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Abstract: Age is the most important risk factor for the development of infectious diseases, cancer and chronic inflamma-

tory diseases including rheumatoid arthritis (RA). The very act of living causes damage to cells. A network of molecular, 

cellular and physiological maintenance and repair systems creates a buffering capacity against these damages. Aging leads 

to progressive shrinkage of the buffering capacity and increases vulnerability. In order to better understand the complex 

mammalian aging processes, nine hallmarks of aging and their interrelatedness were recently put forward.  

RA is a chronic autoimmune disease affecting the joints. Although RA may develop at a young age, the incidence of RA 

increases with age. It has been suggested that RA may develop as a consequence of premature aging (immunosenescence) 

of the immune system. Alternatively, premature aging may be the consequence of the inflammatory state in RA. In an ef-

fort to answer this chicken and egg conundrum, we here outline and discuss the nine hallmarks of aging, their contribution 

to the pre-aged phenotype and the effects of treatment on the reversibility of immunosenescence in RA.  
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1. INTRODUCTION  

 Age is the most important risk factor for development of 
chronic inflammatory diseases including rheumatoid arthritis 
(RA). Aging is a complex process, which is not yet fully 
understood. In order to better understand the complex mam-
malian aging processes, nine hallmarks of aging and their 
interrelatedness were recently put forward. In essence, pri-
mary hallmarks involve acquisition of cell biological forms 
of damage such as genomic instability, telomere attrition, 
epigenetic alterations and loss of proteostasis. Secondary 
hallmarks involve antagonistic, compensatory responses to 
these damages such as deregulated nutrient-sensing, mito-
chondrial dysfunction and cellular senescence. Lastly, the 
integrative hallmarks represent the result of the primary and 
secondary events such as stem cell exhaustion and inflam-
maging, leading to deterioration of cellular and organismal 
function as seen with aging [1].  

 Age-associated changes in immune function termed im-
munosenescence are thought to be responsible for the in-
creased morbidity with age. Both the innate and the adaptive 
arm of the immune system undergo marked changes with age 
and contribute to the process of immunosenescence [2]. With 
age, innate immune mechanisms generally become more 
active, whereas functioning of the adaptive immune system 
generally declines.  
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 Immunosenescence is characterized by i) thymic involu-
tion leading to a steady decline in the production of naïve 
T-cells, ii) shrinkage of the T-cell repertoire through 
continuous antigen stimulation favoring the development of 
functionally altered, oligoclonal, senescent T-cells identi-
fied by CD28 loss and iii) a chronic low degree of inflam-
mation termed inflammaging as evidenced by increased 
serum levels of inflammatory cytokines such as TNF-�, IL-
6 and acute phase proteins [3]. These changes in cellular 
composition and cellular functions create a pro-
inflammatory environment which might accelerate devel-
opment of RA.  

 RA is a chronic auto-inflammatory disorder targeting the 
joints. Although RA can develop in individuals of any age, 
its incidence continues to increase with age into the seventh 
decade [4]. When compared to healthy individuals of the 
same age, RA patients show significantly more prominent 
features of immune system aging. Despite the growing ex-
perimental data, the question whether accelerated immu-
nosenescence is a primary cause of RA or an event secon-
dary to the chronic inflammatory process remains to be an-
swered.  

 In this review we summarize the experimental evidence 
for the pre-aged phenotype of different immune cells in RA 
and their relevance to disease pathogenesis. We also com-
pare features of senescence in peripheral versus local tissues 
(bone marrow, peripheral blood and the inflamed joint). Fur-
thermore, we outline the contribution of the hallmarks of 
aging to the pre-aged phenotype in RA. Also, the effects of 
treatment on the reversibility of immunosenescence in RA 

 1874-6128/15 $58.00+.00 © 2015 Bentham Science Publishers 



132     Current Aging Science, 2015, Vol. 8, No. 2 Chalan et al. 

are discussed. Lastly, novel insights in the molecular patho-
genesis of RA relevant to the development of the pre-aged 
phenotype may guide adequate design of conclusive patient-
based research to solve this issue. 

