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Abstract 

Telomere attrition represents a fundamental mechanism of cellular aging and contributes to multiple age-related 

pathologies. Human telomerase reverse transcriptase (hTERT) gene therapy presents a promising approach to address 

this process by delivering the catalytic component of telomerase to cells, extending telomeres and rejuvenating cellular 

function.  

This review examines the mechanistic underpinnings of hTERT activity, including both its canonical telomere-

extending functions and emerging non-canonical roles in mitochondrial protection and inflammation modulation.  

The analysis of preclinical evidence demonstrates lifespan extension in animal models without increased cancer  

incidence.  

This review further examines telomerase's role in the longevity medicine field, evaluates early human interventional 

studies, and examines current approaches to hTERT delivery. Clinical applications for age-related conditions 

associated with telomere dysfunction are explored, alongside addressing the theoretical cancer risk from hTERT gene 

therapy. 
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Introduction 

Telomere Biology and Relationship to Cellular 

Aging 

Telomeres, the protective DNA caps at 

chromosome ends, function as a molecular clock 

that limits cellular lifespan. Composed of proteins 

(collectively known as the shelterin complex), 

telomeres serve as buffers that prevent repetitive 

TTAGGG sequences and associated the 

chromosome's coding regions from being eroded 

during cell division [1]. Each round of DNA 

replication results in progressive shortening of 

the cells' telomeres [2].  

This erosion continues until telomeres reach a 

critical minimal length or threshold, triggering 

cellular senescence or apoptosis. To avoid 

senescence or apoptosis, telomere maintenance is 
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required. This telomere-driven replicative limit, 

first described by Leonard Hayflick in the 1960s, 

represents a fundamental mechanism of cellular 

aging [3].

 

This diagram illustrates the fundamental concept of telomere biology, showing: a: Normal telomere structure with 

TTAGGG repeats and shelterin complex proteins (TRF1, TRF2, POT1, TPP1); b: Progressive shortening through 

cell division; c: Critical shortening leading to DNA damage response and p53 activation; d: Outcomes of 

senescence and apoptosis; e: Tissue comparison between young and aged cells. 

When telomeres become critically short, they 

activate DNA damage response pathways that 

recognize chromosome ends as double-strand 

breaks. This triggers cell cycle arrest mediated by 

p53 and other tumor suppressor pathways, halting 

division and inducing senescence. Senescence is 

characterized by altered gene expression, 

secretory phenotype changes, and loss of normal 

cellular function [4].  

This cellular aging process manifests throughout 

the organism as tissue dysfunction, reduced 

regenerative capacity, and increased vulnerability 

to stress and disease.  

This protective mechanism prevents aging cells 

from becoming genomically unstable and prone 

to cancer induction. Telomere shortening occurs 

heterogeneously across tissues, with more rapid 

attrition in highly proliferative cells and those 

exposed to elevated oxidative stress or 

inflammation. This is an important caveat as it 

ties the hallmarks of aging together.  

The rate of telomere shortening varies 

substantially between individuals based on 

genetic factors, environmental exposures, and 

lifestyle effectively serving as a molecular 

integrator of life's accumulated stressors [5].  

This variability helps explain differences in 

biological aging rates and susceptibility to age-

related diseases among chronologically matched 

individuals. 

Figure 1: Telomere Structure and Shortening Process. 
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hTERT Structure and Function 

Human telomerase is a ribonucleoprotein enzyme 

capable of counteracting telomere erosion. 

Human telomerase reverse transcriptase (hTERT) 

represents the limiting catalytic component of  

telomerase. The telomerase holoenzyme consists 

primarily of hTERT and a telomerase RNA 

component (TERC) which provides the template 

for telomere synthesis [6].  

TERC is expressed in most cell types. hTERT 

expression is tightly regulated and restricted 

primarily to embryonic development, germline 

cells, and certain adult stem cell populations. 

Almost all somatic cells express negligible levels 

of hTERT which explains their limited replicative 

capacity and mortality [7].  

Structurally, hTERT contains four conserved 

domains: 

1. The telomerase essential N-terminal 

(TEN) domain 

2. The telomerase RNA-binding domain 

(TRBD) 

3. The reverse transcriptase (RT) domain 

4. The C-terminal extension (CTE) 

The RT domain performs the catalytic function of 

adding telomeric repeats, while the other domains 

facilitate RNA binding, protein-protein 

interactions, and proper subcellular localization 

[8]. This complex structure enables hTERT to 

perform its primary function, using TERC as a 

template to synthesize new telomeric DNA at 

chromosome ends. 

 

A comprehensive structural diagram featuring: a: Linear representation of the four conserved domains (TEN, 

TRBD, RT, CTE); b: Detailed functional annotations for each domain; c: TERC RNA template interaction; d: Key 

protein interactions and binding sites. 

hTERT participates in the telomerase complex 

assembly and in the recruitment to telomeres 

through interactions with multiple accessory 

proteins. These proteins include dyskerin, 

TCAB1, and the shelterin components [9]. The 

interactions between hTERT proper enzyme  

Figure 2: hTERT Protein Domain Structure. 
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function and targeting to the appropriate 

substrates within the cell. Emerging research 

suggests that hTERT possesses functions beyond 

telomere maintenance. These include roles in 

mitochondrial protection, gene expression 

regulation, and DNA damage response 

modulation [10]. 

Relationship Between Telomere Length and 

Age-Related Diseases 

There is mounting evidence that links telomere 

attrition to numerous age-related conditions. 

Short telomeres are associated with 

cardiovascular diseases, including 

atherosclerosis, heart failure, and hypertension 

[11]. In the vascular system, telomere shortening 

promotes endothelial cell senescence.  

This increases inflammation and reduces nitric 

oxide production. Both are key factors in vascular 

dysfunction and atherosclerosis progression [12]. 

Neurodegenerative disorders also demonstrate 

connections to telomere biology. Shortened 

leukocyte telomeres have been documented in 

Alzheimer's disease, Parkinson's disease, and 

other neurodegenerative conditions [13].

 

Summary of associations between telomere shortening and major age-related pathologies, including disease 

categories, mechanisms, evidence from meta-analyses, and potential hTERT benefits. 

Table 1: Age-Related Diseases Linked to Telomere. 

Dysfunction. 
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While neurons are largely post-mitotic, 

supporting glial cells with shortened telomeres 

can contribute to neuroinflammation and reduced 

brain resilience. Additionally, neural stem cells 

with eroded telomeres show decreased 

neurogenesis. This impacts cognitive function 

and brain repair mechanisms [14]. 

Pulmonary diseases including idiopathic 

pulmonary fibrosis (IPF) demonstrate the 

strongest causative relationship with telomere 

dysfunction. Approximately one-third of familial 

IPF cases involve mutations in telomere-related 

genes [15].  

These mutations result in accelerated telomere 

shortening in lung epithelial cells. This leads to 

impaired regenerative capacity and fibrotic 

remodeling. Similarly, bone marrow failure 

syndromes, liver cirrhosis, and certain premature 

aging disorders have established causal links to 

telomere-related gene mutations [16]. 

Even in the absence of defined genetic mutations, 

shorter age-adjusted telomere lengths 

consistently correlate with increased mortality 

and morbidity across all populations.  

Meta-analyses have demonstrated associations 

between shortened telomeres and increased all-

cause mortality risk. These associations are 

independent of other known risk factors [17].  

This relationship appears particularly strong for 

diseases with inflammatory and degenerative 

components. This supports the concept that 

telomere attrition represents a fundamental aging 

mechanism with broad pathological 

consequences.  

These associations provide the rationale for 

exploring telomerase activation through hTERT 

gene therapy as a potential intervention for age-

related diseases and possibly aging itself. 

Mechanisms of Action 

Telomerase Enzyme Complex Assembly and 

Function 

The telomerase holoenzyme operates through a 

sophisticated assembly and action mechanism. In 

humans, the core enzyme consists of hTERT (the 

catalytic protein component) and TERC (the 

RNA template component) [18]. This complex 

manages to extend telomeres but achieves 

optimal activity only when associated with 

accessory proteins forming the mature 

ribonucleoprotein complex.  

These accessory proteins include dyskerin, 

NHP2, NOP10, and GAR1. All components 

stabilize TERC and facilitate proper complex 

formation. Along with TCAB1, they guide the 

enzyme to Cajal bodies for final maturation [19]. 

hTERT contains several functional domains that 

contribute to telomerase activity.  

The N-terminal domain contains a telomerase-

specific T motif and essential RNA binding sites. 

The central catalytic reverse transcriptase domain 

adds nucleotides. The C-terminal region confers 

protein stability, nuclear localization, and 

recruitment to telomeres [20]. The assembled 

telomerase complex then localizes to the 

telomeres. This process is facilitated by 

interactions with shelterin components, TPP1 and 

POT1. These recruit telomerases to chromosome 

ends through protein-protein interaction with 

hTERT [21].  

Telomerase activity is regulated through multiple 

mechanisms. At the transcriptional level, hTERT 

expression is controlled by various factors. These 

include c-Myc (an activating agent) and Mad1 (a 

repressing agent). Epigenetic modifications of the 

hTERT promoter region also regulate activity 

[22]. Post-translational modifications including 

phosphorylation and ubiquitination further 
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modulate enzyme activity, stability, and 

localization. Understanding these regulatory 

mechanisms provides insight to intervention 

points beyond direct gene therapy. This offers 

complementary approaches to enhance 

telomerase function [23]. 

Telomere Elongation Process 

The telomere elongation process follows a 

precisely orchestrated mechanism. First, 

telomerase recognizes and binds to the 3' single-

stranded overhang present at telomere ends. 

The TERC component contains a template region 

complementary to the telomeric repeat sequence. 

This allows the template region to base-pair with 

the existing telomere [24]. Once aligned, 

hTERT's reverse transcriptase activity extends 

the telomere length. It adds nucleotides according 

to the TERC template, synthesizing the canonical 

TTAGGG repeat sequence characteristic of 

human telomeres. After adding approximately 

one repeat unit, telomerase translocates to the 

newly created 3' end and repeats the process.

