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ABSTRACT: Immune aging is associated with loss of critical immune functions, such as host protection 

from infection and malignancy. Unexpectedly, immunosenescence also renders the host susceptible to 

inflammation, which may translate into tissue-damaging disease as the senescent immune system loses its 

ability to maximize inflammatory protection while minimizing inflammatory injury.  On the other hand, 

chronic inflammation associated with immune-mediated disease represents a profound stress factor for the 

immune system, affecting cellular turn-over, replication and exhaustion. Immune cell longevity is tightly 

connected to the functional integrity of telomeres which are regulated by cell multiplication, exposure to 

oxidative stress and DNA repair mechanisms. Lymphocytes are amongst the few cell types that can actively 

elongate telomeres through the action of telomerase. In patients with the autoimmune disease rheumatoid 

arthritis (RA), telomerase deficiency is associated with prematurity of immune aging. Patients with RA 

have other defects in DNA repair mechanisms, including the kinase Ataxia telangiectasia mutated (ATM), 

critically involved in the repair of DNA double strand breaks. ATM deficiency in RA shortens lymphocyte 

survival. Dynamics of telomeric length and structure are beginning to be understood and have distinct 

patterns in different autoimmune diseases, suggesting a multitude of molecular mechanisms defining the 

interface between chronic immune stimulation and progressive aging of the immune system.   
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Aging can be defined as the progressive decline of tissue 

function that eventually results in mortality [1]. Aging is 

a natural occurring process and not a disease state. While 

aging is inevitable for all humans, the speed of age-

related functional deterioration varies considerably 

amongst individuals. Why some individuals reach frailty 

earlier than others is not understood and genetic factors 

as well as environmental exposures are believed to 

modulate the senescence process. Emerging data suggest 

that certain autoimmune diseases are associated with 

prematurity of aging, suggesting that immune 

homeostasis and aging are tightly interlinked.  

Currently, aging is viewed as a generalized process 

occurring in all organ systems in a parallel fashion [1]. 

However, recent studies point towards a much higher 

degree of complexity in the aging process and 

accumulating data support the notion that diseases 

(including infectious exposure) incurred during life may 

accelerate the aging of certain organ systems. Aging of 

the immune system, often described by the term 

immunosenescence, has attracted particular attention as 

the loss of immune function in the aging host is 

associated with conditions that limit life span, such as, 

infectious susceptibility and malignancy [2]. Equally 

important, age-related failure of immune function not 

only leads to loss of function but also to hyperactivity 

which clinically manifests as a state of chronic 

subclinical inflammation. Recent investigative efforts 

have focused on delineating the relationship between 

inflammaging and inflammatory disease. Generally, 

senescence-associated inflammation has been connected 

to a 2-4-fold increase in the levels of acute-phase 

reactants, such as C-reactive protein and interleukin-6 [3, 

4]. Increased inflammatory activity is now recognized as 
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a hallmark of a number of age-related diseases, such as 

atherosclerosis and insulin resistance [5, 6]. The 

connection between inflammation and aging is of 

particular interest in individuals with autoimmune 

diseases, conditions typified by chronic smoldering 

inflammation which affect individuals early in life.  

This review will summarize the current knowledge of 

the interrelationship between immune-mediated disease, 

immune aging and acceleration of immunosenescence in 

patients with autoimmunity. Attempts to quantify such 

complex processes have focused attention on telomeres, 

structures that function as the cells’ internal clock. 

Lengths of telomeric repeats are now widely accepted as 

indices of cellular aging and here we will review recent 

insights into telomere biology as a molecular approach to 

aging and autoimmunity.   

 

Telomeres and Aging 

 

Telomeres are the natural ends of linear chromosomes, 

and function to cap chromosomal ends to prevent them 

from being recognized as DNA double strand breaks [7]. 

In human cells, telomeric DNA is composed of G-rich 

repetitive sequences with the G-rich strand ending in a 3’ 

single stranded DNA overhang to overcome the “end 

replication problem” [8]. To protect telomeres from 

repair activity and fusion, the telomeric region is covered 

by a complex of specialized proteins, often referred to as 

the shelterin complex [9]. In addition, proteins involved 

in repairing DNA double strand breaks contribute to 

protecting, stabilizing and maintaining telomeres [10]. 

Finally, the enzyme telomerase can elongate telomeric 

sequences (Figure 1A). In most somatic cells telomerase 

is produced at very low levels. In contrast, many 

malignant cells are able to upregulate this enzyme and 

extend their survival through continuous telomeric 

elongation [11]. In essence, in healthy cells maintaining 

telomeric intactness and securing cellular longevity 

depends on three molecular processes; telomeric capping 

by shelterin proteins, sequence elongation by telomerase 

and repair of strand lesions by DNA repair pathways.  

 

 

 

 
 
Figure 1: Telomeres and Telomeric Protection. A) Telomere staining of a CD4 T-cell metaphase spread with telomeres 

stained in red (PNA probe) and DNA stained in blue (DAPI). Telomeres end in a 3’ overhang that is elongated by 

telomerase. B) Telomeric ends are protected by a protein complex termed shelterin. The shelterin members TRF1 and TRF2 

bind to the double stranded portion of the telomere, POT1 binds to the single stranded part. The three proteins are 

interconnected by TPP1 and TIN2. RAP1 binds only to TRF2 and modulates its function. 

