cells into 

NK-like T cells during human aging 

  



 
136 

4.1 ABSTRACT 

In the previous chapter, an increased expression of receptors belonging to the NKG2 

family was found in CD8+ T cells with a highly differentiated phenotype. Following on 

these observations, an extended analysis of the expression of NK cell receptors on 

human peripheral blood lymphocytes was performed. It was found that highly 

differentiated CD8+ T cells not only express phenotypic markers of NK cells but also 

acquire NK-like effector functions, mediated independently of the TCR. Interestingly, 

highly differentiated CD8+ T cells exhibit decreased TCR responsiveness while 

showing an enhanced sensitivity to NKG2D ligation, suggesting that as T cells 

differentiate, they become less dependent on TCR-driven signals and more 

responsive to innate-like stimulation. In the present chapter, the molecular 

mechanisms underlying the acquisition of NK-like functions by highly differentiated 

human CD8+ T cells were investigated. It is demonstrated that the de novo 

expression of the adaptor DAP12 by senescent CD8+ T cells is determinant for the 

acquisition of innate-like functions, mediated by NKG2D, independently of the TCR. 

Furthermore, the expression of NK receptors and signaling adaptors are coordinately 

induced as cells lose key components of the TCR machinery. This is evident at the 

transcriptional level, supporting the hypothesis of a general reprogramming of CD8+ 

T cells to NK-like T cells as a compensatory mechanism to the contraction of the 

TCR repertoire during human aging.  

KEY POINTS 

 Highly differentiated CD8+ T cells exhibit phenotypic, functional and 

transcriptomic changes resembling NK cells; 

 The acquisition of NK cell receptors and signaling molecules occurs in 

coordination with the suppression of conventional TCR signaling; 

 The acquisition of innate-like functions by CD8+ T cells depends on the 

association of NKG2D with DAP12, not present in less differentiated cells.  
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4.2 INTRODUCTION 

Aging is associated with a general decline in immune function, contributing to a 

higher risk of infection, cancer and autoimmune diseases in the elderly. Such faulty 

immune responses are the result of a profound remodeling of the immune system 

that occurs with age, generally termed as immunosenescence (Vallejo, 2007). While 

the number of naïve T cells emerging from the thymus progressively decreases with 

age as a result of thymic involution (Lynch et al., 2009), the memory T cell pool 

expands and exhibits significant changes in the phenotype and function of 

differentiated T cells (Linton and Dorshkind, 2004). Chronic immune activation due to 

persistent viral infections, such as cytomegalovirus (CMV) and Epstein-Barr Virus 

(EBV) are recognized as one of the main drivers contributing to the accumulation of 

antigen-specific T cells with characteristics of replicative senescence (Ouyang et al., 

2003, Pawelec and Gouttefangeas, 2006, Brunner et al., 2011). In combination with 

the depletion of the naïve T cell pool, the accumulation of terminally differentiated T 

cells with age skews the immune repertoire and has been implicated in the impaired 

immune responses to new antigens and vaccination in the elderly (Akbar et al., 2004, 

Blackman and Woodland, 2011, Arnold et al., 2011, McElhaney et al., 2012). 

Functionally, terminally differentiated or senescent T cells are often regarded as a 

defective population, exhibiting limited proliferative potential and self-renewal 

capacity associated with low telomerase activity (Libri et al., 2011, Di Mitri et al., 

2011, Henson et al., 2014, Lanna et al., 2014). Such functional defects are 

inexorably linked with the age-related decline in immune responses (Akbar et al., 

2004, Weng et al., 2009, Akbar et al., 2016). Paradoxically however, accumulating 

evidence indicates that terminally differentiated cells maintain potent effector 

functions and are able to respond robustly to stimulation (Libri et al., 2011, Lachmann 

et al., 2012, Henson et al., 2014). The molecular mechanisms underlying these 
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divergent observations remain elusive. Recent studies indicate that senescent T cells 

have impaired TCR signalling activity (Larbi et al., 2004, Li et al., 2012a, Lanna et al., 

2014, Goronzy et al., 2012), predicting the existence of TCR-independent pathways 

that may regulate effector functions in these cells. 

Interestingly, as T cells differentiate they express receptors that are normally 

attributed to natural killer (NK) cells, especially in the CD8+ T cell compartment 

(Strauss-Albee et al., 2014). We have shown in the previous chapter that the 

expression of NKG2 family of receptors is highest in CD8+ T cells that exhibit a 

terminally differentiated phenotype. Other studies have demonstrated an increased 

expression of NK-lineage receptors in conditions associated with chronic immune 

activation and during aging (Tarazona et al., 2000, Vivier and Anfossi, 2004, Abedin 

et al., 2005, Vallejo et al., 2011). However, the biological significance of the 

acquisition of NK receptors by T cells during aging remains poorly understood. Here 

we set out to explore the molecular pathways regulating effector functions of 

senescent CD8+ T cells and revealed an important role for NK receptors, in particular 

NKG2D, in mediating innate-like functions, independently of the TCR. 

NKG2D is a C-type lectin activating receptor, which recognizes MHC-related self-

ligands induced by various forms of cellular stress and is the prototypical example of 

a NKR that is highly expressed on CD8+ T cells (Bauer et al., 1999, Raulet, 2003) 

although the exact role of this receptor in CD8+ T cell function is still controversial. 

NKG2D has no intrinsic signalling capacity and an association with transmembrane 

adaptor proteins is required to activate signalling cascades and to maintain a stable 

expression of this receptor at the cell surface (Lanier, 2015). Comparative studies of 

NKG2D signaling have revealed that NKG2D is a versatile receptor that may induce 

direct activation or co-stimulation depending on the availability and association with 

different adaptors (Snyder et al., 2004). In human CD8+ T cells, NKG2D is thought to 

exclusively associate with the adaptor DAP10, which contains an YxxM-motif 
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similarly to CD28, thus resulting in co-stimulatory signals, mediated by the 

phosphatidylinositol-3-kinase (PI3K) signalling pathway (Wu et al., 1999, Groh et al., 

2001, Upshaw et al., 2006, Lanier, 2015). In certain circumstances, however, NKG2D 

has been shown to provide direct stimulatory signals to human αβ and γδCD8+ T 

cells, independently of the TCR, provided that cells are stimulated with cytokines 

such as IL-15 or high doses of IL-2 (Meresse et al., 2004, Verneris et al., 2004, Chu 

et al., 2013). The molecular determinants of this functional switching are still poorly 

understood. An alternative pathway for NKG2D signaling has been described in 

activated NK cells in mice, where the expression of a short splice isoform of NKG2D 

and pairing with the ITAM-bearing adaptor DAP12 (also known as KARAP or 

TYROBP), leads to the recruitment of Zap70 (zeta-chain-associated protein kinase 

70) and Syk (spleen tyrosine kinase), resulting in direct activation of NK cells, 

cytokine production and cytotoxicity (Diefenbach et al., 2002, Gilfillan et al., 2002).  

In the present chapter we demonstrate that terminally differentiated CD8+ T cells in 

humans express NK-cell receptors and acquire signaling molecules traditionally 

linked to the NK-cell receptor machinery, in particular the adaptor DAP12 which is 

able to pair with NKG2D and recruit Zap70/Syk protein kinases, allowing senescent 

CD8+ T cells to become permissive to innate signals and respond directly to NKG2D, 

independently of the TCR. Hence, despite the attenuation of TCR responsiveness, 

senescent CD8+ T cells display an increased sensitivity to NKG2D ligation and are 

maintained in a poised effector state that endows them with the capacity to respond 

rapidly to stimulation. We further demonstrate that such innate-like characteristics are 

imprinted at the transcriptional level supporting the hypothesis of a general 

reprogramming of highly differentiated CD8+ T cell into innate-like T cells during 

human aging (Pereira and Akbar, 2016). 

 

  



 
140 

4.3 RESULTS 

4.3.1  Impaired TCR signalling is a distinctive feature of human 

senescent CD8+ T cells 

Multiple phenotypic and functional features have been proposed to define highly 

differentiated or senescent T cells. Loss of costimulatory receptors, CD28 and CD27, 

is one of the most consistent markers T cell differentiation (Effros, 1997, van Lier et 

al., 2003, Weng et al., 2009, Mahnke et al., 2013). The differential expression of 

these markers enables the distinction of three subsets within the CD8+ T cell 

compartment (Figure 4.1A): an undifferentiated (CD28+CD27+), an intermediate 

(CD28-CD27+) and a highly differentiated subset (CD28-CD27-) negative for both 

markers (Appay et al., 2002, Henson et al., 2009). Alternatively, T cell subsets may 

be stratified according to the expression of CD45RA and CD27 (Figure 4.1B) as: 

naïve (Tnaive CD27+CD45RA+), central memory (TCM; CD45RA-CD27+), effector 

memory (TEM; CD45RA-CD27-) and effector memory T cells that re-express CD45RA 

(TEMRA; CD45RA+CD27-)(Appay et al., 2008). Re-expression of CD45RA identifies a 

subpopulation of effector memory T cells with features of terminal differentiation, 

denominated as T effector memory re-expressing CD45RA or TEMRA (Henson et al., 

2012). As CD8+ T cells tend to sequentially downregulate CD28 followed by CD27 

(Rufer et al., 2003), the population defined by the loss of CD27 and re-expression of 

CD45RA (TEMRA), is in its vast majority negative for both CD28 and CD27 and 

therefore included in the subset of late differentiated CD28–27– CD8+ T cells 

(Figure 4.1E) (Romero et al., 2007). Chronological aging is typically associated with 

a contraction of the naïve T cell pool and expansion of the CD28-CD27-CD45RA+ 

terminally differentiated subset (Fig. 4.1C,D) (Akbar and Fletcher, 2005, Koch et al., 

2008, Arnold et al., 2011, Akbar and Henson, 2011). 
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Figure 4.1 – Aging is associated with the accumulation of T cells with a 

terminally differentiated phenotype, characterized by the loss of CD27 and 

CD28 costimulatory receptors and re-expression of CD45RA.  

Representative FACs plots showing the subsets stratified by the expression of 

CD27/CD28 (A) and CD27/CD45RA (B) in CD8+ T cells derived from a young (≤ 35 

yo) and old (≥65 yo) healthy donor. Numbers in quadrants represent percentages of 

cells in each subset. C) Correlation between the frequencies of early (CD28+27+) 

and late (CD28-27-) differentiated CD8+ T cells and age, gated as in A, in PBMCs 

derived from healthy donors (n=50, median age of 52, age range 25-83) and 

determined by multicolour flow cytometry. D) Correlation between the frequencies of 

naive (CD27+45RA+) and EMRA (CD27-45RA+) CD8+ T cells and age, gated s in B 

in the same donors ((n=50). Lines of best fit were generated by linear regression and 

the correlation (r value) and significance were assessed by Spearman rank. E) CD8+ 

T subsets defined by CD27/CD45RA expression were gated according to the 

expression of CD27/CD28 receptors, demonstrating that EMRA CD8+ T cells are in 

their vast majority included in the CD28-27- subset. 
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CD27-CD28-CD45RA+ T cells have been shown to exhibit features of senescence 

that include accumulation of DNA damage markers, short telomeres, low proliferation 

and loss in the capacity to activate the enzyme telomerase (Plunkett et al., 2007, Di 

Mitri et al., 2011, Henson et al., 2014, Lanna et al., 2014). However, despite the loss 

of proliferative capacity, terminally differentiated cells are polyfunctional, reflecting 

their ability to simultaneously carry out multiple functions, including secretion of IFN-γ 

and TNF-α and cytotoxicity (Libri et al., 2011, Lachmann et al., 2012, Henson et al., 

2014), and this is an important observation that distinguishes senescent from 

exhausted T cells (Di Mitri et al., 2011).  

To investigate the mechanisms responsible for reduced proliferative responses to 

TCR stimulation in highly differentiated CD8+ T cells (Henson et al., 2009), the first 

signaling events downstream of the TCR were analysed in freshly isolated human 

PBMCs using phospho-flow cytometry. After crosslinking the TCR with a monoclonal 

antibody specific to CD3 (OKT3, 10 ug/mL), it was consistently observed that 

phosphorylation of TCR-proximal components such as CD3ζ (Tyr142) and Zap70 

(Tyr319) was significantly impaired in highly differentiated CD27-CD28- CD8+ T cells 

compared to the less differentiated cells (p< 0.001, Figure 4.2A,B). 

Recent observations from our group indicate that senescent CD4+ T cells lose key 

components of the TCR machinery (Lanna et al., 2014). Therefore, it was next 

investigated whether the expression of the TCR-proximal machinery was altered 

between the different subsets of CD8+ T cells. As shown in the immunoblots in 

Figure 4.2C, a significant downregulation of Lck expression, Lat and PLCγ was 

observed as cells progressed towards terminal differentiation explaining the overt 

impairment in phosphorylation after TCR stimulation. Interestingly, the expression of 

Zap70 was conserved across all subsets of CD8+ T cells (p< 0.05, Figure 4.2C,D), 

whereas senescent CD4+ T cells lack this component of the TCR (Lanna et al., 

2014). 
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Figure 4.2 - Highly differentiated CD8+ T cells exhibit impaired TCR proximal 

signaling.  

Freshly isolated human CD8+ T cells were analysed for (A) phosphorylation of CD3ζ 

(left) and Zap70/Syk (right), determined 10 minutes after TCR crosslinking with anti-

CD3 (OKT3, 10 μg/mL) in CD8+ CD27/CD28 subsets, assessed by phosphoflow 

cytometry. Numbers represent the mean fluorescence intensity (MFI) for each 

subset. Light grey histograms represent unstimulated controls. B) Summary results 

of CD3ζ and Zap70/Syk phosphorylation in CD8+ subsets, presented as the MFI 

relative to that of CD27+CD28+ T cells, set as 1 (n=4). C) Immunoblot analysis of the 

expression of proximal TCR components on human CD8+ CD27/CD28 subsets from 

two different donors purified directly ex-vivo using magnetic beads. GAPDH serves 

as loading control. D) Quantification of LCK, Zap70, PLCGγ and LAT expression 

normalized to the loading control (GAPDH) and presented relative to the basal 

expression in naïve T cells (CD27+CD28+) set as 1 (n=4). Analysis of variance 

between groups determined with Friedman Test with Dunn´s correction for multiple 

comparisons  (*p< 0.05, **p<0.01, ***p< 0.001, ****p< 0.0001). 
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According to the canonical model for TCR signaling (Figure 4.3), activation of Lck is 

one of the first events after TCR ligation, leading to the recruitment and rapid 

phosphorylation of CD3ζ chains, Zap70 and the assembly of Lat signalossome, 

which is central for the integration of TCR-proximal signals to downstream effector 

pathways (Chakraborty and Weiss, 2014, Malissen et al., 2014). 