2. EVIDENCE FOR A PRE-AGED PHENOTYPE  
IN RA 

2.1. Immunosenescence and T Lymphocytes in RA 

 Although aging affects all cells of the immune system, 
T-cells appear to be most sensitive. A prominent feature of 
T-cell aging is the oligoclonal expansion of CD4+ and es-
pecially CD8+ T-cells lacking expression of the co-
stimulatory molecule CD28. CD28 co-stimulation, required 
for efficient T-cell activation and proliferation, is progres-
sively lost with age [3]. Consequences of CD28 loss differ 
between CD4+ and CD8+ T-cells; in CD8+ T-cells loss of 
CD28 can lead to dysfunction or towards a regulatory phe-
notype, whereas in CD4+ T-cells CD28 deficiency is asso-
ciated with acquisition of novel NK-like functionalities. 
Loss of CD28 in CD4+ T-cells is associated with an in-
creased production of pro-inflammatory cytokines, in-
creased cytotoxicity, via expression of perforin and gran-
zyme B and a propensity to migrate into tissues. Interest-
ingly, CD4+CD28- T-cells were found expanded in patients 
with several chronic autoimmune conditions, including RA. 
Expansions were seen in both early and late RA patients 
and were more prominent in carriers of the RA-
susceptibility HLA-DRB1*04 alleles [5]. This suggested 
that accelerated immunosenescence is a genetically-driven 
phenomenon that might be causal to RA development 
rather than the consequence of disease.  

 Novel functional features of senescent CD28- T-cells 
have been associated with phenotypical changes, such as de 
novo expression of NK receptors: Immunoglobulin (Ig)-like 
(i.e. killer cell activating receptors [KAR], killer cell inhibi-
tory receptors [KIR]) [6-8] and C-type lectin-like superfa-
mily (NKG2D) receptors [9, 10]. KIRs and KARs are spe-
cific for classical MHC class I molecules (HLA-A, HLA-B, 
HLA-C) and the non-classical MHC molecule HLA-G [11]. 
Ligands for NKG2D include the stress-induced MHC class I 
polypeptide-related sequence (MIC) proteins. MIC proteins 
were found upregulated by RA synoviocytes [10]. Also, 
CD28- T-cells in RA patients demonstrated increased ex-
pression of NK cell-associated receptors CD56 [9, 12, 13] 
and CD57 [14]. 

 Upregulation of NK receptors likely serves a co-
stimulatory role in CD28- T-cells. Cross-linking of KAR in 
the presence of anti-CD3 induced proliferation of 
CD4+CD28- T-cells [6]. Engagement of NKG2D, in the 
presence of anti-CD3, induced proliferation, IFN-� and 
TNF-� secretion [10]. Triggering of CD56 alone led to the 
production of IL-2, TNF-� and MIP-1� [12]. Furthermore, 
several studies showed upregulation of CD70, a member of 
the TNF superfamily, by CD28- T-cells [15-17]. CD70 ex-
pression lowered the activation threshold of CD28- T-cells 
[15]. In line with their pro-inflammatory potential, RA pa-
tient-derived peripheral blood (PB) CD4+CD28- T-cells 
[14, 18, 19] and CD4+CD28- T-cell clones [14] produced 
significantly higher levels of TNF-� and IFN-� than their 
CD28+ counterparts. 

 The exact role of senescent T-cells in the clinical course 
of RA is still unclear. Numbers of circulating CD4+CD28- 
T-cells did not correlate with RA clinical parameters such as 
C-reactive protein (CRP), level of anti-cyclic citrullinated 
protein antibodies (ACPA), swollen and tender joint counts 
or disease duration [14, 20, 21]. Some studies demonstrated 
a correlation between CD4+CD28- T-cells and erosions in 
RA [22, 23] but this was not confirmed by others [21, 24]. 
Expansions of CD4+CD28- T-cells in RA have been impli-
cated in the development of atherosclerotic disease [24] and 
in extra-articular manifestations [21, 24]. 