 

 

Cells use telomeric ends to monitor their biologic 

age. Critically short telomeres force the cell either into 

senescence or apoptotic death. Tissues under permanent 

replicative stress (e.g. progenitor cells) and organ 

systems endowed with the ability to build memory (e.g. 

the immune system) are particularly dependent on 

cellular survival. They assign a major proportion of 

cellular energy to the surveillance and repair of DNA, 

including the telomeric DNA [12]. The average telomere 

length of peripheral hematopoietic cells appears to be a 

heritable trait [1]. Stem and progenitor cells are believed 

to be able to maintain their telomere length whereas 

somatic cells progressively lose telomeric sequences, a 

process that ultimately limits their life span [13]. In the 

hematopoietic system, the early years of life are 

associated with a high rate of telomeric loss, likely a 



 P.J. Hohensinner et al                                                                                               Telomeres and autoimmunity diseases 

Aging and Disease • Volume 2, Number 6, December 2011                                                                             526 
 

reflection of the enormous proliferative need generated 

by the rapidly expanding body size. In donors younger 

than 10 years, 270-1000 telomeric base pairs are lost in 

peripheral blood cells each year, during adulthood the 

rate slows down to 20-60 base pairs [14, 15]. Telomeric 

attrition is likely not a linear process over lifetime. 

Studies in CD4 T-cells have demonstrated that adults 

aged 40-65 years enter a phase of accelerated telomeric 

shortening [16]; possibly caused by the discontinuation 

of T cell generation in the failing thymus. 

Telomeric length is now recognized as an index of 

cellular aging and over the last few years measuring of 

telomeres in peripheral mononuclear cells or in whole 

blood samples has been applied to patients with a 

multitude of disease states. Much attention has been 

given to individuals with atherosclerotic disease and, as a 

common rule, telomeric length of PBMCs seems to be a 

strong predictor for disease progression. Patients with 

myocardial infarction have shorter telomeres compared 

to controls [17]. Leukocyte telomere length is associated 

with measures of subclinical atherosclerosis [18] and 

with HDL cholesterol levels [19]. Cellular aging 

reflected by shorter leukocyte telomere length is a 

predictor for advanced atherosclerosis and 

cardiovascular disease risk [20]. Furthermore, reduced 

leukocyte telomere length has been linked to increased 

coronary artery calcium [21] and reduction in left 

ventricular mass [22]. However, premature loss of 

telomeres extends beyond blood vessel disease and 

emerges as a marker of overall functionality. 

Specifically, telomere length has been connected to 

cancer incidence and cancer mortality [23].  

While the mechanisms underlying excessive erosion 

of telomeres remain insufficiently understood, there is 

beginning evidence that environmental stressors play a 

significant role in shaping the immune aging process. 

Specifically, virus infection seems to be a contributor to 

immune cell aging and telomere loss. Epstein-Barr virus 

infection has been described to be associated with 

telomeric loss [24]. Another herpes virus, 

Cytomegalovirus, may have a particular role in driving 

immune aging. Like other herpes virus infections CMV 

is characterized by states of latency and reactivation. 

Cytomegalovirus infection reduces telomere length in 

the circulating T-cell pool [25] and imposes a signature 

of immune aging. Chronic hepatitis C virus infection 

also seems to impact telomeres in immune cells. CD4
+
 

telomere length was reported to correlate with fibrosis 

stage, clinical outcome and treatment response [26].  

The current paradigm holds that chronic infection 

accelerates erosions of T cell telomeres through 

increased proliferative stress. In that model, chronic 

antigenic stimulation imposes constant demand on 

immune cell production, a demand which involves 

cellular replication. In a host old enough to lack thymic 

T cell regeneration this process should eventually use up 

the telomeric reserve. Whether this is indeed the 

mechanism that leads to telomere loss in humans 

remains speculative.  

 

Telomere Protection and Elongation 

 

While replication-dependent telomere loss is one 

possible mechanism underlying the shortening of 

telomeric sequences during healthy aging and during 

chronic inflammatory disease, alternative explanations 

need to be considered. Specifically, it is possible that 

structural changes of the telomeric ends results from 

aberrations in the machinery that maintain the 3-D 

configuration of telomeres. Chromosomal ends mimic 

double strand breaks, the most fatal DNA damage 

lesions and induce repair activity unless such repair 

activity is specifically suppressed [9, 27]. To protect the 

telomeric region from constant repair attempts, the 

telomeric ends are directly covered by specialized 

telomeric proteins forming a protein complex termed 

shelterin [9] (Table 1, Figure 1B). The double strand 

region is bound by TRF1 and TRF2. TRF1 plays a 

central role in telomere protection; its overexpression is 

associated with gradual telomere shortening while its 

removal results in telomere elongation [28]. If TRF2 is 

compromised, telomeres elicit a robust DNA damage 

signal. The telomere damage generated by TRF2 loss 

activates ATM and initiates the well known 

consequences for the cell [29]. The 3’ overhang of the 

telomere is bound by POT1 resulting in the characteristic 

T loop [9]. In contrast to TRF2 deletion, deletion of 

POT1 activates the ATR pathway [29]. POT1 might act 

in concert with the WRN 3’ > 5’ helicase on the 

replicative single G strand [30]. Two proteins function as 

linker molecules between TRF1, TRF2 and POT1. TIN2 

binds to TRF1 and TRF2 and to TPP1 which in turn 

connects to POT1. The remaining protein RAP1 binds to 

TRF2 and protects the telomere from unwanted 

homologous repair pathway activation. 

