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Abstract in German (Kurzfassung) 

Erster Teil: Telomerdynamik und Antwort auf Immun Checkpoint Inhibitoren bei 
Lungenkrebs  
Die Behandlung von Patienten mit nicht-kleinzelligem Lungenkrebs (NSCLC) hat durch 

den Einsatz von Immun-Checkpoint-Inhibitoren (ICI) bemerkenswerte Vorteile erfahren. 

Um eine wirksame Behandlungsstrategie mit verbesserten Ergebnissen zu etablieren, ist 

es wichtig, Biomarker zu bestimmen, die Responder identifizieren und Immuntoxizitäten 

vermeiden. Telomere beeinflussen das Proliferationspotenzial von T-Zellen, die in der 

Immuntherapie die tumorspezifisch aktivierte Population bilden. In dieser Studie wurde 

die Rolle der Telomerlänge (TL), der TERT-Expression und von Einzelnukleotid-

Polymorphismen im Zusammenhang mit der TL untersucht, um ihr Potenzial als 

prädiktiver Marker für das Überleben von Patienten zu ermitteln, die eine Immun-

Checkpoint-Therapie erhalten. Die Proben wurden vor Beginn der Therapie und bei 

Nachuntersuchungen nach etwa drei Monaten für einen Zeitraum von bis zu einem Jahr 

entnommen. Die Kaplan-Meier-Analyse ergibt, dass kurze Telomere drei Monate nach 

Behandlungsbeginn, aber nicht zu Beginn, negativ mit dem Gesamtüberleben verbunden 

waren. In der multivariaten Analyse, in die Alter, Geschlecht, PDL-1-Expression und 

Histologie einbezogen wurden, war das Ergebnis statistisch nicht signifikant. Es zeigte 

sich, dass die Telomerlänge nach drei Monaten, nicht aber das Alter, das Geschlecht oder 

die PD-L1-Expression, das Überleben vorhersagt. Auch die TERT-Expression und die 

SNP-Analyse scheinen keinen prädiktiven Wert zu haben. Daher könnte die Bestimmung 

der Telomerlänge in T-Zellen nach Beginn der Behandlung für individualisierte 

Behandlungsentscheidungen nützlich sein. 

 
Zweiter Teil: TZAP-induziertes Telomertrimmen in ALT Zellen 
Das telomerbindende Protein TZAP hat sich als entscheidender Regulator der 

Telomerlängen-Homöostase erwiesen, insbesondere in Krebs- und Stammzellen, indem 

es die Obergrenze der Telomerlänge durch einen als Telomertrimming bekannten 

Prozess kontrolliert. Trotz seiner Bedeutung war der genaue Mechanismus, mit dem 

TZAP diese Aufgabe erfüllt, bislang nicht bekannt. Jüngste Erkenntnisse haben die 

Rekrutierung von TZAP an Telomeren aufgeklärt und gezeigt, dass es eine offene 
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Chromatinstruktur benötigt. Darüber hinaus scheint der Chromatin-Remodeler 

ATRX/DAXX eine zentrale Rolle bei der Verhinderung der Dekompaktierung des 

telomeren Chromatins und des anschließenden Telomertrimmens durch TZAP zu spielen. 

Auch deuten unsere Daten darauf hin, dass die Bindung von TZAP an Telomere die 

Telomerverkürzung auslöst, indem sie Replikationsstress auslöst und einen alternativen, 

der Verlängerung von Telomeren (ALT) ähnlichen Weg aktiviert, der von der Beteiligung 

des Bloom-Topoisomerase IIIα-RMI1-RMI2 (BTR) Komplexes abhängt. 

Abstract in English 

First part: Telomere dynamics and immune checkpoint inhibitor response in lung 
cancer (TILUC) 
The treatment of patients with non-small-cell lung cancer (NSCLC) has seen remarkable 

benefits with the use of immune checkpoint inhibitors (ICIs). To establish an effective 

treatment strategy with improved outcome it is essential to determine biomarkers that 

identify responders and to avoid immunotoxicities. Telomeres impact the proliferative 

potential of T-cells, which make up the tumor-specific activated population in 

immunotherapy. In this study, the role of telomere length (TL), TERT expression and 

single nucleotide polymorphisms related to TL were investigated, to determine their 

potential as a predictive marker regarding survival in patients receiving immune 

checkpoint therapy. Samples were obtained before initiation of therapy and at follow-up 

examinations after approximately three months for up to one year. In the Kaplan-Meier 

analysis, short telomeres at three months after treatment initiation but not at baseline, was 

negatively associated with overall survival. In multivariate analysis, when age, sex, PDL-

1 expression, and histology were included, the result was not statistically significant. It 

appeared that telomere length at three months but not age, sex or PD-L1 expression was 

predictive of survival. Furthermore, TERT expression and SNP analysis seem not to be of 

predictive value. Hence, the determination of telomere length in T-cells after treatment 

initiation could be useful for individualized treatment decisions. 
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Second part: TZAP-induced telomere trimming in ALT cells 
The telomere binding protein TZAP has recently emerged as a crucial regulator of 

telomere length homeostasis, specifically in cancer and stem cells, by controlling the 

upper limit of telomere length through a process known as telomere trimming. Despite its 

significance, the precise mechanism by which TZAP accomplishes this task has remained 

elusive. Recent findings have shed light on the recruitment of TZAP to telomeres, 

revealing that it requires an open telomeric chromatin structure. Additionally, it appears 

that the chromatin remodeler ATRX/DAXX plays a central role in preventing the 

decompaction of telomeric chromatin and the subsequent telomere trimming induced by 

TZAP. Furthermore, our data suggest that TZAP binding to telomeres triggers telomere 

trimming by inducing replication stress and activating an alternative lengthening of 

telomeres (ALT)-like pathway that depends on the involvement of the Bloom-

Topoisomerase IIIα-RMI1-RMI2 (BTR) complex. 



1 

1 Introduction 

1.1 Motivation and Aim 

Recent research has shed light on the potential use of telomeres as a biomarker in the 

field of immune checkpoint blockade (ICB). Immune checkpoint inhibitors (ICIs) have 

revolutionized cancer darftreatment by unleashing the power of the immune system to 

recognize and attack tumor cells. However, not all patients respond to these therapies, 

and identifying predictive biomarkers is crucial for patient stratification and treatment 

optimization. Telomeres, which play a critical role in cellular aging and immune cell 

function in general [1], have emerged as a promising candidate, which will be discussed 

in more detail in the next chapter (“Telomere dynamics and immune checkpoint inhibitor 

response in lung cancer”). In brief, studies have shown that shorter telomeres in tumor 

tissue and peripheral blood mononuclear cells (PBMCs), are associated with an 

impaired overall survival and a reduced response to ICIs, respectively. With T-cells 

being the main target of ICB, these findings led us to hypothesize that telomere 

dynamics in T-cells could serve as a predictive biomarker in ICB, which would help 

clinicians to identify patients who are more likely to benefit from these treatments and 

potentially guide treatment decisions. A thorough literature research showed that 

further studies are needed to explore the underlying mechanisms linking telomeres and 

immune checkpoint therapy response, to help pave the way for personalized and 

effective immunotherapeutic strategies. In this pilot study (Telomere dynamics and 

immune checkpoint inhibitor response in lung cancer - TILUC), the aim was to find out 

whether a correlation of ICB treatment response (survival) and telomere dynamics in T 

cells can be seen. Furthermore, I was given the opportunity together with Wilfried 

Renner, to analyze the results of a previous study on haptoglobin polymorphism and 

prostate cancer mortality. This gave me the chance to learn how to analyze data using 

the Kaplan-Meier curve and Cox regression analysis, which I used in the TILUC study. 

The study included 690 patients and shows that the polymorphism of the haptoglobin 

gene, which results in phenotypes with different antioxidant capabilities, does not 

correlate with overall mortality in prostate cancer [2].  
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During my PhD I also wanted to gain a deeper understanding of telomere dynamics at 

the molecular level, since translational analysis builds on basic research. Therefore, I 

spent 1.5 years at the prestigious Salk Institute for Biological Studies, joining the 

Molecular and Cell Biology Laboratory of Prof. Jan Karlseder, to learn and set-up 

techniques essential in the telomere field and to gain a deeper understanding of a 

special molecule named telomeric zinc finger-associated protein (TZAP) they 

discovered together with Eros Lazzerini Denchis Lab in 2017. TZAP is a protein that 

localizes at long telomeres and induces a process of “telomere trimming” which results 

in shorter telomeres [3]. 

How the process of trimming telomeres via TZAP exactly works was the research 

question I tried to answer together with researchers of Jan Karlseders lab at the Salk 

Institute for Biological Studies.  

 

1.2 Structure of the thesis 

First Part: TILUC  

Clinical study performed at the Medical University Graz 

Second Part: TZAP  

Study on TZAP and its molecular mechanisms on telomere dynamics performed at the 

Salk Institute for Biological Studies. 
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First part: Telomere dynamics and Immune checkpoint inhibitor 
response in Lung Cancer (TILUC) 

 
ICB has revolutionized cancer treatment regimens. However, the lack of a durable 

response in most patients and tumor types, including lung cancer remains a challenge 

[4,5]. ICB can not only lead to hyperprogressive disease (HPD) but also cause immune-

related adverse drug reactions [6, 7]. It is therefore essential to better understand the 

mechanisms of treatment resistance to allow a more selective and targeted 

prescription. Lung cancer is the leading cause of cancer incidence and death worldwide 

[8], but there is still an unmet need for a predictive biomarker of response to 

immunotherapy [9]. Although measurement of programmed death-ligand 1 (PD-L1) 

protein expression by immunohistochemistry (IHC) and tumor mutational burden (TMB) 

are still used, they are imperfect predictors of response [10,11]. With an ample number 

of new biomarkers emerging and getting tested, it seems that a multimodal approach 

using a combination of markers will help determine the best treatment strategy [12,13].  

Recently, Ferrara et al. showed that T cell senescence measured in peripheral cells, 

correlated with progression, HPD and poor survival in NSCLC patients undergoing ICB 

treatment. They assessed several markers including KLRG1+, CD28- and CD57+ on T 

cells of the periphery [14]. It also has been shown before that shorter telomeres in 

leukocytes goes along with a higher risk of early death after cancer diagnosis [15]. 

Since short telomeres is a hallmark of senescent cells [16], we wanted to assess 

whether measuring telomere length in T-cells has any predictive value regarding overall 

survival in patients undergoing ICB. A study performed by Faugeras et al. demonstrated 

that short telomeres measured in biopsies of patients suffering from NSCLC treated 

with Nivolumab negatively affects overall survival [17]. Furthermore, Rolles et al. 

proposed that TL of leukocytes in the periphery is associated with overall survival but 

not with treatment response to ICB [18].  

Our hypothesis was that telomere dynamics in T-cells is predictive of survival in NSCLC 

patients receiving ICB treatment. Within the first part of the thesis project, telomere 

dynamics was assessed by analysis of telomere length, TERT expression, telomerase 

activity and determination of specific SNPs that are known to correlate with telomere 
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length in humans. Blood samples for these measurements were drawn before ICB and 

in three-month-intervals for a follow-up time of up to one year. The primary outcome is 

overall survival (OS). Although the present study focuses on lung cancer, the results 

also provide valuable scientific information on the role of ICB response prediction in 

other cancer types, since not the cancer itself but T-cells which are affected by ICB 

treatment, are investigated.  

2 Background (TILUC) 

2.1 Structure and function of telomeres 

Telomeres play a crucial role in the aging of cells and the development of cancer, with 

their length and integrity influencing the overall health and longevity of an organism. 

They are localized at the end of each chromosome with a range of 2-20 kb in humans, 

depending on the chromosome [19]. These repetitive DNA sequences, consisting of 

TTAGGG repeats in humans, act as protective caps and prevent the erosion and 

degradation of chromosomes during cell division and DNA replication [20]. In addition 

to the DNA sequence, telomeres are also comprised of a diverse array of proteins. A 

total of six proteins form the so-called shelterin complex that binds to telomeric DNA 

and contributes to telomere structure and function (Figure 1). These proteins include 

Telomeric Repeat-binding Factor 1 (TRF1), Telomeric Repeat-binding Factor 2 (TRF2), 

TRF1-interacting Nuclear Factor 2 (TIN2), POT1-interacting Protein 1 (TPP1), 

Protection of Telomeres 1 (POT1), and Repressor/Activator Protein 1 (RAP1). Each 

protein within the shelterin complex has specific roles and interactions that contribute 

to the regulation and stability of telomeres [21]. TRF1 and TRF2 bind DNA that is double 

stranded, helping to protect the chromosomal ends and prevent degradation and fusion 

events [30]. TIN2 serves as a bridge, connecting TRF1 and TRF2 to the rest of the 

shelterin complex and helps with recruiting the telomerase enzyme [22,23,24]. TPP1 

interacts with POT1, both also involved in facilitating the recruitment of telomerase, 

form a protective cap over the single-stranded telomeric DNA. POT1 binds specifically 

to the single-stranded telomeric DNA and prevents its recognition as a DNA break, 

maintaining the integrity of the telomere [25,26,27]. RAP1 together with TRF2 prevents 
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telomeres from homologous recombination-triggered deletions and fusions [28]. This 

array of proteins together essentially prevent telomere shortening by inhibiting the 

action of DNA repair enzymes that may mistake the natural ends of chromosomes for 

damaged DNA. Additionally, shelterin proteins contribute to the formation of a 

protective telomere loop structure, known as the T-loop, which further shields the 

telomere ends [29]. Overall, the structure and function of telomeres are tightly regulated 

by the shelterin complex, ensuring the maintenance of genomic stability, and preventing 

aberrant DNA repair processes [30].  

 
Figure 1: Telomeric bound shelterin complex. Image was created in Adobe Illustrator 2024. 

 
During each cell division, telomeric DNA shortens (50-200 base pairs) because of the 

DNA replication machinery being unable to fully copy the ends of linear chromosomes 

and the lack of telomerase expression in somatic cells. This phenomenon is known as 

the "end replication problem" [31, 32]. Furthermore, somatic cells lack the ability to 

express telomerase enzyme [33] Telomeres act as sacrificial sequences that protect 

the essential genetic information contained within the chromosomes. As cells divide 

repeatedly, telomeres become progressively shorter, eventually reaching a critically 

short length. At this point, cells go into replicative senescence or undergo apoptosis, 

resulting in a decline of tissue function and contributing to the aging process [34]. To 

counteract the gradual telomere shortening, the enzyme telomerase is present in some 
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cells, especially stem cells, germ cells, and certain types of cancer cells [35]. 

Telomerase adds repetitive DNA sequences to the ends of chromosomes, replenishing 

and extending telomere length. This activity enables these cells to maintain their 

proliferative capacity and avoid premature senescence. However, in most somatic 

cells, telomerase activity is low or absent, leading to a progressive loss of telomeric 

DNA with each cell division [36].  

2.2 Telomeres and their role in aging and carcinogenesis  

Telomere shortening and cellular aging are interconnected processes. In terms of 

aging, telomeres act as a molecular clock where progressive shortening of telomeres 

is associated with natural aging processes in various tissues and organs, characterized 

by altered gene expression, impaired functionality, and reduced regenerative capacity. 

As cells age and telomeres become critically short, the ability to maintain tissue 

homeostasis declines, leading to age-related physiological changes and increased 

susceptibility to age-related diseases such as cardiovascular disease, osteoporosis 

and immune system decline amongst others [37]. Telomeres also have a significant 

role in cancer development. Cancer cells possess the ability to bypass the normal 

mechanisms of telomere shortening and maintain their telomere length, thereby 

achieving immortality and unlimited replicative potential (Figure 2). In most cancer cells, 

the activation of telomerase or alternative lengthening of telomeres (ALT) mechanisms 

allows the cells to continually extend their telomeres. This prevents the cells from 

entering replicative senescence or undergoing cell death, enabling them to divide 

indefinitely and form tumors [38]. Telomerase activation is observed in almost all human 

cancers, making it an attractive target for cancer therapies. Inhibiting telomerase 

activity or disrupting the telomere maintenance mechanisms in cancer cells could 

potentially halt their uncontrolled growth and lead to their demise. Several approaches 

to targeting telomerase, such as small-molecule inhibitors and immunotherapeutic 

strategies, are being explored in cancer research and clinical trials [39, 40]. While 

telomerase activation is prevalent in many cancers, a subset of tumors utilizes the ALT 

mechanism to maintain their telomere length. ALT is a telomere maintenance 

mechanism that operates through recombination-based processes, allowing cancer 
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cells to elongate their telomeres without activating telomerase. The ALT-positive 

cancers tend to have distinct genetic and epigenetic alterations, and targeting ALT 

remains a challenge due to its complexity and variability across different tumor types 

[41]. Understanding the intricate relationship between telomeres, aging, and cancer is 

of great importance and has opened new avenues for therapeutic interventions and 

disease management. Targeting telomeres and telomerase has emerged as a 

promising therapeutic treatment avenue. Moreover, telomere length and telomere-

related markers are being investigated as potential biomarkers for cancer, response to 

therapy like ICB, aging and age-related diseases. By deciphering the complex 

mechanisms underlying telomere biology, it is possible to gain deeper insights into the 

aging process, develop strategies for promoting healthy aging, and devise novel 

therapeutic approaches for cancer management. In Chapter 6 I will address the two 

telomere maintenance pathways with greater detail. 