 
Figure 4.3 – Schematic model of T Cell Receptor (TCR) proximal signaling. 

ITAM, immunoreceptor tyrosine-based activation motif; Zap70, zeta-chain protein 

kinase 70; LCK, lymphocyte-specific tyrosine kinase; LAT, Linker for Activation of T 

cells: PLCγ, Phospholipase Cγ; SLP-76, Src homology 2-domain containing 

leukocyte protein of 76 kDa. 

 

The observation that highly differentiated CD8+ T cells are severely depleted of 

proximal components of the TCR signalossome may explain the impaired 

phosphorylation of CD3ζ and Zap70 through the canonical TCR signaling pathway. 

However the conserved expression of total Zap70 suggests that this Syk-family 

tyrosine kinase may be crucial to activate alternative signaling pathways in senescent 

CD8+ T cells. In line with previous studies suggesting that T cell signalling pathways 

are impaired with age (Larbi et al., 2004, Li et al., 2012a, Lanna et al., 2014), this 

data indicates that impairment in classical TCR proximal signaling is an important 

characteristic of senescent CD8+ T cells. 

TCR/CD3 complex

Lat

SLP-76

Lck Zap-70
PLCγ1

C
D

3
ζ

C
D

3
ζ

P P

CD8

P

P

P

P

P
P

1

2

3



 
145 

4.3.2 Human highly differentiated T cells express high levels of 

cytolytic effectors 

Despite TCR hyporesponsiveness and lack of proliferative capacity (Henson et al., 

2009, Henson et al., 2014), highly differentiated T cells are armed effector cells, as 

demonstrated by the constitutive high expression of cytolytic molecules, granzyme B 

and perforin, compared to less differentiated subsets ((p< 0.0001, Figure 4.4). 

Interestingly, a significant ex-vivo expression of cytolytic mediators on CD4+ T cells 

was also found, mainly restricted to the highly differentiated subsets, predicting the 

acquisition of cytotoxic functions by these cells.  

 

Figure 4.4 – Terminally differentiated cells show the highest expression of 

cytolytic mediators compared to less differentiated cells.  

Ex-vivo flow cytomery analysis of the expression of effector mediators, perforin (left 

panel) and granzyme B (right) across T cell subsets, defined by CD27/CD28, in both 

CD8+ (A) and CD4+ T cells (B) (n=25). Analysis of variance between groups 

determined with Friedman Test with Dunn´s correction for multiple comparisons  (*p< 

0.05, **p<0.01, ***p< 0.001, ****p< 0.0001).  
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4.3.3 Highly differentiated CD8+ T cells acquire NK cell phenotypic 

markers 

A growing body of evidence indicates that, as T cells differentiate, they acquire the 

expression of receptors that are normally attributed to NK cells (Tarazona et al., 

2000, Vallejo et al., 2011, Strauss-Albee et al., 2014). Using flow cytometry, we 

performed an extensive analysis of the surface expression of NK cell receptors on 

human peripheral blood mononuclear cells (PBMCs) isolated from healthy donors 

across different ages (n= 22; median age 52; range, 25-83). Cells were stained with 

specific antibodies for each NK cell receptor, in combination with antibodies for 

TCRαβ and the phenotypic markers CD3, CD4, CD8, CD27, CD28 and CD45RA and 

analysed by multicolor flow cytometry. The frequency of cells expressing NK cell 

receptors was calculated for each compartment – CD3-negative, CD3-positive, CD8-

positive, CD4-positive - using the gating strategy shown in Figure 4.5A. Within CD8+ 

and CD4+ T cell compartments, the frequency of cells expressing NK cell receptors 

was calculated for each subset defined by CD27/CD28 expression (Figure 4.5B), as 

well as in the subsets defined by CD7/CD45RA expression (Figure 4.5C).    

In line with previous studies, the expression of the majority of NK cell receptors 

studied was not unique to NK cells and the highest expression on non-NK cells was 

observed in the peripheral αβCD3+CD8+ T cell compartment (Figure 4.5A). 

Amongst CD8+ T cells, the expression of NK cell receptors was found to be highest 

in cells with a terminally differentiated phenotype, characterized by the loss of CD28 

and CD27 and re-expression of CD45RA. Importantly, it was confirmed that CD3+ 

cells expressing NK cell receptors did not express the semi-invariant TCR 

Vα24/Vβ11 chains, thus excluding that they represent an expansion of classical NKT 

cells, which only represented a minor fraction (0.1–1% amongst donors) of T cells in 

peripheral blood (Figure 4.5A).  
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Figure 4.5- T cells expressing NK cell receptors are mostly αβCD8+ T cells with 

a terminally differentiated phenotype.  

A. Gating strategy used to determine the frequency of cells expressing NK cell 

receptors (NKR), within the different cell subtypes in PBMCs stained by multicolour 

flow cytometry. Plots are from a representative staining for CD56 expression.  B. The 

frequency of cells expressing NK receptors was determined amongst the subsets of 

CD3+ CD8+ T cells, defined by CD27/CD28 expression (in B) and CD27/CD45RA 

(C). Naïve (CD27+ 45RA+), CM, central memory (CD27+ 45RA-), EM, effector 

memory (CD27- 45RA-) and EMRA, effector memory re-expressing CD45RA (CD27- 

45RA+). Numbers represent percentages of cells within each compartment. 
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The repertoire of NK receptors expressed on highly differentiated αβCD8+ T cells is 

highly diverse and includes both activating (NKG2D, NKG2C, NKp44, KIR2DS) and 

inhibitory receptors (NKG2A, KIR2DL/KIR3DL and CD244) as well as other canonical 

NK cell (CD16 and CD56) and maturation (KLRG1, CD57) markers (Figure 4.6).  

 

Figure 4.6– Expression of NKR on CD8+ T cell subsets defined by CD27/CD28. 

Expression of activating (A), inhibitory (B) and canonical NK markers (C) on human 

CD8+ T subsets, defined by CD27/CD28 expression, from 22 healthy donors 

(median age = 52, range 25-83 yo) analyzed by flow cytometry. (NKG2A data does 

not correspond to the same 22 donors, but to the data showed in Chapter 2, 

Fig.3.4C).  Analysis of variance across subsets calculated with Friedman test with 

Dunn´s correction for multiple comparisons (*p< 0.05, **p<0.01, ***p< 0.001). 
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A similar distribution of NKR was observed in CD8+ T cells subsets defined by the 

expression of CD27 and CD45RA (Figure 4.7). 

 

Figure 4.7 - Distribution of NKR on CD8+ T cell subsets defined by 

CD27/CD45RA.  

The expression of activating (A), inhibitory (B) and other NK cell markers (C) was 

analysed on human CD8+ T subsets now defined by CD27/CD45RA expression, 

from the same 22 donors, analysed by flow cytometry (NKG2A data does not 

correspond to the same 22 donors, but to the data showed in Chapter 2, Fig.3.4C). 

Analysis of variance between subsets calculated with Friedman test with Dunn´s 

correction for multiple comparisons (*p< 0.05, **p<0.01, ***p< 0.001, ****p< 0.0001).  
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Although the expansion of T cells expressing NK receptors is most noticeable in the 

CD8+ T cell compartment, the expression of NK cell markers was also found on 

human CD4+ T cells, predominantly in the highly differentiated subsets (Figure 4.8), 

although the magnitude of expression is higher in CD8+ compared to CD4+ T cells. 

 

Figure 4.8 – Expression of NKR on CD4+ T cell subsets defined by CD27/CD28. 

Flow cytometry analysis of the expression of activating (A), inhibitory (B) and 

canonical NK cell markers (C) on human CD4+ T subsets, defined by CD27/CD28 

expression (n= 22). Analysis of variance between subsets calculated with Friedman 

test with Dunn´s correction for multiple comparisons (*p< 0.05, **p<0.01, ***p< 0.001, 

****p< 0.0001). 
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For some receptors, there was considerable variability among donors in the 

expression of NK cell receptors. This is most likely due to genetic polymorphism 

among donors, as it is known that for some receptors, such as NKG2C or KIRs, 

surface expression is highly dependent on the genotype (Horowitz et al., 2013). 

Together with NKG2D, natural cytotoxicity receptors (NCR), such as NKp44 and 

NKp30, are the main mediators of direct cytotoxicity in NK cells whereas CD16 (FCγ 

receptor III) is essential for antibody-dependent cellular cytotoxicity (ADCC) (Long et 

al., 2013). The acquisition of such activating receptors by CD8+ T cells suggests a 

possible role in mediating cytolytic responses by highly differentiated CD8+ T cells. 

Killer cell Ig-like receptors (KIRs) are mainly involved in inhibiting immune responses 

(inhibitory KIRs) via interaction with MHC class I molecules. Some KIRs, however, 

have been found to deliver stimulatory signals (activating KIRs, KIR2DS family) via 

the association with the ITAM-bearing adaptor DAP12 (Lanier et al., 1998b). 

Similarly, NKG2C has been shown to couple with DAP12, providing direct activating 

signals to both NK and CD8+ T cells, whereas the inhibitory isoform NKG2A 

negatively regulates NK and T cell function.  

CD161 (the product of KLRB1 gene) is a C-type lectin NK receptor that has been 

identified in subsets of CD4+ and CD8+ αβ T cells with a memory phenotype and has 

been proposed as a marker of IL17-producing cells (Maggi et al., 2010). Consistent 

with previous reports, we found that the majority of CD161-expressing cells in the 

peripheral CD8+ T cell compartment had a memory rather than a terminally 

differentiated (Figure 3.7). Nevertheless, it is known from the literature that the 

majority of CD8+ CD161high T cells are represented by mucosal-associated invariant 

T (MAIT) cells, an innate-like T cell subset that represents ≈ 5% of the T cell pool, 

enriched at mucosal sites such as the liver and gut (Dusseaux et al., 2011). 
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The SLAM family receptor 2B4 (CD244) has been shown to provide co-inhibitory 

signals to T cells, in particular exhausted CD8+ T cells in synergy with PD-1 

(Blackburn et al., 2009, Raziorrouh et al., 2010). Similarly, KLRG1 has been shown 

to deliver inhibitory signals, supressing proliferation and effector functions in both 

CD8+ T and NK cells (Henson et al., 2009, Muller-Durovic et al., 2016).  

KLRG1 and CD57 are considered markers of terminal differentiation or senescence 

in both NK and CD8+ T cells (Brenchley et al., 2003, Voehringer et al., 2002, Henson 

et al., 2009). The coincidental increase in these maturation markers and other NK 

cell markers corroborates that the expression of NK cell receptors is co-ordinately 

induced as cells differentiate and the immune system matures.     

Collectively, these findings support and extend previous studies regarding the 

expression of NK cell markers on CD8+ T cells and underscore that these receptors 

are preferentially expressed on cells with a terminally differentiated phenotype. The 

acquisition of such a repertoire of inhibitory and activating receptors by terminally 

differentiated T cells is reminiscent of an NK-like regulation of effector functions, 

where the functional outcome is determined by the integration of inhibitory and 

activating signals. 
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4.3.4 Determinants of the expression of NKR on highly differentiated 

CD8+ T cells  

Although the expression of NK lineage receptors by differentiated αβCD8+ T cells is 

increasingly well documented, the determinants controlling the acquisition of such 

receptors by human αβCD8+ T cells remain elusive. 

To investigate whether the expression of NK receptors was altered with age, the 

frequency of CD8+ T cells expressing NK cell receptors was correlated with the age 

of donors. There was a positive correlation between the frequencies of CD8+ T cells 

expressing both activating and inhibitory and age (Figure 4.9A), significant for CD16 

and CD244. 

 

Figure 4.9 - Frequency of CD8+T cells expressing NK cell receptors increases 

with age. 

Correlation between the frequency of activating (A) and inhibitory (B) NK cell 

receptors on CD8+ T cells with age of donors (n=22). Correlation was analysed using 

Spearman’s rank correlation coefficient (r) (*p< 0,05, **p<0.01).   
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Similarly, as expected the frequency of CD8+ T cells expressing NK cell receptors 

correlated with the expression of KLRG1, indicating that individuals with a mature 

immune system are most likely to express NKR on CD8+ T cells (Figure 4.10). 

 

Figure 4.10 – Expression of NK receptors on CD8+ T cells correlates with T cell 

differentiation.  

Correlation between the frequency of activating (A) and inhibitory (B) NK receptors 

and the expression of KLRG1 on CD8+ T cells (n=22), as a marker of T cell 

maturation/differentiation. Correlation was analysed using Spearman’s rank 

correlation coefficient (r) (*p< 0,05, **p<0.01). 

 

 

 

Activating NK receptors A

B Inhibitory NK receptors 

0 20 40 60 80 100
0

20

40

60

80

100

CD8+ NKG2C+ (r 0.2102 , p 0.1739)

CD8+ CD161+ (r 0.5143 , p 0.0072**) 

CD8+KIR2DS (r 0.32757 , p 0.1071)

CD8+ NKG2D+ (r 0.2897, p 0.1014)

CD8+ CD16+ (r 0.4146 , p 0.1163)

KLRG1+ (%)

%
 N

K
+

 C
D

8
+

 T
 c

e
lls

0 20 40 60 80 100
0

20

40

60

80

100 CD8+ CD244+ (r 0.5431, p 0.0045**) 

CD8+ NKB1+ (r 0.0540, p 0.4057)

CD8+ KIR2DL+ (r  0.088, p 0.3482)

KLRG1+ (%)

%
 N

K
+

 C
D

8
+

 T
 c

e
lls



 
155 

Chronic viral infections, in particular CMV infection, were shown to have a profound 

impact on CD8+ T cell phenotype, driving T cell differentiation and maturation (van 

Lier et al., 2003, Fletcher et al., 2005, Pawelec and Gouttefangeas, 2006, Brunner et 

al., 2011). To investigate the contribution of latent viral infections in shaping the NKR 

repertoire on T cells, we first stratified donors according to their serostatus for CMV 

and EBV infection and compared the frequency of CD8+ T cells expressing NKR, in 

both groups. In line with previous reports (Guma et al., 2004), it was found that CMV 

infection was associated with a significant expansion of NKG2C+ CD8+ T cells 

(Figure 4.11, p < 0.01), however the expression of all the other receptors analysed 

was comparable between CMV positive and negative individuals. 