 

A step-by-step flowchart showing: a: The four main steps of telomerase action (binding, extension, translocation, 

fill-in synthesis); b: Non-canonical functions branch; c: Before/after telomere length comparison; d: Key 

components and process characteristics. 

This cycle continues through multiple iterations 

in a single binding event. This is known as repeat 

addition processivity [25]. This ability to add 

multiple repeats before dissociating enhances 

process efficiency. It explains how relatively low 

concentrations of telomerase can maintain 

telomere length in many stem cells and germline 

tissues. Following telomerase-mediated 

Figure 3: Telomere Elongation Process Flowchart. 
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extension of the leading strand, conventional 

DNA polymerase and primase activities fill in the 

complementary C-rich strand. This completes the 

telomere elongation process [26]. 

The extent of each telomere elongation depends 

on several factors. These include telomerase 

concentration, initial telomere length, and the 

presence of regulatory proteins. Interestingly, 

telomerase preferentially extends the shortest 

telomeres within a cell. This biologically elegant 

mechanism ensures genomic stability by 

preventing critically short telomeres. At the same 

time, it avoids excessive elongation of already 

long telomeres [27]. This preference appears 

mediated by shelterin components. These inhibit 

telomerase access to longer telomeres while 

permitting activity at shorter ones. This 

regulatory feature enhances the safety profile of 

telomerase activation therapies by focusing 

activity where it's most needed. 

Non-canonical Functions of Telomerase 

Besides telomere maintenance, hTERT exhibits 

several non-telomeric functions that contribute to 

cellular health and longevity. These activities are 

particularly relevant for post-mitotic tissues 

where telomere attrition is not the primary aging 

issue. hTERT influences gene expression patterns 

by acting as a transcriptional modulator for 

multiple pathways. These include Wnt/β-catenin 

signaling and NF-κB-regulated genes [28]. This 

transcriptional role appears independent of its 

reverse transcriptase activity. It likely contributes 

to stem cell function and tissue regeneration. 

hTERT also demonstrates DNA damage 

protection functions unrelated to telomere length. 

Studies indicate that hTERT can localize to sites 

of DNA damage throughout the genome. Its 

presence enhances repair efficiency by protecting 

vulnerable regions [29]. hTERT also affects 

chromatin structure and DNA damage sensitivity. 

Telomerase-expressing cells show increased 

resistance to various genotoxic stresses regardless 

of telomere length [30]. These genome-protective 

functions contribute to the observed benefits of 

hTERT in models where telomere extension 

alone fails to explain the outcomes. 

Another intriguing non-canonical function 

involves hTERT's interaction with the RNA 

component of mitochondrial RNA processing 

endoribonuclease (RMRP). This process forms a 

distinct ribonucleoprotein complex exhibiting 

RNA-dependent RNA polymerase activity [31]. 

This complex generates double-stranded RNAs 

that can be processed into small interfering 

RNAs. These are capable of regulating gene 

expression through RNA interference 

mechanisms. This activity represents a novel 

facet of hTERT function with implications for 

cellular regulation and potential therapeutic 

applications. 

Mitochondrial Effects and Inflammation 

Control 

Particularly relevant to aging and age-related 

diseases are hTERT's effects on mitochondrial 

function and inflammatory processes. Under 

conditions of oxidative stress, a portion of 

hTERT protein localizes to mitochondria. There 

it improves organelle function and reduces 

reactive oxygen species (ROS) production [32]. 

This mitochondrial localization increases in 

response to oxidative stress, suggesting a 

protective adaptation mechanism. Within 

mitochondria, hTERT associates with 

mitochondrial DNA and key respiratory complex 

components. This enhances respiratory chain 

efficiency and reduces electron leakage [33]. The 

mitochondrial benefits of hTERT manifest as 

increased membrane potential, improved 

respiratory capacity, and reduced oxidative 

damage to mitochondrial proteins and DNA. 

These effects appear partly independent of 
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telomerase enzymatic activity. Catalytically 

inactive hTERT retains some mitochondrial 

protective functions [34]. By improving 

mitochondrial health, hTERT may break the 

vicious cycle wherein mitochondrial dysfunction 

increases ROS. This further damages 

mitochondrion and accelerates cellular aging. 

hTERT also modulates inflammatory pathways 

crucial in aging and age-related diseases. 

Telomerase activation reduces the pro-

inflammatory senescence-associated secretory 

phenotype (SASP) of aged cells. This decreases 

release of cytokines and chemokines that promote 

tissue inflammation [35]. Additionally, in 

response to certain inflammatory stimuli, hTERT 

expression attenuates NF-κB signaling. This 

reduces chronic low-grade inflammation 

characteristic of aging (inflammaging) [36]. 

In the immune system, telomerase affects 

function beyond simply extending replicative 

capacity. T-lymphocytes with restored 

telomerase activity show enhanced cytokine 

production and improved response to antigens. 

This equates to functional rejuvenation [37].  

Similarly, hTERT expression in other immune 

cells improves their functional properties. All of 

this enhances immune surveillance against 

pathogens and cancer cells. These 

immunomodulatory effects represent another 

mechanism by which hTERT gene therapy might 

promote health and longevity. 

Preclinical Studies 

Animal Models Demonstrating Lifespan 

Extension 

Preclinical studies of telomerase activation, 

particularly through hTERT gene therapy, have 

demonstrated remarkable effects on lifespan and 

healthspan across multiple model organisms. A 

landmark study by Bernardes de Jesus and 

colleagues utilized an adeno-associated virus 

(AAV) vector to deliver the mouse TERT gene to 

adult and old mice [38]. This single treatment 

extended median mouse lifespan by 24% when 

administered to one-year-old mice and by 13% 

when given to two-year-old mice. Importantly, 

the researchers observed no increased cancer 

incidence in the treated mice. This addresses a 

primary safety concern with telomerase 

activation.  

These lifespan extensions were accompanied by 

improvements in multiple health parameters. 

Treated mice showed better glucose tolerance, 

reduced osteoporosis, and enhanced 

neuromuscular coordination compared to 

untreated age-matched controls [39]. The benefits 

appeared progressive, with greater improvements 

observed in mice receiving treatment at younger 

ages. However, even old mice showed significant 

health enhancements. This suggests a window of 

intervention that extends into later life, though 

earlier treatment provides greater benefits.  

Additional studies have explored telomerase 

activation in telomerase-deficient mouse models 

that develop accelerated aging phenotypes. In 

these models, which mimic human telomere 

syndromes, reactivation of telomerase reversed 

many aspects of premature aging. These included 

neural degeneration, splenic atrophy, and 

intestinal dysfunction [40].  

While these models represent extreme telomere 

dysfunction rather than normal aging, they 

demonstrate the potential for telomerase 

restoration to reverse established tissue 

pathology. 

Other researchers have utilized alternative 

approaches to upregulate endogenous telomerase. 

These include small molecule activators and 

modified mRNA delivery. These studies 
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generally corroborate the benefits of telomerase 

enhancement, though gene therapy approaches 

typically achieve more sustained expression and 

effects [41].

 

A professional bar graph displaying: a: 24% lifespan extension in 1-year-old mice; b: 13% extension in 2-year-old 

mice; c: Error bars for statistical representation; d: Health improvements observed; e: Telomere length changes 

(inset graph); f: Key finding about no increased cancer incidence. 

Collectively, these animal studies provide 

compelling evidence that telomerase activation 

can extend both lifespan and healthspan, even 

when initiated in middle or late life. 

Tissue-specific Effects of Telomerase 

Activation 

Telomerase activation produces distinct effects 

across different tissues, reflecting their varying 

proliferative rates, baseline telomere dynamics, 

and regenerative requirements. In highly 

proliferative tissues such as intestinal epithelium 

and hematopoietic stem cells, telomerase 

activation primarily preserves replicative 

capacity by preventing critical telomere 

shortening [42].  

These tissues show maintained or enhanced 

regenerative capacity with age in telomerase-

Figure 4: Lifespan Extension in Preclinical Models. 
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treated animals. This contrasts with the declining 

function observed in untreated controls. In the 

central nervous system, where most neurons are 

post-mitotic, telomerase activation produces 

benefits through more complex mechanisms. 

Neural stem cells and progenitors with extended 

telomeres show enhanced neurogenesis and 

improved response to injury [43].  

Additionally, non-canonical effects of telomerase 

in neurons and glia appear to reduce oxidative 

stress and inflammatory signalling. This may 

explain the cognitive improvements observed in 

telomerase-treated mice [44].  

Several studies report enhanced learning, 

memory, and motor coordination in older animals 

following telomerase gene 

therapy.Cardiovascular tissues also demonstrate 

significant improvements with telomerase 

activation.  

Cardiomyocytes, despite their limited division, 

benefit from reduced senescence of supporting 

cells and enhanced mitochondrial function [45]. 

Vascular endothelial cells with lengthened 

telomeres show improved nitric oxide 

production, reduced inflammatory signaling, and 

better angiogenic capacity.  

These changes may underlie the improved 

cardiovascular parameters observed in 

telomerase-treated animals [46]. 

The liver, even with its remarkable regenerative 

capacity, responds particularly well to telomerase 

therapy. Hepatocytes with extended telomeres 

demonstrate enhanced proliferation following 

injury and improved metabolic function [47].  

Treated animals show better glucose 

homeostasis, lipid metabolism, and detoxification 

capacity. These functions tend to decline with 

normal aging. Similarly, kidney function benefits 

from telomerase activation, with improved 

filtration capacity and reduced fibrosis in aging 

models [48]. 

These tissue-specific effects collectively 

contribute to the systemic improvements in health 

and lifespan observed with telomerase activation. 

This highlights the therapy's potential to address 

multiple facets of age-related decline 

simultaneously. 

Safety Profiles in Various Animal Models, 

Particularly Regarding Cancer Risk 

The most significant safety concern regarding 

telomerase activation involves potential cancer 

risk, as most malignant cells reactivate 

telomerase to achieve replicative immortality. 

However, preclinical evidence increasingly 

suggests this risk may be overstated when 

telomerase is activated in the context of normal 

cells with intact tumor suppressor mechanisms. 