 

 

Figure 2: Telomere biology in healthy cells compared to cancer cells. In healthy somatic cells telomeres shorten with 
every cell division until they become senescent and stop divide. In cancer cells on the other side telomeres don’t 
become short because of various telomere elongating mechanisms that can be activated in cancer cells, and 
therefore they can proliferate indefinitely and bypass senescence. Image was created with BioRender.com. 

 

2.3 Immunological decline and ICB 

The following chapters are partially based on a review article that has already been 

published [42]. With age the functions of our immune system decline, and cancer 
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incidence rises. The discovery of these checkpoints of the immune system has not only 

transformed cancer treatment, but also generated a great deal of interest in finding 

biomarkers that can predict treatment response, as only one-third of patients benefit 

from this therapy. The process of aging has a major impact on immunity and therefore 

also on T cells, the cells mainly targeted in immune checkpoint blockade.  

2.3.1 Innate and adaptive immune response 

A complex system of proteins and cells makes up an immune system that defends our 

body against pathogens like bacteria or viruses and that eliminates cancerous or 

damaged cells. It comprises two distinct cellular responses. The first is the innate 

response with an immediate line of defense. It is made up of specific proteins and 

phagocytic cells that recognize pathogen-associated molecular patterns, via the Toll-

like receptors [43]. The adaptive immune response can specifically recognize and 

remember pathogens, providing a targeted and long-lasting defense. It is established 

through the generation of memory cells, including memory B cells and memory T cells, 

which are formed during the initial encounter. These memory cells can quickly mount a 

robust and targeted immune response, leading to a faster and more effective 

elimination of a pathogen [44]. As we grow older, alterations in our immune system 

occur, leading to its inability to support adequate wound healing and protection against 

cancer cells and foreign pathogens. As we age, innate immune functions continue to 

evolve, creating a chronic, low-grade inflammatory state called "inflammaging". As 

adaptive immune responses weaken, accumulation of dysfunctional T cells arise 

[45,46,47]. I will mainly describe changes in acquired immunity with a focus on T cells 

in the upcoming chapters. 

2.3.2 Senescence vs Immunosenescence 

Cellular senescence is a state of cell cycle arrest in G-1 phase in which cells cease to 

divide and undergo characteristic changes in their morphology and function. 

Senescence can be triggered by various stressors, including DNA damage, telomere 

shortening, oncogene activation, and other forms of cellular stress. In the beginning of 

the 1960s, pioneering research was conducted that unveiled a critical revelation: 
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primary human cells ultimately lose their ability to replicate due to a limited number of 

cellular divisions. This limitation primarily arises from telomere attrition, a process that 

incites a robust DNA damage response and is termed as replicative senescence [48, 

49, 50, 51]. Notably, cellular growth arrest can also be initiated through oncogenic 

signaling, denoted as oncogene-induced senescence (OIS). OIS materializes as a 

consequence of activating mutations in oncogenes, activation of tumor suppressors 

such as p16INK4a, or their loss, exemplified by PTEN. Epigenetic disturbances and 

external stressors like DNA damage or oxidative challenges can similarly induce a state 

termed stress-induced premature senescence [52, 53, 54, 55, 56, 57, 58]. At the core 

of orchestrating a durable growth arrest are the master regulators, p53 and the p16INK4a-

pRb tumor suppressor pathways [59]. OIS, critically, serves as a robust defense 

mechanism against tumorigenesis, curbing the proliferative potential of cancerous 

cells. In contrast, replicative senescence aligns more closely with the natural aging 

process and the development of degenerative diseases [60,61]. Importantly, beyond 

their static growth arrest, senescent cells undergo extensive alterations in metabolic 

and transcriptional activity representing key features of their distinctive phenotype [62]. 

In contrast to apoptosis, an alternative cellular program leading to cell-cycle exit, 

senescent cells not only maintain viability but also exhibit a remarkable characteristic 

known as the senescence-associated secretory phenotype (SASP). This phenotype 

involves the secretion of an array of proinflammatory cytokines, chemokines, growth 

factors, and proteases, which can potentially exert adverse effects on the local 

microenvironment [63,64]. The expression of SASP is typically triggered by various 

disruptions, including genomic, mitogenic, and oxidative perturbations, with oncogene 

activation being one example. Intriguingly, SASP expression is notably absent when 

cyclin-dependent kinases like p16INK4A or p21 are active [65]. Although SASP remains 

partially understood, it is proposed to necessitate the presence of persistent DNA 

damage, a condition that is not met when p16INK4A or p21 is ectopically expressed [66]. 

While the acquisition of SASP is essential in processes such as wound healing and 

embryogenesis, it can also exert modulatory effects on close by cells, also cells of the 

immune system, potentially transforming fibroblasts that are senescent into 

proinflammatory cells. This, in turn, can facilitate tumor development [67, 68, 69, 70].  
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Immunosenescence is used to describe weakened immunity in old people [71]. The 

term was first used by Roy Walford when he hypothesized that aging is pathogenetically 

related to defective processes of the immune system [72]. Later, the main features of 

immunosenescence were determined as an inability to respond to new antigens, a 

buildup of memory T cells, a persistent low-grade inflammation, and a concomitant 

decrease in naive T cells [73, 74]. 

2.3.3 When T-cells age 

T cells play a crucial role in orchestrating and upholding immune responses within the 

body. Their journey commences with their development from hematopoietic stem cells. 

Following this, progenitor cells embark on a migratory path to the thymus, subsequently 

undergoing a series of transformation phases. The emerging thymocytes that do not 

have specific traits are subjected to apoptosis. Once matured, naive T cells, 

characterized as CD4+ and CD8+ cells, enter the bloodstream. CD4 T cells are 

responsible for a wide array of functions, including the activation of innate immune cells, 

B-lymphocytes, and cytotoxic T cells. They also play an essential part in curbing 

excessive immune responses [75]. 

Within the peripheral T cell pool, various subsets coexist. This includes naive T cells, 

primed to respond to novel antigens, memory T cells, originating from prior antigen 

encounters and ensuring long-term immunity, and T-regulatory cells (Tregs), 

responsible for maintaining immune equilibrium [76]. 

One of the most significant alterations in the immune system is thymic involution, a 

process contributing to the age-related decline in T cell immunity, particularly observed 

in mice. In contrast, the dynamics of T cell homeostasis in humans differ notably from 

mice. In human adults, the generation of T cells predominantly relies on the peripheral 

proliferation of naive T cells [77]. Intriguingly, there is an age-associated discrepancy 

in the maintenance of naive T cell subsets, with naive CD8+ T cells showing less 

resilience compared to their CD4+ counterparts [78]. Consequently, a conspicuous 

reduction in circulating naive CD8+ T cell numbers stands out as the most reliable 

indicator of  and aging immune system [79]. 
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As T cells grow older, with a typical lifespan of four to six months, they may enter a 

state of senescence [80]. It's worth noting the importance of distinguishing between 

states of senescence, anergy, and exhaustion, as they each have distinct origins 

despite sharing some similar traits. 

Anergy denotes a functional dampening in CD4+ and CD8+ T cells, where T cells exhibit 

reduced responsiveness characterized by the absence of proliferation and diminished 

secretion of the key T cell growth factor IL-2 upon encountering an antigen and 

subsequent T cell receptor (TCR) activation. In addition to this, these cells also display 

diminished levels of cytokines like IFN-γ and TNF-α [81, 82, 83]. Despite that there is 

no specific surface marker that distinctly identifies those cells, epigenetic mechanisms 

like histone modifications mediated by Sirtuin 1, along with the involvement of the early 

growth response gene 2, seem to be implicated in the establishment and maintenance 

of this anergic state [84, 85, 86, 87]. 

Exhaustion in T cells characterizes a gradual decline in effector function and a 

diminished capacity for proliferation due to prolonged antigen exposure, typically 

stemming from chronic infections or tumor development. In this state, T cells 

demonstrate reduction of effector cytokines like Interleukin-2, Interferon-γ, or Tumor 

necrosis factor [88]. They also exhibit heightened expression of various chemokines 

and an increase of inhibitory receptors, including PD-1 [89],TIM-3 [90,91], LAG-3 [92], 

CTLA-4 [93], (TIGIT) [94], among others. These receptors collectively dampen the 

response of the immune system towards tumor cells [95,96]. However, it's worth noting 

that CD8+ T cell exhaustion appears crucial in preserving the immunological reserve 

necessary for surveilling chronic infections, as proposed recently [97]. Therefore, the 

impact of T cell exhaustion depends on the context, exerting significant influence on 

the outcomes of autoimmune diseases, infections, and cancer [98,99].  

Exhaustion is externally regulated by immunological control mechanisms, whereas 

senescence is intrinsically managed through cellular stress responses [100]. The 

regulation of T cell senescence predominantly revolves around the mitogen-activated 

protein kinase (MAPK) signaling pathways, whereas T cell exhaustion primarily 

involves signaling associated with inhibitory receptors [101]. Replicative senescent T 

cells exhibit specific characteristics, including shortened telomeres, the absence of 
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CD28 and CD27, plus an increase of heightened senescence-associated-ß-

galactosidase (SA-ß-Gal) [102]. They are found in both the CD4+ and CD8+ T cell 

compartments and notably display increased levels of CD57 and Killer cell lectin-like 

receptor subfamily G (KLRG1) surface markers. Recent research emphasizes CD57 

as a pertinent marker, attributed to the seriously compromised proliferative capacity of 

CD57-expressing T cells [103].  

Another category of T cells, characterized by the absence of CD27 and CD28 while 

expressing CD45RA, is referred to as effector memory T cells that re-express CD45RA, 

often denoted as Temra cells (See Figure 3). Interestingly, they have a few key attributes 

of senescent cells. They display a notable reduction in telomerase activity. Additionally, 

Temra cells exhibit diminished proliferative capabilities, more DNA damage as evidenced 

by increased phosphorylated H2A histone family member X (γH2AX) levels, a 

component of the DNA damage response pathway observed in senescent cells. 

Intriguingly, although these cells lack very short telomeres, indicating a different 

mechanism driving their senescent state, Temra cells still undergo senescence, possibly 

due to DNA damage induced by reactive oxygen species (ROS) [104,105]. 

Furthermore, the upregulation of cell cycle regulatory proteins like p16 and p21 is noted 

in Temra cells, primarily stemming from the loss of CD27 and CD28 [106]. This elevation 

impedes the transition from the G1 phase of the cell cycle to the S phase, contributing 

to senescence [107]. They also display a senescence-associated secretory phenotype 

(SASP), encompassing a spectrum of cytokines. This includes both 

immunosuppressive cytokines like IL-10 and TGF-ß, as well as proinflammatory ones 

such as TNF, IFNγ, IL-2, IL-6, and IL-8 [108,109,110]. The SASP observed in T cells is 

further under the influence of p38 MAPK signaling, playing a role in age-related 

inflammation [111]. 
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Figure 3: T cell development over the course of aging. Copyright © 2021 by the authors, with kind permission of the 
publisher. 

 

2.4 Cancer and Immunotherapy 

2.4.1 Immune checkpoint blockade 

Immune checkpoint inhibitors are monoclonal antibodies that can modulate the immune 

response. The ones most explored and used in cancer treatment are PD-1 

(programmed cell death protein 1), PD-L1 (programmed death-ligand 1), and CTLA-4 

(cytotoxic T-lymphocyte-associated protein 4).  

T cells play a crucial role in the immune response, recognizing and eliminating 

abnormal cells, including cancer cells. The surface receptor PD-1 is found on T cells 

and can trigger apoptosis when activated in antigen specific T cells and lowers 

apoptosis of regulatory T cells [112]. PD-L1 on the other hand is expressed on the 

membrane of cancer cells but also some other immune cells. PD-L1 on cancer cells 
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can bind to the receptor (PD-1) in T cells which leads to an inhibitory signal that shuts 

down the T cell. This inhibitory signal prevents the T cell from attacking the cancer cell 

effectively, allowing the cancer cell to evade an effective response of the immune 

system. Monoclonal antibodies targeting the receptor PD-1 (Pembrolizumab, 

Nivolumab) or the ligand PD-L1 (Atezolizumab, Durvalumab and Avelumab) block this 

interaction and promote survival and activation of T cells. As a result, the inhibitory 

signal is in theory to be lifted, and the T cells should be able to attack cancer cells more 

effectively [113,114] (See Figure 4B).  

Another checkpoint is CTLA-4 on the membrane of T cells. It is important in the 

regulation of T cell activation at the early stages. CTLA-4 competes with CD28 (a co-

stimulatory molecule) for binding to B7-1 (CD80) and B7-2 (CD86) on dendritic cells 

(antigen-presenting cells). CTLA-4 can bind B7-1/B7-2, which leads to an inhibitory 

signal that dampens T cell activation. This prevents excessive immune responses and 

helps maintain immune homeostasis. Checkpoint inhibitors targeting CTLA-4 

(Ipilimumab) block the inhibitory signals, that should allow sustained activation of 

immune system and therefore T cells [115, 116] (See Figure 4A). 

The profound significance of uncovering immune checkpoints which lead the way to 

ICB, was underscored by James Allison and Tasuku Honjo getting the Nobel Prize in 

Physiology or Medicine in 2018 [117]. Successful implementation of PD-1/PD-L1 and 

CTLA-4 inhibitors led to several clinical trials investigating other immune checkpoint 

like adenosine A2A receptor, CD47, B7H3, CD39 and CD73, with hopefully new 

treatment options soon [118,119]. 
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Figure 4: Overview of the mechanism of immune checkpoint blockade. (A) A dendritic cell binds via MHC II to the 
TCR receptor and CD80/86 to DC28 on the T cell leading to the activation of the T cell. CTLA-4 competes with CD28 
to bind to CD80/86 and blocks T cell activation. The CTLA-4 antibody binds to the receptor on T cells and therefore 
inhibits binding to CD80/86, leading to activation of the T cell. (B) A tumor cell binds via MHC II to the TCR receptor 
of the T cell. The PD-1 receptor is a surface receptor on T cells. Tumor cells that express PD-L1 on their surface 
can bind to T cells and therefore promote deactivation and apoptosis of certain T cells. When Anti-PD-L1 antibody 
or Anti-PD-1 antibody bind to the ligand or receptor, respectively, activation and survival of the T cells is promoted. 
Image created with BioRender.com. 

 
As mentioned before, despite the remarkable efficacy of ICB, up to two-thirds of 

patients receiving these therapies still exhibit resistance, highlighting the imperative 

need for deeper investigations into the mechanisms of treatment resistance and the 

development of more efficacious therapeutic approaches. Besides HPD, ICB can, in 

rare instances, induce life-threatening or irreversible autoimmune toxicities. 

Consequently, it becomes imperative to enhance patient selection, minimize toxicity, 

and avert HPD in individuals who may not respond favorably to such treatments. 

Historically, immune checkpoint therapy primarily concentrated on reversing T cell 

exhaustion through inhibition of PD-1, PD-L1, and CTLA-4. Nonetheless, not every 

patient experiences the benefits of ICB. As a result, considerable interest has emerged 

in targeting additional immune checkpoints, such as LAG3. It is shown that LAG3, along 
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with PD-1, is notably upregulated on tumor-infiltrating lymphocytes (TILs) and 

collaborates synergistically to facilitate immune evasion by tumors [120,121]. 

Consequently, a substantial body of preclinical data has propelled LAG3 to the forefront 

as the third immune checkpoint to be investigated in clinical settings, with nearly a 

dozen therapeutic approaches currently under scrutiny [122,123]. 

The conventional clinical biomarkers for treatment response, namely PD-L1 expression 

and overall Tumor Mutational Burden (TMB), have encountered limitations due to their 

inability to predict responses with complete accuracy [124]. Thus far, PD-L1 expression 

has been the most widely used marker for guiding patients’ selection. Nevertheless, 

the practicality of PD-L1 testing greatly differs depending on the type of cancer and the 

treatment context. The variability arises from differences in the specific PD-L1 assay 

used, the defined PD-L1 expression thresholds, and the types of cells analyzed. 

Deciphering the diverse testing methodologies continues to present a formidable 

challenge [125]. 

While PD-L1 expression holds relevance as a biomarker, it falls short of being the ideal 

one. Nonetheless, it currently stands as the sole pertinent biomarker in specific cancer 

types and is notably linked to improved outcomes in cancers like NSCLC or gastric 

cancer amongst others, when treated with PD-1 inhibitors, or breast cancer when PD-

L1 inhibitors are used as therapy [126]. Nonetheless, it becomes less obvious in 

treatments when combining chemotherapy or other immune checkpoint inhibitors. 

Additionally, more trials prove the effectiveness of checkpoint inhibitors in cancers 

lacking PD-L1 expression [127]. Consequently, relying solely on PD-L1 assessment 

through immunohistochemistry (IHC) appears insufficient for patient selection in most 

cancer cases [128]. Hence, the ongoing pursuit involves the discovery of a marker, 

especially one that is not invasive, as well as the exploration of therapeutic approaches 

beyond the targeting of PD-1/PD-L1 and CTLA-4. 

2.5 T cells as a biomarker in the context of ICB – what markers have 
already been explored? 

It’s a natural process in the aging body that non-functional T cells amass, but they can 

also result from chronic infections or cancer. Malignant tumors have the capacity to 
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induce two critical dysfunctional states, namely T cell exhaustion and senescence, both 

of which coexist in individuals with cancer. These states play pivotal roles in sustaining 

a suppressive tumor microenvironment, thereby impeding effective antitumor immune 

responses [129]. Numerous studies have provided evidence that T cells can become 

senescent within patients afflicted by chronic viral infections and can be observed in 

tumor-infiltrating lymphocytes (TILs) in different malignant tumors [130, 131, 132, 133]. 