 

Figure 4.11 – Frequency of NKR+ CD8+ T cells amongst CMV-seropositive and 

seronegative individuals.  

Comparative analysis of the expression of NKR on total CD8+ T cells between CMV+ 

(n = 10) and CMV-negative (n = 12) donors, using multicolour flow cytometry. 

Comparison between groups was done using the non-parametric Mann-Whitney U 

test (*p< 0,05).   
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We next examined the expression of NK cell receptors on virus-specific CD8+ T cells 

obtained from a pool of CMV and EBV-positive donors after staining with HLA-

specific dextrameric complexes loaded with CMV and EBV-derived peptides. To 

avoid analysing T cell responses to only one viral epitope, two dextramers loaded 

with different CMV-specific and EBV-specific peptides were used (Materials and 

Methods). Remarkably, the frequency of NKR-expressing cells among dextramer-

positive CD8+ T cells was generally lower than in global CD8+ T cells (Figure 4.12). 

This was evident for the majority of the NK receptors analysed in both CMV- and 

EBV-specific CD8+ T cells (reaching significant differences in CD57, NKG2C and 

CD161 expression, p < 0.05, Figure 4.12), with the exception of NKG2D, which 

showed a trend towards an increased expression in virus-specific CD8+ T cells. 

 

Figure 4.12 – NKR+ CD8+ T cells do not represent an expansion of virus-

specific CD8+ T cells.  

Flow cytometry analysis of the expression of NKR on virus-specific CD8+ T cells 

obtained from CMV- or EBV-positive donors after dextramer staining (n=12). Data is 

shown as percentages of NKR+ cells within dextramer-positive CD8+ T cells, 

compared to global CD8+ T cells. Comparison between dextramer-positive and 

global CD8+ T cells was done by Wilcoxon signed rank test for paired samples (*p< 

0,05, **p<0.01, ***p< 0.001).   
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Studies indicate that the differentiation phenotype of virus-specific CD8+ T cells 

varies significantly in different virus infections (Appay et al., 2002, van Lier et al., 

2003) and it is possible that such heterogeneity could contribute to the discrepancy 

observed in the expression of NKR on virus-specific T cells. In line with this, EBV-

specific T cells preferentially showed an intermediate differentiated phenotype, 

distributed amongst the central and effector memory subsets, whereas CMV-specific 

T cells consisted primarily of highly differentiated CD8+ T cells, confirming previous 

studies (Appay et al., 2002). However, a stratified analysis according to viral 

specificities showed no significant differences in the pattern of expression of NKR on 

virus-specific CD8+ T cells relative to total CD8+ T cells (Figure 4.13). 

 

Figure 4.13 – Dextramer-positive CD8+ T cells with distinct viral specificities 

generally express lower levels of NKR compared with global CD8+ T cells.  

Flow cytometry analysis of the expression of NKR between CMV- specific (n=6) and 

EBV-specific CD8+ T cells (n=6) compared with global CD8+ T cells from the same 

donors. Statistical significance tested with the Wilcoxon signed rank test for paired 

samples. 
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conclusions, this data suggests that CD8+ T cells expressing NK receptors do not 

represent an expansion of virus-specific CD8+ T cells, pointing to other possible 

factors as drivers of NKR expression on T cells.  
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Homeostatic cytokines, in particular IL-15 have been implicated in antigen-

independent differentiation of human CD8+ T cells (Alves et al., 2003, Geginat et al., 

2003) and can induce the loss of CD28 (Chiu et al., 2006) as well as re-expression of 

CD45RA on memory CD8+ T cells (Dunne et al., 2005, Griffiths et al., 2013). Further, 

IL-12 and IL-15 were shown to induce bystander-activation of CD8+ T cells 

independently of TCR specificity.  (Chu et al., 2013, Soudja et al., 2012, Liu et al., 

2002). Therefore, the role of these cytokines in inducing the expression of NK 

receptors on CD8+ T cells was investigated. For this, MACS-purified CD8+ 

CD28+27+ T cells were cultured in the presence of IL15, IL12 or plate-bound anti-

CD3+IL-2 (to reproduce the effects of TCR stimulation) and the expression of NKR 

was monitored by flow cytometry. Interestingly, it was found that cytokines had a 

stronger effect on the induction of NKR expression compared to TCR stimulation 

(Figure 4.14), suggesting a possible role in driving the expansion of NK-like T cells. 

Figure 4.14 – Expression of NKR on CD8+ T cells is induced by inflammatory 

cytokines.  

Freshly isolated human naive CD8+ T cells (CD28+27+) were cultured for 7 days in 

the presence of plate-bound anti-CD3 (OKT3, 0.5 μg/mL) and IL-2 (100 U/mL), IL-15 

(20 ng/mL) or IL-12 (20 ng/mL). A) Histograms of the expression of the indicated 

NKR analysed after 7 days by multiparameter flow cytometry, compared to the 

baseline expression (Day 0) and the unstimulated control (unstim). Representative 

example of three different donors with similar results. 
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4.3.5 Highly differentiated CD8+ T cells are more cytotoxic and can kill 

independently of the TCR-MHC interaction 

In a first approach to explore the functional significance of the acquisition of NKR by 

terminally differentiated CD8+ T cells, the expression of cytolytic mediators, perforin 

and granzyme B, was compared between cells expressing NK receptors and the 

negative counterparts. As observed in Figure 4.15 with the examples of NKG2D and 

NKG2A, the expression of granzyme B was significantly higher in cells expressing 

both NKG2D and NKG2A than in cells negative for these receptors, supporting a role 

of NK cell receptors in the regulation of T cell cytotoxic functions. The difference was 

more striking in the CD4+ T cell compartment, where the expression of cytotoxic 

granules is uncommon. However, the finding that CD4+ T cells may become 

cytotoxic is not new and has been previously described for highly differentiated CD4+ 

T cells (Libri et al., 2011).  

 

Figure 4.15 – Expression of cytolytic mediators is higher on T cells expressing 

NKR compared to the negative counterpart.  

Distribution of granzyme B expression on CD8+ T and CD4+ T stratified according to 

NKG2D (A) and NKG2A (B) expression, analyzed ex-vivo from PBMCs by flow 

cytometry (n=28). Similar results were obtained for perforin expression. Comparison 

between groups calculated with Wilcoxon matched pairs test. (*p< 0.05, **p<0.01, ***p< 

0.001, ****p< 0.0001). 
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We next investigated whether CD8+ T cells expressing NK receptors were able to 

mediate immune responses, in an innate fashion, independently of the TCR-MHC 

recognition. To this end, the classical NK cell target K562 cell line was used as target 

cells in in vitro cytotoxic assays with purified CD8+ T cells, using NK cells as positive 

controls. As a MHC-class I deficient cell line, K562 cells cannot present peptides to 

CD8+ T cells via the classical MHC/TCR antigen-presenting pathway. Two 

complementary flow cytometry-based methods of assessing cytotoxicity were used, 

as previously described: the active caspase 3 assay and the CD107a degranulation 

assay. As observed in the representative histograms for the active caspase 3 assay 

(Figure 4.16), the cytotoxic activity of CD8+ T cells was lower compared to NK cells, 

however significant levels of up to 40% were achieved using an E:T ratio of 20:1 or 

more, suggesting that CD8+ T cells are also capable of killing K562 tumour cells. 
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Figure 4.16  - CD8+ T cells can kill K562 cells, independently of the TCR.  

A) Experimental design of active caspase 3 assay performed to compare the cytolytic 

activity of CD8+ T to NK cells, using the K562 cell line as target cells. NK and CD8+ 

T cells were purified from freshly isolated PBMCs using magnetic beads (negative 

selection). B) Representative FACS histograms of the expression of active caspase 3 

on target cells after a 6-hour incubation period with NK cells (top panel) and CD8+ T 

cells (bottom), at the indicated effector to target (E:T) ratios. Numbers represent 

percentages of positive cells. C) Summary data of three independent experiments 

described as in A and represented as the percentage of cells positive for active 

caspase 3, assessed by flow cytometry as in B. K562 cells alone were used as 

negative controls.  
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To further investigate the cytolytic activity mediated by each CD8+ T cell subset, 

CD8+ T cells were sorted according to CD27/CD28 expression using flow cytometry-

based cell sorting and used in cytotoxic assays with K562 cell line, at a fixed 

effector:target (E:T) ratio of 20:1. As seen in the representative FACS plots for 

CD107a expression (Figure 4.17B), degranulation triggered by culturing with K562 

cells was highest on highly differentiated CD8+ T cells, approaching the levels 

observed in NK cells (Figure 4.17C, p < 0.01). Collectively, these results indicate 

that highly differentiated CD27-CD28-CD8+ T cells exhibit a potent cytotoxic activity 

and can mediate killing of target cells independently of TCR-driven signals. 

 

Figure 4.17 - The capacity to mediate cytotoxicity, independently of the TCR is 

highest in the terminal differentiated subset of CD8+ T cells.  

A) Human CD8+ T cell subsets defined by the expression of CD27/CD28 were 

freshly isolated from PBMCs and cultured with K562 cells (E:T ratio 20:1) in a 6-hour 

incubation assay. B) The expression of CD107a, as a correlate of the cytotoxic 

activity, was assessed by flow cytometry on the indicated subsets of CD8+ T cells 

and on NK cells, as positive controls. An unstimulated control was included to assess 

spontaneous degranulation. C) Summary data comparing degranulation of the 

different subsets of CD8+ T cells and NK cells, acquired as in A (n=6). Statistical 

significance was calculated using the Kruskal-Wallis test with Bonferroni correction 

for multiple comparisons (*p< 0,05, **p<0.01).  
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4.3.6  TCR-independent, innate-like functions of highly differentiated 

CD8+ T cells are regulated by NKG2D 

To explore the molecular mechanisms regulating TCR-independent functions of 

highly differentiated CD8+ T cells, the role of NKG2D, a master regulator of NK cell 

activity and effector function was investigated. The relevance of this receptor is 

supported by the high expression of NKG2D on CD8+ T cells (Figure 4.6) (Bauer et 

al., 1999). As described in previous chapters, NKG2D recognizes self-ligands 

induced by cellular stress, inflammation or transformation such as the MHC class I-

related (MIC) A and B, and the UL-16 binding proteins (ULBPs 1-6) (Raulet, 2003, 

Lanier, 2015). To specifically address the role of NKG2D, a new set of in vitro killing 

assays were conducted using a target cell line transfected with the NKG2D ligand 

MICA*008 (C1R-MICA) and the respective control (C1R), lacking the expression of 

MICA. Target cells were co-cultured in a fixed E:T ratio with purified human CD8+ T 

cells effectively transfected with an siRNA for NKG2D or a scrambled siRNA control 

(Figure 4.18A-C for experimental design). CD8+ T cell degranulation in response 

to NKG2D engagement, as assessed by CD107a expression, was higher towards the 

MICA-transfectants compared to the control cell line (p<0.001). Moreover, silencing 

of NKG2D expression on CD8+ T cells significantly diminished this response 

(p<0.01, Figure 4.18D), suggesting that NKG2D is one of the regulators of the 

cytolytic function of these cells.  

Collectively, these findings indicate that the expression of phenotypic NK-cell 

markers by CD8+ T cells is associated with the acquisition of innate-like functions, in 

particular potent cytotoxic functions mediated independently of TCR, in an NKG2D-

dependent manner. Such MHC-unrestricted killing mediated by CD8+ T cells had 

already been anticipated in previous chapters, when it was shown that CD8+ T cells 

could effectively kill senescent fibroblasts, in an NKG2D-dependent mechanism. 
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Figure 4.18 - Highly differentiated CD8+ T cells acquire NK-like functions, 

regulated by NKG2D.  

A) Freshly isolated human CD28-CD8+ T cells were transfected with siRNA for 

NKG2D or a scramble control siRNA and cultured with a cell line expressing 

MICA*008 (C1R-MICA) or the control (C1R) cell line and the expression of CD107a 

was assessed by flow cytometry. B) Transfection efficiency was confirmed by flow 

cytometry 36 hours after transfection with siNKG2D/siCTR. Numbers represent mean 

fluorescence intensity (MFI). C) Representative dot plots of the expression of MICA 

on C1R-MICA and C1R control cell lines. Numbers indicate the percentage of MICA+ 

cells. D) Summary data (n=4) of degranulation assays after NKG2D silencing. 

Comparison between groups was determined with the non-parametric Mann-Whitney 

U test for independent samples (*p< 0,05, **p<0.01).  
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4.3.7 NKG2D signals through a functional complex with DAP12-Zap70 

in highly differentiated CD8+ T cells 

The previous findings indicate that, although NKG2D is widely expressed across all 

subsets of CD8+ T lymphocytes (Figure 4.6), the acquisition of TCR-independent, 

NKG2D-mediated cytotoxic functions is restricted to the highly differentiated 

population.  

Expression of NKG2D receptors on the cell surface requires the association with 

adaptor proteins to stabilize the immunoreceptor complex and also to provide it with 

signaling activity (Lanier, 2015). Two adaptor molecules essential for NKG2D surface 

expression and signalling have been identified: DAP10 which has an YXXM-motif 

and activates Pi3K signaling (Wu et al., 1999, Groh et al., 2001) and DAP12 that 

carries an ITAM-motif in its cytoplasmic domain and thus is able to recruit ZAP70/Syk 

protein kinases and provide a direct stimulatory signal to the cell (Wu et al., 2000, 

Gilfillan et al., 2002). In human CD8+ T cells, NKG2D is thought to associate 

exclusively with the adaptor DAP10 (Groh et al., 2001). Nevertheless, NKG2D has 

been shown to couple with DAP12 in NK cells, directly triggering cytokine release 

and cytotoxicity (Diefenbach et al., 2002, Gilfillan et al., 2002).  