In the pivotal AAV-mTERT study by Bernardes 

de Jesus, researchers observed no increase in 

cancer incidence among treated mice despite 

significant lifespan extension [38]. Subsequent 

long-term studies have generally supported this 

finding. Most report either unchanged or 

remarkably slightly reduced cancer rates in 

telomerase-treated animals [49]. Several factors 

may explain this counterintuitive result. First, 

telomere dysfunction itself promotes genomic 

instability and can contribute to early 

carcinogenic events. By maintaining telomere 

integrity, telomerase activation may actually 

reduce this source of mutation. Second, improved 

immune function with telomerase therapy may 

enhance surveillance and elimination of 

precancerous cells. 

Different delivery methods and treatment 

regimens show varying safety profiles. Transient 

telomerase activation through mRNA delivery or 
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inducible systems appears particularly safe. This 

allows controlled telomere extension without 

long-term overexpression [50]. The timing of 

intervention also influences safety. Mid-life or 

late-life interventions show better risk profiles 

than early-life treatment. This may reflect the 

accumulation of DNA damage and mutations 

earlier in life that could be amplified by 

premature telomerase activation. 

Tissue-specific targeting can further enhance 

safety by restricting telomerase expression to 

cells with the greatest need or lowest cancer risk. 

For example, telomerase delivery to 

cardiomyocytes, neurons, or specific stem cell 

populations can provide targeted benefits while 

minimizing systemic exposure [51]. Some studies 

have explored dual-control systems incorporating 

both tissue-specific promoters and inducible 

elements. These achieve precise spatiotemporal 

regulation of telomerase activity. 

Beyond cancer concerns, other safety parameters 

appear favorable in animal models. Immune 

responses to the telomerase protein itself are 

minimal in most studies, though vector-related 

immunity requires consideration, particularly for 

AAV-based approaches [52]. Physiological 

parameters including blood pressure, metabolic 

measures, and organ function typically show 

improvement rather than deterioration with 

telomerase therapy. Overall, the preclinical safety 

profile supports cautious progression to human 

studies, particularly with approaches 

incorporating appropriate targeting and 

expression controls. 

Human Evidence 

Genetic Studies of Telomerase Variants in 

Long-lived Populations 

Human genetic studies provide compelling 

evidence linking telomerase function to longevity 

and healthy aging. Several population studies 

have identified specific variants in the hTERT 

and TERC genes associated with exceptional 

longevity. A noteworthy investigation of 

Ashkenazi Jewish centenarians discovered 

hTERT haplotypes significantly enriched in 

individuals who lived beyond 100 years 

compared to the general population [53]. These 

variants correlated with longer telomere length 

and showed associations with reduced age-related 

disease incidence. This suggests functional 

significance. 

Similarly, genome-wide association studies 

across diverse populations have identified single 

nucleotide polymorphisms (SNPs) in telomerase-

related genes that correlate with longevity. Meta-

analyses of these studies indicate that certain 

hTERT variants may confer a modest but 

significant increase in longevity potential. Effect 

sizes are comparable to other known longevity-

associated genes [54]. These genetic associations 

provide natural examples of how telomerase 

variation influences human lifespan. This 

supports the biological plausibility of telomerase-

based interventions. 

Conversely, mutations that impair telomerase 

function demonstrate the consequences of 

insufficient telomere maintenance. Carriers of 

mutations in telomerase components develop a 

spectrum of disorders characterized by 

accelerated telomere shortening [55].  

These "telomeropathies" include dyskeratosis 

congenita, pulmonary fibrosis, and bone marrow 

failure syndromes. These conditions manifest 

aspects of accelerated aging in highly 

proliferative tissues. The severity and age of 

onset correlate with the degree of telomerase 

impairment and resulting telomere shortening. 

This establishes a dose-response relationship 

between telomerase activity and tissue health 

[56]. 
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Heterozygous carriers of telomerase mutations, 

while often asymptomatic in youth, show 

increased susceptibility to age-related diseases 

and earlier mortality.  

This gene-dose effect further supports the 

relationship between telomerase activity and 

longevity. It suggests that even partial 

enhancement of telomerase function might 

provide significant health benefits [57].  

Together, these genetic observations provide a 

human genetic foundation supporting the 

therapeutic potential of telomerase modulation. 

Both rare mutations and common variants 

contribute to this evidence base. 

Observational Studies Correlating Telomere 

Length with Health Outcomes 

Observational studies examining telomere length 

in human populations have established significant 

associations with health outcomes and longevity. 

Large prospective cohort studies demonstrate that 

individuals with longer age-adjusted telomeres 

generally experience lower all-cause mortality 

and extended healthy lifespans [58].  

Meta-analyses consolidating these findings 

suggest that people in the longest telomere length 

quartile have approximately 20-40% reduced 

mortality risk compared to those with the shortest 

telomeres. This remains significant after 

adjusting for age and other factors [59]. 

Disease-specific analyses reveal particularly 

strong associations between short telomeres and 

cardiovascular conditions. Individuals with 

shortened leukocyte telomeres show significantly 

increased risk of coronary heart disease, stroke, 

and heart failure in prospective studies [60].  

These associations remain significant after 

adjusting for traditional cardiovascular risk 

factors. This suggests telomere attrition may 

represent an independent pathogenic mechanism 

rather than simply a marker of other processes. 

Metabolic disorders also demonstrate telomere 

associations. Type 2 diabetes risk increases 

progressively with telomere shortening. Poor 

glycemic control correlates with accelerated 

telomere attrition [61].  

Similarly, non-alcoholic fatty liver disease 

severity shows inverse correlations with telomere 

length. This reflects both causes and 

consequences of cellular aging in metabolic 

tissues. This relationship suggests that hTERT 

gene addition therapy may reduce the severity of 

NAFLD and improve patient outcomes. 

Neurodegenerative diseases present more 

complex relationships. While most studies report 

shorter telomeres in Alzheimer's and Parkinson's 

disease patients compared to age-matched 

controls, the directionality remains unclear. 

Whether telomere shortening contributes to 

neurodegeneration or is a result of disease-

associated stress is uncertain [62]. Longitudinal 

studies suggest both processes may occur. 

Baseline telomere length predicts future cognitive 

decline while neurodegeneration accelerates 

subsequent telomere attrition. 

Importantly, telomere dynamics the rate of 

shortening rather than absolute length may 

provide even stronger predictive value for health 

outcomes. Individuals with accelerated telomere 

attrition rates show worse prognoses across 

multiple conditions.  

This suggests that interventions preserving 

telomere length over time might offer significant 

health benefits [63]. These observational findings 

do not establish causality but provide 

epidemiological support for the potential health 

impact of telomere-preserving interventions. 
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Preliminary Human Intervention Data 

While large-scale clinical trials of telomerase 

gene therapy remain pending, preliminary human 

interventions provide initial insights into safety 

and potential efficacy. Several approaches to 

telomerase activation have undergone early-stage 

human testing. These include small molecule 

activators, nutraceuticals, and limited gene 

therapy applications. 

The most direct application of hTERT gene 

therapy in humans comes from a self-experiment 

reported in 2015 and subsequent small pilot 

studies. In the initial case, a middle-aged 

individual received AAV-delivered hTERT. 

Follow-up monitoring showed telomere 

lengthening in peripheral blood mononuclear 

cells without adverse effects during the 

observation period [64]. This case, while 

anecdotal and lacking controls, demonstrated the 

technical feasibility of hTERT gene delivery in 

humans. It suggested potential for telomere 

extension. 

Building on this proof-of-concept, a small pilot 

study conducted by Sewell et al. in 2021 

examined a combination gene therapy targeting 

both hTERT and Klotho genes in patients with 

mild to moderate dementia [65]. The intranasal 

administration intended to deliver these 

therapeutic genes preferentially to the central 

nervous system. Over a one-year follow-up, the 

researchers observed telomere lengthening in 

peripheral blood cells of treated patients. They 

also noted improved cognitive performance on 

standardized testing. Though limited by small 

sample size and open-label design, these 

preliminary results suggest potential cognitive 

benefits from telomerase activation. 

Other approaches to telomerase modulation have 

undergone more extensive human testing. A one-

year randomized controlled trial of 

cycloastragenol, a small molecule telomerase 

activator, demonstrated modest telomere 

lengthening in treated subjects compared to 

controls. It also showed improvements in certain 

immune parameters [66]. Similarly, studies of 

comprehensive lifestyle interventions that 

upregulate endogenous telomerase have shown 

telomere maintenance or lengthening associated 

with reduced disease biomarkers [67]. 

These early human interventions, while falling 

short of definitive clinical trials, provide 

preliminary support for the feasibility and 

potential benefits of telomerase activation in 

humans. They suggest that various approaches 

can influence telomere dynamics with 

measurable physiological effects. These findings 

set the stage for more rigorous controlled trials 

necessary to establish efficacy, optimal dosing, 

and long-term safety of hTERT-based 

interventions. 

Delivery Systems for hTERT Gene Therapy 

AAV Vector Optimization for hTERT 

Delivery 

Adeno-associated virus (AAV) vectors have 

emerged as the leading delivery platform for 

hTERT gene therapy due to their favorable safety 

profile and efficient gene transfer capabilities. 

Several characteristics make AAV particularly 

suitable for telomerase delivery: long-term 

transgene expression, low immunogenicity, 

minimal genome integration, and tropism for 

post-mitotic tissues where gene dilution through 

cell division is limited [68]. However, designing 

optimal AAV vectors for hTERT delivery 

requires addressing several technical challenges. 

The first challenge involves vector capacity. The 

hTERT coding sequence (approximately 3.5 kb) 

approaches the packaging limit of AAV vectors 

(around 4.7 kb). This leaves limited space for 
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regulatory elements and enhancers [69]. 

Researchers have employed several strategies to 

address this constraint. Some have used minimal 

promoters that maintain tissue specificity while 

reducing size. Others have explored dual-vector 

approaches where the hTERT gene is split 

between complementary AAV particles that 

recombine after cellular entry. Additionally, 

codon optimization can enhance expression 

efficiency without increasing sequence length 

[70]. 