This suggests that T cell senescence represents another way of how cancer cells can 

evade the body’s immunity [134]. The accumulation of such evidence has not only 

positioned senescence as a burgeoning target for immunotherapy but has also led to 

its utilization as a marker for ICB [135]. 

The enzyme telomerase plays a central role in preserving telomere length, also in T 

cells, which is crucial for their proliferative capacity and therefore an effective immune 

response. This led Weng et al. to propose that enhancing telomerase activity could 

potentially enhance T cell function in older individuals [136]. There is evidence, 

particularly in adoptive cell transfer therapies, that shorter telomeres in T cells exhibit 

lower suitability for a persisting immune response against cancerous cells because of 

their weakened proliferative potential [137,138]. Which makes me hypothesize that 

short telomeres in T cells might contribute to non-responsiveness to ICB because of 

the diminished capacity to proliferate, raising the question if it could serve as a marker 

alongside other recently promising measures such as the T cell–inflamed gene 

expression profile (GEP), PD-L1, and clonal TMB [139, 140, 141, 142]. 

Interestingly, the CD28 marker on the surface of T cells which is lost upon senescence, 

has been shown to be essential for the proliferation of CD8+ T cells following checkpoint 

blockade (PD-1) [143, 144]. Essentially, T cell proliferation restricted by PD-1 is 

dependent on blocking CD28 stimulation. It has been demonstrated recently that CD28 

co-stimulation plays a vital part when it comes to ICB [145,146]. Furthermore, they 

show that CD8+ T cells that respond to ICB do have CD28 on the cell surface. A recent 

study indeed explored markers of senescence and ICB response and they found that 

loss of certain markers (CD57, Tim-3, CD28) were correlated with negative treatment 

response [147]. However, this study involved only 10 patients, and further research with 
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larger cohorts is necessary to validate these results. Another study (which I already 

mentioned in the beginning of my thesis) claims that senescent T cells correlate with 

progression and hyperprogressive disease in patients with lung cancer treated with ICB 

[148]. It has also been suggested that cytotoxicity of T cells at tumor the tumor does go 

along with cytotoxic activity of those T cells in the periphery, emphasizing that T cells 

are a valid option for studying T cell responses in tumors [149]. In NSCLC patients, they 

propose that response to PD-1 inhibition can be estimated by the cytotoxic activity of T 

cells in the periphery.  Additionally, it is claimed in another study that subsequent to 

ICB, the amplification of T cell clones that go into the tumor did not originate from 

existing TILs [150]. Instead, it arose from new clone variants from the peripheral 

regions. Intriguingly, clonotypes initially identified before initiation of therapy in tumor 

microenvironments persisted after therapy [150], which suggests not only that 

infiltrating lymphocytes possess restricted capacity for rejuvenation, but also that 

proliferation of those infiltrating lymphocytes originating in peripheral sources 

significantly contributes to the response to treatment. In fact, when clonotypes of T cells 

were tracked with deep T cell receptor sequencing after immune checkpoint (PD-1) 

blockade in lung cancer, it was observed that the cells that underwent expansion in the 

blood amass within the tumor tissue in people who exhibited a positive response to the 

therapy [151]. 

Also, T cells within the tumor microenvironment can serve as predictive indicators of 

immune responses to immunotherapy across various tumors, including colorectal, 

breast, and urothelial cancers [152,153,154]. An insightful study recently revealed that 

just by analysis of TCF7 alone (a transcription factor), observed on T cells within a 

tumor specimen, it is possible to accurately forecast the treatment effectiveness in 

melanoma patients. This finding underscores that the functional state, alongside their 

quantity and spatial distribution of CD8+ cells within a patient's tumor, plays a pivotal 

role in initiating effective antitumor immune response [155]. Furthermore, a recent 

investigation identified a subset of T cells within the tissue of lung cancer samples, that 

spread in the tumor and that play a role in non-responsive tumors in ICB. This unique 

CD8+ subset, referred to as "Ebo," exhibits distinctive functional characteristics. While 

they share certain characteristics with T cells that are exhausted, like expressing 
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inhibitory receptors such as PD-1 or TIM-3 or a limited IFNγ response, they display 

remarkably high proliferation activity. This suggests that non-responsiveness to ICB 

may be mechanistically linked to an accumulation of TILs that are not functional. In 

essence, ICB could prevent these T cells from undergoing apoptosis, and not help 

reverse T cells exhausted state. These findings imply that depleting this subset of cells 

might create room for actual effective cancer fighting T cells. Alternatively, measuring 

these Ebo cells in the TME might help predict response to ICB [156]. It is worth noting 

that the response to ICB stemming from pre-existing TILs in the cancer and the reaction 

of T cells external to the tumor to the treatment are not mutually exclusive. Instead, they 

might signify interlinked mechanisms of response. Within this context, the expression 

of the immune cytokine CXCL13 emerges as a promising biomarker. Its predictive value 

for ICB response has been observed upon analyzing it in cancer samples before 

treatment. Additionally, it is correlated with ICI response when measured in TILs that 

show an elevated PD-1 expression, in certain type of cancers including lung cancer 

[157, 158]. The predictive significance of this marker was underscored in another paper 

where they claim that CXCL13 and CCR5 are intrinsic markers in T cells for immune 

checkpoint response across a spectrum of cancers [159]. Consequently, it appears that 

combining markers from the periphery with markers that are present in tumor 

microenvironments hold promise for enhancing the precision of therapy response 

predictions. 

2.6 Evolving treatment strategies 

Once believed to be an irreversible process, senescence has seen notable 

advancements in our understanding. However, in the early 2000s, it was revealed that 

replicative senescence, hinging on p16 of pRB, may not always be permanent [160]. 

Further insights unveiled how T cells that are senescent employ AMPK for the 

recruitment of p38 to TAB1. Their study showed that by obstructing AMPK-TAB1-

dependent p38 activation, the senescent phenotype was abrogated [161]. Intriguingly, 

in vitro experiments demonstrated that inhibiting both p38MAPK and PD-1 led to the 

recovery of cell division capacity and TNF‐α release of TEMRA cells. This effect couldn't 

be achieved by blocking either pathway in isolation, suggesting a connection between 
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an exhausted state and senescence state in T cells [162]. The cytokine TNF‐α can 

inhibit tumor growth and even promote shrinking of the cancer [163, 164]. This is 

controlled by p38 MAPK signaling, which is pivotal in regulating SASP [165].  

Like I described earlier, this unique secretory profile of senescent cells can influence 

cells that are close-by and therefore reshape the TME. Consequently, it becomes 

intriguing to explore whether modifying the SASP through manipulation of P38 MAPK 

pathway or other treatments, such as using senostatic or senlolytic drugs to stall 

senescence or to eliminate cells, respectively, could enhance the response to 

immunotherapy. In another study it is discussed whether manipulating various actors 

of sestrin-MAPK could regulate changes in T cell function that are related to 

senescence. Although, they raise concerns that extended sestrin suppression might 

promote expansion of cells that are senescent with DNA damage, which could lead to 

malignancy [166]. Therefore, short-term sestrin inhibition may represent a more 

beneficial immunotherapeutic strategy [167].  

Recent studies have investigated the manipulation of the MAPK pathway using 

inhibitors against BRAF and MEK, with mixed outcomes. However, not only preclinical 

but also clinical trials have demonstrated improved antitumor immunity and tolerability 

when these inhibitors are combined with ICB. Specifically, targeting MEK did not only 

lead to the proliferation of effector T cells but also a reduction in T cells that are 

exhausted and apoptosis [168, 169, 170, 171, 172]. Notably, Gurusamy et al. 

highlighted the significance of p38 inhibition not only in rejuvenating older T cells but 

also in blocking it`s expression in "younger" T cells [173].  

Furthermore, it seems that chimeric antigen receptor (CAR) T-cell treatment in 

conjunction with PD-1 inhibitors positively impact the exhausted state of T cells [174]. 

This encourages the hypothesis that using CAR T cell therapy, ICB, and inhibition of 

p38 at the same time, may constitute an effective therapy in certain contexts. 

Additionally, studies have shown that T cell senescence mediated by regulatory T cells 

or cancers might be blocked or overturned by Toll-like receptor 8 (TLR8) signaling [175, 

176, 177]. Given that establishing an immunosuppressive TME comes with a significant 

difficulty to effective ICB, focusing on TLR8 activation may present a different avenue 

to promote functionality of T cells in conjunction with ICIs. 
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Emerging evidence also shows the importance in cellular-level alterations, specifically 

on an epigenetic level, in achieving lasting responses to ICB. TOX (Thymocyte 

selection-associated HMG BOX), has an important function in priming T cells for 

exhaustion at the transcriptional and epigenetic levels, and has gained attention in this 

regard [178, 179, 180, 181, 182, 183, 184]. This suggests that epigenetic modifiers 

might hold promise in combination with ICB. 

Several other combination treatments focused on PD-1 plus for example LAG-3 have 

shown promising results. In a recent study of melanoma patients, it is shown that when 

focusing on TIGIT and PD-1 concurrently led to an actual synergistic restoration of CD8 

T cell performance including elevated proliferative capacity in both peripheral blood and 

the cancer [185].  

Despite substantial advancement in comprehension and addressing different states like 

senescence or exhaustion of T cells, an optimal therapy and indicator capable of 

perfectly distinguishing responders from non-responders remain elusive. Ultimately, a 

multifaceted interventional strategy is necessary to enhance therapeutic results. 

Therefore, it will be necessary to measure several markers, originating from both tumor 

and peripheral sources, to tailor the most successful therapy. Employing a vast range 

of markers from diverse sources within the tumor and combining treatments to either 

abolish or reconfigure T cell subsets holds the potential to significantly enhance cancer 

treatment outcomes. With the TILUC study we were hoping to help clinicians by 

bringing them closer to better treatment decisions. 
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3 Materials and Methods 

3.1 Patient characteristics, recruitment, and study design 

The study includes 35 cancer patients recruited at the Department of Oncology and 

Pulmonology at the Medical University Hospital in Graz between April 2019 and 

October 2020. Only patients who did not undergo previous ICB were included in the 

study. Upon study entry, each participant donated a tube of EDTA-blood (used for SNP 

measurements and for isolation of T cells) and a Pax gene tube (for gene expression 

analysis). Samples were obtained before initiation of therapy and at follow-up 

examinations after approximately three months (Figure 5).   

 

 

 

 

 
 

Figure 5: Study design. Lung cancer patients were recruited. Blood samples were taken before and after therapy 
initiation with a follow-up after three months and telomere parameters were determined and statistically analyzed. 
Icons are freely available at www.flaticon.com [186], image composition was created with Microsoft PowerPoint. 

 
 
The clinical trial at hand has been approved by the Ethical Committee of the Medical 

University of Graz and informed consent was acquired. Clinical parameters were 

obtained from medical records. Detailed patient characteristics can be found in Table 

1. For all patients we documented age at diagnosis, sex, cancer type, PDL-1 

expression, type of treatment, follow-up of two years and overall survival (OS). We 

decided to analyze overall survival because data acquisition for determining 

progression free survival turned out to be rather difficult since patients were recruited 

in two different departments. 

 

3.2 T-cell isolation: Fluorescence-activated cell sorting (FACS)  
Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh EDTA 

blood by Ficoll density gradient centrifugation (Cytiva Ficoll® Paque Plus, Sigma 

Molecular Analysis  
(Telomere Dynamics)  

Recruitment Follow-up ICI Therapy Blood Samples  

www.flaticon.com  

Statistical Analysis 
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Aldrich). The cells were stained with a monoclonal anti-CD3/PE-Cy7 antibody (Clone 

SK7, Biolegend) in FACS staining buffer for 20 minutes at room temperature. CD3+ 

cells were sorted on a FACSAria™ IIIu cell sorter (BD Biosciences) and subsequently 

snap frozen in liquid nitrogen and stored at −80 °C until further analysis. T cell sorting 

was carried out by the Imaging Facility at Medical University Graz. 

3.3 Telomere length  

3.3.1 Quantitative real time PCR 

The protocol of the qPCR assay for relative telomere length measurement used, is 

based on Cawthon [187] and was established by Wilfried Renner and Sabine Pailer. 

The DNA of T cells was isolated using the MagNA Pure LC instrument (Roche). For 

this procedure  the Total Nucleic Isolation Kit (Roche) was used. Input volume was 

200µl and output volume was set to 100µl. After the instrument finished isolation, DNA 

was stored at -20º Celsius until further use. 

Subsequently, relative telomere length was measured in triplicates. This assay 

measures the template amount of TL (T) and a reference single-copy gene. These 

measurements were then used to determine the relative telomere length as the T/S 

ratio. 36B4 (acidic ribosomal phosphoprotein P0) was used as a reference gene and 

amplification control for each sample. To get the T/S ratio for each sample, the median 

36B4 threshold cycle (Ct) value was subtracted from the median telomere Ct value. 

Then the relative T/S ratio was calculated by subtracting the T/S ratio of the standard 

curve point from the T/S ratio of each unknown sample. 

All qPCR analyses were performed on a CFX384 TouchTM (Biorad) instrument. Each 

run included a positive control (Hela DNA, New England Biolabs) and a standard curve 

based on dilutions of a pool of healthy donor control DNA to determine the quantity of 

targeted templates in each sample relative to the control DNA. If variance of result of 

telomere length exceeded 20%, the measurement was repeated.  
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The following primers were used in the reaction: 

Telomere For: 5’-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-
3’ 
Telomere Rev: 3’-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-5’ 
36B4 For:   5’-CAGCAAGTGGGAAGGTGTAATCC-3’ 
36B4 Rev:  3’-CCCATTCTATCATCAACGGGTACAA-5’ 
 

In more detail, pool DNA for the standard curve was diluted with Elution buffer from the 

Magna Pure Isolation Kit as follows: 

1:2 120 µl Pool DNA    + 120 µl Elution Buffer 
1:8 60 µl from dilution 1:2   + 180 µl Elution Buffer 
1:32 60 µl from dilution 1:8   + 180 µl Elution Buffer 
1:128 60 µl from dilution 1:32   + 180 µl Elution Buffer 
1:512 60 µl from dilution 1:128   + 180 µl Elution Buffer 
 

The positive control was diluted 1:160 in Elution Buffer and the sample DNA was used 

undiluted. Reaction for telomer length and for the single copy gene (36B4) was 

prepared using 10 µl of Universal Mastermix (UMM 2x), 2 µl of Sybergreen (10x), 

Primer 1 (100 µm) 0.06 µl, Primer 2 (100 µm) 0.06 µl, 3.88 µl ddH20 and 4 µl of DNA 

(sample or pool DNA). The thermal cycling profile was 10 min at 95 °C followed by 35 

cycles of 15 s at 95 °C, 30 s at 58 °C and 30 s at 72 °C including fluorescence data 

collection. All primers have been purchased from Metabion, Austria.  

3.3.2 Telomere shortest length assay (TeSLA) 

The TeSLA assay methodology was adapted from a protocol in Andrew Ludlow´s lab 

and Lai et al [188]. Prof. Ludlow also recommended the Gentra Puregene Cell Kit from 

Quiagen for DNA isolation as described below. 

Isolation of DNA for TeSLA using the Gentra Puregene Cell Kit (Quiagen) 
according to manufacturer’s protocol: 
Isolated T-cells were thawed and centrifuged for 5 sec at 14.000g x to pellet the cells. 

Supernatant was discarded and pellet was vortexed vigorously in the residual liquid. 

300 μl Cell Lysis Solution were then added to the resuspended cells and vortexed on 

high speed for 10 sec to lyse the cells. Then 100 μl Protein Precipitation Solution was 
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added, vortexed vigorously for 20 sec at high speed and centrifuged for one minute at 

14.000 x g. 300 μl isopropanol were pipetted into a clean 1.5 ml microcentrifuge tube 

and the supernatant from the previous step was transferred by pouring carefully. When 

combined, the tube was inverted gently about 50 times. Then the tube was centrifuged 

for 1 min at 14,000 x g. The supernatant was then discarded and 300 μl of 70% ethanol 

was added and inverted several times to wash the DNA pellet followed by centrifugation 

of 1 minute at 14.000 x g. Supernatant was again discarded and pellet air dried for 5 

minutes. 20 μl of DNA Hydration Solution was then added and vortexed for 5 sec at 

medium speed. The mix was then incubated at 65°C for 1 hour to dissolve the DNA 

followed by an incubation overnight at room temperature with gentle shaking. The DNA 

was then centrifuged briefly and stored at -20°C. 

Oligo preparation for TeSLA PCR 

40µl of each adapter (100µM p22TA and p22AT) was combined with 40µl of TeSLA 

ADR1 C3S (100µM) and 20µl of 5x STE buffer (50mM Tris pH 8.0, 250mM NaCl, 5mM 

EDTA) and incubated in a thermocycler at 95 ºC for 5 min and brought gradually to 25 

ºC using the ramp option (0.1 ºC down/s). These pre-annealed 40µM stock Oligos were 

then stored at -20 ºC until further use. Also, Telo 1,2,3,4,5 and 6 were combined to 

make for 10nm of each single Telo component.  

gDNA was quantitated using the Qubit fluorometer and the dsDNA BR assay kit 

(Invitrogen) but no DNA could be detected anymore, very likely due to long shipping 

times. Therefore, the maximum amount of 17 µl of input was used from the TILUC 

samples. Sample was mixed with 2µl of 10x CutSmart Buffer (New England Biolabs), 

2µl of 10 mM ATP (New England Biolabs), 1µl of 10nM Telo 1-6 and 0.5µl of T4 ligase 

(New England Biolabs, 2000000 units/ml).  Mixture was subjected to 35 ºC on the 

thermocycler overnight.  