It was therefore hypothesized that the distinct functional outcome of NKG2D 

stimulation in the highly differentiated CD8+ T cells would be due to the expression 

and association with the alternative adaptor DAP12. To assess this, the expression 

of DAP12 was analysed by intracellular flow cytometry (Figure 4.19A,B) and western 

blotting (Figure 4.19C). It was found that DAP12 was exclusively expressed on 

highly differentiated cells (either defined as CD27-CD28- or CD27-CD45RA+), 

whereas the expression of DAP10 was not substantially different across the subsets 

(Figure 4.19D).  
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Figure 4.19 – Highly differentiated effector CD8+ T cells acquire the innate 

adaptor DAP12.  

Ex-vivo expression of DAP12 on human CD8+ T cell subsets defined by CD27/CD28 

(A) and by CD45RA/CD27 in (B), determined by intracellular flow cytomery (n=12). 

NK cells were used as positive controls for the expression of DAP12. C) Immunoblot 

analysis of the expression of DAP12 and GAPDH (loading control) in the indicated 

CD8+ T cell subsets, freshly isolated using magnetic beads. Data is representative of 

two independent experiments. D) Expression of DAP10 on CD8+ T cell subsets and 

NK cells analyzed by flow cytometry (n=12). Statistical significance was calculated 

using the Friedman test with correction for multiple comparisons (p< 0,05, **p<0.01, 

and ***p< 0.001).  
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To confirm the association of DAP12 with NKG2D in a functional complex 

immunoprecipitation studies were performed in freshly isolated human CD8+ T cell 

subsets after ligation of NKG2D. In order to obtain sufficient number of cells for 

analysis, freshly isolated CD8+ T cells were separated according to CD28 expression 

into CD28+ and CD28- populations, using magnetic beads (Materials and 

Methods). After crosslinking with an NKG2D antibody, cell lysates were obtained 

and immunoprecipitated with a mouse monoclonal anti-NKG2D antibody (clone 5C6, 

Santa Cruz) or an isotype-control antibody (IgG control) and blotted for DAP12 and 

Zap70 expression. DAP12 was only found in CD28- CD8+ T cells, confirming the 

association of DAP12 with NKG2D in highly differentiated CD8+ T cells and 

recruitment of Zap70/Syk to this complex (Figure 4.20A).  

Furthermore, phosphorylation studies confirmed that NKG2D ligation resulted in a 

greater induction of Zap70/Syk phosphorylation in CD28- CD8+ T cells compared to 

TCR stimulation with anti-CD3 antibodies (Figure 4.20B), indicating that the defects 

on Zap70 phosphorylation initially observed after TCR crosslinking (Figure 4.2A) can 

be restored with NKG2D stimulation in terminally differentiated CD8+ T cells.  

Finally, functional studies confirmed that NKG2D ligation was sufficient to induce 

direct activation of cytotoxicity (p<0.001) and IFNγ secretion (p<0.05, Figure 4.20C), 

mainly in highly differentiated CD8+ T cells.  
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Figure 4.20 – Association of NKG2D with DAP12 converts NKG2D into a direct 

stimulatory receptor in highly differentiated CD8+ T cells.  

A) MACS-purified human CD8+ CD28+ and CD28- T cells (purity > 95%) were 

crosslinked with anti-NKG2D (clone 1D11, 10 μg/mL) or an isotype control. Whole 

cell lysates were immunoprecipitated overnight with anti-NKG2D (clone 5C6) and 

blotted for DAP12 and ZAP70, confirming the association of NKG2D with DAP12 in 

CD28- T cells and recruitment of Zap70 to the complex. Immunoblot of Zap70 in 

whole-cell lysates (WCL) served as loading control. B) Phosphorylation of 

Zap70(Tyr319)/Syk(Tyr352) in freshly isolated CD27-CD28- CD8+ T cells after TCR 

crosslinking (OKT3, 10 μg/mL) and NKG2D crosslinking (1D11, 10 μg/mL), 

demonstrating an enhanced phosphorylation of Zap70/Syk upon NKG2D ligation.  

GAPDH was used as loading control. C) Granzyme B expression (left) and IFNγ 

secretion (right) after NKG2D ligation is predominantly induced in highly differentiated 

cells, which possess a functional NKG2D/DAP12 complex (n=15). Statistical 

significance was calculated using Friedman test with Dunn´s correction for multiple 

comparisons (*p< 0,05, **p<0.01 and ***p< 0.001).   
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To investigate whether highly differentiated CD8+ T cells relied on the axis NKG2D-

DAP12-Zap70 to mediate their effector functions, independently of the TCR, RNA 

interference was used to silence each of the components of this complex. Freshly 

isolated human CD28- CD8+ T cells were transfected with siRNA for DAP12, NKG2D 

or Zap70 or a scrambled siRNA control and co-cultured with C1R/C1R-MICA cell line 

in a 6-hour incubation degranulation assay, as previously described. Silencing of 

DAP12 significantly impaired the cytolytic function of highly differentiated CD8+ T 

cells towards C1R-MICA as compared to the scramble siRNA control (p<0.01, 

Figure 4.21), in a similar extent to what was observed after Zap70/Syk (p<0.001) 

and NKG2D silencing (p<0.01). These findings indicate that NKG2D regulates the 

cytolytic activity of highly differentiated CD8+ T cells in a DAP12/Zap70- dependent 

manner, independently of the TCR. 

 

Figure 4.21 – NKG2D cytolytic activity in highly differentiated CD8+ T cells is 

mediated via DAP12/Zap70.  

Human highly differentiated CD8+ T cells, transfected with siRNA for NKG2D, 

DAP12, Zap70/Syk or a scramble control siRNA were cultured with C1R-MICA*008 

or the control (C1R) cell line and the expression of CD107a was assessed by flow 

cytometry (n= 3). Silencing of DAP12 (p<0.01) and Zap70/Syk (p<0.001) impaired 

cytolytic activity in a similar extent to NKG2D silencing (p<0.01). Transfection 

efficiency was confirmed by flow cytometry (Fig 4.25 in Materials and Methods). 

Statistical significance was calculated using a two-way ANOVA test with Bonferroni 

correction (*p< 0,05, **p<0.01 and ***p< 0.001). 
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Together these observations indicate that DAP12 expression is necessary and 

sufficient to convert NKG2D into a direct stimulatory receptor and explain the 

acquisition of innate-like properties by highly differentiated T cells. Although NKG2D 

is constitutively expressed on all subsets of CD8+ T cells, the absence of DAP12 in 

less differentiated cells may explain why NKG2D ligation is insufficient to induce 

cytokine secretion and degranulation of these cells.  
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4.3.8 Genetic reprogramming of senescent CD8+ T cells into NK-like 

cells 

To investigate whether the phenotypical and functional changes observed in 

terminally differentiated CD8+ T cells were associated with a specific transcriptional 

program, high-purity CD8+ T cell subsets were sorted according to CD27 and 

CD45RA expression, using a FACSAria flow cytometer and gene-expression profiles 

of sorted cells were obtained using Affymetrix U133 plus 2 microarrays.   

A global comparative analysis between the terminally differentiated subset (TEMRA) 

and naïve T cells (Tnaive) identified 3139 differentially expressed genes, using an 

expression fold change of 2 with a p value cutoff of < 0.05 in the one-way ANOVA 

test and a Benjamini-Hochbert false-discovery rate (FDR) correction less than 5% 

(Table 4.1).  

 

Table 4.1 – Differentially expressed genes in CD8+ T cell subsets compared to 

naïve CD8+ T cells. 

Global comparative analysis of differentially expressed genes between sorted 

populations of CD8+ T cells, according to CD45RA/CD27 expression, relative to 

naïve CD8+ T cells.  Data was obtained from 6 different donors. Analysis performed 

with Transcriptome Analysis Console (Affymetrix), criteria (Fold change of expression 

≥ 2, p value cutoff of < 0.05, FDR < 0.05). 

 

Differentially expressed genes   Number of genes 

EMRA versus Naive  3139 

Effector Memory versus Naive 3873 

Central Memory versus Naive 2162 

 Naïve (CD45RA+CD27+);Central Memory (CD45RA-CD27+); Ef fector Memory (CD45RA-CD27-);

Effector Memory Re-expressing CD45RA (EMRA:CD45RA+ CD2 7-)
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In order to obtain a workable panel of genes, a selection of 80 genes of interest 

(GOI) from the whole-genome transcriptomic data was done, including surface 

receptors, signaling molecules, effector mediators, transcription factors and genes 

involved in proliferation (Table 4.2). Hierarchical Clustering Analysis of these 80 

genes of interest revealed a profile that clearly distinguished highly differentiated 

CD8+ T cells from the other subsets, in particular naïve CD8+ T cells (Figure 4.22). 

As expected, one of the most striking changes in the gene expression profile of 

highly differentiated CD8+ T cells involved the upregulation of genes encoding NK 

cell receptors as well as signaling molecules traditionally linked to the NK cell 

receptor machinery. Amongst these, the transcript for DAP12 (TYROBP) was 

strongly induced only in highly differentiated cells (fold change relative to naive = 

20.98, p < 0.0001, Table 4.2), confirming previous observations at the protein level. 

Similar findings were obtained for transcripts encoding other innate signaling 

molecules such as Syk, which is activated downstream of DAP12. This molecule is 

generally absent in peripheral T cells (Hauck et al., 2015, Mocsai et al., 2010) and 

was strongly upregulated in end-stage CD8+ T cells (fold change relative to naive = 

17.33, p < 0.0001, Table 4.2). Similarly, transcripts encoding for DAP-12 coupled 

receptors (KLRC1/KLRC2, KIR2DS and NCR2) were overexpressed in highly 

differentiated CD8+ T cells. Collectively these findings corroborate a critical role for 

DAP12-associated signaling in terminally differentiated CD8+ T cells. Importantly, no 

significant changes were found in the gene coding for DAP10 across the subsets 

(HCST gene, fold change relative to naive 1.55, p < 0.0001, Table 4.2). 

In parallel to NK-cell related genes, genes involved in cytotoxicity (GZMA/B/H, PRF) 

and cytokine signaling (in particular the cytokine receptors IL18R, IL12R, IL15R and 

IL2R) were induced in highly differentiated T cells, which is in relation to the 

functional maturation and increased responsiveness to cytokines in these cells.  
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In striking opposition to genes regulating effector functions, genes involved in 

proliferation and cell cycle control were downregulated (CCNE1, CCND3 encoding 

cyclins D3 and E1), whereas cyclin-dependent kinase inhibitors such as p16 

(CDKN1A) were induced, indicating an inhibition of proliferation. This comes in 

association with the suppression of genes involved in TCR signalling, including 

TCR/CD3 complex genes (CD3E, CD3G, CD3E) and protein tyrosine kinase genes 

(LCK, LAT, PLCG1). 

Genes encoding transcription factors were also significantly altered in highly 

differentiated CD8+ T cells. Interestingly, two of the most differentially expressed 

transcriptions factors were ZEB2 (fold change = 10.75, p < 0.0001) and PLZF 

(ZBTB16 fold change = 6.48, p < 0.0001), which have been recently involved in the 

transcriptional control of terminal differentiation (Dominguez et al., 2015, Omilusik et 

al., 2015) and development of innate-like features in T cells (Raberger et al., 2008, 

Kovalovsky et al., 2008, Kovalovsky et al., 2010, Alonzo and Sant'Angelo, 2011), 

respectively. Of particular relevance, ZEB2 has been described to cooperate with 

Tbet to coordinately induce a terminal differentiation program in CTLs, while 

simultaneously repressing genes that are essential for T cell memory and function 

(Dominguez et al., 2015, Omilusik et al., 2015).  

Overall, these findings indicate that the different subsets of CD8+ T cells are not only 

phenotypically but also functionally and genetically very distinct. Highly differentiated 

CD8+ T cells exhibit unique characteristics, determined by a genetic program that 

ensures the acquisition of cytotoxic effector functions, probably regulated by newly 

acquired NK receptors and signalling molecules, at the expenses of TCR-driven 

responses including proliferation. 
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Figure 4.22 - Transcriptional signature of highly differentiated CD8+ T cells. 

Gene-expression profiles of sorted central memory (TCM; CD45RA-CD27+), effector 

memory (TEM; CD45RA-CD27-) and effector memory re-expressing CD45RA (TEMRA; 

CD45RA+CD27-) CD8+ T cells were compared to naïve (TN; CD45RA+CD27+) cells. 

Data was obtained from 6 different donors. A) Hierarchical clustering analysis of 80 
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differentially expressed genes of interest between naïve CD8+ T cells and highly 

differentiated CD8+ T cells (TEMRA; CD45RA+CD27-). Heat map key shows log-fold 

changes from baseline. B) Graph comparing the relative fold change (log10) for the 

selected genes of interest between the three indicated subsets (TCM, TEM and TEMRA 

relative to TN CD8+ cells), showing the overexpression of NK cell related genes and 

simultaneous downregulation of costimulatory receptors and TCR-related genes.  
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Table 4.2– List of selected genes of interest with differential expression in CD8+ 

T cell subsets.  

Numbers denote mean fold changes in gene expression compared to naïve T cells. 

The most significant changes are highlighted in bold. Asterisks (*) indicate the 

inability of Affymetrix microarrays to distinguish between two genes.  