Serotype selection represents another critical 

consideration. Different AAV serotypes display 

distinct tissue tropisms based on their capsid 

properties and cellular receptor interactions. For 

systemic hTERT delivery, AAV9 offers 

advantages due to its broad tropism and ability to 

cross the blood-brain barrier [71]. For targeted 

applications, other serotypes may prove superior. 

AAV1 and AAV7 work well for muscle-directed 

therapy. AAV8 excels for liver-focused delivery. 

AAV2 suits ocular applications. Engineered and 

chimeric capsids further expand options for 

tissue-specific targeting [72]. 

Production and purification methods significantly 

influence vector quality and yield. Suspension 

cell culture systems using HEK293 cells have 

become the industry standard, though insect cell 

systems offer scalability advantages [73]. 

Purification typically employs density gradient 

ultracentrifugation or chromatography methods. 

The latter provides better scalability. Recent 

advances in producer cell lines, transfection 

protocols, and downstream processing have 

substantially improved vector yields and quality. 

This addresses manufacturing challenges for 

clinical-scale production [74]. 

For hTERT specifically, the vector design must 

balance expression efficiency with safety 

considerations. Including microRNA target 

sequences in the design can reduce expression in 

cancer-prone tissues while maintaining activity in 

desired target cells [75]. Similarly, incorporating 

elements responsive to cellular stress or DNA 

damage can provide conditional expression. This 

activates hTERT only when needed and reduces 

potential risks. 

Tissue-Specific Targeting Approaches 

Precise targeting of hTERT gene therapy to 

specific tissues offers several advantages. These 

include enhanced efficacy for tissue-specific 

aging pathologies, improved safety by limiting 

expression in cancer-prone tissues, and reduced 

vector doses for equivalent therapeutic effect. 

Multiple strategies have been developed to 

achieve such targeting. 

Transcriptional targeting employs tissue-specific 

promoters to restrict hTERT expression to 

desired cell types. For example, neuron-specific 

promoters like synapsin or GFAP can direct 

expression primarily to neural tissues. Muscle-

specific promoters such as MCK confine 

expression to skeletal and cardiac muscle [76].  

Inducible promoters responsive to specific drugs 

or cellular conditions provide another layer of 

control. Tetracycline-responsive elements, for 

instance, allow external regulation of expression 

intensity and timing [77]. These transcriptional 

controls can be combined with tissue-specific 

enhancers to further refine expression patterns. 

Transductional targeting modifies the vector 

capsid to enhance entry into specific cell types. 

Peptide insertions into AAV capsid proteins can 

incorporate targeting ligands that bind receptors 

enriched on particular cell types [78]. More 

sophisticated approaches include directed 

evolution of capsids through in vivo selection 

methods. These yield variants with enhanced 

specificity for tissues like neurons, cardiac cells, 

or lung epithelium [79]. These engineered capsids 
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can achieve orders-of-magnitude improvements 

in targeting efficiency. 

Route of administration provides a simpler but 

effective targeting method. Direct injection into 

specific tissues achieves localized delivery with 

minimal systemic exposure [80]. Examples 

include intramuscular, intracerebral, and 

subretinal injection. For less accessible tissues, 

regional administration methods can be used. 

These include intrathecal delivery for the central 

nervous system, intracoronary injection for heart 

targeting, or locoregional vascular delivery with 

temporary blood flow interruption [81]. These 

approaches can achieve high local concentrations 

while minimizing off-target effects. 

Post-entry regulation offers additional targeting 

precision. Including target sequences for tissue-

specific microRNAs can suppress transgene 

expression in undesired tissues while permitting 

activity in target cells [82]. Similarly, 

incorporating cellular localization signals can 

direct the hTERT protein to specific subcellular 

compartments. This enhances effects on 

mitochondria or reduces nuclear activity in 

cancer-prone tissues [83]. These post-

transcriptional and post-translational controls add 

sophisticated regulation layers to tissue-targeting 

strategies. 

Controlled Expression Strategies 

Given telomerase's complex biological roles and 

theoretical safety concerns, controlled expression 

strategies represent a critical aspect of hTERT 

gene therapy development. These approaches 

attempt to regulate the intensity, duration, and 

context of telomerase expression to maximize 

benefits while minimizing risks. 

Inducible systems provide temporal control over 

hTERT expression. The most widely used include 

tetracycline-regulated systems (Tet-On/Tet-Off). 

These allow activation or suppression of gene 

expression through administration of tetracycline 

analogs [84]. These systems enable intermittent 

telomerase activation, likely sufficient for 

telomere maintenance without continuous high-

level expression. Alternatives include rapamycin-

inducible systems, estrogen receptor-based 

switches, and light-activated promoters. Each 

offers unique regulatory characteristics [85]. For 

clinical applications, systems with established 

safety records and FDA-approved inducer 

compounds offer practical advantages. 

Physiologically responsive elements enable 

context-dependent expression, activating hTERT 

only when specific cellular conditions arise. 

Promoters containing hypoxia-responsive 

elements activate during oxygen deprivation. 

This targets tissues experiencing ischemic stress 

[86]. Similarly, elements responsive to DNA 

damage, inflammation, or metabolic stress can 

trigger hTERT expression when cells most need 

telomere maintenance or stress protection [87]. 

This conditional activation approaches a 

physiological pattern. Telomerase activates in 

response to specific cellular needs rather than 

constitutively. 

Dosage modulation strategies are intended to 

achieve sufficient expression for therapeutic 

benefit without excess. Self-regulating systems 

incorporate negative feedback loops that establish 

homeostatic expression levels [88]. For example, 

including telomere-responsive elements in the 

hTERT expression cassette could reduce 

transcription as telomeres extend. This prevents 

excessive elongation. Alternatively, co-

expressing regulated inhibitors alongside hTERT 

could establish expression ceilings [89].  

These sophisticated regulatory circuits, while still 

largely experimental, represent the frontier of 

controlled gene therapy. Safety switches provide 

emergency deactivation options for hTERT 
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therapy. These include suicide genes that render 

transduced cells susceptible to specific drugs. 

This allows selective elimination if adverse 

effects emerge [90].  

More elegantly, destabilizing domains fused to 

the hTERT protein can cause rapid degradation 

upon withdrawal of a stabilizing ligand. This 

provides pharmacological control over protein 

levels [91]. Such safety mechanisms, while 

adding complexity to vector design, may prove 

essential for regulatory approval of telomerase-

based therapies. 

The integration of multiple control elements 

represents the state-of-the-art approach to hTERT 

expression regulation. Combining tissue-specific, 

inducible, and conditional systems moves beyond 

simple constitutive expression toward precision 

telomerase therapy with optimized risk-benefit 

profiles. 

Clinical Applications 

Age-related Diseases Associated with Short 

Telomeres 

Several age-related conditions demonstrate 

strong associations with telomere dysfunction, 

representing prime candidates for telomerase-

based interventions. Idiopathic pulmonary 

fibrosis (IPF) shows perhaps the clearest 

connection. Approximately one-third of familial 

cases are linked to mutations in telomerase 

components [92]. Even in sporadic IPF, 

abnormally short telomeres are prevalent. The 

pathophysiology involves impaired regeneration 

of alveolar epithelial cells, leading to aberrant 

repair and progressive fibrosis [93].  

Early-phase clinical trials of telomerase 

activators for IPF have shown promising 

preliminary results. This supports further 

investigation of more potent approaches like gene 

therapy. Cardiovascular diseases present another 

compelling application. Atherosclerosis, heart 

failure, and hypertension all show associations 

with accelerated telomere shortening [94]. 

Mechanistically, telomere dysfunction in 

endothelial cells promotes inflammation, reduces 

nitric oxide production, and increases senescence.  

All contribute to vascular pathology. In 

cardiomyocytes with limited regenerative 

capacity, telomerase activation may protect 

against stress-induced damage and improve 

mitochondrial function [95]. Preclinical models 

have demonstrated significant cardiovascular 

benefits from telomerase activation. These 

include reduced atherosclerosis, improved 

cardiac function after infarction, and enhanced 

angiogenesis. 

Neurodegenerative disorders represent a third 

category where telomerase therapy shows 

potential. While neurons are largely post-mitotic, 

supporting glial cells and neural stem cells with 

shortened telomeres may contribute to 

neurodegeneration. This occurs through 

inflammatory mechanisms and reduced 

regenerative capacity [96].  

Studies in Alzheimer's and Parkinson's models 

suggest telomerase activation can reduce 

neuroinflammation, enhance adult neurogenesis, 

and improve synaptic plasticity. These translate 

into improved cognitive function and motor 

performance [97]. The blood-brain barrier 

presents a delivery challenge. However, 

intranasal approaches and engineered AAV 

variants show promise for CNS targeting. 

Metabolic diseases, particularly type 2 diabetes 

and non-alcoholic fatty liver disease, also 

demonstrate telomere associations. Pancreatic β-

cells with shortened telomeres show impaired 

insulin secretion and increased apoptosis under 

metabolic stress [98]. Similarly, hepatocytes with 
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telomere dysfunction develop poor metabolic 

adaptability and increased susceptibility to injury. 

Telomerase therapy might preserve metabolic 

tissues' functional capacity while reducing the 

chronic inflammation that exacerbates these 

conditions [99]. These metabolic applications 

could extend to obesity-related pathologies and 

age-related metabolic syndrome. 

These disease-focused applications offer a 

regulatory pathway for advancing telomerase 

therapies toward clinical implementation. They 

provide proof-of-concept for broader anti-aging 

applications. 

Tissue Regeneration Applications 

Beyond disease treatment, hTERT gene therapy 

holds significant potential for enhancing tissue 

regeneration. This addresses injury, degenerative 

conditions, and age-related tissue dysfunction. 

The regenerative effects of telomerase extend 

beyond simple replicative capacity. They 

influence stem cell function, tissue 

microenvironment, and regenerative signaling. 

In cutaneous wound healing, telomerase 

activation enhances keratinocyte proliferation, 

migration, and resistance to oxidative stress. All 

processes are essential for effective repair [100]. 