So far, limited data are available about functional 

consequences of mutations or deregulations of shelterin 

complex components. TIN2 mutations have been 

reported for patients with a clinical phenotype of 

dyskeratosis congenita, a progeroid syndrome 

characterized by severe aplastic anemia [31]. In a recent 

report Auguerau and colleagues described shelterin 

dysregulation in lymphocytic leukemia, expanding the 

potential role of shelterin proteins in human disease [32].  
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Table 1.  Function of shelterin complex proteins 

 

 
 

 
Considering the central role that telomerase plays in 

determining the lengths of telomeric sequences the 

functional activity of this enzyme needs to be assessed 

whenever telomeres undergo shortening. Critically short 

telomeres are not compatible with normal cellular 

function and the cell has to either initiate the senescence 

program or undergo apoptosis. Escape from these 

mechanisms enables the cell to proliferate without 

limitation and is a typical feature of malignancy. Thus, 

telomerase is often considered a marker of 

carcinogenesis. However, in few somatic cells, including 

lymphocytes and stem cells, telomerase actively 

participates in securing telomeric lengthening and may 

therefore hold a critical position in the process of 

immune aging.  

To function in telomeric extension telomerase is 

composed of the telomerase reverse transcriptase 

enzyme (TERT) which adds telomere (TTAGGG) 

repeats to the chromosome ends and the telomerase RNA 

component (TERC), which acts as the template for 

TERT [12]. The catalytic unit of telomerase contains two 

copies each of TERT, TERC and dyskerin.  

Unequivocal evidence that telomeric maintenance is 

critically involved in organ function has come from the 

recognition that mutations in telomerase, TERC or 

dyskerin have severe consequences for humans. The 

most severe disease associated with dysfunctional 

telomere maintenance is dyskeratosis congenita [33]. 

Family studies have been instrumental in pinpointing 

mutations in dyskerin. All patients with dyskeratosis 

congenita have very short telomeres [34]. Patients with 

the shortest telomeres tend to have the most severe 

disease [33]. Genetic aberrations in the components of 

the telomerase complex extend to other diseases than 

dyskeratosis congenita. Mutations of telomerase or 

TERC have been discovered in patients with aplastic 

anemia [35] and telomerase mutations were found in 

15% of patients with familial idiopathic pulmonary 

fibrosis [36]. Interestingly, many more patients with 

idiopathic pulmonary fibrosis have short telomeres 

without detectable telomerase mutations [37].  
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Lymphocytes have a unique requirement for clonal 

expansion that necessitates robust proliferative capacity. 

Therefore, immune cells are capable of upregulating 

telomerase to prevent massive telomere shortening. 

Telomerase activity is readily detectable after 3 days of 

in vitro stimulation and is markedly higher in naïve T-

cells than in memory T-cells. Interestingly, telomerase 

might have additional roles in the cell besides its 

canonical action in adding telomeric sequences. 

Knockdown of hTERT in naïve CD4 T-cells increases 

apoptotic susceptibility and restricts clonal expansion 

during the priming response without significant loss of 

telomeric length [38]. 

 

Cellular Senescence 
 

Cells monitor their individual age by “measuring” the 

length and structure of the telomeric ends and respond to 

the gradual loss of telomeric repeats by entering the 

senescence program.  This biologic principle was first 

described in the 1960s when Hayflick recognized that 

normal human cells had a limited life span in culture and 

cannot divide eternally [39]. The limited growth of 

human cells in culture is partially due to telomere 

erosion but additional genomic, structural and metabolic 

changes are equally important in signaling to the cell 

which stage of its life cycle it has reached. All non-

malignant human cells beside stem/progenitor cells and 

cells of the immune system are incapable of maintaining 

the telomeric length during proliferation and cell 

division. Even immune cells, equipped with the ability to 

upregulate telomeric lengthening mechanisms, 

eventually enter senescence. Whether there is not enough 

telomerase to meet the demand of telomere elongation 

during proliferation of immune cells or whether 

telomerase itself is regulated in an age-dependent fashion 

warrants further studies.  

Cellular senescence involves slowing and then arrest 

of cellular division. The senescence growth arrest is 

essentially permanent. Cells that display a senescent 

phenotype usually increase in size and express a 

senescence associated gene signature including induction 

of beta-galactosidase and p16INK4a [40]. Some cells 

induce a senescence program due to persistent DNA 

damage response (DDR) signaling with chromatin 

alterations reinforcing senescence [40]. However, 

senescent cells do not stop to be metabolically active and 

display an array of activities that have profound 

consequences for the tissue microenvironment and the 

entire organism.  Specifically, senescent cells are 

actively involved in shaping the cytokine and 

extracellular matrix environment they are in. The best 

studied cell type so far is the fibroblast. Senescent 

fibroblasts were described to express amphiregulin, GRO 

alpha, IL-6, IL-8, VEGF and various MMPs [41-44].  