 The role of senescent T-cells at the level of the joint in 
RA also remains unclear. Several studies demonstrated that 
CD4+CD28- T-cells are less frequent in RA synovial fluid 
(SF) or synovium than in PB [14,18, 20, 25]. This seems to 
contradict the tissue tracking propensity of CD4+CD28- 
cells suggested based on the expression of adhesion mole-
cules facilitating tissue infiltration (CD11a, CD49d) [9, 18, 
26] and receptors (NKG2D, CX3CR1) which ligands (MIC, 
fractalkine) are readily expressed in RA tissue [9, 10]. A 
possible explanation may involve the restoration of CD28 
expression by IL-12 [27] which is abundantly expressed in 
RA joints [28]. Consistent with this explanation, several 
similarities between PB CD28- and SF CD28+CD4+ T-cells 
have been demonstrated. These include the methylation 
status of IFN-� promoter, expression of CXCR3, CCR6, 
CCR7 [19] and clonotypic composition [25].  

 Several studies highlighted the importance of CX3CR1, a 
chemokine receptor exclusively expressed by CD4+CD28- 
T-cells [9, 29, 30] and its ligand fractalkine (FKN) expressed 
by fibroblast-like synoviocytes (FLS), as co-stimulatory pair 
relevant to the local inflammatory process. The CX3CR1-
FKN interaction between CD4+CD28- T-cells and FLS in-
duced expression of pro-inflammatory cytokines and relayed 
survival signals. Furthermore, the CX3CR1-FKN interaction 
facilitated proliferation of FLS [29, 30]. 

 It has been suggested that CD4+CD28- T-cells in RA are 
autoreactive. So far, conclusive evidence for this notion is 
lacking. RA-derived CD4+CD28- T-cell clones were shown 
to proliferate in response to autologous adherent cells in vitro 
[25], while CD4+CD28-NKG2D+ T-cell clones secreted 
IFN-� when cultured with autologous MIC+ synoviocytes 
[10]. CD4+CD28- T-cells did not respond to collagen type II 
[18], a putative RA-associated autoantigen. In contrast, the 
reactivity of CD4+CD28- T-cells towards CMV has been 
clearly demonstrated, and did not differ between RA- and 
healthy control (HC)-derived or RA- and multiple sclerosis-
derived senescent T-cells [18, 31, 32]. Thus, clonally ex-
panded CD4+CD28- T-cells in RA are likely CMV-specific 
but may also include selfreactive clones [31]. Senescence 
features reported in various stages of T-cell development in 
RA are depicted in the Fig. (1). 

2.2. CMV as Accelerator of T-cell Immunosenescence 

 CMV infection has been demonstrated to drive immu-
nosenescence directly, by imposing chronic replicative stress 
and indirectly, by induction of IFN-� expression by plas-
macytoid dendritic cells (PDC). IFN-� has been shown to 
accelerate differentiation and telomere shortening through 
inhibition of telomerase activity [33].  
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 Latent CMV infection has been linked to a pro-
inflammatory state as evidenced by increased systemic levels 
of IL-6 and TNF-� [34]. TNF-� is known to downregulate 
CD28 expression [35]. Latent CMV infection was found to 

aggravate the clinical course of RA [36]. CMV-specific 
CD4+CD28- T-cells were found increased in CMV+ but not 
CMV- RA patients [20]. These cells represented potent pro-
ducers of IFN-� [20, 36, 37].  

Fig. (1). Depiction of senescence-associated alterations reported within A) hematopoietic stem cells (HSC) in bone marrow and peripheral 

blood, B) naive CD4+ T-cells in peripheral blood, C) senescent (CD28-) CD4+ T-cells in peripheral blood and D) senescent (CD28-) CD4+ 

T-cells in the inflamed joint of RA patients. A) In RA, bone marrow-derived hematopoietic stem cells (defined as CD34+) show impaired 

proliferative capacity and increased expression of Fas, rendering them apoptosis-sensitive. Consequently, RA patients show reduced HSC 

numbers at the level of the bone marrow. Peripheral blood-derived CD34+ HSC show similar defects in proliferation and increased suscepti-

bility to apoptosis. Increased apoptosis sensitivity is via impaired ERK pathway signaling and/or age-inappropriate telomere erosion of 