Preclinical studies demonstrate accelerated 

wound closure and improved quality of healed 

tissue with telomerase enhancement.  

This is particularly true in models of 

compromised healing such as diabetic wounds or 

aged skin [101]. Localized hTERT gene delivery 

to chronic wounds could address this significant 

clinical challenge while minimizing systemic 

exposure. 

Musculoskeletal regeneration represents another 

promising application. Telomerase activation in 

muscle stem cells (satellite cells) enhances their 

proliferative capacity and resistance to stress-

induced senescence. This improves recovery after 

injury [102]. Similarly, mesenchymal stem cells 

with extended telomeres show enhanced 

chondrogenic and osteogenic potential. This 

benefits cartilage repair and bone healing [103]. 

These applications could address conditions 

ranging from severe muscle injuries to 

osteoarthritis and fracture non-union. 

Neural regeneration, though challenging due to 

the limited intrinsic regenerative capacity of the 

central nervous system, benefits from telomerase-

based approaches. Neural stem cells with 

maintained telomeres demonstrate enhanced 

neurogenesis and improved response to injury 

signals [104].  

Additionally, telomerase influences axonal 

growth and neuronal survival through 

mechanisms partly independent of telomere 

elongation [105]. Applications could include 

traumatic brain injury, stroke recovery, and spinal 

cord injury. Even modest improvements in 

regenerative capacity could yield significant 

functional benefits. 

Liver regeneration, already robust in young 

individuals, declines with age and chronic 

disease. Hepatocytes with shortened telomeres 

show impaired proliferative responses to partial 

hepatectomy or toxic injury [106]. Telomerase 

therapy could restore this regenerative capacity in 

aged livers or those damaged by chronic disease. 

This benefits conditions from surgical recovery to 

alcoholic liver disease. The liver's substantial 

regenerative potential makes it a particularly 

attractive target for enhancement through 

telomerase activation. 

These regenerative applications might serve as 

entry points for telomerase therapy in otherwise 

healthy individuals experiencing age-related 

decline in healing capacity or recovering from 
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injury. This allows bridging the gap between 

disease treatment and enhancement applications. 

Combination Approaches with Other 

Therapies 

The complex, multifaceted nature of aging and 

age-related diseases suggests that combining 

hTERT gene therapy with complementary 

interventions may yield synergistic benefits. 

Several promising combination approaches are 

emerging from preclinical research. 

Combining telomerase activation with senolytic 

therapies represents a particularly compelling 

strategy. While telomerase prevents the 

formation of new senescent cells by maintaining 

telomere integrity, senolytics eliminate existing 

senescent cells that contribute to age-related 

inflammation and dysfunction [107].  

This two-pronged approach addresses both future 

and present aspects of cellular aging. Preclinical 

studies combining these approaches show 

enhanced benefits compared to either alone. 

Improvements are seen in multiple aging 

biomarkers and functional measures [108]. The 

distinct mechanisms and safety profiles of these 

interventions make their combination particularly 

attractive. 

Another promising combination pairs hTERT 

with mitochondrial-targeted interventions. While 

telomerase itself influences mitochondrial 

function, dedicated mitochondrial enhancers like 

NAD+ precursors or PGC-1α activators more 

directly target this aspect of cellular aging [109].  

Studies combining telomerase activation with 

NAD+ supplementation demonstrate synergistic 

improvements in cellular energetics, stress 

resistance, and lifespan extension in model 

organisms [110]. Since mitochondrial 

dysfunction represents a primary hallmark of 

aging distinct from telomere attrition, this 

combination addresses multiple aging pathways 

simultaneously. 

Stem cell therapies may also synergize with 

telomerase activation. Delivering telomerase-

enhanced stem cells could improve their survival, 

engraftment, and regenerative capacity in aged or 

damaged tissues [111].  

Alternatively, telomerase therapy could prepare 

the recipient tissue microenvironment to better 

support transplanted stem cells. This occurs 

through reduced inflammation and enhanced 

trophic signaling.  

This approach might be particularly valuable for 

conditions like heart failure or neurodegenerative 

diseases. Both resident and transplanted cells face 

challenging environments. 

Anti-inflammatory interventions complement 

telomerase therapy by addressing the chronic 

inflammation that both contributes to telomere 

shortening and results from cellular senescence. 

Combining telomerase activation with targeted 

anti-inflammatory agents could interrupt the 

vicious cycle.  

Inflammation drives telomere attrition, which 

generates more senescent cells and further 

inflammation [112]. This approach might be 

especially beneficial for conditions with 

prominent inflammatory components, such as 

atherosclerosis or neurodegenerative diseases. 

From a practical development perspective, 

combination approaches may also address 

regulatory challenges.  

By pairing telomerase therapy with established 

treatments for specific diseases, developers could 

demonstrate enhanced efficacy compared to 

standard care. This facilitates approval through 

existing regulatory pathways [113].  
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Such combinations might provide stepping stones 

toward broader anti-aging applications while 

establishing safety and efficacy in defined 

clinical contexts. 

Safety Considerations 

Theoretical Cancer Risk Assessment 

The primary safety concern for hTERT gene 

therapy is the theoretical risk of cancer due to 

telomerase activation. Approximately 85-90% of 

human cancers reactivate telomerase to achieve 

replicative immortality [114]. However, the 

landmark study by Bernardes de Jesus et al. 

(2012) provides critical insights into this 

relationship [38].  

Their research demonstrated that AAV-mediated 

telomerase gene therapy in adult and aged mice 

extended median lifespan by 24% when treated at 

1 year of age and 13% when treated at 2 years. 

All without increasing cancer incidence. This 

suggests that telomerase activation in adult 

tissues, where proliferative potential is reduced, 

does not promote oncogenesis. 

Importantly, telomerase activation in normal cells 

with intact tumor suppressor mechanisms does 

not induce malignant transformation. Multiple 

studies, including Jiang et al. (1999), have shown 

that telomerase overexpression alone is 

insufficient to cause cancer in normal human cells 

[115].  

These cells retain proper growth control, contact 

inhibition, and growth factor dependency despite 

unlimited replicative potential. This aligns with 

the observation that many normal stem cells 

express telomerase without undergoing 

malignant transformation. This indicates that 

telomerase activity itself does not confer 

cancerous properties. Furthermore, work by 

Blasco and colleagues emphasizes that hTERT 

stabilizes telomeres, reducing genomic 

instability, a key driver of cancer. This potentially 

lowers cancer risk when administered in 

controlled settings [116]. 

The timing of telomerase activation appears 

critical for cancer risk assessment. Most 

preclinical studies showing no increased cancer 

incidence initiated telomerase therapy in adult or 

aged animals [115]. This timing may be 

significant because many precancerous mutations 

accumulate earlier in life. By activating 

telomerase after this period of mutation 

accumulation but before critical telomere 

shortening, the therapy might provide benefits 

while minimizing risks. This hypothesis supports 

a therapeutic window for intervention in middle 

or later life. 

Paradoxically, telomere dysfunction itself 

promotes genomic instability and can contribute 

to cancer initiation. Critically short telomeres are 

recognized as double-strand breaks. Their 

improper repair can lead to chromosomal 

rearrangements characteristic of many cancers 

[117].  

By preventing critical telomere shortening, 

telomerase activation might actually reduce this 

source of genomic instability. Indeed, some 

mouse models of cancer show reduced tumor 

incidence when telomere integrity is maintained 

through telomerase expression [118]. 

The delivery method and expression control 

significantly influence cancer risk. Transient or 

intermittent telomerase activation may provide 

telomere benefits while reducing potential risks 

associated with constitutive expression [119].  

Similarly, tissue-specific targeting can avoid 

telomerase expression in cancer-prone tissues 

while providing benefits to those with lower 

malignancy risk. These sophisticated regulatory 
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approaches represent a key focus of current 

development efforts to optimize the safety profile 

of hTERT gene therapy. 

Immune Responses to Therapy 

Immune responses to hTERT gene therapy can 

arise from multiple components of the treatment. 

These include the delivery vector, the transgene 

product, and neo-epitopes generated at the 

junction of vector and transgene sequences. 

These responses may affect both safety and 

efficacy, requiring careful consideration in 

therapy development. 

Vector immunity represents a significant 

challenge, particularly for AAV-based 

approaches. Pre-existing neutralizing antibodies 

against AAV capsids are present in a substantial 

proportion of the human population. Prevalence 

varies by serotype and geographic region [120]. 

These antibodies can neutralize the vector before 

it delivers its genetic cargo, reducing efficacy.  

Additionally, primary exposure to AAV vectors 

typically generates new antibodies that may 

prevent successful readministration if needed. 

Strategies to address vector immunity include 

immunosuppression during treatment, using 

alternative serotypes with lower prevalence of 

pre-existing immunity, and engineering capsids 

to escape antibody recognition [121]. 

The hTERT protein itself may also trigger 

immune responses. While hTERT is expressed in 

some normal tissues, its restricted expression 

pattern means that the immune system may not 

have established robust tolerance. Indeed, hTERT 

has been investigated as a cancer vaccine target 

due to its overexpression in many malignancies 

[122]. For gene therapy applications, potential T-

cell responses against hTERT-expressing cells 

represent a concern. Strategies to mitigate this 

risk include codon optimization that maintains 

protein sequence while altering potential epitope 

processing. Incorporation of regulatory elements 

that limit expression in antigen-presenting cells 

can also help. Transient immunomodulation 

during initial therapy administration provides 

another approach [123]. 

Innate immune responses to vector components 

or transgene products can cause acute 

inflammatory reactions that may impact safety 

and efficacy. These responses involve pattern 

recognition receptors sensing viral components 

and triggering inflammatory cascades. Vector 

purification to remove empty capsids and 

contaminants can reduce innate immunity. 

Modifications to the vector genome to eliminate 

immunostimulatory sequences also help [124]. 

Additionally, anti-inflammatory pre-treatments 

may dampen these responses and improve 

treatment tolerability. 

Potential long-term consequences of immune 

responses require consideration. Memory B and 

T-cells generated against vector components or 

the transgene product may persist for years. This 

affects both retreatment options and general 

immune status.  