CM/N EM/N  EMRA/N P value 

NCAM1 CD56 Neural cell adhesion molecule, NK cell marker 1.62 3.9 42.07 0.000013

FCGR3A /// FCGR3B * CD16 Receptor for the Fc region of IgG; Antibody-dependent cellular cytotoxicity -1.99 1.3 26.31 1.73E-07

B3GAT1 CD57 Marker of replicative senescence 1.05 2.5 8.86 0.000002

CD244 (2B4) CD244 (2B4) SLAM receptor; costimulation and inhibition in NK cells; co-inhibition in T cells 2.57 1.59 23.64 0.000003

CD226 (DNAM-1) DNAM-1 Regulation of cytotoxicity in both NK and T cells 3.79 5.89 3.96 0.002281

KLRD1 CD94 C-type lectin NK cell receptor, dimerizes with NKG2 family of receptors 2.96 4.66 7.31 7.41E-07

KLRC1 /// KLRC2 * NKG2A///NKG2C* NKG2A inhibitory and NKG2C activating receptor, both recognize HLA-E 2.82 4.32 5.47 0.000027

KLRC3 NKG2E Activating receptor -1.5 1.34 7.82 0.000712

KLRC4 NKG2F Activating receptor -1.14 1.16 2.15 0.011495

KLRC4-KLRK1 /// KLRK1* NKG2D* Activating receptor, regulation cytotoxocity and cytokine secretion -1.32 -1.59 1.02 0.860846

KLRG1 KLRG1 Inhibitory receptor; marker of terminal differentiation 4.91 2.27 4.56 0.000391

KLRB1 CD161 Marker of Th17 phenotype; highly expressed on MAIT cells 6.06 3.94 5.63 0.002317

KLRF1 Nkp80 Activating receptor; marker of functional maturity in both NK and CD8 T cells 1.15 1.65 39.13 0.000016

NCR1 (NKp46) NKp46 Natural Cytotoxicity Receptor -1.15 1.29 2.25 2.79E-07

NCR2 (NKp44) NKp44 Natural Cytotoxicity Receptor 1.16 -1.16 2.2 0.01141

NCR3 (NKp30) NKp30 Natural Cytotoxicity Receptor 2.97 2.05 1.88 0.041509

KIR2DL1-3 KIR2DL Killer cell Immunoglobulin-like receptor (inhibitory) -1.18 2.26 23.78 0.000001

KIR2DS 1-5 KIR2DS Killer cell Immunoglobulin-like receptor (stimulatory) -1.1 2.05 18.01 9.79E-07

KIR3DL1-3 KIR3DL Killer cell Immunoglobulin-like receptor (inhibitory) 1.15 2.48 18.2 6.47E-07

KIR3DS1-3 KIR3DS Killer cell Immunoglobulin-like receptor (stimulatory) -1.23 1.75 16.19 0.000198

CD27 CD27 Costimulatory Receptor -1.93 -7.85 -26.53 0.000001

CD28 CD28 Costimulatory Receptor -1.05 -1.26 -15.48 0.000004

CD274 PD-L1 T cell exhaustion 1.33 2.02 -1.95 0.01804

CCR7 CCR7 Secondary lymphoid organ homing receptor -2.77 -2.59 -3.88 0.000568

CD69 CD69 Activation marker 1.06 -1.24 -1.17 0.271801

SELL CD62 Adhesion molecule, migration to secondary lymphoid organs -2.21 -3.71 -4.65 0.000024

TCR-alpha TCR-alpha TCR complex -1.05 -2.32 -8.43 0.005636

CD3D, CD3E, CD3G CD3 complex CD3 complex 1.02 1 -1.29 0.002293

LCK LCK Lymphocyte protein tyrosine kinase, TCR signaling -1.25 -1.96 -1.78 0.000107

LAT LAT Lynker for activation of T cells, TCR signaling -1.56 -1.14 -2.15 0.002927

PLCG1 PLCG1 Phospholipase gamma, TCR signaling -1.52 -2.55 -2.11 0.000117

ZAP70 ZAP70 Syk-family protein tyrosine kinase, TCR signaling 1 -1.05 1 0.861184

HCST DAP10 YxxM-Motif adaptor molecule, constitutive expression on CD8 T cells 1.28 1.39 1.55 0.000151

TYROBP DAP12 ITAM containing activating signaling  adaptor, recruits Zap70/Syk kinases 1.64 2.59 20.98 0.000004

SYK SYK Syk-family protein tyrosine kinase, analogous of Zap70, BCR signaling -1.28 1.1 17.33 0.000099

SH2D1A SAP SH2-domain containing molecule, binds SLAM receptors  1.17 -1.05 1.06 0.341073

SH2D1B EAT-2 SH2-domain containing molecule, binds SLAM receptors  1.01 -1.08 19.2 0.000107

EOMES EOMES T-box transcription factor, cytotoxic effector differentiation and maturation 1.58 1.61 1.81 0.000789

TBX21 Tbet T-box transcription factor, cytotoxic effector differentiation and maturation -1.09 1.26 1.31 0.005497

FOXO1 FOXO1 Survival, proliferation and differentiation of T cells -1.26 -1.75 -2.47 0.000031

FOXO3 /// FOXO3B FOXO3 Survival, proliferation and differentiation of T cells 1.18 1.5 1.48 0.001226

FOXO4 FOXO4 Survival, proliferation and differentiation of T cells -1.08 -1.03 1.43 0.065459

FOXP3 FOXP3 Development and function of regulatory T cells 2.78 2.36 -1.14 0.618522

PRDM1 Blimp-1 T cell effector differentiation and terminal maturation 2.97 3.61 3.16 0.002186

RORC RORC Th17 lineage differentiation 9.11 5.85 1.11 0.786225

ZBTB16 PLZF NKT cell effector differentiation 7.65 4.78 6.48 0.000081

ZEB2 ZEB2 Cytotoxic T cell terminal differentiation 2.57 5.5 10.75 0.000039

IL2RA IL2R IL2 receptor 2.65 3.54 2.8 0.021623

IL7R IL7R IL7 receptor 1.16 -1.91 -5.06 0.001062

IL12RB1-2 IL12R IL12 receptor 1.09 -1.01 1.58 0.173214

IL15RA IL15R IL15 receptor 1.39 1.6 1.47 0.066267

IL18R1 IL18R1 IL18 receptor 2.76 2.85 3.04 0.000252

IL18RAP IL18RAP IL18 receptor acessory protei 8.72 10.51 11.54 0.000092

GZMA Granzyme A Cyototoxicity 3.83 3.53 4.61 0.000159

GZMB Granzyme B Cyototoxicity 1.41 1.61 1.46 0.004983

GZMH Granzyme H Cyototoxicity 2.51 4.55 3.93 0.00122

GZMK Granzyme K Cyototoxicity 3.59 -1.04 -2.01 0.030512

PRF1 Perforin Cyototoxicity 2.42 4.05 8.29 0.00001

Proliferation and cell cycle control

CCND3 Cyclin D3 Cell cycle progression -3.04 -3.43 -2.99 0.002381

CCNE1 Cyclin E1 Cell cycle progression -2.09 -2.33 -3.21 0.000071

CDKN1A CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 3.63 3.99 4.52 0.000515

CDKN2A CDKN2A Cyclin-dependent kinase inhibitor 2A (p16) 2.48 2.73 2.53 0.000035

CDKN2B CDKN2B Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) 5.11 5.92 4.39 0.000601

Cytokine receptors

Cytotoxicity 

DescriptionNameGene Symbol
Fold Change

Costimulatory and homing receptors

T cell signaling transduction

Innate signaling molecules

Transcription factors

NK cell receptors
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4.4 DISCUSSION 

In this chapter a combination of phenotypic, functional and transcriptomic data was 

provided to support the hypothesis that aging is associated with an imprinting of 

several NK-cell related traits on highly differentiated CD8+ T cells leading to the 

expansion of a population with shared innate and adaptive features.  

Firstly, it was demonstrated that highly differentiated or senescent CD8+ T cells are 

impaired in their capacity to respond to TCR stimulation due to a downmodulation of 

critical components of the proximal TCR signaling cascade. Concomitantly, these 

cells start expressing receptors that are normally attributed to NK cells and acquire 

the capacity to mediate cytotoxic functions, in an NK-cell like fashion, independently 

of the TCR.  Although the acquisition of NK lineage receptors by T cells approaching 

terminal differentiation has been previously documented (Strauss-Albee et al., 2014, 

Tarazona et al., 2000, Abedin et al., 2005, Vallejo et al., 2011), here it was shown 

that the expression of NK-cell receptors and signalling adaptors is coordinately 

induced as T cells lose responsiveness to TCR signals. This may explain why highly 

differentiated T cells maintain their effector functions, despite TCR 

hyporesponsiveness. In line with this, the receptor NKG2D and the adaptor DAP12 

were identified as key molecular players in the regulation of unconventional innate-

like functions by these cells, mediated independently of the TCR. 

NKG2D is an important regulator of NK cell effector functions and is a classical 

example of a NK cell receptor that is highly expressed on αβCD8+ T cells, where is 

thought to mediate mainly costimulatory functions (Bauer et al., 1999, Raulet, 2003, 

Groh et al., 2001). Here evidence is provided that NKG2D can act as a direct 

stimulatory receptor, inducing cytotoxicity and cytokine secretion independently of the 

TCR, in highly differentiated CD8+ T cells. Thus, despite being constitutively 

expressed across all subsets of CD8+ T cells, NKG2D appears to mediate a different 
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function in highly differentiated CD8+ T cells. Mechanistically, it was demonstrated 

that this functional switch in senescent CD8+ T cells depends on the association with 

the scaffold molecule DAP12, which triggers an alternative signaling cascade 

dependent on Zap70/Syk tyrosine kinases. 

DAP12 is a signaling adaptor that is pivotal in mediating signals triggered by innate 

receptors and has been shown to couple with different activating receptors in NK 

cells, including activating KIRs and the CD94/NKG2C receptor complex (Lanier, 

2009). Although to date, the association of DAP12 with NKG2D has been only 

demonstrated in activated mouse NK cells (Diefenbach et al., 2002, Gilfillan et al., 

2002), herein we report the presence of a functional NKG2D/DAP12 receptor 

complex largely restricted to the highly differentiated subset of CD8+ T cells, thus 

explaining how NKG2D is functionally converted into a direct activating receptor only 

in this subset. Importantly its is shown, for the first time to our knowledge, that 

DAP12 is selectively induced only in the subsets with a terminally differentiated 

effector phenotype (evident at both the transcriptional and protein level) and that 

DAP12 is necessary for the acquisition of innate-like cytolytic functions by CD8+ T 

cells. By contrast, no significant changes in DAP10 expression were found across 

CD8+ T cell subsets, either at the mRNA level or protein level, corroborating that the 

association with DAP12 is critical for the assembly and function of NKG2D in 

senescent CD8+ T cells. Of note, several DAP12-coupled receptors (NKG2C, NKp44 

and KIR2DS) are overexpressed in highly differentiated CD8+ T cells, thus a 

contribution of such receptors to mediating innate-like functions in these cells cannot 

be excluded. 

While the general consensus is that NKG2D engagement serves as a co-stimulatory 

receptor in human CD8+ T cells, amplifying TCR signals in virus-specific responses 

(Groh et al., 2001) as well as antitumor immunity (Diefenbach et al., 2001, Groh et 

al., 2002), previous studies have reported that NKG2D can function as a direct 
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stimulatory receptor in human CD8+ T cells, particularly in pathological contexts 

associated with dysregulated inflammation and abnormal secretion of IL-15, such as 

in celiac disease (Meresse et al., 2004). Nevertheless, the authors could not find an 

explanation for this change in NKG2D function in the presence of high levels of IL-15 

and the association of NKG2D with DAP12 in human intraepithelial CD8+ T cells 

could not been demonstrated. However, these studies were all done in total CD8+ T 

cells and thus did not account for the differential expression of genes within the 

different subsets of CD8+ T cells. Our results indicate that CD8+ T cells subsets are 

not only phenotypically but also functionally and transcriptionally distinct and thus 

should be analysed individually. Moreover, our observations come in agreement with 

studies done with cytokine-induced killer (CIK) cells, indicating that CD8+ T cell 

clones expanded and cultured in vitro in the presence of cytokines, such as IL-15 or 

high-dose IL-2, acquire TCR-independent cytotoxic activity, mediated by NKG2D and 

partially dependent of the presence of DAP12 (Verneris et al., 2004, Karimi et al., 

2005). It would be interesting to explore whether TCR signaling is suppressed in 

these cells, suggesting a common mechanism to what is observed in highly 

differentiated CD8+ T cells. 

By comparing gene-expression profiles of human CD8+ T cells at different stages of 

differentiation, a transcriptional signature associated with terminal differentiation or 

senescence in CD8+ T cells could be identified. This signature is characterized not 

only by a downregulation of costimulatory receptors and T cell receptor associated 

genes but also by an overrepresentation of genes coding for NK cell receptors and 

innate signaling molecules in parallel to genes involved in cytolytic functions. Overall, 

these findings suggest that the acquisition of NKR as CD8+ T cells differentiate is not 

a stochastic effect but rather a coordinated stepwise program that leads to functional 

maturation. This program most likely ensures that effector functions are privileged 

and mediated by newly acquired innate receptors, in detriment of TCR-mediated 
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responses such as proliferation and cell-cycle progression. In conclusion, these data 

suggests a novel aspect of T cell senescence where TCR suppression is associated 

with the acquisition of TCR-independent, innate-like functions and determined at the 

transcriptional level. Other recently published studies support the hypothesis that 

altered TCR signaling pathways may predispose cells to develop unconventional 

functions, not restricted by the TCR-MHC interaction (Broussard et al., 2006, 

Mingueneau et al., 2009, Wang et al., 2012). 

Interestingly, Wencker et al have recently suggested that the association of 

peripheral suppression of canonical TCR signaling with acquired responsiveness to 

innate stimuli is a characteristic that defines innate-like T cells (Wencker et al., 2014). 

Collectively, our observations that senescent CD8+ T cells co-express both T and NK 

cell markers, have decreased TCR responsiveness and yet are able to mount robust 

effector responses, independently of the TCR, supports the hypothesis that 

senescent C8+ T cells resemble innate-like T cells (Pereira and Akbar, 2016).  