CD34+ HSC in peripheral blood. B) Reduced thymic output in RA was evidenced by reductions of circulating recent thymic emigrants (de-

fined as CD31+ or T-cell receptor excision circle (TREC)+ T-cells). This is explained by inadequate supply of HSC from the bone marrow 

and/or age-inappropriate enhanced thymic atrophy. Peripheral blood naive T-cells (defined as CD31+CD28+) are characterized by telomere 

shortening, increased levels of oxidized lesions and double-strand DNA breaks, decreased telomerase activity, deficiency of proteins in-

volved in the DNA damage response (phosphorylated forms of ATM and downstream p53), overactivation of DNA-PKCs-JNK pathway, 

overexpression of proapoptotic proteins Bim, Bmf and downregulation of antiapoptotic protein Bcl-2. Defects of naive CD4+ T-cells may 

facilitate their accelerated differentiation towards the senescent state, when subjected to proliferative stress and enhance apoptosis. C) Com-

pensatory hyperproliferation of the naive CD4+ T-cell pool leads to the expansion of senescent cells (characterized by the loss of CD28, de 

novo expression of NK receptors [KIR/KAR, CD56, NKG2D], upregulation of CD57, CD70, CX3CR1, expression of IFN-�, TNF-� and 

cytotoxic molecules). Senescent CD4+ T-cells show further increase of DNA damage (double-strand breaks, oxidized DNA lesions and di-

minished levels of ATM and p53 phosphorylation) relative to naive CD4+ T-cells. Diminished activity of JNK and ERK pathways is associ-

ated with the increased expression of anti-apoptotic protein Bcl-2 and concomitant resistance to apoptosis of senescent CD4+ T-cells. D) 

Expression of CX3CR1 facilitates migration of senescent CD4+ T-cells towards soluble Fractalkine (FKN) abundant at the level of syno-

vium. Interaction with FKN expressed on the surface of fibroblast-like synoviocytes (FLS) augments expression of IFN-�, TNF-� and stimu-

lates release of cytotoxic granules by senescent T-cells and enhances proliferation and FKN expression by FLS. IFN-� production is also 

promoted by the interaction of NKG2D with FLS-expressed MIC. IL-12 increased at the level of inflamed joints, may restore CD28 expres-

sion by senescent T-cells. 
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 Despite its role in the development of an immunosenes-
cent phenotype, numerous studies undermine the notion of 
CMV involvement in RA pathogenesis. The most obvious, 
epidemiological evidence shows a worldwide CMV preva-
lence of 40-99%, while only ~1% of all individuals develop 
RA. A study by Pierer et al. which included large cohorts 
(>200 subjects each) of RA patients and HC, showed similar 
prevalence of CMV infection as well as comparable titers of 
anti-CMV antibodies in these groups [36]. 

 Presence of CMV-specific T-cells, CMV DNA or CMV 
early antigen protein has been demonstrated in RA synovial 
tissue or synovial fluid but also at inflammatory sites of 
other autoimmune conditions [38-43].  

 In conclusion, CMV-driven T-cell immunosenescence is 
well established in both HC and in RA patients. The data on 
CD28- T-cells imply that these cells contribute to the in-
flammatory milieu in several chronic inflammatory condi-
tions including RA. Also, CD28- cells may be involved in 
(extraarticular) tissue injury. Their contribution to joint pa-
thology is hard to establish, partly because cells may regain 
CD28 expression via an IL-12 dependent mechanism at the 
level of the joint.  

2.3. Immunosenescence and B Lymphocytes in RA 

 B-cells play an important role in RA pathogenesis based 
on their ability to produce and secrete autoantibodies and 
their role as antigen presenting cells [44-47]. Aging has pro-
nounced effects on both numbers and functions of B-cells. 
Available evidence shows a decline of PB B-cells with age 
[48]. Yet, peripheral B-cell numbers were not further de-
creased in newly-diagnosed RA patients when compared to 
age-matched controls [49].  