Monitoring protocols should include tracking 

humoral and cellular immunity to both vector and 

transgene components. This detects any 

concerning immune trajectories [125]. 

Interestingly, the immunomodulatory effects of 

telomerase itself add another layer of complexity 

to immune considerations. 

Despite these challenges, early human 

experiences with telomerase-based interventions 

have not demonstrated significant immune-

related adverse events. This encouraging 

observation, combined with advancing strategies 

for immune modulation, suggests that immune 

responses represent a manageable aspect of 

hTERT gene therapy development. 
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Strategies for Mitigating Potential Adverse 

Effects 

Developing effective risk mitigation strategies is 

critical for advancing hTERT gene therapy 

toward clinical application. Several approaches 

are being pursued to address potential off-target 

effects and ensure safety while preserving 

therapeutic benefits. 

Precise control over hTERT expression using 

conditional systems provides a foundational 

safety strategy. Inducible promoters responsive to 

small molecules like tetracyclines or rapamycin 

allow external regulation of transgene activity 

[126]. These systems can be employed to  

initiate treatment, adjust dosage, or  

terminate expression if adverse effects  

emerge.  

More sophisticated conditional systems respond 

to endogenous signals like telomere shortening, 

cell stress, or tissue-specific factors. These 

activate telomerase only when and where needed 

[127]. These approaches achieve an optimal 

balance between efficacy and safety. 

Engineered telomerase variants offer another 

promising approach. These modified proteins 

retain telomere-extending capability while 

minimizing unintended effects.  

Examples include telomerase variants with 

enhanced localization to telomeres and reduced 

non-canonical activities. These optimize 

therapeutic benefits while ensuring safety  

[128].  

Other engineered variants show improved 

activity at short telomeres but minimal effect on 

longer ones, focusing activity where most 

needed. These rational design approaches 

leverage growing structural and functional 

understanding of telomerase biology. 

Monitoring strategies are crucial for risk 

management. Developing biomarkers that predict 

potential adverse effects before clinical 

manifestation enables early intervention. 

Potential approaches include liquid biopsy 

techniques to detect cellular abnormalities. 

Periodic telomere length assessment ensures 

appropriate elongation. Immune monitoring 

detects signs of adverse responses [129].  

Imaging methods sensitive to tissue changes 

might provide additional surveillance options. 

These monitoring approaches should be 

incorporated into long-term follow-up protocols 

for all recipients of telomerase-based therapies. 

Combination with protective agents can further 

enhance safety. For example, co-administering 

anti-inflammatory components could reduce 

harmful immune responses to the therapy itself 

[130].  

Similarly, incorporating genes that enhance 

cellular resilience may complement hTERT's 

regenerative benefits. This complementary 

approach acknowledges that safety requires 

systems of overlapping protections rather than 

single solutions. 

Reversibility strategies provide ultimate safety 

backups. These include incorporating genetic 

"kill switches" that allow selective elimination of 

cells expressing the therapeutic transgene if 

necessary [131].  

Approaches range from herpes simplex virus 

thymidine kinase (HSV-TK) systems that render 

cells sensitive to ganciclovir to more 

sophisticated systems using inducible Cas9 to 

disrupt the integrated transgene.  

While adding complexity, such failsafe 

mechanisms may prove essential for regulatory 

acceptance of lifetime telomerase therapies. 
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These multi-layered safety strategies, 

implemented thoughtfully and validated through 

rigorous preclinical and early clinical studies, 

ensure the safety of telomerase-based 

interventions while preserving their 

transformative therapeutic potential. 

Conclusion 

Human telomerase reverse transcriptase (hTERT) 

gene therapy represents a groundbreaking 

approach to address telomere attrition, a 

fundamental driver of cellular aging and age-

related pathologies.  

This manuscript has elucidated the multifaceted 

mechanisms of hTERT, encompassing its 

canonical role in telomere elongation and non-

canonical functions in mitochondrial protection, 

inflammation modulation, and DNA damage 

response.   

Preclinical studies, notably the landmark work by 

Bernardes de Jesus et al. (2012), demonstrate that 

hTERT activation extends lifespan and 

healthspan in animal models. Significant 

improvements occur in metabolic, 

neuromuscular, and regenerative capacities, 

without increasing cancer incidence.  

These findings, corroborated by human genetic 

and observational data, underscore hTERT's 

potential to mitigate age-related conditions. 

These include idiopathic pulmonary fibrosis, 

cardiovascular diseases, neuro- 

degenerative disorders, and metabolic 

syndromes.  

The safety profile of hTERT gene therapy, a 

critical consideration for clinical translation, is 

supported by evidence that telomerase activation 

in normal cells with intact tumor suppressor 

mechanisms does not induce malignant 

transformation.  

Instead, hTERT stabilizes telomeres, reducing 

genomic instability, a key driver of 

carcinogenesis. This lowers cancer risk in 

controlled settings. Sophisticated delivery 

systems, including AAV vectors with tissue-

specific targeting and inducible expression 

controls, further enhance safety.  

They minimize off-target effects and immune 

responses. Early human interventions, though 

limited, provide preliminary evidence of telomere 

lengthening and functional improvements. This 

paves the way for rigorous clinical trials. 

The integration of hTERT gene therapy with 

complementary approaches offers synergistic 

potential to address multiple hallmarks of  

aging.  

Senolytics, mitochondrial enhancers, and anti-

inflammatory agents represent promising 

combination strategies. These combination 

strategies, alongside tissue regeneration 

applications, position hTERT therapy as a 

versatile tool for both disease treatment and 

healthspan extension.  

However, advancing this field requires 

overcoming technical challenges in vector 

optimization, scaling manufacturing, and 

establishing long-term safety through robust 

biomarkers and monitoring protocols.  

As hTERT gene therapy progresses toward 

clinical implementation, regulatory pathways 

targeting specific telomere-associated diseases 

will facilitate initial approvals. Broader anti-

aging applications will follow as safety and 

efficacy data accumulate. Ethical considerations, 

including equitable access and societal impacts of 

extended healthspan, must be addressed in 

parallel with technical advancements. Engaging 

stakeholders across disciplines will ensure 

responsible development of this transformative 
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technology. In conclusion, hTERT gene therapy 

holds immense promise to redefine longevity 

medicine. It offers a scientifically grounded 

approach to enhance human health and resilience 

against the ravages of aging. 
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33. Haendeler J, Dröse S, Büchner N, Jakob S, Altschmied J, Goy C, et al. Mitochondrial telomerase reverse 

transcriptase binds to and protects mitochondrial DNA and function from damage. Arterioscler Thromb Vasc 

Biol. 2009;29(6):929-35. 

34. Singhapol C, Pal D, Czapiewski R, Porika M, Nelson G, Saretzki GC. Mitochondrial telomerase protects 

cancer cells from nuclear DNA damage and apoptosis. PLoS One. 2013;8(1):e52989. 

35. Choi J, Fauce SR, Effros RB. Reduced telomerase activity in human T lymphocytes exposed to cortisol. 

Brain Behav Immun. 2008;22(4):600-5. 

36. Ghosh A, Saginc G, Leow SC, Khattar E, Shin EM, Yan TD, et al. Telomerase directly regulates NF-κB-

dependent transcription. Nat Cell Biol. 2012;14(12):1270-81. 

37. Fauce SR, Jamieson BD, Chin AC, Mitsuyasu RT, Parish ST, Ng HL, et al. Telomerase-based pharmacologic 

enhancement of antiviral function of human CD8+ T lymphocytes. J Immunol. 2008;181(10):7400-6. 

38. Bernardes de Jesus B, Vera E, Schneeberger K, Tejera AM, Ayuso E, Bosch F, et al. Telomerase gene therapy 

in adult and old mice delays aging and increases longevity without increasing cancer. EMBO Mol Med. 

2012;4(8):691-704. 

39. Tomas-Loba A, Flores I, Fernandez-Marcos PJ, Cayuela ML, Maraver A, Tejera A, et al. Telomerase reverse 

transcriptase delays aging in cancer-resistant mice. Cell. 2008;135(4):609-22. 



Sewell PE|Special Issue (2025) | JPHM-002| Review Article   

Citation: Sewell PE. hTERT Gene Therapy: Mechanisms and Potential for Telomere Extension in Age-Related Conditions. J Public Health Med. 
2025;1(1):1-29  

 
 

40. Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, Adams AC, et al. Telomerase reactivation reverses 

tissue degeneration in aged telomerase-deficient mice. Nature. 2011;469(7328):102-6. 

41. Ramunas J, Yakubov E, Brady JJ, Corbel SY, Holbrook C, Brandt M, et al. Transient delivery of modified 

mRNA encoding TERT rapidly extends telomeres in human cells. FASEB J. 2015;29(5):1930-9. 

42. Shlush LI, Skorecki KL, Itzkovitz S, Yehezkel S, Segev Y, Shachar H, et al. Telomere elongation followed 

by telomere length reduction, in leukocytes from divers exposed to intense oxidative stress -- implications 

for tissue and organismal aging. Mech Ageing Dev. 2011;132(3):123-30. 

43. Ferrón S, Mira H, Franco S, Cano-Jaimez M, Bellmunt E, Ramírez C, et al. Telomere shortening and 

chromosomal instability abrogates proliferation of adult but not embryonic neural stem cells. Development. 

2004;131(16):4059-70. 

44. Lee J, Jo YS, Sung YH, Hwang IK, Kim H, Kim SY, et al. Telomerase deficiency affects normal brain 

functions in mice. Neurochem Res. 2010;35(2):211-8. 

45. Leri A, Franco S, Zacheo A, Barlucchi L, Chimenti S, Limana F, et al. Ablation of telomerase and telomere 

loss leads to cardiac dilatation and heart failure associated with p53 upregulation. EMBO J. 2003;22(1):131-

9. 

46. Matsushita H, Chang E, Glassford AJ, Cooke JP, Chiu CP, Tsao PS. eNOS activity is reduced in senescent 

human endothelial cells: Preservation by hTERT immortalization. Circ Res. 2001;89(9):793-8. 