 

T-cell Senescence 
 

Senescence is of particular relevance for cells that are 

long-lived as is the case for T lymphocytes, the carriers 

of immune memory. T cells are known to be able to live 

over decades. Nevertheless, they are somatic cells and 

are not immortal. As humans progress in life they 

accumulate specific subsets of T-cells that are 

phenotypically and functionally distinct from those 

present in the young. Aging T cells have reduced 

telomeric length and are characterized by the absence of 

the co-stimulatory receptor CD28 [45]. At birth, virtually 

all human T-cells express CD28. In the elderly, the 

expression levels of CD28 drop to around 85%-90% for 

peripheral CD4 T-cells and 40%-50% for peripheral 

CD8 T-cells [46, 47]. CD28 is a critical player in T cell 

regulation and the loss of this co-stimulatory molecule 

must profoundly reshape adaptive immunity.   

The main cause of CD28 loss in T-cells is attributed 

to repeated antigenic stimulation [45]. In vitro studies 

have described an almost total loss of CD28
+
 CD8 cells 

after subsequent stimulation [48]. This activation 

induced loss model is further supported by shortened 

telomeres in CD28
-
 cells compared to the respective 

CD28
+
 counterpart [45]. The loss of CD28 is permanent, 

suggesting transcriptional silencing. The loss of CD28 

expression correlates with changes of nuclear protein 

binding activities to two motifs, site alpha and beta 

within the CD28 minimal promoter. Complexes binding 

to the two motifs, expressed only in lymphoid tissue, are 

coordinately expressed except during replicative 

senescence. The complete loss of function in both motifs 

is correlated with a CD28 null phenotype of both CD4
+
 

and CD8
+
 T cells in vivo [49]. Interestingly, the CD28 

gene transcriptional initiator is negatively regulated by 

TNF-α, a cytokine typically overexpressed during 

chronic inflammatory disease [50]. Loss of CD28 

appears to be part of a broader program of T cell 

reprogramming. As CD28 is lost, such T cells acquire a 

number of novel receptors, such as killer-cell 

immunoglobulin-like receptors (KIR), leukocyte 

function receptor 1, CD70 and perforin [45]. Whether 

this is a consequence of epigenetic mechanisms is 

currently under investigation. Of note, in CD8 cells of 

the elderly the KIR2DL3 promoter gets partially 

demethylated rendering CD8 cells more likely to express 

KIR [51]. Such epigenetic changes may underlie the 

expansion of CD28
-
 T cells in patients with autoimmune 

disease implicating environmental and metabolic factors 

in the immune aging process.   
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Figure 2: Consequence of CD28 loss in T-cells. Upon aging or repeated antigenic stimulation, T-cells lose the 

co-stimulatory receptor CD28. The downregulation of CD28 is associated with multiple changes in T cell surface 

receptors, including the upregulation of the cytokine receptor IL12A as well as the acquisition of NK-cell 

receptors and mediators, including CD158B1, CD158K, CD94, CD244 and perforin and granzyme B and H. 

 

 

CD28
-
 T-cells have a distinct gene expression profile, 

including genes generally associated with 

proinflammatory activities (Figure 2). Aged T cells may 

thus have a critical role as inflammatory amplificators 

and represent a major mediator of the aging-associated 

inflammatory syndromes. They produce IFNγ in higher 

amounts than their CD28 counterparts [52]. A cardinal 

feature of CD28
-
 T cells is the expression of receptor 

molecules that are usually reserved for NK cells, 

including CD158A, CD158B, CD158J, DAP12 CD94, 

and CD244 [53-55]. The loss of CD28 and the 

acquisition of alternate receptors essentially redirects 

CD28
-
 T cells in terms of cellular partners. Instead of 

interacting with classical antigen-presenting cells, such 

as dendritic cells, CD28
-
 T cells are capable of forming 

productive partnerships with accessory cells that lack 

classical antigen-presentation function and partner with 

cells that provide ligands for NK receptors. Often, such 

cells are of mesenchymal origin and include vascular 

smooth muscle cells and fibroblast-like cells in the 

inflamed joint. The reprogramming of CD28
-
 T cells to 

prefer alternate receptor ligand interactions over CD28
-

CD80/86 interactions empowers them to receive 

amplifying signals from cells in peripheral inflammatory 

lesions [56].  

Another typical property of CD28
-
 T cells includes 

their potent cytolytic capability. While this is not 

unexpected for CD8
+
CD28

-
 T cells, cytolytic capability 

may even be more important for CD4
+
CD28

-
 T cells. 

CD4
+
CD28

-
 T cells have been shown to kill endothelial 

cells [57], a mechanism of potential relevance in tissue 

injury and instability of the atherosclerotic plaque.  

Increased frequencies of CD28
-
 T cells are commonly 

found in the elderly host and under conditions of chronic 

viral infection. This finding is compatible with CD28
- 
T 

cells representing a state of exhaustion. However, 

accumulation of senescent CD28
-
 T cells is not restricted 

to the very old or the chronically infected host but rather 

occurs in a number of autoimmune diseases. CD4
+
CD28

- 

T cells are expanded in multiple sclerosis, rheumatoid 

arthritis and Wegener’s disease. CD8
+
CD28

-
 cells have 

mostly been associated with the infectious burden from 

chronic viral infections [45]. Recent studies have 

examined the possibility that CD4 CD28- T cells in 

autoimmune patients are a consequence of viral 

infection. CMV has attracted particular attention. 