In recent years, there has been a growing appreciation of the existence of subsets of 

T cells with features that bridge innate and adaptive immunity (Vermijlen and Prinz, 

2014, Seyda et al., 2016, Paul, 2011). In humans, these innate-like T cells comprise 

the invariant NKT (iNKT) cells, CD1d-restricted NKT cells, mucosa-associated 

invariant T (MAIT) cells and γδT cells.  Natural-killer T (NKT) cells are the 

prototypical example of innate T lymphocytes and the term NKT cell is sometimes 

misused to refer to other subsets of conventional αβT cells that express NK cell 

receptors, although there are fundamental differences between them. Classical NKT 

cells express an invariant TCR (Va24Ja18) that recognize glycolipids presented by 

the monomorphic CD1d molecule and they account for 0.1-1% of T cells in human 

peripheral blood (Brennan et al., 2013), whereas conventional αβT cells expressing 

NKR exhibit a diverse TCR repertoire and their frequency in peripheral blood is much 

higher, increasing with age and chronic inflammatory diseases (Vallejo et al., 2011). 
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In striking contrast, aging is associated with decreased frequency and function of 

iNKT cells (Jing et al., 2007, Peralbo et al., 2006). In addition, the origin and 

development of human senescent αβCD8+ T cells is distinct from that of classical 

innate T cells. While innate T cells are developmentally pre-programmed in the 

thymus (Vermijlen and Prinz, 2014), αβCD8+ T cells with NK-like features arise in the 

periphery, most likely driven by external environmental cues. The different origin may 

explain why aging is associated with decreased frequency and function of innate-like 

T cells (as a result of thymic involution) whereas the number of conventional αβT 

cells expressing NKR increases with age. 

This work raises important questions regarding the factors that determine such 

changes in CD8 T cells with aging and perhaps, more importantly, about the 

biological significance of such alterations. As we age and the immune system 

matures, there is a contraction of the immune repertoire (Blackman and Woodland, 

2011). The acquisition of a diverse set of NK receptors by T cells may contribute to 

broaden the repertoire, compensating for the decrease output of naïve T cells and 

the defects in T cell signaling with age.  

Despite the capacity of latent viruses such as CMV and EBV to skew the immune 

repertoire (Fulop et al., 2013), a lower expression of NKR on virus-specific T cells 

than in global CD8+ T cells was unexpectedly found. This comes in disagreement 

with studies that have reported an up-regulation of NKR in CD8+ T cells in the acute 

phase after CMV seroconversion in transplant recipients, suggesting that antigenic 

stimulation may induce the expression of NKR on T cells (Gamadia et al., 2001, van 

Stijn et al., 2008) However, when the same authors compared the expression of NKR 

in CMV-tetramer+ cells during the latent phase (one year after infection), the 

expression was not raised compared to global CD8+ T cells. Of relevance, in the 

acute phase cells were sorted according to the expression of activation markers 

(CD8+ HLA-DR+ CD38+ cells), whereas in the latent phase CMV-specific tetramer+ 
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cells were studied (van Stijn et al., 2008). In a previous study, the same group 

characterized the immunophenotype of CMV-specific CD8+ T cells (detected either 

by peptide-induced IFNγ secretion or CMV-specific tetramer binding) as displaying a 

terminally effector phenotype (CD27-CCR7-CD45RA+ and high expression of 

cytolytic mediators) but invariably low levels of NKR when compared to total CD8+ T 

cell population (Gamadia et al., 2001). This suggests that although CMV infection 

may have a contribution to the generation of NKR+ T cells, other factors must be 

involved in the maintenance and expansion of these cells.  

We found an important role for inflammatory cytokines, such as IL-15 and IL-12 in 

promoting NKR expression and T cell differentiation. These cytokines have been 

previously associated with the bystander activation of T cells, independently of the 

TCR (Liu et al., 2002, Chu et al., 2013), particularly in pathological contexts such as 

in celiac disease (Meresse et al., 2004, Meresse et al., 2006), infection (Soudja et al., 

2012) and in cancer (Strid et al., 2008). A recent study done in Prof. Akbar´s group 

indicates that IL-15 may induce the expansion of cells with a terminally differentiated 

phenotype after CMV infection but independently of antigen-specific signals (Griffiths 

et al., 2013). Other groups have shown that IL-15 and IL-12 modulate the expression 

of key transcription factors regulating effector T cell differentiation, particularly T-bet 

and Eomes (Takemoto et al., 2006, Joshi et al., 2007). The observation that highly 

differentiated CD8+ T cells have an increased expression of receptors for IL-15, IL-

12 and IL-18 supports a role of these cytokines in driving functional maturation into 

NK-like T cells.  Thus, it is plausible that the pro-inflammatory state associated with 

aging (“inflammaging”) may be critical to the development of NK-like CD8+ T cells. 

Regarding the biological significance of these changes, my understanding is that the 

acquisition of innate sensors specialized in the recognition of “danger” signals by 

senescent CD8+ T cells put these cells in the first line of defence in potentially 

harmful situations. The ability to kill NKG2D-ligand expressing cells may be important 
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for the immune surveillance of transformed and stressed cells, which cannot be 

targeted by TCR-dependent mechanisms. This mechanism could be particularly 

relevant in the context of tumours and viral infections that induce a downregulation of 

MHC class I expression as a mechanism of immune evasion. Given the increased 

burden of tumors and infections with age, the contribution of highly differentiated 

CD8+ T cells with innate-like functions may be crucial and brings a clear advantage 

to the aged individual. The findings in previous chapters corroborate a role of these 

cells in targeting senescent fibroblasts expressing NKG2D ligands. 

Nevertheless, the reversal of antigen-specific CD8+ T cells to an innate mode of 

function is not without consequence.  The peripheral requirement for TCR 

engagement for T cell activation is an important control mechanism to prevent auto-

reactivity. In conditions associated with chronic activation and inflammation, the 

balance between activating and inhibitory signals may thus favor the onset of 

autoimmune reactions. In line with this, recent reports have demonstrated a role of 

NKG2D in CD8+ T cell activation in inflammatory states and other stress conditions 

where NKG2D ligands are induced in normal tissues, such as celiac disease 

(Meresse et al., 2004), type I diabetes (Ogasawara et al., 2004) and transplantation 

(Li et al., 2012b, Karimi et al., 2015). 

Interestingly, despite showing a decreased TCR responsiveness, studies indicate 

that these cells still retain the capacity to elicit specific TCR-dependent immune 

responses (Pievani et al., 2011). It would be important in the future to address 

whether these cells maintain the capacity to respond rapidly to antigen-specific and 

TCR-independent signals and therefore participate in both early and late phases of 

the immune response. 

In conclusion, contrary to the current paradigm that senescent CD8+ T cells 

represent a population with compromised functionality, it is proposed that senescent 
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CD8+ T cells should not be seen as a dysfunctional population but instead a 

functionally distinct subset, which uses recently-acquired NK cell machinery to 

maintain rapid effector functions. It is likely that this is part of the remodeling of the 

immune system with aging, in an attempt to maintain effective immune responses, 

which could be beneficial in the responses to infections and cancer but may carry an 

increased risk of auto-immune and inflammatory diseases in the elderly (Sansoni et 

al., 2008). 
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4.5 MATERIALS AND METHODS 

4.5.1 Ethical approval 

The study protocol was approved by the Ethical Committee of the Royal Free and 

University College London Medical School. Written informed consent was obtained 

from all study participants. Donors did not have any co-morbidity, were not on any 

immunosuppressive drugs, and retained physical mobility and lifestyle independence. 

4.5.2 Blood sample collection and processing 

Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll–Hypaque 

density gradient centrifugation (Amersham Biosciences, UK) from heparinized blood 

of healthy volunteers between the ages of 25 and 83 years (n= 50; median age 52, 

range 25-83) and resuspended in RPMI 1640 medium, supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS), 2 mM L-glutamine and 100 IU/ml 

penicillin/streptomycin (all from Sigma-Aldrich, UK), from now on referred as 

complete RPMI. Isolated PBMCs were either processed immediately, maintained in 

cell culture or cryopreserved in 10% DMSO/FCS for future use.  

4.5.3 Cell sorting 

For functional assays, NK and CD8+ T cells were freshly isolated by magnetic 

activated cell sorting (MACS, Miltenyi Biotec, UK) using a negative selection 

procedure (NK isolation kit and CD8 T cell isolation kit respectively; Miltenyi Biotec, 

UK), which provided better yields of untouched viable cells (> 95% purity).  

Where indicated, CD8+ T cell subsets were separated from the above purified 

untouched CD8+ T cells, according to CD27/CD28 expression using a two-step 

procedure: briefly, negatively selected CD8+ T cells were sorted into CD28+/CD28– 
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fractions after incubation with CD28 biotin beads (130-092-955, Miltenyi Biotec) for 

15 min at 4°C, washed in ice-cold MACS buffer (degassed phosphate-buffered saline 

containing 0.5% bovine serum albumin and 2 mm EDTA; all Sigma-Aldrich) and 

incubated with anti-biotin microbeads (130-093-196, Miltenyi Biotec) for 15 min at 

4°C. Cells were washed again and resuspended in MACS buffer and passed through 

a magnetic separation (MS) column (Miltenyi Biotec). The columns were washed 

three times with 500 μl MACS buffer and removed from the magnetic field. 

Magnetically-labelled cells (CD28+ population) were eluted by pushing 1 ml MACS 

buffer through each column with a plunger.  The CD8+CD28– fraction was further 

separated into CD28–27+ and CD28–27– using CD27 microbeads (130-093-196, 

Miltenyi Biotec), following a similar procedure.  Cell viability was assessed by tripan 

bue exlusion test and the purity of isolated T cell subsets was confirmed by flow 

cytometry (Figure 4.23).  

 

 

 

Figure 4.23 – Purity of MACS-sorted cells. 

Human CD8+ T cells and subsets defined by CD27/C28 expression were purified 

using magnetic activated cell sorting (MACS). After selection, purity of each subset 

was confirmed using flow cytometry. Typically, purity of CD8+ cells is above 95% and 

purity of the subsets above 90% and shown in the representative plots. 
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Cells were ressuspended in complete RPMI and used for functional or signaling 

assays either directly ex vivo or upon genetic modifications, as described below. Of 

note, for immunoprecipitation studies and for transfection with small interfering RNA, 

subsets were separated into CD28-/CD28+ fractions only in order to obtain a 

sufficient number of cells for these assays.  

For microarray analysis, high-purity subsets were sorted according to CD27 and 

CD45RA expression, using a FACS Aria flow cytometer (BD Biosciences). 

Magnetically purified CD8+ T cells were stained with antibodies against CD8, CD27 

and CD45RA for 30 minutes at 4°C in PBS with 1%BSA. Cells were subsequently 

washed and resuspended in MACS buffer to avoid cell clumping and passed through 

a 35 μm nylon mesh into a new FACS tube (BD Biosciences). Cells were sorted into 

sterile tubes containing 50% FBS in RPMI corresponding to the four CD27/CD45RA 

subsets: naïve (NAIVE; CD45RA+CD27+), central memory (CM; CD45RA-CD27+), 

effector memory (EM; CD45RA-CD27-) and effector memory T cells that re-express 

CD45RA (EMRA; CD45RA+CD27-).  

As CD8+ T cells sequentially lose CD28 followed by CD27 (Rufer et al., 2003) the 

subpopulation defined by the loss of CD27 and re-expression of CD45RA (EMRA; 

CD45RA+CD27-) is in its vast majority negative for both CD28 and CD27 (Figure 

4.24) and therefore included within the subset of terminally differentiated CD8+ T 

cells defined by CD27/CD28 expression (CD28–27– subset). 
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Figure 4.24 – CD8+ T cells re-expressing CD45RA (EMRA) are in their vast 

majority negative for both CD28 and CD27 receptors. 

A) Representative FACS profile of the subsets of CD8+ T cells defined by CD27 and 

CD45RA expression as: naïve (CD27+ 45RA+), CM, central memory (CD27+ 45RA-

), EM, effector memory (CD27- 45RA-) and EMRA, effector memory re-expressing 

CD45RA (CD27- 45RA+). Numbers represent percentages of cells within each 

compartment. B) Each subset was gated according to the expression of CD27/CD28 

receptors and represented in the order shown in A), demonstrating how EMRA CD8+ 

T cells are mostly included in the CD28-27- subset (highly differentiated CD8+ T 

cells). 

 

4.5.4 Determination of donor CMV and EBV status 

Viral lysate stimulation as means of determining CMV and EBV carrier status is 

routinely used in our laboratory as it significantly correlates with seropositivity 

obtained from IgG serology from the diagnostic laboratory of University College 

London (Fletcher et al., 2005). Briefly, PBMCs were incubated overnight in complete 



 
189 

medium with CMV lysate (1:10, prepared in house) or EBV lysate (1:200, from 

Virusys, Taneytown, USA) at 37°C. The superantigen Staphylococcal Enterotoxin B 

(SEB; 1ng/ml; Sigma-Aldrich) was used as a positive control and no stimulant was 

added as a negative control. Brefeldin A (1 μg/ml, Sigma-Aldrich) was added 2 hours 

after the start of incubation. The following day, cells were harvested and IFNγ levels 

were measured via intracellular flow cytometry as detailed below. Participants were 

considered to be CMV positive if above background production of cytokines was at 

least 0.01% of the total CD4+ T cells. 

4.5.5 Detection of virus-specific CD8+ T cells 

Virus-specific CD8+ T cells were detected after labelling with HLA-specific 

dextramers, for 15 minutes at 37 °C in PBS before staining for surface markers, as 

described below. HLA-specific, APC-conjugated dextramers loaded with CMV- or 

EBV-specific peptides were obtained from Immudex (Denmark) and listed in Table 

4.2. As a control for non-specific dextramer binding, a dextramer loaded with an 

irrelevant peptide was used in parallel. 

HLA allele Virus Epitope Tetramer  Protein 

HLA-A*01:01 CMV VTEHDTLLY VTE pp50 

HLA-A*02:01 CMV NLVPMVATV NLV pp65 

HLA-B*08:01 EBV RAKFKQLL RAK BZLF1 

HLA-A*02:01 EBV GLCTLVAML GLC BMLF1 

 

Table 4.3– List of CMV and EBV-specific dextramers used for detection of virus-

specific T cells. 
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4.5.6 Flow Cytometry  

Multi-parametric flow cytometry was used for phenotypic and functional analysis of 

PBMCs. For analysis of expression of surface markers, staining was performed at 

4°C for 30 min in the presence of saturating concentrations of antibodies listed in 

Table 4.3 and a live/dead fixable Near-Infrared stain (Thermo Scientific, L10119). For 

the intracellular analysis of cytokine secretion, cytotoxic granule expression and 

DAP12/DAP10 expression, cells were fixed and permeabilized with the Fix & Perm® 

Kit (Invitrogen, Life Technologies, UK), before incubation with indicated antibodies or 

the respective isotype controls (Table 4.3). After staining, cells were washed in 

PBSA and resuspended in 2% paraformaldehyde until acquisition on a LSR II flow 

cytometer (BD Biosciences). Analysis was performed with FlowJo software 

(TreeStar, Ashland, OR).  