 

Oligos for telomeric DNA ligation  
TeSLA Telo 1 ACTG GCC ACG TGT TTT GAT CGA CCC TAA C 
TeSLA Telo 2  ACTG GCC ACG TGT TTT GAT CGA TAA CCC T 
TeSLA Telo 3  ACTG GCC ACG TGT TTT GAT CGA CCT AAC C 
TeSLA Telo 4  ACTG GCC ACG TGT TTT GAT CGA CTA ACC C 
TeSLA Telo 5  ACTG GCC ACG TGT TTT GAT CGA AAC CCT A 
TeSLA Telo 6  ACTG GCC ACG TGT TTT GAT CGA ACC CTA A 
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Oligos for Subtelomeric DNA ligation 
TeSLA ADR1 C3S GGT TAC TTT GTA AGC CTG TC 
TeSLA P22 TA TA GAC AGG CTT ACA AAG TAA CCA TGG TGG AGA ATT 

CTG TCG TCT TCA CGC TAC ATT 
TeSLA P22 AT AT GAC AGG CTT ACA AAG TAA CCA TGG TGG AGA ATT 

CTG TCG TCT TCA CGC TAC ATT 
 
Oligos for TeSLA PCR 
TeSLA Adapter TGT AGC GTG AAG ACG ACA GAA 
TeSLA TP TGG CCA CGT GTT TTG ATC GA 
 
On day one, DNA was diluted to 10ng/uL in 10uM Tris (pH 8) and the following mixture 

of 20 µl of 5 µl DNA (10ng/ µl), 2 µl 10X CutSmart Buffer (New England Biolabs), 2 µl 

10mM ATP (New England Biolabs), 1 µl Telo 1-6, 0.5 µl T4 ligase (New England Biolabs 

2000000 units/ml) and 9.5 µl ddH2O was prepared and incubated overnight at 35 °C. 

On the second day the reaction from day one was subjected to 65℃ for 10 min to 

inactivate enzymes. Then reaction of day one (20 µl) was mixed with 1 µl 10X CutSmart 

Buffer, 0.2 µl CviAII (New England Biolabs 10000units/ml) and 8.8 µl ddH2O and 

incubated at 25℃ for 2 hours. Afterwards 1 µl 10X CutSmart Buffer, 0.2 µl MseI (New 

England Biolabs 10000 units/ml,), 0.1 µl NdeI (New England Biolabs 20000 units/ml), 

0.2 µl BfaI (New England Biolabs 10000 units/ml) and 8.5 µl ddH2O was added to the 

reaction and incubated at 37℃ for 2 hours. Reaction from previous step (40 µl) was 

then mixed with 1 µl 10X CutSmart Buffer, 1 µl rSAP (New England Biolabs 1000 

units/ml) and 8 µl ddH2O and incubated at 37℃ for 1 hour, then heated to 80℃ for 20 

min and then gradually reduced temperature to be room temperature. Then 10 µl of the 

previous reaction (1 ng DNA/ µl) was mixed with 5 µl ddH2O, 1 µl 10X CutSmart Buffer, 

2 µl 10 mM ATP, 0.5 µl AT adapter (40 µM), 0.5 µl TA adapter (40 µM) and 0.5 µl T4 

ligase which was incubated overnight at 16°C. On day three the reaction from day two 

was incubated at 65℃ for 10 min. Then reaction from was diluted to be 10 pg DNA/ µl 

(50X dilution) = 4 uL of ligation into 196 uL ddH2O. The rest of the ligation was stored 

at -20ºC. Then a PCR containing 2 µl DNA (10 pg/µl), 12.5 µl 2X Mix H (epicenter), 0.5 

µl Adapter (10 µM), 0.5 µl TeSLA TP (10 µM), 0.5 µl FailSafe polymerase (epicenter) 

and 9 µl ddH2O was then set up and subjected to a hot start, followed by 94 °C for 2 
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min, and 26 cycles of 94 °C 15 sec, 60 °C 30 sec, 72 °C 10 min. This was followed with 

72 °C for 15 minutes. An illustration of the assay is given in Figure 6. 

After PCR, a 0.85% gel (SeaKem LE-Agarose) using 1xTAE was prepared and 

Southern blotting performed using telomere probe. In Figure 6 an overview of the 

principle of the TeSLA assay is given. 

 

 
 

Figure 6: Illustration of the TeSLA assay. Image was created in MS Visio Professional 2013. 

 
The entire sample (25µl plus 6x Orange-G loading dye) was loaded plus DNA Molecular 

weight marker II (0.12-23.1kbp, λDNA HinIII digested). Gel was run in 1xTAE buffer 

overnight at 30 V.  
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The next day the gel was soaked in depurination solution (0.25 M HDl) for 10 minutes, 

2x15 minutes in denaturation solution (1.5 M NaCl; 0.5 M NaOH) and 2x15 minutes in 

neutralization solution (1 M Tris 7.4; 1.5 M NaCl). After the washing steps the gel was 

blotted onto a positively charged nylon transfer membrane (#RPN203B) overnight and 

crosslinked at 120 mJ/cm². The membrane was hydrated in miliQ H20 and then 

equilibrated in 20xSSC buffer. In Figure 7 the set-up of the blot is illustrated. 

 

 

 
 

Figure 7: Illustration of southern blot. Image was created with MS Visio Professional 2013. 
 
 
The membrane was subjected to prehybridization buffer (5x SSC, 0.1% sarkosyl, 

0.04% SDS) for 1-2 hours at 65 °C and then hybridized with DIG-TelG probe (1.3 nM 

final concentration in prehybridization buffer) overnight at 65 °C. Furthermore, it  was 

then washed 3x15 min at RT using wash buffer 1 (2xSSC; 0.1% SDS), 1x15 min with 

wash buffer 2 (2xSSC). Then membrane was incubated in blocking solution (Roche) at 

RT for 30 min to prehybridize. Anti-DIG-AP antibody (Roche) was added to fresh 

blocking solution and membrane was incubated at RT for 30 min. then developed using 

CDP-star ready to use (Roche) and visualized in a Syngene G-Box imager and 

analysed using TeSLA-Quant Software which automatically quantifies TeSLA Southern 

blot images and generates statistical outcomes as can be seen in Figure 8.  
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Figure 8: TeSLA assay on IMR90hpvE6E7 PD 65.4. The average TL is 1.83 kb with the ratio of shortest telomere 
below 1.0 kb being 38.89%. The shortest 20% telomere threshold is 0.65 kb. Image was created with TeSLA-Quant 
Software.  

 

3.4 TERT mRNA expression  

RNA was isolated using the PAXgene Blood RNA Kit (Quiagen) according to user’s 

manual. Before starting the procedure, the PAXgene tube which was stored at -20 ºC 

was thawed at room temperature for two hours. 

Purification initiates by subjecting the contents of the PAXgene Blood RNA Tube to 

centrifugation (10 minutes at 4000g), causing nucleic acids to form a pellet. This pellet 

undergoes a washing and resuspension process, followed by incubation in optimized 

buffers containing proteinase K. This enzymatic treatment facilitates protein digestion. 

Subsequently, a supplementary centrifugation utilizing the PAXgene Shredder spin 

column is performed to standardize the cell lysate and eliminate any lingering cellular 

debris. The resulting supernatant from this process was carefully transferred to a fresh 

microcentrifuge tube. To fine-tune the binding conditions, ethanol is introduced. The 

lysate is then introduced to a PAXgene RNA spin column. During a brief centrifugation 

step, RNA selectively adheres to the PAXgene silica membrane, while impurities 
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proceed through. To eliminate residual contaminants, a sequence of efficient washing 

steps was executed. Between the initial and subsequent washing steps, the membrane 

undergoes DNase I treatment to eradicate trace amounts of bound DNA. After the 

washing procedure, RNA is released using an elution buffer and then subjected to heat-

induced denaturation. 

Afterwards the mRNA got transcribed into complementary DNA with Quanti-Tect 

Reverse Transcription Kit (Qiagen).  

After the RNA purification process, a brief incubation in genomic DNA (gDNA) Wipeout 

Buffer (2 minutes, 42º Celsius) was carried out to efficiently eliminate any contaminating 

genomic DNA. The resulting RNA sample was directly employed in reverse 

transcription. This involves utilizing a master mix composed of Quantiscript Reverse 

Transcriptase (RT), Quantiscript RT Buffer, and RT Primer Mix. The unique capabilities 

of Quantiscript Reverse Transcriptase enable transcription to occur at lower 

temperatures, accommodating complex secondary structures within the RNA molecule 

and thereby preserving its integrity. This entire reaction unfolds at a consistent 

temperature of 42°C (15 minutes), followed by inactivation at 95°C (3 minutes) 

(visualized in Figure 9). Samples of cDNA were then stored at -20º Celsius until further 

use. 

 
Figure 9: Overview of QuantiTect Reverse Transcription Procedure. Image created with Microsoft PowerPoint. 

 
Finally, mRNA expression of TERT was analyzed with qPCR analysis using TaqMan 

probes (Life Technologies). The instrument used for the expression analysis was the 

The LightCycler® 480 System (Roche Diagnostics). Finally, the ΔΔCT method (with 

GAPDH as a reference gene), was used to determine the expression level. The 

following oligonucleotides were used: 

GAPDH: 5’ -CACCTAGACAAGGATGCAGAG-3’ 

TERT: 5′-ATCGAGCAGAGCATCTCCATGAATG-3′ 
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3.5 Telomerase activity  

3.5.1 TRAP qPCR 

To measure telomerase activity, I used the Telomeric-repeat-amplification-protocol 

(TRAP) in combination with quantitative real-time PCR. This assay was already 

established at the Institute and is based on the protocol of Skvortsov et al. [189]. 

The process of telomeric repeat amplification protocol can be segmented into three 

primary phases: primer elongation, amplification of DNA synthesized by telomerase, 

and lastly, its detection. During the elongation phase, telomeric repeats are attached to 

an oligonucleotide that mimics the telomere structure (TS) by the telomerase enzyme 

present in the cell extract. Subsequently, DNA synthesized by telomerase is amplified 

through PCR using specialized primers (ACX) (visualized in 

Figure 10). 

 

 

 
Figure 10: Illustration of TRAP. The first step of the assay is elongation of telomeric repeats (1) which is followed by 
the amplification of the synthesized DNA (2). Image was created with MS Visio Professional 2013. 
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Preparation of protein extract for telomerase expression measurement 
Isolated T-cells were pelleted at 2000 x g for five minutes and supernatant was 

discarded. Cells were then resuspended in 20 µl 1x CHAPS (Alfa Aeser #J60812) + 

SUPERase (Thermo Fisher AM2694), (100Units/ml), vortexed briefly and incubated on 

ice for 30 minutes. Immediately after, cells were centrifuged at 16 000 x g for 20 minutes 

at 4° C. Supernatant was then used for measuring telomerase activity. The rest was 

stored at -80 °C until further use. 

In more detail, pool protein extracts from healthy donor cells for the standard curve was 

diluted with 1x Chaps buffer as follows: 

1) 1:5    8 µl Plasma-pool  + 32 µl Chaps 

2) 1:10    20 µl Standard 1  + 20 µl Chaps 

3) 1:20    20 µl Standard 2  + 20 µl Chaps 

4) 1:40    20 µl Standard 3  + 20 µl Chaps 

5) 1:80    20 µl Standard 4  + 20 µl Chaps 
6) 1:160    20 µl Standard 5  + 20 µl Chaps 

7) 1:320    20 µl Standard 6  + 20 µl Chaps 

8) 1:640    20 µl Standard 7  + 20 µl Chaps 

9) 1:1280   20 µl Standard 8  + 20 µl Chaps 

10)  Only Chaps butter – negative control 

Standard 3 to 10 were used since we were expecting low expression values in T-

cells. 

 

Each reaction contained 10 µl Universal Mastermix (UMM 2x), 5.6 µl ddH20, 2 µl 

Sybergreen (10x), 0.2 µl TS (100 µm), 0.2 µl ACX (100 µm), 2 µl Protein extract.  

The thermal cycling profile was 30 min at 25 °C, 10 min at 95 °C followed by 40 cycles 

of 15 sec at 95 °C and 30 sec at 55 °C and 60 sec at 72 °C including fluorescence data 

collection.  

All measurements were done in duplicates. Protein extracts were not diluted due to the 

expected low expression of telomerase in T-cells. 
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3.5.2 Droplet digital telomere repeat amplification protocol (ddTRAP) 

The droplet digital telomere repeat amplification protocol (ddTRAP) was developed by 

Dr. Andrew T. Ludlow and the method described is based on his protocol [190]. 

Since this method is supposed to have increased sensitivity and repeatability compared 

to the basic TRAP assay and we were dealing with aliquots of 105 cells with an expected 

low expression of telomerase, we decided to implement this assay. 

I had the opportunity to visit the lab of Dr. Steven Smith at the Konrad-Lorenz-Institute 

in Vienna where the method was well established. I took samples (T cells, 105 aliquots) 

with me to analyze them on site in their lab.  

First, cell aliquots were lysed by adding 40µl NP40 lysis buffer (10 mM Tris-HCl, pH 

8.0; 1 mM MgCl2; 1 mM EDTA; 1% (vol/vol) NP-40; 25 mM sodium deoxycholate; 10% 

(vol/vol) glycerol; 150 mM NaCl; 5 mM ß-mercaptoethanol; 0.1 mM AEBSF (4-(2-

Aminoethyl)benzenesulfonyl fluoride hydrochloride)) to the cells and incubated on ice 

for 40 minutes. Extension reaction was prepared on ice as follows: 5 µl of 10xTRAP 

buffer (200 mM Tris-HCl, pH 8.3; 15 mM MgCl2; 630 mM KCl; 0.5% Tween 20; 10 mM 

EGTA) was mixed with 36.6 µl DEPC-treated (Diethylpyrocarbonate) dH2O (Ambion), 

0.4 µl of 50 mg/mL BSA (Sigma), 1 µl TS Primer (10 μM), 5 µl of 2.5 mM dNTPs and 1 

µl cell lysate. The thermal cycling profile was 40 min at 25 °C followed by 5 min at 95 

°C and sample was then held on 12 °C. As a positive control HeLA cells (New England 

Bio Labs) were used. The ddPCR was set up at room temperature as follows: 10 µl of 

2x Evagreen ddPCR Super Mix v2.0 (Bio-Rad) were mixed with 0.1 µl of 10 µM TS 

primer, 0.1 µl of 10 µM ACX primer, 2 µl of extension product from previous reaction 

and 7.8 µl DEPC-treated dH2O. For droplet generation whole sample (20 µl) was loaded 

onto cartridge of the droplet generator (DG8 Bio-Rad 186–3008). Then 60 µl of droplet 

generation oil (Bio-Rad 186–3005) was added to the oil chamber. Then the droplet 

cartridge gasket (Bio-Rad 186–3009) was placed on the cartridge and then put into the 

droplet generator. After droplets were generated, samples were gently transferred to 

new PCR tubes (96 well plate), sealed with foil (Bio-Rad) using the Bio-Rad plate sealer 

(PX1 PCR plate sealer) and placed in the thermocycler (Bio-Rad T100). The cycling 

profile was 95 °C for 5 min (activation of hot-start polymerase), followed by 40 cycles 

of 95 °C for 30 sec, 54 °C for 30 sec, 72 °C for 30 sec. Then the sample was subjected 
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to 4 °C for 5 min, 90 °C for 5 min (to stabilize the droplets) and then held on 12 °C. 

Ramp rate was set for 2.5 °C/sec in between all steps to allow sample to evenly reach 

required temperature. Plate was then transferred into the droplet reader (Bio-Rad 

QX150/200). Program for absolute quantification and dye type FAM/Vic (for ddTRAP) 

was chosen.  

Regarding data analysis, at least 10.000 droplets should be generated for reliable 

results. The threshold should be set above 2000 fluorescent units above the negative 

droplet line. Background noise has to be subtracted from samples using the negative 

control. After background correction for the value of molecules per microliter (given by 

the Quantasoftware) one has to multiply this value by 20 (PCR volume) and then 

divided by 50 (number of cell equivalents used for extension reaction). See Figure 11 

for a simple overview of the workflow. 

 

Following primers were used in this assay: 

TS Primer:  5’-AATCCGTCGAGCAGAGTT-3’ 

ACX Primer:  5’-GCGCGGCTTACCCTTACCCTTACCCTAACC-3’ 

 
 
 
 
  

 
  
Figure 11: ddTRAP workflow. First, cells were lysed, then telomerase extension products were generated, followed 
by generation of droplets, the PCR and the readout of the droplets. Image created with Microsoft PowerPoint. 
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3.6 Single nucleotide polymorphism analysis  

 
According to previous literature the KIMCL lab established the method with the 

following SNPs (Table 1) which I also used in the TILUC study [191, 192, 193]. The 

method and tables are based on and can be found in more detail in the bachelor thesis 

of Viktoria Topler “Leukozyten-Telomerlänge als prognostischer Marker für das 

Prostatakarzinom” [194]. 