 To the best of our knowledge, no studies have elucidated 
whether B-cells from RA patients show features of prema-
ture senescence. Recently, Rubtsov et al. identified a novel 
population of age-associated B-cells (ABCs), defined as 
CD19+CD11b+CD11c+, in aged female mice. ABCs were 
significantly increased in autoimmune-prone mouse strains 
at the onset of autoimmune disease and were found to be the 
main source of autoantibody production. The human equiva-
lent of mouse ABCs, defined as CD19+CD11c+CD21- B-
cells, were identified in the PB of some elderly female pa-
tients with RA [50]. Further studies are required to confirm 
the accumulation and functional role of ABCs in RA patho-
genesis. Besides the increase of potentially pathogenic B-
cells, a decrease of IL-10 producing B-cells may contribute 
to RA development. Both the number and function of imma-
ture transitional B-cells (with CD19+CD24

high
CD38

high
 phe-

notype) regarded as the main IL-10 producers among B-
cells, were found to decrease with age. The frequency of IL-
10-expressing cells among CD24

high
CD38

high 
B-cells was 

negatively correlated with rheumatoid factor (RF) titers [51]. 
In conclusion, although it is evident that aging and inflam-
mation affect B-cell numbers and functional subsets, there is 
no sound evidence to support a role of senescent B-cells in 
RA pathogenesis.  

2.4. Immunosenescence and NK-cells in RA 

 Aging-associated numerical, phenotypical and functional 
changes in NK-cells have been comprehensively reviewed 

[52-55]. Healthy aging is associated with an increase in the 
number of NK-cells, mainly attributed to the expansion of 
the differentiated, mature CD56

dim 
subset that develops from 

the immature CD56
bright

 subset [56]. CD56
bright 

NK-cells were 
reported to either decrease [57, 58] or remain stable with age 
[56]. While NK-cell cytotoxicity is well-preserved with age 
[57], the cytokine and chemokine expression pattern of NK-
cells, their proliferative capacity and their responsiveness to 
cytokines were impaired upon aging [56, 57, 59].  

 In contrast to healthy elderly, RA patients are character-
ized by a decline of peripheral NK-cell numbers [60-62]. A 
decline of these cells may accelerate senescence in RA pa-
tients. Support for this notion comes from studies demon-
strating that NK-cells clear senescent cells in tumor lesions 
[63] and eliminate senescent cells involved in tissue damage 
[64]. These data indicate an immunosurveillant role of NK-
cells in RA senescence rather than a pro-inflammatory role.  

2.5. Immunosenescence and Monocytes in RA 

 Three different monocyte subsets can be distinguished 
based on surface expression of CD14 and CD16 [65, 66], 
namely the classical monocytes (CD14

bright
 CD16-), the in-

termediate monocytes (CD14
bright

 CD16+) and the non-
classical monocytes (CD14

dim
CD16

bright
). The latter subset 

has been suggested to represent senescent monocytes, due to 
a shorter telomere length compared to classical monocytes 
and expression of the senescence-associated � -galactosidase 
(SA-�gal) [67, 68]. The CD14

dim
CD16

bright
 non-classical 

monocytes are also more pro-inflammatory and express 
chemokine receptors facilitating migration to tissues at sig-
nificantly higher levels than classical monocytes [67, 69]. 
CD14

dim
CD16

bright
 monocytes were found to be similarly 

increased in elderly individuals with atherosclerosis and RA 
patients when compared to young subjects [67, 70].  

 Another population of monocytes that was increased with 
age is the CD56 NK receptor-expressing monocyte subset. 
These CD14

bright
CD56+ monocytes were found to be potent 

producers of cytokines and reactive oxygen species (ROS). 
Interestingly, only young RA patients (<40 years) showed 
CD14

bright
CD56+ monocyte expansion when compared to 

HC. As the number of CD14
bright

CD56+ monocytes did not 
correlate with disease duration, medication or C-reactive 
protein levels, the cause of the reported increase in these 
young RA patients remains unclear [71]. More studies are 
needed to elucidate the nature of senescence-associated 
changes of monocyte populations and to establish whether 
these alterations are more profound in RA patients than in 
aging per se. 