4.5.7 Phosphocytometry 

After staining for surface markers, CD8+ T cells were stimulated with anti-CD3 (n-

house purified OKT3, 10 μg/mL) for 30 minutes on ice, followed by crosslinking with 

goat anti–mouse IgG antibody ( during 30 minutes on ice. Cells were then transferred 

to an incubator at 37°C, and stimulation was terminated after 10 minutes, with 

immediate fixation with Cytofix Buffer (PBS containing 4% paraformaldehyde, BD 

Biosciences) followed by permeabilization with ice-cold Perm Buffer III (PBS 

containing 90% methanol, BD Biosciences) and staining with antibodies for phopho-

proteins (listed in Supplemental Table 1) for 30 minutes at room temperature. Cells 

were finally washed in Stain Buffer (PBS, 0.2% BSA, 0.09% Sodium Azide, pH 7.4, 

BD Biosciences) and immediately analysed with a LSR II flow cytometer (BD 

Biosciences). 
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Table 4.4 – List of antibodies used in flow cytometry experiments. 

  

Antibody Conjugate Clone Isotype Manufacturer Catalog # Dilution

CD3 BUV 395 UCHT1 Mouse IgG1 BD 563546 1:100

CD4 PercP Cy 5.5 SK3 Mouse IgG1 Biolegend 344608 1:50

CD8 BV 421 RPA-T8 Mouse IgG1 Biolegend 301036 1:50

CD27 BV 786 L128 Mouse IgG1 BD 563327 1:50

CD28 BV 510 T44 Mouse IgG1 Biolegend 302936 1:50

CD45RA BV 605 HI100 Mouse IgG2b Biolegend 304134 1:50

CD16 APC VEP13 Mouse IgG1 Miltenyi Biotec 130-091-246 1:10

CD56 FITC HCD56 Mouse IgG1 Biolegend 318304 1:20

CD57 FITC

KLRG1 PE 2F1 Syrian Hamster Biolegend 138408 1:100

NKG2A AF 700 131411 Mouse IgG2a R&D Systems FAB 1059N 1:20

NKG2C APC 134591 Mouse IgG1 R&D Systems FAB138A 1:20

NKG2D PE 149810 Mouse IgG1 R&D Systems FAB139P 1:20

NKp30 PE AF29 Mouse IgG1 Miltenyi Biotec 130-099-706 1:20

Nkp44 PE 2.29 Mouse IgG1 Miltenyi Biotec 130-092-480 1:20

CD244 (2B4) PE C1.7 Mouse IgG1 Biolegend 329508 1:20

CD161 PE HP-3G10 Mouse IgG1 Biolegend 339904 1:20

KIR2DL2/3 PE DX27 Mouse IgG1 Biolegend 312603 1:20

KIR2DL1/S1/S3/S5 PE LB2 Mouse IgG1 Biolegend 339505 1:20

KIR3DL1 (NKB1) PE DX9 Mouse IgG1 Biolegend 312707 1:20

iNKT APC 6B11 Mouse IgG1 Miltenyi Biotec 130-094-839 1:20

TCR -1 FITC WT31 Mouse IgG1 BD 347773 1:10

IL2 FITC MQ1-17H12 Mouse IgG1 BD 511408 1:10

IFNgamma PE-Cy7 B27 Mouse IgG1 BD 557643 1:20

TNFalpha APC MAb11 Mouse IgG1 BD 340534 1:10

Granzyme B AF 700 GB11 Mouse IgG1 BD 560213 1:10

Perforin FITC G9 Mouse IgG2b BD 65994X 1:25

DAP10 Unconjugated FL-93 Rabbit IgG Santa Cruz sc-25623 1:100

DA12 PE 406288 Mouse IgG1 R&D Systems IC5240P 1:50

P-CD3z (CD247) (pY142) AF647 K5 Mouse IgG1 BD 558489 1:20

P-Zap70/Syk (pY319/pY352 PE 17A Mouse IgG1 BD 557881 1:20

Surface markers

Intracellular markers

PhosphoFlow 
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4.5.8 Cytotoxic assays - Active Caspase 3 assay 

For determining the NK-like cytotoxicity of T cells, K562 cells were used as the target 

cells. Magnetic activated cell sorting (MACS)-purified NK and CD8+ T cells were co-

cultured with K562 cells at various effector to target (E:T) ratios of 1:1. 10:1, 20:1 and 

50:1. Cells were incubated in complete RPMI-1640 medium at 37°C, 5% CO2 for 6 

hours, and then harvested, fixed and permeabilized for the analysis of active caspase 

3 expression, a marker for cells undergoing apoptosis, using the PE Active Caspase-

3 Apoptosis Kit (BD Biosciences, UK). Quantification of active caspase 3 expression 

in K562 cells incubated with medium only without effector cells was used as a 

negative control to assess spontaneous lysis. K562 cells treated with Camptothecin 

(8 μg/mL; Sigma-Aldrich) or incubated with NK cells for 6 hours, were used as 

positive controls. 

4.5.9 Cytotoxic assays - CD107a degranulation assay 

This assay was performed as described in Materials and Methods – Chapter II. 

Briefly, purified human NK and CD8+ T cell subsets were incubated at 37°C for 6 h 

with K562 or C1R-MICA/C1R cells, at a fixed effector to target (E:T) ratio of 2:1, in 

the presence of APC-conjugated CD107a antibody (BD Biosciences). Brefeldin A (1 

μg/ml; Sigma-Aldrich) and Monensin (1 μg/ml; Sigma-Aldrich) were added in the final 

5h-incubation period. Effector cells incubated alone in the presence phorbol-12-

myristate-13-acetate (PMA, 50 ng/ml, Sigma-Aldrich) with Ionomycin, (250 ng/ml, 

Sigma-Aldrich) were used as positive control whereas medium alone served as 

unstimulated (US) control. After incubation, cells were stained for surface markers for 

30 min on ice, followed by intracellular detection of cytokines (TNF-alpha and IFNγ) 

and CD107a expression and analysed by flow cytometry. 
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4.5.10 Cell lines 

K562 (human erythroleukemic) cell line was purchased from the European Collection 

of Cell cultures (ECCAC, UK) and cultured in 25cm2 flasks (Nunc) in complete RPMI-

1640. B-lymphoblastoid cell lines, C1R and C1R transfected with MICA*008 (C1R-

MICA) were kindly provided by Professor Antoine Tubert (INSERM UMR1160, Paris) 

and maintained in compete RPMI-1640 in the presence of the aminoglycoside 

antibiotic G-418 (Sigma, G8168) for selection of transfected cells. 

4.5.11 Cell transfection and RNA interference  

Primary human CD28-CD8+ T cells were transfected with small interfering RNA 

(siRNA) by electroporation using the Amaxa Human T Cell Nucleofector Kit and 

Nucleofector technology (Lonza), according to the manufacturer’s instructions. 

Briefly, 2-5x106 cells were resuspended in Nucleofector solution with 200 nmol of 

siRNA for NKG2D (sc-42948), DAP12 (sc-35172) or Zap70 (sc-29526, all from Santa 

Cruz Biotechnology). A scrambled control siRNA (sc-37007; Santa Cruz) was used 

throughout. Cells were transferred into 24-well cell culture plates containing pre-

equilibrated complete medium (RPMI) and incubated at 37°C.  Efficiency of siRNA 

transfection was confirmed by measuring the expression of the protein of interest 

using flow cytometry, typically 36-48 hours after transfection (Figure 4.25). 
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Figure 4.25 – Transfection efficiency after RNA interference.  

Representative histograms of the expression of the indicated molecules measured by 

flow cytometry, 36-48 hours after transfection with the indicated siRNA. Numbers 

indicate MFI for each condition. 

 

4.5.12 Western blotting  

Human CD8+ T cell subsets purified using immunomagnetic separation (MACS) 

were stimulated with anti-CD3 (purified OKT3, 10 μg/mL) or anti-NKG2D (1D11, 10 

μg/mL) before lysis.  Cells were normalized by equal cell number and harvested by 

washing twice with ice-cold PBS followed by ultra-centrifugation at 13000 rpm for 2’. 

Cells were lysed in ice-cold Radio-Immunoprecipitation Assay (RIPA) buffer (Sigma-

Aldrich, UK), supplemented with protease and phosphatase inhibitors (GE 

Healthcare, Amersham, UK), during 30 minutes on ice. Cell lysates were processed 

for immunoblot analysis as described in Materials and Methods, Chapter 2. All 

primary antibodies used are listed in Table 4.4. 
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Table 4.5 – List of primary antibodies used for Western blotting. 

 

4.5.13 Immunoprecipitation  

Human CD8+ T cells were separated into CD28+/CD28- fractions (to obtain sufficient 

number of cells for analysis) and stimulated with anti-NKG2D (1D11, 10 μg/mL) or 

isotype control, for 30 minutes at 4 °C. Lysates from 10x107 cells were prepared with 

ice-cold HNGT buffer (50 mM HEPES, pH 7.5, 150 mM EDTA, 10 mM sodium 

pyrophosphate, 100 mM sodium orthovanadate, 100 mM sodium fluoride, 10 mg/ml 

aprotinin, 10 mg/ml leupeptin and 1 mM phenylmethylsulfonyl fluoride), for 30 

minutes on ice. Cell lysates were incubated overnight at 4°C with anti-NKG2D 

antibody (clone 5C6, Santa Cruz) or control antibody, followed by precipitation with 

10 μL of pre-washed protein A/G agarose beads (sc-2003, Santa Cruz) for 3 h at 4°C 

on a rotary shaker. After extensive washing in HGNT buffer, supernatants were 

recovered and processed for immunoblot analysis, as described above. Co-

Immunoprecipitated proteins were detected after incubation with primary antibodies 

followed by incubation with mouse anti-rabbit IgG (conformation-specific antibody; 

L27A9; Cell Signaling) or mouse anti-rabbit IgG light chain (L57A3; Cell Signaling) 

and by a secondary anti-mouse IgG antibody (7076; Cell Signaling).  

 

Antibody 

 

Isotype 

 

MW 

 

Manufacturer 

 

Catalog # 

 

Dilution 

 

LCK 

 

Rabbit  

 

56 kDa 

 

Cell Signaling  

 

2787 

 

1:1000 

 

ZAP70 

 

Rabbit  

 

70 kDa 

 

Cell Signaling  

 

2705 

 

1:1000 
 

p-ZAP70/SYK 

(Y319/Y352)  

 

Rabbit  

 

70 kDa 

 

Cell Signaling  

 

2717 

 

1:1000 

 

LAT 

 

Rabbit  

 

36 kDa 

 

Cell Signaling  

 

9166 

 

1:1000 

 

SLP-76 

 

Rabbit  

 

76 kDa 

 

Cell Signaling  

 

4958 

 

1:1000 

 

PLCgamma1  

 

Rabbit  

 

150 kDa 

 

Cell Signaling  

 

5690 

 

1:1000 

 

DAP12 

 

Rabbit  

 

12 kDa 

 

Cell Signaling  

 

12492 

 

1:1000 

 

GAPDH  

 

Rabbit  

 

37 kDa 

 

Cell Signaling  

 

2118 

 

1:4000 
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4.5.14 Microarrays 

Gene expression studies were performed by Dr. Sian Henson (Prof.Akbar group) in 

collaboration with Dr. David Kipling (Cardiff University, UK). Microarrays data 

analysis was performed by Dr. Vitor Teixeira (Division of Respiratory Medicine, 

University College London). 

High purity CD8+ T cells from 6 healthy donors were sorted using a FACSaria 

according to CD45RA and CD17 expression, as previously described. Total RNA 

was purified using miRNeasy Kits (Qiagen) and amplified using the Ovation RNA 

Amplification system V2 Kit (Nugen), following manufacturer recommendations. 

cDNA was hybridized with Affymetrix U133 plus 2 arrays and quality control 

performed with Microarray Suite version 5.0 (MAS 5.0) algorithm (Affymetrix). 

Normalized data (RMA) were used for calculating fold changes in expression for 

each probe. Differentially expressed genes were selected on the basis of a p value 

cutoff of < 0.05 in the one-way ANOVA test and a Benjamini-Hochbert false-

discovery rate (FDR) correction less than 5%. Duplicate genes and genes of 

unknown function were removed. Data analysis and hierarchical clustering were 

performed with Transcriptome Analysis Console and Expression Console Software 

(Affymetrix). For microarray validation the expression of selected proteins with 

relevance to the experiment was confirmed by flow cytometry or immunoblot 

analysis.  

4.5.15 Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 6.00, as described 

in previous chapters. Values of p < 0.05 were considered significant for all tests. Data 

are presented as means ± standard error of the mean (SEM) unless otherwise 

stated.  
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5 GENERAL DISCUSSION 

 

Aging is one of the most important risk factors for the development of disease and 

cancer and accumulating evidence now indicates that the accumulation of senescent 

cells in tissues promotes aging and age-related diseases (Campisi, 2013, Cerella et 

al., 2016). 

The persistence of senescent cells in tissues is thought to contribute to the 

maintenance of a low-level chronic inflammatory state that underlies many age-

related diseases (Campisi and d'Adda di Fagagna, 2007, Franceschi and Campisi, 

2014, van Deursen, 2014). The assumption that the accumulation of senescent cells 

is responsible for aging phenotypes is supported by the identification of senescent 

cells at sites of age-related pathologies, including atherosclerosis, osteoarthritis, 

degenerating intervertebral discs and also in liver cirrhosis (Erusalimsky and Kurz, 

2005, Price et al., 2002, Roberts et al., 2006, Wiemann et al., 2002, Sharpless and 

Sherr, 2015). The causality link between senescence and aging was finally proven 

when the removal of p16INK4a positive senescent cells in a progeroid mouse model 

effectively delayed the onset of age-related phenotypes. Strikingly, elimination of 

these cells later in life could also halt the progression of pre-established ageing 

phenotypes (Baker et al., 2011, Baker et al., 2016). Due to their potential involvement 

in many aging and disease processes, eliminating senescent cells and attenuating 

the senescence-associated secretory phenotype (SASP) have emerged as attractive 

therapeutic strategies (Provinciali and Malavolta, 2016). Strategies to improve the 

immune response against senescent cells, designated as senescence immune 

surveillance, have also provoked considerable interest not only for cancer therapy 

but also for the prevention of age-related diseases (Hoenicke and Zender, 2012, 

Naylor et al., 2013). 
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Although an increasing amount of evidence indicates that senescent cells can be 

targeted by the immune system (Hoenicke and Zender, 2012, Sagiv and 

Krizhanovsky, 2013), they fail to explain why these cells accumulate with age. 