 
Table 1: SNP identity, location on the chromosome, name of gene, nucleotide exchange and allele for elongation. 

No SNP Identity 
(ID) 

Chromosome Location Gene Nucleotide 
exchange 

Allele for 
elongation 

1 rs11125529 2 54475866 ACYP2 C>A A 

2 rs6772228 3 58376019 PXK T>A T 

3 rs12696304 3 169492101 TERC C>G C 

4 rs10936601 3 169528449 TERC C>T C 

5 rs7675998 4 164007820 NAF1 A>G G 

6 rs2736100 5 1286516 TERT C>A C 

7 rs9420907 10 105676465 OBFC1 C>A C 

8 rs4387287 10 105677897 OBFC1 A>C A 

9 rs3027234 17 8136092 CTC1 C>T C 

10 rs8105767 19 22215441 ZNF208 A>G G 

11 rs412658 19 22359440 ZNF676 C>T T 

12 rs6028466 20 38129002 DHX35 G>A A 

13 rs755017 20 62421622 ZBTB46 A>G G 

 
For each patient, 13 SNPs were determined by PCR using TaqMan probes. The SNPs 

were determined in separate assays and thus a separate assay mix was required for 

each SNP examined. The assay mixes were manufactured by Thermo Fisher. They 

each consist of two different probes, a forward primer and a reverse primer. More 

detailed information on the assay IDs and the analyzed gene sequences can be 

obtained from Table 2. The allele to which the VIC-labeled probe binds is listed first in 

the parenthesis, and the allele to which the FAM-labeled probe binds is listed second. 

 



 
 

36 
 

Table 2:  Assay ID´s and DNA sequences (from Thermo Fisher Scientific) 

No Assay ID Context Sequence [VIC/FAM] 

1 C___1166977_10 GAAGAAAAGAAGATGACTAAAACAT[A/C]ATCTTGGCCCTTGAA
GAACTTAAAA 

2 C__31685604_10 AATATTTTATATAACCATGGCACAT[A/T]TATCAAAACTAGAAGT
GAATATTAG 

3 C____407063_10 GCGATCTTAGATCACCTTGAGTAAA[C/G]TGAGGCTTACTGAAG
CTGAGCTACT 

4 C_____29091_30 GAATAGGTCTTATTATCAAGTAAGT[C/T]TGAGAAGTACTAAAAT
AAACAAAAC 

5 C__11248528_10 TTGTTAAATAAATAAATAAATAAAT[A/G]ACTGATGTGTAAGTGC
ATTCTTAAA 

6 C___1844009_10 GAAAAGCAGGGCGGGGGCAAAGCTA[A/C]AGAAACACTCAACA
CGGAAAACAAT 

7 C___2818534_10 CTATTTGTGAATTATTACACAGCTA[A/C]GTGAATTATTTAAATC
CACCCCAAA 

8 C___2818531_10 GCCGCCTGCAGCTCCAGGAGCCCTG[A/C]GACCTGGCCCTTCC
GGCGCTCGGAG 

9 C__15770320_10 GTTCTCTGCCTGCCATACAAGTCTC[C/T]CAGAAGTTGTTGATT
GACATGTGTC 

10 C___8169004_30 CAGAGAGTTACATCACCTGGGTATC[A/G]GACTCAGCTACATGT
CAAAATGGCC 

11 C__11463190_10 TTTTGTTTCCTAGTAAATTAGACAT[C/T]TTATTAAATGCTTTGTG
GTTTCAAT 

12 C__30071974_10 CTATAAAAGAGTCAAAAGCAGATAC[A/G]TGTGTCAAGGATGAA
CAGAAAGGCT 

13 C____993807_20 CCAGCCACGGGGAGATGCTCCTCCC[A/G]GCCATCACGGCCG
AGATGAGAGCTT 

 

Each reaction contained 5 µl of 2x PerfeCTa® qPCR SuperMix (Quantabio, MgCl2, 

dNTPs, AccuStart Taq DNA-Polymerase), 0,25 µl Assay Mix (40x), 2,75 µl ddH20 and 

2 µl sample DNA. The thermal cycling profile was 1 min at 95 °C followed by 40 cycles 

of 10 sec at 95 °C, 30 sec at 60 °C. The reaction was then kept at 8° C. Afterwards, 

fluorescent signals (VIC and FAM) were detected using the Flex Station 3 Microplate 

Reader (Molecular Devices).  

The evaluation of the data was done by their representation in a scatterplot, which 

allowed an assignment to the genotype. Assuming a base exchange from A to G due 

to a SNP, a patient can either be homozygous for allele A, homozygous for allele G or 

heterozygous. Since the probes used are designed to be allele specific, this is also 
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reflected in the fluorescence signals detected. Assuming the probe for allele A is 

labeled with the fluorescent dye VIC and the probe for allele G is labeled with the 

fluorescent dye FAM, a lot of fluorescent signal from VIC will be detected in the sample 

of a patient who is homozygous for allele A. The fluorescence signal from VIC will be 

very high. In the sample from a patient who is heterozygous, fluorescent signal from 

both VIC and FAM will be detected. However, these will not be as strong as in patients 

with a homozygous genotype. When the measured fluorescence signals are plotted on 

a scatterplot, three clusters are obtained corresponding to the three possible 

genotypes. Negative controls were included in each analysis. These should not fall into 

any of the three clusters. If the negative controls were not assignable to any cluster, 

the results could be analyzed. Genotype-associated telomere lengthening was taken 

from previously published genome wide association studies (195,196,197,198). From 

these, an estimate of telomere elongation in kbp per presence of the associated allele, 

referred hereafter to as beta, is obtained. The values for beta are illustrated in Table 3. 

 
Table 3: Genetic variants associated with TL as reported in prior genome wide association studies. 

No SNP ID Beta in kbp 
1 rs11125529 0,065 
2 rs6772228 0,041 
3 rs12696304 0,100 
4 rs10936601 0,087 
5 rs7675998 0,048 
6 rs2736100 0,085 
7 rs9420907 0,142 
8 rs4387287 0,120 
9 rs3027234 0,103 
10 rs8105767 0,064 
11 rs412658 0,086 
12 rs6028466 0,058 
13 rs755017 0,019 

 

Beta was multiplied by the number of elongating alleles possessed by the patient. For 

a homozygous genotype (for an allele associated with telomere elongation), beta was 

multiplied with a factor of 2. For a heterozygous genotype (for an allele associated with 

telomere elongation), beta was multiplied with a factor of 1. If the allele was not present 
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at all, beta was multiplied by a factor of 0. This was done for all 13 SNPs analyzed. The 

genetic telomere score is the cumulative result of all 13 SNPs. 

3.7 Statistical analysis 

IBM SPSS statistics 28 software (IBM) was used for statistical analyses. Overall 

survival (OS) was defined as the time between the date of diagnosis and the date of 

death from any cause, estimated using the Kaplan-Meier method and compared by the 

logrank test. The Cox proportional hazards regression model was used to estimate 

hazard ratio (HR) and to determine 95% confidence intervals (CI). The criterion for 

statistical significance was p < 0.05. Correlation analysis was done using linear 

regression analysis. 
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4 Results 

4.1 Telomere length (TeSLA assay, qPCR) 

I established the TeSLA assay at the Salk Institute for Biological Studies and before 

having the TILUC samples as planned, shipped from the Clinical Institute of Medical 

and Chemical Laboratory Diagnostics (KIMCL) lab in Graz I tried using as little as 105 

cells to make sure the assay will work on the probes. However, the amount of DNA in 

the T cell aliquots of 105 cells isolated was lower than expected. See Table 4. 

 
Table 4: Values for DNA isolated and measured in T-cells at the KIMCL lab. 

Sample ng/µl ng/µl mean 
1a 0.239 0,144 0.192 
2a 0.020 0,268 0.144 

 

Although I was not able to detect any DNA when samples arrived at the Salk Institute, 

I anyway tried to analyze the samples with the TeSLA method with the highest sample 

input possible for the assay which was 17 µl in the first PCR reaction. Unfortunately, 

the amount of DNA in the T cell samples were too low since no bands were detected 

(See Figure 12). I also tried using various input amounts plus varying input of sample 

in the final PCR before running the gel but with no success. The recommended input 

for the assay is 50 ng of DNA compared to 3.3 ng (0.192 ng times 17 µl) I had for 

sample 1a.  
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Figure 12: TeSLA assay on positive control (U2OS) and TILUC samples. Number 4: T cell sample 1a, Number 5: T 
cell sample 2a. 

 
We then decided to analyze telomere length with the qPCR method which worked out. 

See Table 5 for values of average telomere length results, and Figure 13 for a 

representation of the range of relative TL that was measured. Before therapy initiation, 

TL in 34 samples could be determined. At the first follow-up, second follow-up, third 

follow-up and fourth follow-up, it was 26 samples, 18 samples, 12 samples and 6 

samples that were measured, respectively. 
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Table 5:  relative T/S values for telomere length using qPCR method. 

 T/S at various timepoints 
PATIENT NO a b c d e 

1 0.734 0.599 0.522 0.571 0.701 
2 0.505 0.725 0.620 0.545 1.020 
3 0.546 0.601 0.586 0.622 0.416 
4 0.571 0.694 0.672 

  

5 0.543 0.707 0.389 0.850 0.335 
6 0.588 0.641 

   

7 0.658 
    

8 0.632 0.785 0.510 0.631 0.254 
9 0.673 

    

10 0.721 0.719 
   

11 0.679 
    

12 0.643 0.460 0.601 0.647 
 

13 0.727 0.706 0.719 
  

14 0.494 0.600 0.875 
  

15 
 

0.646 
   

16 0.401 0.396 
   

17 0.681 
    

18 0.433 
    

19 0.500 
    

20 0.576 0.531 0.668 0.281 
 

21 0.490 0.460 0.535 0.395 
 

22 0.634 0.595 0.607 0.598 0.279 
23 

     

24 0.613 0.587 
   

25 0.547 
    

26 0.615 
    

27 0.867 0.743 
   

28 0.782 0.788 0.433 0.580 
 

29 1.464 1.048 1.653 1.144 
 

30 0.604 0.534 0.387 
  

31 0.440 0.395 0.301 
  

32 0.592 
    

33 0.555 0.527 
   

34 0.486 0.435 0.486 0.346 
 

35 0.535 0.398 
   

36 0.405 0.384 0.448 
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Figure 13: Relative telomere length (t/s ratio) for all patients and all time points measured using qPCR. 
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A correlation analysis (Figure 14) showed that relative TL at baseline is significantly 

correlated with relative TL at follow-up of the same patient. In Figure 15 one can see 

that according to our data there is no statistically significant correlation between relative 

TL and age in females or males. 

 

 
Figure 14: Scatterplot showing the correlation between relative TL at baseline and relative TL at first follow-up 
considering all patients. 

 

 
Figure 15: Scatterplot showing the correlation between relative TL (y-axis) and age (x-axis) in males and females. 
(A) Correlation of relative TL at baseline and age in men. (B) Correlation of relative TL at follow-up 1 and age in 
men. (C) Correlation of relative TL at baseline and age in women. (D) Correlation of relative TL at follow-up 1 and 
age in women. 
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4.2 Single nucleotide polymorphism analysis and relative telomere 
length 

To determine whether there is a correlation between the relative telomere length and 

the SNP score, I did a Pearson correlation analysis. In Figure 16, a scatterplot including 

linear regression analysis can be seen for the complete study cohort. No significant 

relationship was found between relative TL before initiation of therapy (baseline, Figure 

16A) or relative TL after initiation of therapy (follow-up, Figure 16B) and the SNP score. 

 

 
Figure 16: Correlation analysis between relative TL and SNP score considering all patients. (A) In the first graphic 
TL before initiation of therapy (baseline) is considered (x-axis). On the y-axis the SNP score is displayed. (B) In the 
second graphic TL after initiation of therapy (follow-up 1) is considered.  

 

 

4.3 Telomerase activity (ddTRAP and qPCR) 

Although having been trained by experts using the ddTRAP assay and successfully 

establishing it in the KIMCL lab, it seems that there was not enough telomerase activity 

in T cells of the TILUC study for it to be detected. A representative image of the ddTRAP 

assay is depicted in Figure 17. Various troubleshooting was done to make sure it was 

not a technical problem. We tried not only different amounts of input of cell-lysates but 

also using different types of lysis buffer (NP-40 as described in the original protocol by 

Ludlow et al. and Chaps lysis buffer (100mM Tris-HCl pH 7.4, 220mM NaCl, 10mM 

EDTA, 2% Chaps)). We then decided to try the qPCR approach anyway, if anything 

just to verify that there is definitely no telomerase activity in these samples. Indeed, we 

couldn’t detect any activity with TRAP qPCR either. 
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Figure 17: Representative image of ddTRAP results on A549 cell line and PBMCs. Sample 1: 250.000 cells (20.980 
droplets), Sample 2: 1:2 dilution of sample 1 (20.726 droplets), Sample 3: 1:4 dilution of sample 2 (21.145 droplets), 
4-7: 100.000 cells (PBMCs) in each sample, 8: neg control. The amplitude is the detected fluorescence for every 
droplet in the assay. 

 

4.4 Patients Characteristics 

We decided to analyze the complete study group and a subgroup of patients that all 

got Pembrolizumab as ICB regimen to get a more homogeneous cohort. 

 

Complete study group 
Baseline relative telomere length (TL0) was successfully measured in 34 (97 %) 

patients and follow-up after initiation of therapy (TL1) in 26 (74 %). For the 

measurements that are missing, either not enough DNA was available, or the patient 

deceased during follow-up before another blood sample could be taken. Characteristics 

of patients are shown in Table 6. All subjects were diagnosed with non-small cell lung 

cancer. Follow-up time was 24 months and 25 (71 %) patients died during that time. 

The study cohort consisted of 20 men (57 %) and 15 women (43 %). 24 patients 
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received Pembrolizumab, 5 patients Nivolumab, 3 patients Atezolizumab and 3 patients 

Durvalamab as ICB regimen for the first time. In 20 patients PDL-1 expression was 

higher than 50 % and in 15 patients the expression was lower than 50 %. 

 
Table 6: Patients characteristics of complete study cohort. No, number; NSCLC, non-small cell lung cancer; ICI, 
immune checkpoint inhibitor. 

Parameter Study Cohort 
Cancer patients, no. 35 
Age at diagnosis (median and range) 63 (44-81) 
Gender [%]  
   male 57 
   female 43 
PDL-1 Expression, no.  
   <50% 15 
   ≥50% 20 
ICB regimen [%]  
   Pemprolizumab 24 
   Nivolumab 5 
   Others (e.g Atezolumab, Durvalamab) 6 
Histology  
   Adenocarcinoma 25 
   Squamous cell carcinoma 10 
Deceased during follow-up [%]  
   Yes 71 
   No 29 
 
 
Study group receiving Pembrolizumab as ICB regimen 
Baseline relative telomere length (TL0) was successfully measured in 22 (92 %) 

patients and follow-up after initiation of therapy (TL1) in 18 (75 %). For the 

measurements that are missing, either not enough DNA was available, or the patient 

deceased during follow-up before another blood sample could be taken. Characteristics 

of patients are shown in Table 7. All subjects were diagnosed with non-small cell lung 

cancer. Follow-up time was 24 months and 16 (67 %) patients died during that time. 

The study cohort consisted of 15 men (62 %) and 9 women (38 %), and everyone 

received Pembrolizumab as ICB regimen for the first time. In 16 patients PDL-1 
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expression was higher than 50 % and in 8 patients the expression was lower than 50 

%. 
 
Table 7: Patients characteristics of cohort receiving Pembrolizumab. No, number; NSCLC, non-small cell lung 
cancer; ICB, immune checkpoint inhibitor. 

Parameter Study Cohort 
Cancer patients, no. 24 
Age at diagnosis (median and range) 63 (44-81) 
Gender [%]  
   male 62 
   female 38  
PDL-1 Expression, no.  
   <50% 8 
   ≥50% 16 
ICB regimen [%]  
   Pemprolizumab 100 
Histology, no.  
   Adenocarcinoma 17 
   Squamous cell carcinoma 7 
Deceased during follow-up [%]  
   Yes 67 
   No 33 

 

4.5 Kaplan-Meier survival and Cox-regression analysis 

4.5.1 Telomere length in T cells and SNP score 

Complete study group (Kaplan-Meier survival curve) 
Due to our relatively small study cohort, we use the median as cut-off value in the 

Kaplan-Meier analysis, therefore two groups of roughly the same size are compared. 

When using the median TL1 (0.599) as a cut-off value in the Kaplan-Meier analysis, we 

observed a (non-significant) trend (p= 0.088) of an impaired OS in patients with a TL 

shorter than the cut-off value (Figure 18B). The median overall survival in these patients 

was 12 months. The same trend could not be seen in telomere length measurement at 

baseline before initiation of treatment, where the median survival time was estimated 

to be nine and 12 months for patients with short or long telomeres respectively (Figure 
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18A). In the follow-up measurements two (p= 0.333) and three (p= 0.377), no significant 

difference in survival was found. Furthermore, no significant difference can be seen in 

survival when analyzing men (p= 0.661) and women (p= 0.825) separately (See Figure 

19). 