 In conclusion, ample evidence supports a pre-aged phe-
notype in RA patients within the T-cell compartment, 
whereas for other PB cells this is less evident. The culprit 
phenotype is represented by late stage, pro-inflammatory T-
cells that have lost CD28 expression. Senescent cells may 
thrive because NK-cell surveillance is significantly reduced 
in RA.  

3. THE NINE HALLMARKS OF AGING AND RA 

 Nine common denominators of aging have recently been 
proposed [1]. The aim of this paragraph is to summarize the 
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available evidence for the presence of these senescence 
hallmarks in the context of RA. 

3.1. Genomic Instability 

 Cellular senescence or stable cell cycle arrest can be ei-
ther telomere-dependent (discussed in “3.2. Telomere short-
ening”) or telomere-independent. The latter develops as a 
consequence of DNA damage accumulation due to replica-
tion errors, ROS, genotoxic drugs or UV light. Excessive 
DNA damage (including telomere erosion) evokes a persis-
tent DNA damage response (DDR) which induces senes-
cence or programmed cell death, both representing means to 
prevent malignant transformation. Factors involved in cell 
fate determination are not known but may include the extent 
of DNA damage, the strength and duration of DDR signaling 
and the type of the affected cell [72-74]. 

 Elevated levels of DNA double-strand breaks were dem-
onstrated in PB mononuclear cells (PBMC) [75, 76], or iso-
lated naïve and memory CD4+ T lymphocytes [77, 78] but 
not neutrophils [79] from RA patients compared to HC. 
Similarly increased levels of DNA double-strand breaks 
were seen in naïve CD4+ T-cells from treatment-naïve re-
cently diagnosed RA patients [77]. Also, increased levels of 
mutagenic DNA adducts such as 8-oxo-guanine (8-oxo-7-
hydrodeoxyguanosine or 8-hydroxyguanine) or Heptanone-
Etheno-2’-Deoxycytidine (H	dC) were found. 8-oxo-guanine 
and H	dC represent markers of oxidative DNA damage. In 
RA, levels of 8-oxo-dG and H	dC were found significantly 
increased within DNA derived from urine [80], whole blood 
cells [81], PBMC [75], CD4+ T-cells [77] and naïve CD4+ 
T-cells [78]. 

 Accumulation of DNA damage in T-cells of RA patients 
has been associated with defects in DNA repair mechanisms. 
First evidence came from studies demonstrating an impaired 
ability of RA patient-derived PBMC to repair the mutagenic 
base lesion O

6
-methylguanine induced by the methylating 

carcinogen N-methyl-N-nitrosourea [82-84]. Also, a de-
creased rate of repairing double-strand DNA breaks by RA-
derived PBMC has been demonstrated using the DNA un-
winding in alkaline solution assay [76]. Studies by Shao et 
al. demonstrated accumulated DNA damage in both naïve 
and memory T-cells from newly-diagnosed RA patients and 
related this to decreased levels of the DNA repair kinase 
ataxia telangiectasia mutated (ATM). ATM deficiency was 
shown to recapitulate the pre-aged phenotype as seen in RA 
T-cells whereas overexpression of ATM reconstituted DNA 
repair capabilities [77, 78]. Thus, both the increase in DNA 
damage-inducing events such as replicative and oxidative 
stress as well as the impaired levels of proteins involved in 
DNA repair are likely the cause of DNA damage accumula-
tion and permanent growth arrest of RA T-cells. 

3.2. Telomere Shortening 

 Telomere erosion is recognized by the cell as a persistent 
DNA damage [85-87]. Telomere-dependent cell cycle arrest 
is mediated by upregulation of the p53-dependent DNA 
damage pathway [88]. Telomeres shorten 50-100 bp after 
each replication cycle, due to the end-replication problem of 
DNA polymerase [85, 88]. Activation of telomerase prevents 
replicative senescence by maintaining telomere function. 