Understanding the interactions between the immune system and senescent cells, 

with a particular interest on the effects of immunesenescence on the surveillance of 

senescent cells were the main objectives of this thesis. 

We were surprised at the lack of studies describing a role for cytotoxic CD8+ T cells 

in senescence surveillance and therefore aimed to develop a model where the 

interactions of senescent cells with both NK and CD8+ T cells could be investigated. 

By employing an autologous in vitro coculture system with skin-derived human 

fibroblasts and ex-vivo isolated human PBMCs, we circumvented the confounding 

effect of allogeneic responses driven by MHC class I mismatch reactions.  

We first investigated whether there were changes in expression of MHC molecules in 

fibroblasts upon the induction of senescence. The initial hypothesis was that 

senescent cells would downregulate the expression of classical MHC class I 

molecules and escape immune recognition by CD8+ T cells, using similar strategies 

to cancer and viral infected-cells (Campoli and Ferrone, 2008, Halenius et al., 2015). 

If confirmed, this hypothesis could also explain why senescent cells become targets 

of NK cell killing via the activation of “missing self” signals regulated by killer-cell 

immunoglobulin like receptors (KIRs). Unexpectedly, no consistent changes in 

classical MHC class I expression were found after the induction of senescence in 

primary human fibroblasts.  

Interestingly though, the expression of non-classical MHC molecules was 

significantly altered upon the induction of senescence and the most consistent 

differences were related to the expression of HLA-E and MICA/B. As the expression 

of MICA/B and other NKG2D ligands had already been described in senescent cells 
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(Sagiv, 2016), we focused of our interest in studying the mechanisms regulating the 

expression of HLA-E on senescent cells. The expression of non-classical class Ib 

molecules, such as HLA-E is very uncommon and restricted to some tissues, such as 

the placental trophoblast (King et al., 2000) where it is though to play an important 

immunoregulatory role to ensure maternal tolerance to the fetus and protection from 

NK cell-mediated responses (Dahl and Hviid, 2012). In addition, an increased 

expression of HLA-E has been reported after viral infection and in several tumours as 

a mechanism of immune-evasion (Tomasec et al., 2000, Marin et al., 2003, Iwaszko 

and Bogunia-Kubik, 2011, Morandi and Pistoia, 2014).  In line with this, it was 

hypothesized that HLA-E expression on senescent cells could have an important role 

in inhibiting immune responses to senescent cells. 

Using in vitro antibody-blockade experiments, it was demonstrated that interaction of 

HLA-E with the inhibitory NKG2A receptor, expressed not only by NK cells but also 

CD8+ T cells impaired the lysis of senescent cells, mediated via NKG2D. Therefore, 

it was proposed that overexpression of HLA-E on senescent cells might represent an 

escape mechanism to an effective immune surveillance, favouring the persistence of 

senescent cells in tissues. This hypothesis was further supported by the findings that 

human melanocytic nevi, which are an example of human premalignant lesions 

typically enriched with cells with senescence markers, also expressed high levels of 

HLA-E. 

Thus, the interactions of senescent cells with the immune system can be modulated 

by the expression of different ligands at the cell surface. Based on these findings, a 

model for the interplay between senescent cells and NK and CD8+ T cells was 

proposed, whereby a balance of activating and inhibitory signals seems to determine 

the final outcome of the immune responses. Whilst MICA/B recognition by NKG2D 

triggers both NK- and CD8+ T cell-mediated cytotoxicity, the simultaneous 
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expression of HLA-E may shift this balance in favour of the negative signals, by virtue 

of the interaction with the inhibitory receptor NKG2A.  

Such regulation of immune responses determined by a fine-tuned balance of 

inhibitory and activating signals is typically described for NK cell-mediated responses 

(Long et al., 2013). However, this concept is not new to T cell biology either. Different 

immune checkpoints regulate T cell activation by inhibiting TCR-driven signals during 

immune responses (Schneider et al., 2006, Fife et al., 2009). This regulation is 

particularly important to ensure peripheral tolerance and prevent auto-reactivity, 

however under pathological conditions it may prevent effective immune responses 

against abnormal cells. In fact, accumulating evidence indicates that tumour cells 

have developed strategies to evade the host immune system by taking advantage of 

this mechanism (Dunn et al., 2002, Pardoll, 2012). Central to this, are the cytotoxic T-

lymphocyte–associated antigen 4 (CTLA-4) and programmed death 1 (PD-1) immune 

checkpoint pathways (Buchbinder and Desai, 2016) and the use of immune 

checkpoint inhibitors has recently emerged as a promising therapy for cancer. 

Monoclonal antibodies targeting NKG2A are also part of this group of immune 

checkpoint inhibitors that act as immune modulators and restore the capacity of the 

immune system to eliminate harmful cells (Mahoney et al., 2015). Therefore, the 

results presented here indicating that in vitro NKG2A blockade can effectively 

enhance immune responses towards senescent cells could be seen as a proof of 

principle study demonstrating the potential benefit of immune modulators in ageing.  

Further studies using in vivo models to test the effect of anti-NKG2A antibodies in 

boosting the host capacity to eliminate senescent cells would be necessary to 

confirm this hypothesis. 

Importantly, the expression of the cognate receptors for HLA-E (NKG2A/NKG2C) and 

MICA/B (NKG2D) was found to be highest in cells with a terminally differentiated 

phenotype, which are expanded with age. This suggested that the immune system is 
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able to adapt to the aged microenvironment and to the increased number of 

senescent cells with age, through the increased expression of receptors that are able 

to recognize ligands expressed on senescent stromal cells. However, even if immune 

cells express high levels of the receptor NKG2D and are able to recognize MICA/B- 

expressing senescent cells, the increased expression of NKG2A on highly 

differentiated cells will prevent an effective clearance of these cells. As negative 

signals from inhibitory receptors tend to be dominant (Long et al., 2013), the 

functional outcome of engaging both activating and inhibitory receptors will result in 

the inhibition of immune responses and persistence of senescent cells. 

In summary, the results presented in this thesis contribute to a better understanding 

of the interplay between the immune system and senescent cells and the 

mechanisms underlying the immune-mediated clearance of senescent cells.  

In the context of the aforementioned results, the observation that differentiated CD8+ 

T cells expressed NK cell receptors and could mediate responses resembling NK 

cells raised our interest in understanding the biological significance of the expression 

of NK receptors on CD8+ T cells. Most importantly, we wanted to reconcile these 

observations with other described features of highly differentiated CD8+ T cells. 

Therefore, in the last part of this project, we extended the investigation in order to 

include a larger panel of NK cell receptors and explore their function in T cells. In 

keeping up with previous observations, it was found that highly differentiated CD8+ T 

cells express a diverse repertoire of NK receptors, both activating and inhibitory, and 

could mediate cytotoxic responses in a similar fashion to NK cells, that is 

independently of the TCR. Interestingly, these cells also displayed an impaired 

responsiveness to TCR stimulation suggesting that, as CD8+ T cells differentiate, 

they become less dependent on TCR-driven signals and more responsive to innate-

like stimulation. Functionally, these results provided some insights into the reasons 

why these cells lack proliferative potential yet maintaining potent effector functions, 
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suggesting that cytotoxic effector functions of highly differentiated cells are regulated 

by distinct pathways to proliferation, independent of the TCR.  Collectively, based on 

phenotypic, functional and transcriptomic data, it was proposed that terminal 

differentiated CD8+ T cells resemble NK cells in many aspects and represent a 

population with mixed innate and adaptive features. This hypothesis challenges once 

more the distinction between the innate and adaptive arms of the immune system 

and more importantly represents a paradigm shift in terms of how we regard 

terminally differentiated or senescent CD8+ T cells. Instead of being a population 

with limited functionality we suggest that these cells acquire new and unconventional 

functions in order to maintain effective immune responses throughout life and adapt 

to the aged microenvironment. Although not investigated here, it would be important 

in our perspective to elucidate whether these cells are able to maintain both antigen-

specific and antigen-independent functions. 

Overall, this work raises important questions on the biological significance of 

senescence surveillance. First, there has been a long-standing debate over the role 

of senescent cells in the organism and whether it is beneficial or not to eliminate 

them. Cellular senescence is an evolutionary conserved mechanism that is beneficial 

because it acts as a major barrier to cancer. Recently, evidence has pointed to 

beneficial effects of cellular senescence beyond tumour suppression, for instance in 

directing wound repair (Demaria et al., 2014) and in tissue regeneration (Ritschka et 

al., 2017). Despite being beneficial, senescence may have deleterious consequences 

later in life, particularly associated with the accumulation of senescent cells and their 

secretion of pro-inflammatory mediators (SASP), leading to tissue dysfunction. 

Cellular senescence is thus an example of antagonistic pleiotropy and the fact that 

most detrimental effects occur after reproductive age, determines that this 

mechanism has been conserved through evolution. Nevertheless, as it was pointed 

out before, accumulating evidence indicates that eliminating senescent cells from the 
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organism is in many aspects beneficial to the host, mainly through the prevention of 

age-related diseases. 

Another emerging question regards the function of highly differentiated or senescent 

CD8+ T cells. What would be the benefit of expanding a population of T cells with 

overlapping features with NK cells? We believe that NK-like CD8+ T cells emerge as 

a result of homeostatic proliferation of CD8+ T cells induced by cytokines such as IL-

15, most likely as a compensatory mechanism to the contraction of the immune 

repertoire with age. The acquisition of innate sensors specialized in the recognition of 

“danger” signals allows these cells to switch to a rapid and efficient mode of action, 

independently of the TCR and be part of the first line of defense against potentially 

harmful cells. This redundancy may be beneficial if we considered that conventional 

NK and NKT cells are reduced in number and have some aspects of their function 

impaired with age. Moreover, given the increased burden of tumors and infections 

with age, the contribution of such innate-like CD8+ T cells may be crucial to the 

organism. The demonstrated role of these cells in targeting senescent cells further 

supports the biological relevance of these cells. Although not investigated here, it 

would be important in our perspective to elucidate whether these cells are able to 

maintain both antigen-specific and antigen-independent functions, revealing more 

complex physiological roles to senescent cells that previously anticipated.  
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6 FUTURE PERSPECTIVES 

 

I. Exploring additional mechanisms involved in the regulation of HLA-E 

expression by p38MAPK; 

The regulation of HLA-E expression by p38MAPK represents an interesting finding, 

however the mechanisms involved in this regulation were not completely dissected.  

It has been demonstrated that p38MAPK exerts many of its functions by increasing 

NF-κB transcriptional activity and this has been implicated in the regulation of SASP 

(Freund et al., 2011). As NF-κB is an important transcriptional regulator of MHC gene 

expression (Molinero et al., 2004, van den Elsen, 2011), it may be speculated that 

p38MAPK regulates HLA-E expression through the activation of NF-κB.  

The regulation of HLA-E expression by p38MAPK can also be exerted at a post-

transcriptional level through the de novo generation of peptides to be presented by 

HLA-E and stabilize its expression at the cell surface. Recently it has been shown 

that HLA-E can present peptides derived from the leader sequence of heat-shock 

protein 60 (Hsp60), (Michaelsson et al., 2002). It would be interesting to investigate 

whether p38MAPK regulation of Hsp27 activity leads to the generation of stress-

induced peptides that could be presented by HLA-E. Self-peptide presentation by 

HLA-E can be sensed by NKG2 receptors present in NK but is also thought to be 

central in the generation of suppressive CD8+ T cells.  However, HLA-E may also 

lead to the activation of CD8+ T cells, through direct recognition by the TCR (Pietra 

et al., 2010, Joosten et al., 2016). The hypothesis that HLA-E can present senescent-

associated antigens directly to CD8+ T cells or other immune cells, leading to 

specific immune responses against senescent cells would provide additional targets 

for boosting immune responses to senescent cells. 
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II. Identifying the source and role of NK-like T cells in antigen-specific immune 

responses; 

Despite the accepted role of chronic latent viruses, such as CMV in driving T cell 

differentiation, one unexpected observation was that virus-specific CD8+ T cells 

expressed lower levels of NK cell receptors compared to the global CD8+ T cell 

compartment. Although an effect of homeostatic cytokines, such as IL-15 has been 

found, our understating of the exact source and main drivers of the expression of NK 

cell receptors on T cells is still incomplete. 

Another standing question is whether NK-like CD8+ T cells still retain the capacity to 

elicit specific TCR-dependent immune responses. Although impaired in their capacity 

to respond to anti-CD3 cross-linking, these cells can still respond to TCR stimulation, 

suggesting that a higher threshold for activation may be needed. It would be 

important to understand whether the co-expression of NK cell receptors determines 

this threshold and contributes to the modulation of TCR responses. 

 

III. Investigating the mechanistic link between TCR hyporesponsiveness and 

the acquisition of innate-like features. 

It has been recently proposed that the suppression of TCR signaling is critical for the 

development of innate-like T cells. An elegant study done by Hayday and colleagues 

in mice models has brought some insights into how innate T cells down-modulate the 

TCR signaling machinery to allow an innate mode of activation in peripheral tissues, 

independent of the TCR (Wencker et al., 2014). The authors demonstrated that this 

mechanism of TCR tuning after development in the thymus, concomitant with 

acquisition of responsiveness to innate signals is a feature shared by diverse subsets 

of innate-like T cells. Nevertheless, it remains to be determined which factors control 
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the peripheral modulation of TCR signaling and whether there is a mechanistic link 

between the acquisition of NK cell receptors and the modulation of the TCR 

machinery. Although the data presented in this thesis suggests that it may be 

determined at the transcriptional level, the identification of the molecular mechanisms 

and the transcriptional regulators underpinning the development of innate features in 

T cells would be important.  
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