CD4
+
CD28

-
 T-cell expansion in Wegener’s 

granulomatosis has been described to be present in CMV 

infected hosts [58]. CD4
+
CD28

-
 T cells as a reflection of 

latent CMV infection has also been investigated in 

patients with rheumatoid arthritis [59]. T-cell infiltrates 

in the muscle lesions of patients with Dermatomyositis 

and Polymyositis have been described to be dominated 

by CD28
-
 cells and it has been speculated that these cells 

may actually be CMV reactive [60]. To which extent 

CMV reactivity may actually contribute to the expansion 

of CD4
+
CD28

-
 T cells in patients with autoimmune 

disease remains insufficiently understood. It has also 

been proposed that autoantigens may drive the expansion 

of these senescent T cells, as supported by the 

observation that CD4
+
CD28

-
 cells can display reactivity 
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to myelin basic protein [61]. In recent experiments, 

CD4
+
CD28

-
 and CD8

+
CD28

-
 were found to rapidly 

upregulate the CD80/86 receptor CD152. CTLA-4-Ig-

mediated blockade of CD152 enhanced T cell apoptosis, 

suggesting that survival of CD28
-
 T cells may be majorly 

regulated through CD152. CTLA-4-Ig is currently used 

as a potent immunosuppressant therapy and part of its 

therapeutic effect may be related to interfering with the 

survival of oligoclonal, autoreactive CD28
-
 T cells [62].  

Critical insights into the biology of senescent T cells 

have derived from studies of vaccine responses in 

individuals older than 65 years of age. Age above 65 

years is the major risk factor to succumb to influenza 

infection and elderly individuals have been urged to 

participate in yearly influenza vaccine campaigns. 

However, only a small fraction of less than 20% of such 

individuals can actually generate an increased anti-

influenza titer following vaccination. Non-

responsiveness was closely correlated with the frequency 

of CD8
+
CD28

-
 T cells. These in vivo data strongly 

support the notion that CD8
+
CD28

-
 T cells are a marker 

for age-related immunodeficiency. Possible mechanisms 

include a direct participation of such cells in the immune 

response, broader immunosuppressive effects and 

indirect immunomodulatory functions, such as creating a 

smoldering inflammatory milieu that undermines 

productive immune responses [63]. 
In essence, CD28

-
 T cells are profoundly different 

from their CD28
+
 counterparts in terms of apoptosis 

signals, tissue trafficking, and effector functions. CD28
-
 

T ells accumulate during the second half of life. They are 

autoreactive but may possibly originate, at least partially, 

from anti-viral immune responses. The presence of 

CD4
+
CD28

-
 T cells in the old and in patients with 

autoimmune disease has supported the concept that 

autoimmune disease may be closely linked to the process 

of immune aging.  

 

Autoimmunity and Early Immune Aging  
 

Autoimmune diseases are believed to represent the 

sequel of perpetual immune stimulation; in many cases, 

the disease-relevant antigens are not known. Since the 

immune system fails to eliminate the driving antigen, T 

cells and B cells will continuously encounter antigen and 

thus proliferate chronically. The end result should be 

shortening of telomeres. In that model, telomeric stress 

should selectively affect the memory population as naïve 

cells have not yet encountered antigen. Eventually, the 

entire immune system should be composed of memory 

cells and such memory cells should be prematurely aged. 

An alternative model considers that telomeric 

abnormalities and accelerated immune aging may be 

abnormalities that are not a consequence but a cause of 

dysfunctional immune responses.  

The pool of peripheral T cells is under homeostatic 

control. Attrition of T cells will thus elicit homeostatic 

proliferation which will inevitably entail replicative 

stress. Replacement of T cells after the age of 40 years is 

particularly problematic because thymic production is 

minimal and cannot supply sufficient T cells into the 

peripheral pool [12]. The end result is acceleration of the 

immune aging process. First reports on altered telomere 

lengths in patients with autoimmune disease prompted 

speculation about excessive cellular replication in 

chronically inflamed hosts. Emerging data, however, 

question this concept as different autoimmune 

syndromes appear to have distinct abnormalities in 

telomere biology. In the recent 5 years molecular lesions 

have been identified which provided novel insights into 

why telomeres are prematurely shortened in patients with 

rheumatoid arthritis. These molecular abnormalities have 

in common that they impair the maintenance of genome 

stability and telomeric intactness, rendering T 

lymphocytes susceptible to apoptosis. In essence, 

deviations in the immune aging process in patients with 

rheumatoid arthritis appear to be a complex process that 

is not simply a consequence of inflammation. Rather, 

inflammation may be a consequence of hastened 

immunosenescence.  

Here, we will summarize the current understanding of 

how telomere biology and immune aging deviates in 

patients with distinct autoimmune disease. 