47. Sahin E, Colla S, Liesa M, Moslehi J, Müller FL, Guo M, et al. Telomere dysfunction induces metabolic and 

mitochondrial compromise. Nature. 2011;470(7334):359-65. 

48. Westhoff JH, Schildhorn C, Jacobi C, Hömme M, Hartner A, Braun H, et al. Telomere shortening reduces 

regenerative capacity after acute kidney injury. J Am Soc Nephrol. 2010;21(2):327-36. 

49. Muñoz-Lorente MA, Cano-Martin AC, Blasco MA. Mice with hyper-long telomeres show less metabolic 

aging and longer lifespans. Nat Commun. 2019;10(1):4723. 

50. Ramunas J, Yakubov E, Brady JJ, Corbel SY, Holbrook C, Brandt M, et al. Transient delivery of modified 

mRNA encoding TERT rapidly extends telomeres in human cells. FASEB J. 2015;29(5):1930-9. 

51. Bär C, Povedano JM, Serrano R, Benitez-Buelga C, Popkes M, Formentini I, et al. Telomerase gene therapy 

rescues telomere length, bone marrow aplasia, and survival in mice with aplastic anemia. Blood. 

2016;127(14):1770-9. 

52. Blasco MA. Telomere length, stem cells and aging. Nat Chem Biol. 2007;3(10):640-9. 

53. Atzmon G, Cho M, Cawthon RM, Budagov T, Katz M, Yang X, et al. Evolution in health and medicine 

Sackler colloquium: Genetic variation in human telomerase is associated with telomere length in Ashkenazi 

centenarians. Proc Natl Acad Sci USA. 2010;107 Suppl 1:1710-7. 

54. Codd V, Nelson CP, Albrecht E, Mangino M, Deelen J, Buxton JL, et al. Identification of seven loci affecting 

mean telomere length and their association with disease. Nat Genet. 2013;45(4):422-7. 

55. Armanios M and Blackburn EH. The telomere syndromes. Nat Rev Genet. 2012;13(10):693-704. 

56. Armanios M, Alder JK, Parry EM, Karim B, Strong MA, Greider CW. Short telomeres are sufficient to cause 

the degenerative defects associated with aging. Am J Hum Genet. 2009;85(6):823-32. 

57. Alder JK, Cogan JD, Brown AF, Anderson CJ, Lawson WE, Lansdorp PM, et al. Ancestral mutation in 

telomerase causes defects in repeat addition processivity and manifests as familial pulmonary fibrosis. PLoS 

Genet. 2011;7(3):e1001352. 

58. Cawthon RM, Smith KR, O'Brien E, Sivatchenko A, Kerber RA. Association between telomere length in 

blood and mortality in people aged 60 years or older. Lancet. 2003;361(9355):393-5. 

59. Wang Q, Zhan Y, Pedersen NL, Fang F, Hägg S. Telomere length and all-cause mortality: a meta-analysis. 

Ageing Res Rev. 2018;48:11-20. 

60. Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P. Leucocyte telomere length 

and risk of cardiovascular disease: systematic review and meta-analysis. BMJ. 2014;349:g4227. 

61. Zhao J, Miao K, Wang H, Ding H, Wang DW. Association between telomere length and type 2 diabetes 

mellitus: a meta-analysis. PLoS One. 2013;8(11):e79993. 



Sewell PE|Special Issue (2025) | JPHM-002| Review Article   

Citation: Sewell PE. hTERT Gene Therapy: Mechanisms and Potential for Telomere Extension in Age-Related Conditions. J Public Health Med. 
2025;1(1):1-29  

 
 

62. Forero DA, González-Giraldo Y, López-Quintero C, Castro-Vega LJ, Barreto GE, Perry G. Meta-analysis of 

telomere length in Alzheimer's disease. J Gerontol A Biol Sci Med Sci. 2016;71(8):1069-73. 

63. Epel ES, Merkin SS, Cawthon R, Blackburn EH, Adler NE, Pletcher MJ, et al. The rate of leukocyte telomere 

shortening predicts mortality from cardiovascular disease in elderly men. Aging (Albany NY). 2009;1(1):81-

8. 

64. Sewell PE and Ediriweera D. Systemic Human hTERT AAV Gene Transfer Therapy and the Effect on 

Telomere Length and Biological Age, a Case Report. J Regen Biol Med. 2022;4(2):1-8. 

65. Sewell PE, Ediriweera D, Gomez Rios E, Guadarrama OA, G, Eusebio Y, Gonzalez L, et al. Safety Study of 

AAV hTert and Klotho Gene Transfer Therapy for Dementia. J Regen Biol Med. 2021;3(6):1-15. 

66. Salvador L, Singaravelu G, Harley CB, Flom P, Suram A, Raffaele JM. A natural product telomerase activator 

lengthens telomeres in humans: a randomized, double blind, and placebo controlled study. Rejuvenation Res. 

2016;19(6):478-84. 

67. Ornish D, Lin J, Chan JM, Epel E, Kemp C, Weidner G, et al. Effect of comprehensive lifestyle changes on 

telomerase activity and telomere length in men with biopsy-proven low-risk prostate cancer: 5-year follow-

up of a descriptive pilot study. Lancet Oncol. 2013;14(11):1112-20. 

68. Li C and Samulski RJ. Adeno-associated virus as a delivery vector for gene therapy of human diseases. Signal 

Transduct Target Ther. 2024;9(1):78. 

69. Dong JY, Fan PD, Frizzell RA. Quantitative analysis of the packaging capacity of recombinant adeno-

associated virus. Hum Gene Ther. 1996;7(17):2101-12. 

70. Pryadkina M, Lostal W, Bourg N, Charton K, Roudaut C, Hirsch ML, et al. Adeno-associated Virus (AAV) 

Dual Vector Strategies for Gene Therapy Encoding Large Payloads. Bioeng Transl Med. 2017;2(3):361-70. 

71. Gray SJ, Matagne V, Bachaboina L, Yadav S, Ojeda SR, Samulski RJ. Preclinical differences of intravascular 

AAV9 delivery to neurons and glia: a comparative study of adult mice and nonhuman primates. Mol Ther. 

2011;19(6):1058-69. 

72. Jia J, Wang Q, Ma J, Han Y, Wang J, Long H, et al. Advances in AAV capsid engineering: Integrating 

rational design, AI, and directed evolution. Mol Ther. 2025;33(5):1197-208. 

73. Chahal PS, Schulze E, Tran R, Montes J, Kamen AA. Production of adeno-associated virus (AAV) serotypes 

by transient transfection of HEK293 cell suspension cultures for gene delivery. J Biotechnol. 2014;196-

197:163-73. 

74. Clement N and Grieger JC. Manufacturing of recombinant adeno-associated viral vectors for clinical trials. 

Mol Ther Methods Clin Dev. 2016;3:16002. 

75. Xie J, Ameres SL, Friedline R, Hung JH, Zhang Y, Xie Q, et al. MicroRNA-regulated, systemically delivered 

rAAV9: a step closer to CNS-restricted transgene expression. Mol Ther. 2011;19(3):526-35. 

76. Kügler S, Kermer P, Bähr M. Human synapsin 1 gene promoter confers highly neuron-specific long-term 

transgene expression from an adenoviral vector in the adult rat brain depending on the transduced area. Gene 

Ther. 2003;10(4):337-47. 

77. Jiang L, Rampalli S, George D, Press C, Bresee C, Arbour N, et al. Tight regulation from a single tet-off 

rAAV vector as demonstrated by flow cytometry and quantitative real-time PCR. Gene Ther. 

2004;11(13):1057-67. 

78. Müller OJ, Kaul F, Weitzman MD, Pasqualini R, Arap W, Kleinschmidt JA, et al. Random peptide libraries 

displayed on adeno-associated virus to select for targeted gene therapy vectors. Nat Biotechnol. 

2003;21(9):1040-6. 

79. Deverman BE, Pravdo PL, Simpson BP, Kumar SR, Chan KY, Banerjee A, et al. Cre-dependent selection 

yields AAV variants for widespread gene transfer to the adult brain. Nat Biotechnol. 2016;34(2):204-9. 

80. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes 1-9 mediated gene expression 

and tropism in mice after systemic injection. Mol Ther. 2008;16(6):1073-80. 

81. Aschauer DF, Kreuz S, Rumpel S. Analysis of transduction efficiency, tropism and axonal transport of AAV 

serotypes 1, 2, 5, 6, 8 and 9 in the mouse brain. PLoS One. 2013;8(9):e76310. 



Sewell PE|Special Issue (2025) | JPHM-002| Review Article   

Citation: Sewell PE. hTERT Gene Therapy: Mechanisms and Potential for Telomere Extension in Age-Related Conditions. J Public Health Med. 
2025;1(1):1-29  

 
 

82. Geisler A and Fechner H. MicroRNA-regulated viral vectors for targeted gene therapy. Gene Ther. 

2016;23(12):807-15. 

83. Sorrentino NC, Maffia V, Strollo S, Cacace V, Romagnoli N, Manfredi A, et al. A comprehensive study of 

immunogenicity of a gene therapy vector with an optimized promoter, selectively targeting rod 

photoreceptors. Gene Ther. 2013;20(9):916-24. 

84. Jiang L, Althoff CE, Eikenberg S, Muppirala U, Dhital S, Li J, et al. Tetracycline-Regulated Transactivators 

Driven by the Liver-Specific Alpha-1 Antitrypsin Promoter to Express TRAIL Selectively in Liver Cancer 

Cells. Mol Ther. 2018;26(2):509-21. 

85. Bojar D, Scheller L, Hamri GC, Xie M, Fussenegger M. Caffeine-inducible gene switches controlling 

experimental diabetes. Nat Commun. 2018;9(1):2318. 

86. Greco SJ and Rameshwar P. MicroRNAs regulate synthesis of cell cycle proteins in post-mitotic neurons. 

Cell Tissue Res. 2008;331(1):83-90. 

87. Binley K, Widdowson P, Loader J, Kelleher M, Iqball S, Ferrige G et al. Transduction of photoreceptors with 

equine infectious anemia virus lentiviral vectors: safety and biodistribution of Stargen for Stargardt disease. 