 

 
Figure 18: Kaplan-Meier curves of survival considering TL for all patients. Probability of survival is depicted in relation 
to the course of time. Subjects were divided into two groups based on the median of TL. (A) In the first graphic, TL 
at baseline is considered, a relative TL of 0.588 (median) was taken for the cut-off value, resulting in 18 subjects in 
the group of shorter telomeres and 15 subjects in the group of longer telomeres. (B) In the second graphic, the first 
measurement after therapy initiation is considered, a relative TL of 0.599 (median) was taken for the cut-off value, 
resulting in 13 subjects in the group of shorter telomeres and 13 subjects in the group of longer telomeres. (C) The 
second follow-up measurement after therapy initiation is considered, a relative TL of 0.561 (median) was taken for 
the cut-off value, resulting in 9 subjects in each group. (D) The third follow-up measurement after therapy initiation 
is considered, a relative TL  of 0.589 (median) was taken for the cut-off value, resulting in 6 subjects in each group. 
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Figure 19: Kaplan-Meier curves of survival considering TL at baseline considering all patients for women and men 
separately. Probability of survival is depicted in relation to the course of time. Subjects were divided into two groups 
based on the median of TL. (A) In the first graphic, the TL  at baseline for men is considered, a relative TL of 0.614 
(median) was taken for the cut-off value, resulting in 9 subjects in each group. (B) In the second graphic, the TL at 
baseline for women is considered, a relative TL of 0.543 (median) was taken for the cut-off value, resulting in 8 
subjects in each group. 
 
Study group receiving Pembrolizumab as ICB regimen (Kaplan-Meier survival 
curve) 
Due to our relatively small study cohort, we use the median as cut-off value in the 

Kaplan-Meier analysis, therefore two groups of roughly the same size are compared. 

When using the median TL1 (0.597) as a cut-off value in the Kaplan-Meier analysis, we 

observed a (non-significant) trend (p= 0.065) of an impaired OS in patients with a TL 

shorter than the cut-off value (Figure 20B). The median overall survival in these patients 

was nine months. Since only two patients survived, no value for median overall survival 

time was given by the statistical software SPSS. The same trend could not be seen in 

telomere length measurement at baseline before initiation of treatment, where the 

median survival time was estimated to be six and 14 months for patients with short or 

long telomeres respectively (Figure 20A). Of note, correlation analysis between TL0 

and TL1 turned out to be statistically significant (p = 0.001).  
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Figure 20: Kaplan-Meier curves of survival considering TL for patients receiving Pembrolizumab as ICB regimen 
only. Probability of survival is depicted in relation to the course of time. Subjects were divided into two groups based 
on the median of TL. (A) In the first graphic, the TL  at baseline (TL0) is considered, a relative telomere length of 
0.563 (median) was taken for the cut-off value, resulting in 11 subjects in each group. (B) In the second graphic, the 
second measurement after therapy start is considered, a relative TL of 0.597 (median) was taken for the cut-off 
value, resulting in 10 subjects in the group of shorter telomeres and 8 subjects in the group of longer telomeres. 

 
 
Complete study group (Cox regression analysis) 
The univariate Cox regression analyses for TL1 (median) did show a similar trend like 

in the Kaplan-Meier curve (HR: 0.441, 95% CI: (0.163-1.197), p = 0.108) (Table 8). 

However, when including other parameters of prognostic relevance in univariate 

analysis into a multivariate Cox-regression analysis (Sex, age at diagnosis and PDL-1 

expression), the prognostic role of TL1 was found to be in part dependent of these 

confounders (HR: 0.519, 95% CI: (0.149-1.805), p = 0.302). A reasonable explanation 

for this might also be our small study cohort. Although patients with Adenocarcinoma 

seemed to have a 120% higher risk of mortality compared to people with squamous 

cell carcinoma, the hazard ratio for TL1 changed only from 0.441 to 0.519 in univariate 

compared to multivariate Cox regression analysis, respectively (Table 8). Furthermore, 

although not statistically significant, ΔTL (the change of TL0 to TL1) seemed to have 

no prognostic relevance according to our data (HR: 1.000, 95% CI: 1.000-1.001, p = 

0.773). The SNP-score itself does not seem to have a statistically significant effect on 

survival on its own but in multivariate Cox regression when including TL1 (follow-up) 

the p-value changes from p=0.108 to p=0.058 and the hazard ratio changing from 0.441 

(0.163-1.197) to 0.380 (0.140-1.034). 

 



 
 

51 
 

Table 8: Uni- and multivariate Cox-regression analysis of telomere length in T-cells for the prediction of overall 
survival including all patients. 

Parameter Univariate Cox-regression Multivariate Cox-regression 

 p-value Hazard-Ratio 
(95%CI) p-value Hazard-Ratio 

(95%CI) 

TL0 (baseline) 0.763 1.132 (0.506-2.529) 0.861 0.924 (0.383-2.232) 
TL1 (follow-up) 0.108 0.441 (0.163-1.197) 0.302 0.519 (0.149-1.805) 

TL2 (follow-up) 0.362 0.555 (0.156-1.969) 0.393 0.484 (0.091-2.559) 

TL3 (follow-up) 0.407 0.487 (0.089-2.667) 0.124 0.129 (0.009-1.760) 
Age  0.479 0.985 (0.964-1.027)   
Sex 0.759 0.884 (0.401-1.949)   
PDL-1 Expression 0.570 0.796 (0.363-1.748)   
Histology 0.116 2.199 (0.824-5.872)   

 
 

Table 9: Uni- and multivariate Cox-regression analysis of telomere length in T-cells, including SNP-score in all 
patients. 

Parameter Univariate Cox-regression Multivariate Cox-regression 

 p-value Hazard-Ratio 
(95%CI) p-value Hazard-Ratio 

(95%CI) 

TL0 (baseline) 0.763 1.132 (0.506-2.529) 0.587 1.260 (0.546-2.907) 

TL1 (follow-up) 0.108 0.441 (0.163-1.197) 0.058 0.380 (0.140-1.034) 

SNP-score 0.707 1.455 (0.206-10.256)   
 

 
Study group receiving Pembrolizumab as ICB regimen (Cox regression analysis) 
The univariate Cox regression analyses for TL1 (median) did show a similar trend (HR: 

0.310, 95% CI: 0.082-1.177, p = 0.085) (Table 10). However, when including other 

parameters of prognostic relevance in univariate analysis into a multivariate Cox-

regression analysis (Sex, age at diagnosis and PDL-1 expression), the prognostic role 

of TL1 was found to be in part dependent of these confounders (HR: 0.372, 95% CI: 

0.076-1.809, p = 0.220). A reasonable explanation for this might also be our small study 

cohort. Of note, the hazard ratio itself changed only from 0.310 to 0.369 (Table 10). It 

was TL1 but not Age, Sex or PD-L1 expression that seemed to be of predictive value 
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according to the Cox Regression analysis. Furthermore, ΔTL (the change of TL0 to 

TL1) seemed to have no prognostic relevance according to our data (HR: 0.994, 95% 

CI: 0.981-1.008, p = 0.390). The SNP-score itself does not seem to have a statistically 

significant effect on survival in the Pembrolizumab group on its own but in multivariate 

Cox regression when including TL1 (follow-up) the p-value changes from p=0.085 to 

p=0.044 and the hazard ratio changing from 0.310 (0.082-1.177) to 0.249 (0.064-0.964) 

in univariate to multivariate analysis respectively.  

 
Table 10: Uni- and multivariate Cox-regression analysis of telomere length in T-cells for the prediction of overall 
survival in patients receiving Pembrolizumab as ICB regimen. 

Parameter Univariate Cox-regression Multivariate Cox-regression 

 p-value Hazard-Ratio 
(95%CI) p-value Hazard-Ratio 

(95%CI) 

TL0 (baseline) 0.342 0.601 (0.211-1.716) 0.402 0.609 (0.191-1.941) 

TL1 (follow-up) 0.085 0.310 (0.082-1.177) 0.217 0.369 (0.076-1.794) 

Age  0.813 0.994 (0.949-1.042)   
Sex 0.870 0.919 (0.333-2.537)   
PDL-1 Expression 0.339 0.617 (0.229-1.662)   
Histology 0.118 2.737 (0.775-9.665)     

 
 

Table 11: Uni- and multivariate Cox-regression analysis of telomere length in T-cells, including SNP-score in 
Pembrolizumab group. 

Parameter Univariate Cox-regression Multivariate Cox-regression 

 p-value Hazard-Ratio 
(95%CI) p-value Hazard-Ratio 

(95%CI) 

TL0 (baseline) 0.342 0.601 (0.211-1.716) 0.951 0.967 (0.334-2.810) 
TL1 (follow-up) 0.085 0.310 (0.082-1.177) 0.044 0.249 (0.064-0.964) 

SNP-score 0.974 1.046 (0.071-15.40)   
 

4.5.2 TERT expression (in PBMCs) 

The expression analysis for TERT was done in PBMCs and not in T-cells alone, 

therefore I analyzed them separately from telomere length. Due to our relatively small 
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study cohort, we use the median as cut-off value in the Kaplan-Meier analysis, therefore 

two groups of roughly the same size are compared. No significant difference in survival 

could be seen between patients with higher compared to lower expression of TERT at 

baseline (TERT0) or at follow-up (TERT1) (Figure 21). The same conclusion applies to 

analysis of Pembrolizumab group only (Figure 22). 

 
 
Figure 21: Kaplan-Meier graph of TERT0 (baseline) and TERT1 (follow-up) including all patients. Probability of 
survival is depicted in relation to the course of time. Subjects were divided into two groups based on the median of 
TERT (A) TERT expression at baseline is considered, a median of 3.51 was used as a cut-off value, resulting in 16 
subjects in each group. (B) The second measurement after therapy start is considered, a median of 2.67 was used 
as a cut-off value, resulting in 13 subjects in the group of shorter telomeres and 12 subjects in the group of longer 
telomeres. 

 

 
Figure 22: Kaplan-Meier graph of TERT0 (baseline) and TERT1 (follow-up) for patients receiving Pembrolizumab 
as ICB regimen only. Probability of survival is depicted in relation to the course of time. Subjects were divided into 
two groups based on the median of TERT (A) TERT expression at baseline is considered, a median of 3.58 was 
used as a cut-off value, resulting in 11 subjects in each group. (B) The second measurement after therapy start is 
considered, a median of 2.87 was used as a cut-off value, resulting in 8 subjects in the group of shorter telomeres 
and 9 subjects in the group of longer telomeres. 
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In uni- and multivariate Cox regression analysis no statistically significant result could 

be obtained. Interestingly, while the hazard ratio for TERT1 (follow-up) doesn’t change 

much from uni-   to multivariate analysis, TERT0 (baseline) seems to be partially 

dependent on the included confounders (age, sex, PDL-1 Expression and histology), 

with the hazard changing from 0.834 or 0.884 in univariate to 1.504 or 1.754 in 

multivariate analysis when including all patients or pembrolizumab group, respectively. 

 
Table 12: Uni- and multivariate Cox-regression analysis of TERT expression in PBMCs for the prediction of overall 
survival including all patients. 

Parameter Univariate Cox-regression Multivariate Cox-regression 

 p-value Hazard-Ratio 
(95%CI) p-value Hazard-Ratio 

(95%CI) 

TERT0 (baseline) 0.664 0.834 (0.368-1.891) 0.414 1.504 (0.565-4.003) 
TERT1 (follow-up) 0.945 1.034 (0.398-2.686) 0.937 1.042 (0.372-2.922) 
Age  0.479 0.985 (0.964-1.027)   
Sex 0.759 0.884 (0.401-1.949)   
PDL-1 Expression 0.570 0.796 (0.363-1.748)   
Histology 0.116 2.199 (0.824-5.872)   

 

 

Table 13: Uni- and multivariate Cox-regression analysis of TERT expression in PBMCs for the prediction of overall 
survival in patients receiving Pembrolizumab as ICI regimen. 

Parameter Univariate Cox-regression Multivariate Cox-regression 

 p-value Hazard-Ratio 
(95%CI) p-value Hazard-Ratio 

(95%CI) 

TERT0 (baseline) 0.812 0.884 (0.320-2.442) 0.380 1.754 (0.501-6.139) 
TERT1 (follow-up) 0.448 1.617 (0.467-5.596) 0.456 1.662 (0.437-6.320) 
Age  0.813 0.994 (0.949-1.042)   
Sex 0.870 0.919 (0.333-2.537)   
PDL-1 Expression 0.339 0.617 (0.229-1.662)   
Histology 0.118 2.737 (0.775-9.665)   
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5 Discussion 

Although immune checkpoint inhibitors (ICIs) have widely been used across different 

types of tumors, only a limited number of factors has been identified to predict treatment 

response and overall survival (OS) in ICI therapy [199]. Furthermore, the ideal 

combination of biomarkers for patient selection still needs to be determined. T-cells 

play a critical role in tumor defense and significantly contribute to sustaining an anti-

tumoral immune response, particularly in the context of immune checkpoint inhibitor 

(ICI) therapy [200]. In this study, we propose that enhanced telomere shortening in T-

cells could potentially serve as a biomarker for worse survival in NSCLC patients 

treated with Pembrolizumab. In line with our results, several other studies have 

identified telomere parameters as predictive biomarkers in different cancer settings. 

Rolles et al., for instance, demonstrated that across several cancer types (including 

NSCLC) and regardless of the underlying disease, improvement in OS but not in 

treatment response correlated with longer telomeres compared to those with shorter 

telomeres measured in PBMCs [13]. However, they measured TL only in PBMCs and 

not in a subpopulation which they also stated as one of their methodological constraints. 

In a recent study, Faugeras et al. measured TL in tumor tissue of NSCLC patients 

before treatment initiation and showed that short telomers in tumor biopsies go along 

with shorter survival and a worse response to ICI treatment [17].  

According to our study, overall survival seems not to be correlated with TL in T-cells 

before ICI therapy was started (TL0). However, a trend towards overall survival being 

improved in the subgroup with longer telomeres (after treatment initiation, TL1) was 

observed (Figure 20B, Figure 18B). According to our data age does not correlate 

significantly with TL of T cells in cancer patients (Figure 15) although it has been found 

that TL in cancer patients is shorter in white blood cells compared to healthy individuals 

of the same age, we cannot draw this conclusion since we did not include a healthy 

cohort [201]. A possible explanation for age not playing a significant role in TL in cancer 

patients might be the advanced disease stage and treatment effects on telomeres, 

masking any potential correlation with age [202]. Rolles et al. for instance showed that 

adaptation of TL in PBMCs for age does not change the results for overall survival in 

ICI therapy in different types of cancer [13]. Furthermore, T-cells have the capability of 
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changing TL through mechanisms like expression of telomerase, that are influenced by 

various factors that have not yet been completely unraveled, which might also explain 

why ΔTL had no prognostic relevance in the study at hand. 

It must be noted that the same trend was observed for TL1 (HR: 0.310; 95% CI: 0.082-

1.177; p = 0.085) in univariate analysis. Although the p-value changes to p = 0.217 in 

multivariate Cox-regression analysis, when including age, sex, PDL-1 expression and 

histology, the hazard ratio was relatively stable and independent of the additional 

factors. Patients with Adenocarcinoma seem to have a 170% higher risk of mortality 

compared to people with squamous cell carcinoma. However, patients with longer 

telomers in T-cells have a 69 % or 63 % lower risk of mortality compared to those with 

shorter telomeres in the univariate or multivariate Cox regression analysis respectively. 

In other words, longer telomeres indicated a reduced risk of mortality compared to 

patients with shorter telomers when undergoing ICI treatment independently of the type 

of cancer. Additionally, when including the SNP-score in Cox-regression analysis, the 

hazard of 0.249 proves to be statistically significant (p=0.044) meaning the group with 

longer telomeres in T cells have a 75% lower risk of mortality compared to patients with 

shorter telomeres. Nevertheless, a bigger cohort is needed to verify our results. It is 

tempting to speculate that the T cells proliferative potential was higher due to their 

capability to elongate telomeres, and therefore trigger a proper immunological 

response. It must be stressed that replicative senescence, as shown by Beauséjour et 

al. may not be permanent [203]. Furthermore, Lanna et al. revealed that senescent T-

cells utilize AMPK to recruit p38 to the scaffold TAB1. Through the inhibition of AMPK-

TAB1-dependent p38 activation, they successfully reversed the proliferative 

impairment of senescent T-cells [204]. Moreover, in vitro experiments demonstrated 

that the combination of p38MAPK inhibition with PD-1 inhibitors resulted in the 

restoration of the proliferative potential [205]. It might be of relevance to measure 

telomere length at earlier time points, since TL in T cells can change relatively fast, and 

effects therefore might be seen earlier in treatment [206]. A more extensive discussion 

on T-cell parameters in immunotherapy and emerging therapeutic avenues can be 

found elsewhere [207]. 
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There might be several reasons why we could not detect any correlation between TL0 

(baseline) and survival in ICI therapy. First, we recruited only patients who had not 

undergone ICI treatment before. Meaning that the T-cell compartment had not been 

stimulated by monoclonal antibodies (ICIs) to proliferate, which for patients who 

respond to treatment only happens when ICI therapy is initiated. Second, cellular 

senescence, amongst other factors, is primarily determined by one critically short 

telomere, rather than the average length of telomeres in a cell. It might help to 

determine TL using the Telomere Shortest Length Assay (TeSLA) to see subtle 

differences. Another limiting factor was the small study group. A bigger cohort is needed 

to substantiate the hypotheses presented in this paper. Furthermore, we did not include 

a control group, for example NSCLC patients undergoing chemotherapy treatment only. 