 

Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a prototypic autoimmune 

syndrome characterized by cartilage and bone 

destructive inflammation affecting approximately 1% of 

individuals in populations of European origin [64]. In 

concert with other cell types, lymphocytes hold a critical 

position in RA [65]. CD4 T-cells dominate the 

inflammatory infiltrates in the synovial membrane and 

provide helper function for the production of 

autoantibodies and proinflammatory cytokines. Memory 

T-cells in RA patients are characterized by an increased 

loss of CD28 expression as well as by contraction of the 

T cell receptor diversity [66, 67]. While abnormalities in 

CD4 memory T cells may well reflect the chronicity of 

auto-antigenic stimulation, such a disease model does 

not account for the abnormalities described in the naïve 

CD4 T cell population. Unprimed CD4CD45RA
+
 T-cells 

from RA patients have shortened telomeres compared to 

age matched healthy controls [16]. When naïve T-cells 

of RA patients are driven into clonal expansion, they fail 

to reach similar clonal sizes as controls. Healthy 

individuals carrying the HLA-DR4 haplotype share with 
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RA patients the age-inappropriate telomere loss, 

implicating genetic mechanisms in the premature 

deterioration of chromosomal ends [68]. In both, RA 

patients and non-RA HLA-DR4
+
 controls the loss of 

telomeric ends amounts to about 1500 kb, equivalent to 

about 30 cell cycles. Naïve CD4 T-cells have been 

estimated to divide once per year. Thus, in RA patients 

the naïve CD4 T-cell pool is about 30 years pre-aged. 

However, telomeres of RA T-cells are not critically short 

and should not force T-cells into cell cycle arrest or into 

apoptotic death.  

Naïve CD4 T-cells are under low turn-over and their 

proliferative activity certainly does not explain why they 

would prematurely use up their telomeric reserve. Recent 

evidence provides important clues towards a molecular 

understanding of the abnormal telomere regulation in RA 

patients (Figure 3). Specifically, RA T cells fail to 

upregulate sufficient levels of telomerase activity when 

stimulated through the T cell receptor [38]. Whereas 

naïve T-cells from healthy controls robustly increase 

telomerase expression, naïve T-cells from RA patients 

reach only about half of the peak telomerase activity. 

Interestingly, this failure in telomerase upregulation is 

characteristic only for naïve CD4 T-cells; CD34 

hematopoietic progenitor cells as well as memory T-cells 

from RA patients show enhanced or similar telomerase 

induction when compared to healthy control cells. 

Proximal and distal events in the T-cell activation 

cascade remain intact, suggesting a selective defect in 

telomerase induction.  

Telomerase induction appears to be particularly 

important for naïve T cells, compatible with the need for 

massive clonal expansion and the necessity to eventually 

preserve memory of the antigenic encounter. Telomerase 

functions to maintain and elongate telomeric ends and 

telomeric dysfunction will preferentially affect highly 

proliferative tissues. In RA patients, age-inappropriate 

erosion of telomeres is a feature of three cell types; naïve 

CD4 T-cell, granulocytes and CD34
+
 hematopoietic 

stem/progenitor cells [68, 69]. Whether the premature 

attrition of telomeric repeats in these three cell types 

involves identical molecular mechanisms is currently not 

known. Specifically, why CD34
+
 hematopoietic 

stem/progenitor cells lose telomeres is mechanistically 

unresolved. As they hold a pinnacle position in the 

hematopoietic tree, their offspring, including 

granulocytes and lymphocytes, may well start life with a 

much reduced telomeric reserve. In any way, the finding 

of abnormal telomeres in CD34
+
 cells and their progeny 

raises the interesting possibility that abnormalities in 

telomere biology occurring in RA can be principally 

localized to the bone marrow.  

In T cells from RA patients, difficulties to maintain 

integrity of the DNA structure are not limited to the 

telomeric ends. Besides insufficiencies in keeping 

telomeres protected and extended, RA T cells have 

impairments in repairing DNA double strand breaks in 

non-telomeric DNA [70]. The load of unrepaired DNA 

in RA T cells is much higher than in age-matched 

controls, both spontaneously and after genotoxic stress. 

The underlying defect has been identified as insufficient 

production of the DNA-damage-inducible protein kinase 

Ataxia telangiectasia mutated kinase (ATM). Mutations 

in ATM cause the progerioid syndrome Ataxia 

telangiectasia (AT) and cells from patients affected with 

AT have defects in cell cycle progression, abnormalities 

in responses to DNA breakage and also develop 

chromosomal end-to-end fusions. In patients with RA, 

ATM is produced at reduced levels, both on the 

transciptional and protein level. Forced overexpression 

of ATM in RA T cells restores DNA repair capability. 

The accumulation of fragmented DNA is associated with 

increased susceptibility to cell death. Since naïve T cells 

are affected, deficiency of ATM will lead to a chronic 

attrition of such T cells and impose enormous replicative 

stress upon the RA immune system. 

The occurrence of chromosomal end-to-end fusions 

places ATM at the telomere. Whether ATM deficiency 

contributes to telomeric dysfunction in RA T cells has 

not yet been investigated. 

T cells from RA patients are well aware of their 

insufficiency in repairing DNA double strand breaks. 