Invest Ophthalmol Vis Sci. 2013;54(6):4061-71. 

88. Ye H and Fussenegger M. Synthetic therapeutic gene circuits in mammalian cells. FEBS Lett. 

2014;588(15):2537-44. 

89. Ausländer S and Fussenegger M. From gene switches to mammalian designer cells: present and future 

prospects. Trends Biotechnol. 2013;31(3):155-68. 

90. Greco R, Oliveira G, Stanghellini MT, Vago L, Bondanza A, Peccatori F, et al. Improving the safety of cell 

therapy with the TK-suicide gene. Front Pharmacol. 2015;6:95. 

91. Iwamoto M, Björklund T, Lundberg C, Moore D, Brundin P. A novel hybrid promoter responsive to 

pathophysiological and pharmacological regulation. J Mol Neurosci. 2010;42(3):370-82. 

92. Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG, Markin C, et al. Telomerase mutations in families 

with idiopathic pulmonary fibrosis. N Engl J Med. 2007;356(13):1317-26. 

93. Alder JK, Barkauskas CE, Limjunyawong N, Stanley SE, Armanios M. Telomere dysfunction causes alveolar 

stem cell failure. Proc Natl Acad Sci USA. 2015;112(16):5099-104. 

94. Fyhrquist F, Saijonmaa O, Strandberg T. The roles of senescence and telomere shortening in cardiovascular 

disease. Nat Rev Cardiol. 2013;10(5):274-83. 

95. Madonna R, Taylor DA, Geng YJ, De Caterina R, Shelat H, Perin EC, et al. Transplantation of mesenchymal 

cells rejuvenated by the overexpression of telomerase and myocardin promotes revascularization and tissue 

repair in a murine model of hindlimb ischemia. Circ Res. 2013;113(7):902-14. 

96. Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, Adams AC, et al. Telomerase reactivation reverses 

tissue degeneration in aged telomerase-deficient mice. Nature. 2011;469(7328):102-6. 

97. Spilsbury A, Miwa S, Attems J, Saretzki G. The role of telomerase protein TERT in Alzheimer's disease and 

in tau-related pathology in vitro. J Neurosci. 2015;35(4):1659-74. 

98. Guo N, Parry EM, Li LS, Kembou F, Lauder N, Hussain MA, et al. Short telomeres compromise β-cell 

signaling and survival. PLoS One. 2011;6(3):e17858. 

99. Schafer MJ, White TA, Iijima K, Haak AJ, Ligresti G, Atkinson EJ, et al. Cellular senescence mediates 

fibrotic pulmonary disease. Nat Commun. 2017;8:14532. 

100. González-Suárez E, Samper E, Flores JM, Blasco MA. Telomerase-deficient mice with short telomeres are 

susceptible to skin tumorigenesis, but telomerase reactivation reduces tumor susceptibility. Cancer Res. 

2005;65(7):2726-31. 

101. Stout R and Birch-Machin M. Telomeres, aging and oral cavity cancers: A review. Mol Clin Oncol. 

2014;2(3):335-9. 

102. Sacco A, Mourkiotis N, Sacconi R, Singh MM, Muti P, Foster H, et al. REST is a master regulator of the 

cellular senescence program. Nat Commun. 2021;12(1):2085. 

103. Piera-Velazquez S and Jimenez SA. Role of cellular senescence and NOX4-mediated oxidative stress in 

systemic sclerosis pathogenesis. Curr Rheumatol Rep. 2015;17(1):473. 



Sewell PE|Special Issue (2025) | JPHM-002| Review Article   

Citation: Sewell PE. hTERT Gene Therapy: Mechanisms and Potential for Telomere Extension in Age-Related Conditions. J Public Health Med. 
2025;1(1):1-29  

 
 

104. Ferrón SR, Marqués-Torrejón MA, Mira H, Flores I, Taylor K, Blasco MA, et al. Telomere shortening in 

neural stem cells disrupts neuronal differentiation and neuritogenesis. J Neurosci. 2009;29(46):14394-407. 

105. Mattson MP, Fu W, Zhang P. Emerging roles for telomerase in regulating cell differentiation and survival: a 

neuroscientist's perspective. Mech Ageing Dev. 2001;122(7):659-71. 

106. Rudolph KL, Chang S, Millard M, Schreiber-Agus N, DePinho RA. Inhibition of experimental liver cirrhosis 

in mice by telomerase gene delivery. Science. 2000;287(5456):1253-58. 

107. Kirkland JL and Tchkonia T. Senolytic drugs: from discovery to translation. J Intern Med. 2020;288(5):518-

36. 

108. Roos CM, Zhang B, Palmer AK, Ogrodnik MB, Pirtskhalava T, Thalji NM, et al. Chronic senolytic treatment 

alleviates established vasomotor dysfunction in aged or atherosclerotic mice. Aging Cell. 2016;15(5):973-7. 

109. Fang EF, Hou Y, Lautrup S, Jensen MB, Yang B, SenGupta T, et al. NAD+ augmentation restores mitophagy 

and limits accelerated aging in Werner syndrome. Nat Commun. 2019;10(1):5284. 

110. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, et al. Resveratrol improves health and 

survival of mice on a high-calorie diet. Nature. 2006;444(7117):337-42. 

111. Bernardes de Jesus B, Schneeberger K, Vera E, Tejera A, Harley CB, Blasco MA. The telomerase activator 

TA-65 elongates short telomeres and increases health span of adult/old mice without increasing cancer 

incidence. Aging Cell. 2011;10(4):604-21. 

112. Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P, Morton JP, et al. A complex secretory program 

orchestrated by the inflammasome controls paracrine senescence. Nat Cell Biol. 2013;15(8):978-90. 

113. Narkar VA, Downes M, Yu RT, Embler E, Wang YX, Banayo E, et al. AMPK and PPARdelta agonists are 

exercise mimetics. Cell. 2008;134(3):405-15. 

114. Shay JW, Zou Y, Hiyama E, Wright WE. Telomerase and cancer. Hum Mol Genet. 2001;10(7):677-85. 

115. Jiang XR, Jimenez G, Chang E, Frolkis M, Kusler B, Sage M, et al. Telomerase expression in human somatic 

cells does not induce changes associated with a transformed phenotype. Nat Genet. 1999;21(1):111-4. 

116. González-Suárez E, Samper E, Flores JM, Blasco MA. Telomerase-deficient mice with short telomeres are 

resistant to skin tumorigenesis. Nat Genet. 2000;26(1):114-7. 

117. Artandi SE and DePinho RA. Telomeres and telomerase in cancer. Carcinogenesis. 2010;31(1):9-18. 

118. Cayuela ML, Flores JM, Blasco MA. The telomerase RNA component Terc is required for the tumour-

promoting effects of Tert overexpression. EMBO Rep. 2005;6(3):268-74. 

119. Ramunas J, Yakubov E, Brady JJ, Corbel SY, Holbrook C, Brandt M, et al. Transient delivery of modified 

mRNA encoding TERT rapidly extends telomeres in human cells. FASEB J. 2015;29(5):1930-9. 

120. Boutin S, Monteilhet V, Veron P, Leborgne C, Benveniste O, Montus MF, et al. Prevalence of serum IgG 

and neutralizing factors against adeno-associated virus (AAV) types 1, 2, 5, 6, 8, and 9 in the healthy 

population: implications for gene therapy using AAV vectors. Hum Gene Ther. 2010;21(6):704-712. 

121. Mingozzi F, Maus MV, Hui DJ, Sabatino DE, Murphy SL, Rasko JE, et al. CD8(+) T-cell responses to adeno-

associated virus capsid in humans. Nat Med. 2007;13(4):419-22. 

122. Vonderheide RH, Hahn WC, Schultze JL, Nadler LM. The telomerase catalytic subunit is a widely expressed 

tumor-associated antigen recognized by cytotoxic T lymphocytes. Immunity. 1999;10(6):673-9. 

123. Mingozzi F, Hasbrouck NC, Basner-Tschakarjan E, Edmonson SA, Hui DJ, Sabatino DE, et al. Modulation 

of tolerance to the transgene product in a nonhuman primate model of AAV-mediated gene transfer to liver. 

Blood. 2007;110(7):2334-41. 

124. Zaiss AK and Muruve DA. Immune responses to adeno-associated virus vectors. Curr Gene Ther. 

2005;5(3):323-31. 

125. Mingozzi F and High KA. Overcoming the host immune response to adeno-associated virus gene delivery 

vectors: the role of tolerance induction. Mol Ther. 2017;25(5):1117-28. 

126. Gargiulo G, Serresi M, Cesaroni M, Hulsman D, Haanstra J, van Lohuizen M. In vivo shRNA screens in 

solid tumours using conditional tetracycline-regulated rAAV vectors. J Pathol. 2014;232(2):131-40. 



Sewell PE|Special Issue (2025) | JPHM-002| Review Article   

Citation: Sewell PE. hTERT Gene Therapy: Mechanisms and Potential for Telomere Extension in Age-Related Conditions. J Public Health Med. 
2025;1(1):1-29  

 
 

127. Binley K, Askham Z, Iqball S, Spearman H, Martin L, de Alwis M, et al. Long-term reversal of severe visual 

loss by mitochondrial gene transfer in a rat model of Leber hereditary optic neuropathy. Gene Ther. 

2011;18(6):647-52. 

128. Schmidt JC, Dalby AB, Cech TR. Identification of human TERT elements important for telomerase activity 

in Saccharomyces cerevisiae. Nucleic Acids Res. 2016;44(3):1240-55. 

129. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory 

Therapy with Canakinumab for Atherosclerotic Disease. N Engl J Med. 2017;377(12):1119-31. 

130. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature. 2014;510(7503):92-

101. 

131. Di Stasi A, Tey SK, Dotti G, Fujita Y, Kennedy-Nasser A, Martinez C, et al. Inducible apoptosis as a safety 

switch for adoptive cell therapy. N Engl J Med. 2011;365(18):1673-83. 

 

 