Ferrara et al. nicely showed that a senescent immune phenotype in T-cells (CD28-, 

CD57+, KLRG1+) was associated with a lack of benefit from ICI, but not with platinum-

based chemotherapy in patients with NSCLC. It also might be interesting to measure 

telomere dynamics and several senescence markers in one cohort, including telomere 

length, telomerase activity, TERT expression, shelterin complex genes (TRF1, TRF2, 

POT1, TPP1, RAP1 and TIN2), surface markers like CD28-, CD57+, KLRG1+ and IgM-

Rheumatoid factor. Faugeras et al. had already demonstrated that aberrant expression 

of shelterin genes in NSCLC tumor biopsies correlates with significantly shorter survival 

[17]. It would be of value to determine whether the same is true in the periphery when 

measured e.g., in T-cells, which would allow a non-invasive evaluation. Furthermore, 

Ugolini et.al showed that serum IgM-RF can serve as a predictive factor for the early 

progression development and a prognostic factor for reduced progression-free survival 

and overall survival in anti-PD-1 treated NSCLC patients [208]. They speculate that the 

capacity of IgM-RF to bind to naïve and central memory T-cells and hinder their 

migration might explain the decrease in the tumor-reactive CD137+ T-cell population, 

potentially leading to the inefficacy of these T-cell targeting drugs like Pembrolizumab. 

Due to the complexity of the immune response, it is therefore essential to measure 

various biomarkers with the aim of finding ideal combinatorial treatment regimens. 

Numerous clinical trials are presently underway, exploring the combined use of immune 

checkpoint inhibitors and antibody-drug conjugates (ADCs), with the aim of enhancing 
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the effectiveness of these treatments and potentially augmenting the impact of 

immunotherapy [209,210,211]. Hence, there is hope that improved combination of 

therapies in conjunction with predictive biomarkers will lead to more effective treatment 

strategies. 

According to our data, TERT expression in PBMCs does not play a role in survival of 

NSCLC patients undergoing ICB treatment. While this is the first study measuring TERT 

expression in PBMCs in patients undergoing ICB, a very recent study by Kuhn et al 

concluded that TERT expression and promoter mutations in tumor cells could also not 

be associated with survival of melanoma patients undergoing ICB treatment [212].   

Overall, while telomere length in T-cells appears to be a viable candidate as a potential 

biomarker for ICI response and overall survival in NSCLC, further research is needed 

to establish its clinical significance and utility in guiding treatment decisions. It would be 

interesting to see how early after treatment initiation one could see the correlation of 

shorter telomeres and decreased survival. Therefore, one should increase the 

timepoints and samples taken before the first timepoint (three months) of the TILUC 

study.  

Despite challenges like tumor heterogeneity or the dynamic nature of the tumor-

immune microenvironment, advancements in technologies, multi-omics approaches, 

artificial intelligence, and collaborative research initiatives are tools, which hold the 

potential to uncover additional robust and reliable biomarkers in the future [213]. These 

biomarkers can not only aid in patient selection for ICIs but also help with treatment 

monitoring, and the development of personalized immunotherapeutic strategies.  

In conclusion this study provides proof of principle for a correlation of accelerated 

telomere shortening in T cells of non-small lung cancer patients receiving 

Pembrolizumab and overall survival. However, it is important to note that the current 

understanding of telomere length and immune checkpoint therapy response is limited, 

and more research is needed. The relationship between telomere length, T-cell 

function, and treatment outcomes is complex, and additional studies with larger patient 

cohorts and long-term follow-up are required for a more comprehensive understanding.  
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Second Part: TZAP-induced telomere trimming is mediated by 
an ALT-like pathway and suppressed by the ATRX/DAXX 
complex 

 

The following research is based on a paper that has already been published [214]. I am 

second author on the publication. All experiments done in triplicates or duplicates I 

performed at least one time including counting colocalizations, confocal microscopy 

sessions conducted on Zeiss LSM 880 microscope and using Imaris software for the 

analysis. I was not involved in the CRISPR Cas 9 and TRF experiments. Thanks to the 

core facility at the Salk Institute for Biological Studies for teaching me how to use the 

microscope and Sara Priego Moreno and other members of the Karlseder lab for 

teaching me all the assays and the data analysis using Imaris Software. Statistical 

analysis (Graphpad) and figures were compiled by Sara Priego-Moreno, except Figure 

38 and Figures in the materials and method section. 

6 Background (TZAP) 

6.1 ALT (Alternative lengthening of telomeres) vs Telomerase and its 
implications in cancer development 

Alternative Lengthening of Telomeres (ALT) and the action of telomerase are 

fundamentally different. However, both play essential roles in preserving telomere 

length and ensuring cell viability. 

ALT - Alternative Lengthening of Telomeres 
ALT is a telomerase-independent mechanism that some cancer cells and a subset of 

normal human cells employ to maintain telomere length [215, 216]. Unlike telomerase, 

which adds telomeric repeats to the ends of chromosomes, ALT relies on a 

recombination-based process involving homologous recombination (HR) and DNA 

repair mechanisms. ALT is typically associated with certain types of cancers, such as 

osteosarcomas and glioblastomas, and is characterized by distinct features at the 

molecular level [217]. 
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In ALT-positive cells, telomeres exhibit unique properties. These cells often display 

heterogeneous telomere lengths, with a subset of ultra-long telomeres [218]. 

Furthermore, they rely on a mechanism called Break-induced Replication (BIR), where 

the telomere invades a telomeric-repeat-containing template, followed by conservative 

DNA synthesis to elongate the telomere [219, 220]. Moreover, they display 

extrachromosomal telomeric DNA circles (C-circles) and ALT-associated promyelocytic 

leukemia (PML) bodies (APBs) [221]. These APBs are thought to be specialized 

structures that facilitate the exchange of telomeric DNA between different chromosome 

ends, promoting homology-directed recombination and telomere synthesis. 

The regulation of ALT is not fully understood, but several factors have been implicated 

in its activation and maintenance. The ATRX/DAXX complex plays a crucial role in the 

context of ALT. ATRX (Alpha Thalassemia/Mental Retardation Syndrome X-Linked), 

and DAXX (Death-Domain Associated Protein) are two evolutionarily conserved 

proteins that form a chromatin remodeling complex, and their functional interplay is 

integral to various cellular processes, including transcriptional regulation and 

heterochromatin organization. Recent research has illuminated the intricate 

involvement of the ATRX/DAXX complex in the maintenance of telomeres through the 

ALT pathway [222]. 

The ATRX/DAXX complex's role in ALT was initially evidenced by its frequent mutation 

or loss in ALT+ tumors, which implied its significance in regulating ALT-associated 

telomere maintenance [223]. ATRX, a member of the SWI/SNF family of chromatin 

remodeling factors, possesses ATP-dependent helicase activity, and contributes to 

chromatin regulation through nucleosome assembly and histone variant deposition, 

particularly the H3.3 histone variant [224]. DAXX, on the other hand, interacts with 

histones and plays a role in regulating gene expression and chromatin stability [225]. 

Mechanistically, ATRX and DAXX collaborate to deposit the H3.3 histone variant at 

telomeres. This process ensures proper telomere structure and function, including the 

maintenance of a repressive chromatin environment that prevents undesired 

recombination events and DNA damage response activation [226]. In the absence of 

ATRX/DAXX or their functional impairment, telomeric chromatin can become 

destabilized, leading to aberrant homologous recombination-based telomere 
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elongation, a hallmark of ALT [227]. Furthermore, ATRX/DAXX involvement extends 

beyond their role in telomere chromatin regulation. They influence the transcription of 

non-coding RNAs from telomeric regions, such as Telomeric Repeat-containing RNA 

(TERRA), which participate in the telomere maintenance process [228]. Dysregulation 

of TERRA expression, driven by ATRX/DAXX deficiency, may contribute to the altered 

telomeric chromatin landscape observed in ALT+ cells, further facilitating 

recombination-based telomere lengthening. The discovery that ATRX/DAXX-deficient 

tumors exhibit ALT activity underscores the complex interplay between these proteins, 

telomeric chromatin structure, and ALT-associated telomere maintenance. 

ATRX/DAXX mutations or loss-of-function alterations are recurrent in several cancers, 

including gliomas and pancreatic neuroendocrine tumors, where they correlate with 

ALT activity [229]. Of note, the expression of ATRX in ALT-positive (ALT+) cells leads 

to the reversal of ALT markers, indicating ATRX's significant role as a key suppressor 

of the ALT mechanism [230,231]. Consequently, therapeutic strategies targeting ALT-

positive cancers may involve exploiting vulnerabilities arising from ATRX/DAXX 

dysfunction. 

Telomerase: The Classic Telomere Lengthening Pathway 
Telomerase, a specialized reverse transcriptase enzyme, is responsible for adding 

telomeric repeats to the ends of chromosomes. It carries an intrinsic RNA template, 

which it uses as a guide to synthesize the telomeric DNA repeats. Telomerase activity 

is highly regulated, and its expression is tightly controlled in normal human cells, with 

most somatic cells lacking significant telomerase activity [232]. However, telomerase is 

highly active in germ cells, stem cells, and some cancer cells, allowing them to maintain 

telomere length indefinitely [233,234]. Telomerase extends telomeres by adding 

telomeric DNA repeats to the 3' overhang of the telomere. The RNA component of 

telomerase serves as a template, allowing the reverse transcriptase activity of the 

enzyme to synthesize new telomeric repeats. This action elongates the telomere, 

compensating for the loss that occurs during DNA replication. The regulation of 

telomerase activity involves a complex interplay of various factors, including telomerase 

RNA, telomerase reverse transcriptase protein (TERT), telomere-associated proteins, 

and intricate signaling pathways. TERT, the catalytic subunit of telomerase, is often 
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upregulated in various cancers, allowing cells to elongate their telomeres and evade 

replicative senescence [235,236]. This activation is frequently achieved through 

mutations in the TERT promoter region, enabling increased expression [237]. The 

implications of telomerase in cancer extend beyond mere cellular immortality. 

Telomerase activation is intricately linked to tumor initiation, progression, and 

therapeutic resistance [238, 239]. Telomerase activation has been correlated with 

increased metastatic potential and poor prognosis in various cancer types, underlining 

its significance as a prognostic marker [240]. Therefore, targeting telomerase has 

emerged as a promising avenue for cancer therapy. The unique presence of 

telomerase in most cancer cells, along with its absence or minimal activity in most 

normal somatic cells, offers a potential therapeutic window. Strategies to inhibit 

telomerase activity include direct telomerase inhibition through small-molecule 

inhibitors, gene therapy approaches to silence TERT expression, and 

immunotherapeutic targeting of telomerase-expressing cells [241]. Encouragingly, 

several telomerase inhibitors have entered clinical trials, displaying promising 

outcomes in certain cancers. However, challenges remain, including potential off-target 

effects and the emergence of resistance mechanisms. Telomerase inhibitors could be 

particularly effective in combination therapies. Combining telomerase inhibition with 

conventional chemotherapy or radiation therapy may sensitize cancer cells to 

treatment, as cells with critically short telomeres become more susceptible to DNA 

damage-induced cell death [242]. Moreover, telomerase inhibition might enhance the 

efficacy of immune checkpoint blockade therapies by targeting cells with active 

telomerase and high antigenicity, potentially boosting the immune response against 

cancer cells [243, 244].  

Intriguingly, recent research has unveiled the complexity of telomerase function beyond 

telomere maintenance. Telomerase has been implicated in non-canonical roles, 

influencing cellular processes such as DNA damage repair, gene expression 

regulation, and mitochondrial function [245]. These non-telomeric functions of 

telomerase may contribute to its roles in cancer beyond telomere elongation. For 

example, telomerase activation has been associated with enhanced DNA damage 

repair mechanisms, allowing cancer cells to resist therapy-induced DNA damage. 
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Additionally, telomerase overexpression has been linked to altered gene expression 

patterns that facilitate cancer cell survival, proliferation, and immune evasion [238]. 

Both ALT and telomerase pathways have profound implications for cellular biology and 

human health. As mentioned in the previous chapter of my thesis, telomerase is crucial 

for the immortalization of germ cells, stem cells, and certain cancer cells, enabling them 

to evade senescence and continue dividing indefinitely. In contrast, ALT provides an 

alternative means of telomere maintenance, particularly in cancers where telomerase 

activity is repressed.  

6.2 TZAP and its role in telomere length regulation 

TZAP, also referred to as ZBTB48 (Zinc Finger and BTB Domain-Containing Protein 

48), was identified and characterized by the Karlseder Lab in 2017 as a new protein 

that binds to telomeres which is involved in the regulation of TL [3]. The discovery of 

TZAP marked a significant advancement in our understanding of the intricate dynamics 

governing telomere maintenance. Unlike many other telomere-binding proteins 

associated with telomere shortening, TZAP exhibits a rather unexpected function in 

promoting telomere elongation. Studies have revealed that TZAP preferentially 

associates with long telomeres in human cells. When TZAP is upregulated or 

overexpressed, it leads to telomere loss that goes along with the build-up of circular 

extra-chromosomal telomeric repeats (cECTRs) and an elevation of ALT-associated 

PML bodies (APBs). These cellular changes ultimately culminate in cell death, 

underscoring the importance of balanced telomere length regulation [3]. Conversely, 

when TZAP is downregulated, a cutback in the levels of cECTRs is observed in ALT-

positive (ALT+) cells and mouse embryonic stem cells (mES), along with significant 

telomere elongation in mES cell [3]. This implies that TZAP may play a role in 

maintaining telomere length homeostasis by associating with and promoting the 

trimming of excessively long telomeres. Such trimming activity prevents telomeres from 

becoming overly elongated and ensures the stability of the genome. The molecular 

mechanisms underlying TZAP's role in telomere length regulation are complex and 

multifaceted. One hypothesis posits that the concentration of shelterin at telomeres may 

serve as a crucial determinant for TZAP recruitment. Longer telomeres have lower 
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shelterin concentration, possibly triggering TZAP recruitment to ensure appropriate 

telomere trimming. However, further investigations are needed to fully decipher the 

precise mechanisms by which TZAP interacts with shelterin and other telomeric 

components to regulate telomere length. 

At the Salk Institute, we investigated the molecular mechanisms that are triggered when 

TZAP is overexpressed in human cancer cells.  
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7 Materials and Methods 

For easier readability the material and methods referred to in this section are structured 

in a way that indicates the main steps with graphical elements. Icons were sourced 

from and created with BioRender.com. 

 

7.1 t-circle assay 
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Figure 23: T-circle assay. 

 
Detection of the DNA-bound DIG-TelG probe was done as elaborated by Kimura et al 

[246]. 
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7.2 c-circle assay 
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Figure 24: C-circle assay.  
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7.3 Plasmids and transductions 

 

The following figure describes the retroviral vector transfection and transduction of cell 

lines. 

 

 
Figure 25: Retroviral vector transfection and transduction of cell lines. 
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7.4 Cell culture 

 
Following cell lines and media were used in the study:  
 
 

 
Figure 26: Cell lines and Media used in the study. 

 
Assessment of cells regarding whether they are free of mycoplasma was done in all 

cells. 
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7.5 siRNAs and transfections 

Following siRNAs were used in the study: 

 
Figure 27: siRNAs used in the study. 

 

 

siRNA transfection: 

The following scheme shows how siRNA transfection was done: see next page:  
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Figure 28: siRNA transfection procedure. 
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7.6 Antibody sources 

The following table lists antibodies used in this study.  

 

 
Figure 29: List of antibodies that were used in this study. 
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7.7 Western Blotting 

 
Figure 30: Western blotting procedure. 

All primary antibodies were diluted in 5% milk in TBST. 
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7.8 Immuno-Fluorescence (IF) 
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Figure 31: Immunofluorescence procedure. 
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7.9 ATSA assay (ALT telomere DNA synthesis in APBs) 

The protocol for this assay was adapted from [247]. 

 
Figure 32: ATSA assay (ALT telomere DNA synthesis in APBs). 
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8 Results  

8.1 Overexpression of TZAP in ALT positive cells leads to aggravation of 
ALT phenotypes 

Elevated expression of TZAP within ALT+ cells goes along with elevation of ECTRs 

and APBs, both of which are established indicators of the ALT pathway [3]. Notably, 

these markers are also detectable at at lower counts of cells where shortening of 

telomeres occurs [248, 249]. To further explore this phenomenon, we aimed to 

ascertain whether the augmentation of these traits would also manifest in cancer cells 

that are telomerase positive (characterized by long telomeres) and overexpress TZAP. 