This can be concluded from studies that have shown 

robust induction of DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs), a member of the 

phosphatidylinositol-3 kinase-like (PIKK) family of 

serine/threonine protein kinases. Together with Ku70/80 

heterodimers DNA-PKcs forms a synaptic complex that 

is critically involved in repairing DNA double strand 

breaks through the non-homologous end-joining (NHEJ) 

pathway. In naïve T cells from RA patients transcripts 

and protein levels of DNA-PKcs are elevated, indicating 

chronic activation of DNA breakage sensing [71]. This 

chronic genotoxic stress translates into activation of 

cellular stress kinases, including the JNK signaling 

pathway. Gene-specific knockdown of DNA-PKcs 

normalizes the levels of pJNK in RA T-cells, 

establishing a direct link between cellular stress and 

DNA damage. 

In essence, maintaining integrity of telomeric and 

non-telomeric DNA is impaired in RA T-cells providing 

strong evidence that the premature telomeric erosion 

described more than a decade ago is not only a 

consequence of enhanced proliferative stress. Several 

molecules, including hTERT, ATM and DNA-PKcs  



 P.J. Hohensinner et al                                                                                               Telomeres and autoimmunity diseases 

Aging and Disease • Volume 2, Number 6, December 2011                                                                             532 
 

 

 
 

 
Figure 3: Telomeric dysfunction in hematopoietic progenitor cells and CD4 naïve T-cells in 

RA. A) Healthy CD34 cells differentiate into CD4 naïve cells with a slight loss of telomeric length. 

Upon stimulation, CD4 naïve T-cells upregulate telomerase and are therefore capable of dampening 

the impact of massive cellular expansion associated with the priming response. B) CD34
+
 

hematopoietic stem/progenitor cells from patients with RA already have shorter telomeres compared 

to their healthy counterparts. Thus, the hematopoietic differentiation program starts with a much 

diminished telomere reserve. Telomeres in RA naïve CD4 cells are shortened by 1500 kb. Upon 

stimulation, such CD4 naïve cells fail to fully upregulate telomerase leading to an aggravated loss of 

telomere repeats during clonal expansion. 

 

 

have been implicated [56], with the common 

denominator being their functional role in securing 

genome stability.  Thus, telomeric loss needs to be seen 

as an indicator of broader cellular dysfunction.      

 

Systemic Lupus Erythematosus 

Systemic lupus erythematosus (SLE) is an autoimmune 

disease preferentially affecting young women that is 

characterized by multi-organ inflammation leading to 

significant morbidity and mortality. The pathogenesis of 

the disease involves the emergence of autoreactive T and 

B cells, production of autoantibodies, formation and 

deposition of immune complexes in an array of tissues. 

For T-cells a broad spectrum of defects has been 

reported [72]. Although there is constant immune 

activation in SLE, reports on telomeric length differ and 

considerable controversy remains regarding the telomere 

dynamics in SLE. Kurosaka et al and Wu et al described 

increased telomeric attrition in their Lupus patient cohort 

[73, 74]. In contrast, Beier et al and Fritsch et al reported 

essentially normal length measurements when patients 

and healthy controls were compared [75, 76]. It is 

possible that such diverging results are a consequence of 

testing patients at different stages of disease. Activity of 

telomerase has been examined in SLE patients and 

matched controls. Fritsch et al described a reduction in 

telomerase activity in naïve CD4
+
 T-cells from patients 

with SLE compared to healthy controls [76]. Disease 

activity may not have much impact on regulation of 

telomerase, as telomerase activity has been reported to 

be similar in active and inactive SLE. Notably, B cell 

telomerase activity was found to be increased in active 

SLE patients [73]. 

Uncertainty remains about the specifics of telomere 

dynamics in SLE patients and the role of telomerase-

dependent telomere repair has been insufficiently 

examined. Evidence for abnormalities in telomeric 

maintenance comes from a recent study demonstrating a 

different expression pattern of shelterin complex 
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molecules in SLE patients, specifically in SLE patients 

with renal involvement [77].    

 

Sarcoidosis 

Sarcoidosis is a systemic granulomatous disorder of 

unknown etiology. Both, the innate and adaptive immune 

system have been implicated in driving marked systemic 

inflammation [78, 79]. Studies determining the selective 

aging of the immune system have described a significant 

decrease in the mean telomeric length in patients 

suffering from sarcoidosis compared to healthy controls. 

Of note, the investigators  describe a significant decrease 

in long telomeres and a respective increase in short 

telomeres in patients in their 20s, suggesting a very early 

onset of intensified immune system turn-over [80]. In 

addition patients with sarcoidosis have earlier onset of 

telomeric methylation, again indicating prematurity in 

the aging process of leukocytes [81]. 

 

Type I Diabetes 

Type I Diabetes mellitus (DM) results from the immune-

mediated destruction of insulin producing islet beta cells 

with T-cells playing a pinnacle role in the tissue-

damaging process [82, 83]. Known autoantigens in DM 

patients include glutamic acid decarboxylase 65, 

insulinoma associated protein 2, insulin and proinsulin. 