To this end, we conducted a c-circle assay encompassing two cell lines that are ALT 

positive, namely U-2 OS and GM847, as well as cell lines that are telomerase positive, 

HeLa1.2.11 and HT-1080 hTR. Each cell line was subjected to the assay in both the 

presence and absence of TZAP overexpression, as illustrated in Figure 33A. Although 

the introduction of TZAP exhibited an evident elevation in ECTR levels in ALT, but 

telomerase positivity was not affected by this change (Figure 33A). Meaning that the 

generation of ECTRs following TZAP  upregulation is exclusive to ALT positive cells, 

hinting at their initiation through an ALT-like pathway. Subsequently, an in-depth 

exploration of other ALT markers was conducted in U-2 OS cells to unravel the impact 

of TZAP overexpression. This inquiry unveiled that the DNA damage response (ATM, 

ATR) is tightly linked with ALT, and was stimulated in response to TZAP overexpression 

(Figure 33B) [250, 251]. Moreover, delving into the correlation between the RPA and 

the TRF1, it was observed that TZAP led to an amplified recruitment in RPA32 (Figure 

33C-D) which is recognized as an indicator of replication stress [252], suggesting that 

TZAP prompts a state of telomeric replication stress, a hallmark characteristic of ALT 

[253]. Lastly, the assessment of DNA synthesis at telomeres in G2 phase, yet another 

ALT marker, was performed through the implementation of the ATSA assay [254]. This 

analysis unveiled a substantial escalation in this trait following TZAP overexpression in 

U-2 OS cells (Figure 33E-F). Collectively, these observations signify that the higher 

levels of TZAP in U-2 OS cells prompts the initiation of replication stress at telomeres, 

effectively activating a pathway akin to ALT. 
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Figure 33:  ALT phenotypes in ALT+ cells is enhanced by TZAP overexpression. 
A) C-circle blots of ALT positive and telomerase positive cells with Myc-TZAP (TZ) or empty vector (EV). B) Western 
blot in U-2 OS cells either Myc-TZAP or EV. C) Representative immunofluorescence images in U-2 OS cells either 
Myc-TZAP or EV with the nuclear localization of TRF1 and RPA32. Arrows are indicating RPA32-TRF1 
colocalizations. D) Quantification of previous experiment (C) shown as a scatter blot. For every sample there were 
100 nuclei analyzed. Line in the centre indicates the mean. n is the analyzed number of cells. E) Representative 
immunofluorescence images of U-2 OS cells synchronized in G2, Myc-TZAP or EV with nuclear localization of TRF1 
and EdU incorporated into DNA that is newly synthesized. Arrows show EdU-TRF1 colocalizations F) Quantification 
of previous experiment (E) as a scatter blot. 197 nuclei were analyzed for each sample in total. Centre line indicates 
the mean. n is the analyzed amount of cells. *** P < 0.001, ns: non-significant, the t-test was used for the calculation 
of the p-value Adapted from Moreno et al., 2023 [214] with permission of the publisher Elsevier. 
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8.2 ATRX/DAXX is responsible for the repression of telomere trimming 
induced by TZAP in telomerase positive cells with long telomeres 
which is not dependent on H3.3 

A notable distinction between telomerase-positive and ALT-positive cancer cells 

resides in the frequent deficiency of the chromatin remodeling entity ATRX/DAXX [255]. 

Evaluation of ATRX/DAXX status across the spectrum of cell lines employed in our 

study through Western Blot analysis demonstrated that cells with telomerase 

expressed also exhibited certain expression in ATRX plus DAXX, but that ALT-positive 

cells only retained detectable DAXX but showed a complete loss of ATRX (Figure 37A). 

Consequently, our hypothesis emerged that TZAP-induced telomere trimming could be 

repressed by ATRX/DAXX in telomerase+ cells. To scrutinize this proposition, we 

orchestrated the upregulation of TZAP in HeLa1.2.11 cells concurrently subjected to 

siRNA-mediated knockdown of ATRX, DAXX, and the histone variant H3.3 (Figure 

34A). Intriguingly, the elevation of TZAP led to augmented levels of extrachromosomal 

telomeric repeats (ECTRs) in the configuration of circular c-circles (Figure 34B-C) and 

t-circles (Figure 34D) within ATRX and DAXX deficient cells, while control and H3.3 

silenced cells did not display such trends. Furthermore, the upregulation of TZAP in 

HeLa1.2.11 cells prompted the emergence of DNA synthesis at telomeres during the 

G2 phase, notably when ATRX or DAXX was not present, whereas control or H3.3 

depleted cells did not exhibit similar outcomes (Figure 34E-F). Lastly, Telomere 

Restriction Fragments (TRF) assay conducted on HeLa1.2.11 cells with heightened 

TZAP expression unveiled a distribution of lower telomeric lengths within ATRX or 

DAXX depleted cells compared to control counterparts, indicative of telomere trimming 

(Figure 34G). Consequently, this observation underscores the association of ECTRs 

and G2-associated DNA synthesis at telomeres detected in ATRX or DAXX deficient 

HeLa1.2.11 cells with the process of telomere trimming. 

These findings collectively affirm that the initiation of telomere trimming by TZAP within 

telomerase+ cells is counteracted by a functional influence exerted by the ATRX/DAXX 

complex, an effect that operates independently of deposition of H3.3. Of note, 

considering ATRX's recognized role as an ALT repressor [256], our experimental 
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outcomes substantiate the notion that TZAP-driven telomere trimming is facilitated 

through a pathway reminiscent of ALT mechanisms. 

 

 
Figure 34: ATRX/DAXX represses the induction of ALT-like phenotypes in HeLa1.2.11 cells overexpressing TZAP 
A) HeLa1.2.11 cells with Myc-TZAP or EV were transfected with siRNAs. Lysate was analyzed using western blotting 
B) C-circle blots of cells described in A). C) Quantification of C-circle blot results in B) was done relative to si-
scramble treated HeLa1.2.11 with EV. The bars indicate the mean ± SD. ** P < 0.01, ns: non-significant.  D) Here 
T-circle of cells described in A) is shown. An arrow indicates where the results of rolling circle amplification of 
TTAGGG-rich circular extrachromosomal DNA should be. E) Immunofluorescence images of G2-synchronized 
HeLa1.2.11 (synchronized in G2) cells with Myc-TZAP and siRNAs treated. TRF1 nuclear localization and EdU 
incorporated into DNA that is newly synthesized. Arrows indicate the EdU-TRF1 colocalizations. F) Quantification of 
Experiment E) as a scatter blot. 176 nuclei for every sample were analyzed. The data are representative of 2 
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experiments performed independently. Centre line indicates the mean. n is the analyzed number of cells. *** P < 
0.001, ns: non-significant. G) Telomere restriction fragment analysis of HeLa1.2.11 cells that overexpress Myc-TZAP 
and that are treated with siRNAs. The box (red dash-line) contains the short telomere restriction fragments that are 
generated due to telomere trimming upon siATRX and siDAXX treatments. Adapted from Moreno et al., 2023 [214] 
with kind permission of the publisher Elsevier. 
 

8.3 The BTR complex is the main regulator of TZAP-induced telomere 
trimming 

These findings underscore that the process of telomere trimming instigated by TZAP is 

orchestrated through a pathway bearing resemblance to Alternative Lengthening of 

Telomeres (ALT). Given the proposed pivotal role of the BTR (BLM-TOP3A-RMI1) 

complex in governing ALT [257,258], this investigation delved into the necessity of this 

complex for the induction of TZAP-driven telomere trimming. Leveraging the 

CRISPR/Cas9 methodology, U-2 OS Knock-Out (KO) clones were generated, targeting 

the genes encoding the BLM and RMI1 constituents of the BTR complex (259). 

Following this, TZAP overexpression was realized within the parental U-2 OS cells as 

well as these BLM and RMI1 KO clones (Figure 35A). Notably, while APB (Alt-

associated PML Body) foci exhibited a substantial upsurge in both number and 

dimensions after upregulation of TZAP in the parental U-2 OS, as previously reported 

[260], these foci virtually disappeared in the BLM and RMI1 KO cells (Figure 35B), 

despite observable TZAP presence at telomeres (Figure 37B). Intriguingly, the 

heightened production of ECTRs witnessed in c-circle (Figure 35C-D) and t-circle 

(Figure 35E) assays in the parental U-2 OS cells upon TZAP overexpression was 

conspicuously inhibited in the BLM and RMI1 KO clones. Crucially, this impairment in 

c-circle and t-circle generation wasn't attributed to extensive telomere shortening due 

to a dysfunctional BTR complex, as the overall telomere length in BLM and RMI1 KO 

cells remained unaffected (Figure 37C). The inquiry then turned to if the BLM helicase 

held a requisite role in the TZAP-induced telomere trimming phenomena seen for 

telomerase positive cells that do not have ATRX/DAXX. For ensuing experiments, the 

HeLa-LT clone, a sub-clone of HeLa1.2.11 featuring an average TL of approximately 

23 kb, was employed. Notably, the recruitment of the BLM at telomeres in HeLa-LT 

cells with upregulated TZAP, subsequent to the knock-down of ATRX and DAXX, 

exhibited a observable increase compared to the control and when H3.3 is knocked-
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down (Figure 36A-B). Additionally, the depletion of BLM within DAXX-deficient HeLa-

LT cells overexpressing TZAP (Figure 36C) significantly curtailed both c-circles (Figure 

36D-E) and t-circles (Figure 36F). Furthermore, the smear of shorter telomeres 

observed in TRF assay upon upregulated TZAP in DAXX deficient HeLa-LT cells was 

obviated upon simultaneous BLM depletion (Figure 36G). Finally, the examination 

extended to assess the importance of other constituents of the ALT pathway - Rad52 

and PML [261] - for the process of TZAP-induced telomere trimming. Additionally, 

scrutiny was directed towards Rad51, suggested to govern ALT by initiating homology 

searches between telomeres in ALT cells and mitigating replication stress at ALT 

telomeres [262,263]. Importantly, whereas PML played an indispensable role for TZAP-

driven c-circles in DAXX-deficient HeLa-LT cells, Rad51 and Rad52 exhibited only 

partial necessity (Figure 37D-E). 

 

These observations emphasize the indispensability of BTR within the pathway of TZAP-

triggered telomere trimming. Furthermore, the participation of Rad51, Rad52, and PML 

proteins in the efficient production of c-circles within DAXX-deficient HeLa-LT cells with 

upregulated TZAP underscores their significance within the ALT process. The collective 

involvement of these factors, all vital to the correct execution of ALT, further 

substantiates the notion that TZAP-mediated telomere trimming finds its origins in a 

pathway akin to ALT. 
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Figure 35: The BTR complex is essential for ALT phenotypes generated when TZAP is upregulated in U-2 OS. A) 
Western blot analysis (WT- parental), RMI1-/- (1A8, 1B5) and BLM-/- (2C8, 3D1) knock-out (KO) clones that 
overexpress Myc-TZAP or EV. B) Representative immunofluorescence images of parental U-2 OS and the indicated 
RM1-/- and BLM-/- KO clones overexpressing EV or FLAG-TZAP, showing the nuclear localization of TRF2 and 
PML. Arrows indicate PML-TRF2 colocalizations. C) C-circle assays of cells described in A). D) Quantification of C-
circle assay signals in C), performed relative to parental U-2 OS overexpressing EV. Bars represent the mean ± SD. 
*** P < 0.001, ns: non-significant, two-way ANOVA test was used to calculate the p-values. E) T-circle assay of the 
cells described in A). Arrow is indicating where the products of rolling circle amplification of TTAGGG-rich circular 
extrachromosomal DNA should be. The experiment was repeated three times. Adapted from Moreno et al., 2023 
[214] with kind permission of publisher “Elsevier”. 
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Figure 36: BLM is required for the induction of ALT-like phenotypes and telomere trimming generated upon TZAP 
overexpression in DAXX deficient HeLa-LT cells. A) Representative immunofluorescence images of HeLa-LT cells 
overexpressing Myc-TZAP and that are treated with siRNAs, showing localization of TRF2 and BLM in the nucleus. 
Arrows indicate BLM-TRF2 colocalizations. B) Quantification of experiment A) shown in a Scatter plot. 279 nuclei 
were analyzed for every sample. Data are representative of 2 independent experiments. Centre line indicates the 
mean. n is the analyzed number of cells. *** P < 0.001, ns: non-significant, one-way ANOVA test was used for the 
calculation of the p-value. C) Western blot analysis of the indicated proteins in HeLa-LT cells that overexpress Myc-
TZAP and that are treated with siRNAs. D) C-circle assays of cells described in C). E) Quantification of C-circle 
assays signals in D) was done relative to si-scramble treated HeLa-LT cells that overexpress TZAP. Bars show the 
mean ± SD of three experiments done independently. ** P < 0.01, ns: non-significant, one-way ANOVA test was 
used to calculate the p-values. F) T-circle assay of cells described in C). Arrow indicates where the result of rolling 
circle amplification of TTAGGG-rich circular extrachromosomal DNA should be. The experiment was done three 
times independently. G) TRF assay of HeLa-LT cells that overexpress Myc-TZAP and that are treated with si-RNAs. 
The box (red dash-line) contains the short telomere restriction fragments that are generated due to telomere trimming 
upon siDAXX treatment alone. The experiment was done two times. Adapted from Moreno et al., 2023 [214] with 
permission of the publisher Elsevier. 
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Figure 37: A) Western blot analysis of ATRX, DAXX and GAPDH in ALT positive (U2OS, GM847) and telomerase 
positive (HeLa-LT, HeLa 1.2.11 and HT1080-hTR) cell lines. B) Representative immunofluorescence images of 
parental U2OS (WT) and the indicated RM1-/- an BLM -/- KO clones that overexpress FLAG-TZAP or empty vector 
(EV), showing the nuclear localization of TRF2 and FLAG-TZAP. C) TRF analysis of parental U2OS cells, as well 
as RMI1 -/- (1A8, 1B5) and BLM -/- (2C8, 3D1) KO clones. D) CCA of HeLa-LT cells with upregulated TZAP and 
treated with indicated siRNAs. E) Quantification of CCA signals in D), performed relative to si-scramble treated 
HeLa-LT cells that overexpress TZAP. Bars represent the mean SD of three experiments performed independently 
(p<0.001) Adapted from Moreno et al., 2023 [214] with kind permission of the publisher Elsevier. 
  

A) 

B) 

C) 

D) 

E) 



 
 

87 
 

9 Discussion 

Telomere trimming, originally thought to depend solely on HR-dependent excision of 

the t-loop, lacks conclusive experimental evidence supporting this as the sole 

mechanism governing regulated telomere trimming. Conversely, it is well-documented 

that long telomeres are susceptible to replication stress. Cells exposed to replication-

stress-inducing drugs or lacking key DNA replication proteins exhibit elevated levels of 

ECTRs, telomere loss, and dysfunction, all indicative of intensified telomere trimming 

[264, 265, 266]. Intriguingly, cells undergoing telomere trimming often display hallmarks 

of ALT+ cells, including ECTRs and APBs [267]. Like ALT, telomere trimming relies on 

HR factors [268]. However, the common regulatory pathways governing telomere 

trimming and ALT have been relatively unexplored, primarily because trimming leads 

to telomere shortening, while ALT typically results in telomere elongation. The findings 

at hand show that overexpression of TZAP can induce stress at telomeres during 

replication. This is evident from the upregulation of ATR (Figure 33B), upregulation of 

RPA (Figure 33C-D), and the exacerbation of ECTRs (Figure 35C-E). Moreover, a 

heightened telomeric DNA synthesis during the G2 phase was observed (Figure 33E-

F). Notably, all these phenotypes align with established ALT characteristics. However, 

ALT+ cells with elevated TZAP experience cell death and telomere attrition [3]. Of note, 

FANCM-deficient ALT+ cells exhibit analogous traits (58). In the absence of FANCM, 

the stress of replication intensifies, and mechanisms of repair that go along ALT fail to 

sustain telomeric stability, culminating in cell death. Consequently, it has been brought 

forward that FANCM alleviates stress of replication at ALT telomeres by facilitating the 

reinitiation of replication forks [269] Therefore, it is possible that the introduction of 

TZAP onto telomeres triggers trimming by inducing stalled replication forks, depleting 

enzymes engaged in replication fork remodeling and reinitiation. This sequence of 

events culminates in inefficient activation of ALT, ensuing the loss of telomers, and cell 

death [3]. The BTR complex, consisting of three main proteins - BLM, TOP3A, and 

RMI1  - is crucial in not just repair, but also in recombination and replication [270]. This 

complex has also been identified as a central component of ALT [271]. The findings at 

hand reveal that the upregulation of TZAP leads to upregulated APB formation in ALT 

cells, contingent on the intact BTR complex (Figure 35B). This outcome indicates that 
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TZAP-induced recruitment of telomeres to APBs mirrors the BTR-dependent 

mechanism previously observed in ALT [272]. Furthermore, it was observed that the 

emergence of ECTRs induced by upregulated TZAP relies on the BTR complex in ALT 

(Figure 35C-E) which aligns with earlier research where in FANCM-deficient ALT+ cells, 

the generation of ECTRs showed to be relying on BTR [273]. Additionally, the findings 

indicate that ECTRs resulting from upregulated TZAP in telomerase positive but DAXX-

negative cells are relying on BLM (Figure 36D-F). It is likely that BTR has a role in 

resolving telomeric replication stress in telomere trimming that is triggered by TZAP. To 

conclude, the data suggest a trimming of telomeres induced through TZAP in cells that 

lack ATRX/DAXX, in which endogenous TZAP would sense and load on very long 

telomeres, leading to telomere trimming through the engagement of a pathway similar 

to ALT and which relies on BTR (Figure 38).  

 

 
 
Figure 38: Hypothetical model of TZAP induced telomere trimming. Telomere elongation leads to over-elongated 
telomeres. Telomeres become rapidly de-compacted in the absence of ATRX/DAXX. TZAP is recruited to long and 
de-compacted telomeres. This results in the induction of replication stress at telomeres and the engagement of a 
BTR-dependent ALT-like pathway that promotes telomere trimming. Image created with Microsoft PowerPoint.  
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