These autoantigens are highly antigenic for both T-cells 

[84-86] and B-cells [87, 88]. Telomeres of blood 

mononuclear cells of patients with DM have been 

described to be shorter than those of their age matched 

controls [89]. A multitude of possible mechanisms have 

been considered in the attempt to understand the 

relationship between altered telomere biology and a 

disease causing B-cell destruction. An obvious model 

proposes that inflammation has a negative impact on 

telomeric lengths despite complete lack of understanding 

how “inflammation” may control the structural integrity, 

length, repair and maintenance of the chromosomal ends. 

Analyses of telomeric lengths in CD4 cells from patients 

with RA have lead to the recognition that the inheritance 

of the RA disease risk haplotype HLA-DR-B1*04 is 

sufficient to accelerate telomeric shortening in normal 

blood bank donors. These studies have separated 

acceleration of telomeric attrition from disease and have 

focused attention to alternative mechanisms, such as 

genetic factors controlling telomeric dynamics. 

Importantly, HLA-DR-B1*04 has also been associated 

with higher susceptibility for T1DM. The loss of 

telomeric ends in patients with T1DM may thus be 

partially reflective of underlying genetic risk. In that 

context it is intriguing that patients with T1DM have 

higher frequency of CD4
+
CD28

-
 T-cells [90], a 

phenotype now closely associated with age-inappropriate 

immune ageing.   

Possible mechanisms for accelerated immune aging 

in T1DM include abnormal cellular turn-over with high 

proliferative stress, increased oxidative and metabolic 

toxicities or hyperglycemia itself. Patients suffering from 

DM have autoantigenic T-cells that are chronically 

stimulated and have already undergone substantial cell 

division, but still retain a considerable proliferative 

capacity [91]. Telomeric shortening is expected in such a 

cell population. However, recent evidence shows that in 

patients with DM arterial cells also have a reduction in 

telomeric length. Notably, this reduction correlated 

strongly with the HbA1C concentration of the respective 

person. In addition, telomeric repeats in mononuclear 

cells of patients with uncontrolled DM were significantly 

shorter than telomeres in mononuclear cells of patients 

with well controlled DM [92]. This suggests that 

diabetes itself might be partly responsible for the loss of 

telomeric sequences. First evidence that telomeric loss 

may be reversible has come from studies testing the 

impact of therapy. A recent report described an increase 

in telomeric length in naïve T-cells upon long-term 

insulin therapy in children and adolescents [93]. 

 

Outlook 

 

Telomere length and inducibility of telomerase are vital 

in T cell biology and, thus, in the pathogenic events 

underlying autoimmunity. Telomeres emerge as critical 

regulators of T cell survival and thus determine 

longevity of these already long-lived cells. Immune-

mediated diseases have been associated with 

abnormalities in telomere maintenance and in telomere 

repair. In several disease states, telomeres are shortened, 

compatible with excessive proliferative stress within the 

life cycle of immune cells. Molecular studies in RA have 

identified alternative defects jeopardizing telomeric 

stability. Specifically, insufficient production of 

telomerase has been implicated in weakening telomeric 

maintenance and altering T cell fate decisions. In RA 

patients, insufficiencies are not restricted to the handling 

of the telomeric ends. Rather, T cells accumulate DNA 

double strand breaks in non-telomeric DNA, pointing 

towards generalized abnormalities in sensing, repairing 

and tolerating broken DNA. Based on these studies RA 

is emerging as a model system for subtle changes in 

genome stability. Whereas multiple of the inherited 

progeroid syndromes (e.g. Werner syndrome, 

Hutchinson-Gilford progeria syndrome, Dyskeratosis 

congenita, Ataxia telangiectasia) have in common 

abnormalities in nuclear stability, these recent 

developments suggest adding RA to this spectrum of 

diseases. How the molecular changes that cause telomere 

loss, genome instability, premature cellular senescence 

and defective stem cell homeostasis in the progeroid 
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syndromes participate in normal human aging warrants 

further investigation.  

Stressed immune cells seem to be pre-aged. It is still 

unresolved whether chronic stress, e.g. during 

autoimmunity, causes prematurity of aging or whether 

entering the senescence program alters the function of 

immune cells in such a way that they lose their ability to 

discriminate between self and non-self and cause 

disease. How antigen-directed immune responses occur 

in a system that has features of senescence is an 

important aspect for pathogenic and protective immunity 

in hosts with autoimmune disease and should give rise to 

alternative disease models for autoimmune syndromes. 

The senescence hypothesis of RA pathogenesis will have 

implications not only for the understanding of the 

disease process but also for the design of therapies that 

suppress inflammatory immune responses. Whether the 

senescence hypothesis is similarly useful in approaching 

Type 1 DM and sarcoidosis needs to be explored.  

Telomeres may come into focus as targets of 

immunomodulatory therapy. Caution needs to be given 

to the fact that telomerase is a proto-oncogene, endowing 

cancer cells with the ability for eternal life. Fine-tuning 

of telomerase function may still hold promise when it 

can be directed to selected populations of immune cells. 

Alternatives include manipulation of other pathways that 

stabilize the telomere and protect immune cells from 

premature death. The opportunity to use autoimmune 

syndromes as model systems to study immune aging 

should greatly enhance our ability to decipher networks 

of molecules controlling cellular aging and the overall 

aging process of the immune system. The development 

of strategies that slow down the loss of immune function 

with progressive age has the potential to afford novel 

therapeutic avenues for a number of age-related 

maladies.     
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