Telomerase is a ribonucleoprotein complex consisting of the 
catalytic unit called the telomerase reverse transcriptase 
(hTERT) and telomerase RNA (TERC). Elongation of te-
lomeres occurs through de novo reverse transcription. Ex-
pression of hTERT is a limiting factor for telomerase activ-
ity. In healthy conditions, telomerase is active only in stem 
cells and activated T and B lymphocytes [89].  

 Compared to age-matched HC, RA patients showed en-
hanced telomere shortening in granulocytes [5], PBMC [90] 
and CD4+ T-cells [5]. The latter was attributed to telomere 
erosion of naive, but not memory CD4+ T-cells by Koetz et 
al. [91]. Similarly, telomerase activity following TCR-
dependent stimulation was found to be significantly de-
creased in naive, but not memory, CD4+ T-cells. hTERT 
deficiency was associated with a reduced proliferative capac-
ity and a higher apoptosis rate of naïve T-cells. In contrast, 
lymphocytes infiltrating the synovium were characterized by 
high telomerase activity, indicative of their activated status. 
The telomerase activity levels of infiltrating cells were corre-
lated with intensity of synovial lining hyperplasia, suggest-
ing active lymphocyte involvement in joint destruction [92]. 
Interestingly, telomerase activity of anti-CD3 stimulated 
PBMC was similarly decreased in patients with early RA, 
multiple sclerosis and patients with flu-like symptoms [93], 
indicating lack of RA-specificity of telomerase insufficiency. 

3.3. Changes in Gene Regulation 

 Aging is associated with alterations of epigenetic proc-
esses. These include mechanisms involved in gene regulation 
at the transcriptional level, i.e. histone modifications (acety-
lation and methylation), DNA methylation, chromatin re-
modeling and mechanisms involved in post-transcriptional 
gene regulation, i.e. non-coding (nc)RNAs expression [1]. A 
growing body of data demonstrates a substantial role of envi-
ronmental factors in modulation of the epigenome [94]. Low 
RA concordance rates between monozygotic twins (~15%) 
[95-98], suggest a high relevance of the interplay between 
genetics and environmentally-influenced epigenetic altera-
tions in RA pathogenesis.  

 Epigenetic changes are characteristic of RA synovio-
cytes. Reported epigenetic alterations include global hy-
pomethylation [99, 100], local hypomethylation of LINE-1 
and DR-3 promoters [101, 102], increased HDAC activity 
[103, 104], Sirt1 overexpression [105] and hyperacetylation 
[104], local H4 acetylation within MMP-1 promoter [106], 
sumoylation [107], and distinct pattern of microRNA expres-
sion [108].  

3.3.1. Histone Modifications 

 One of the age-associated post-transcriptional (epige-
netic) modifications include histone acetylation [1]. Histone 
acetylation at lysine residues, mediated by histone acetyl-
transferases (HAT), leads to decreased levels of chromatin 
condensation, allowing recruitment of the transcriptional 
machinery and ensuing gene transciption. Inhibition of gene 
expression, by removal of acetyl groups, is mediated by his-
tone deacetylases (HDAC) [109]. Aging has been associated 
with a general increase of the histone acetylation status, as 
evidenced by increased H4K16 acetylation and decreased 
expression of the class III HDAC (NAD-dependent protein 
deacetylases sirtuins [Sirt]) [1].  
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 An in vitro study employing RA synovial fibroblasts 
demonstrated a TNF-�-induced increase in HDAC and Sirt1 
activity, suggesting that altered histone acetylation may be a 
feature of inflammation [110, 111]. Moreover, RA patient 
derived PBMC demonstrated increased HDAC activity 
[112], but no specific change of Sirt1 activity [105]. The 
current available data suggest that histone acetylation is dif-
ferently modulated in aging and RA.  

3.3.2. DNA Methylation 

 Chromatin methylation changes the chromatin structure 
to a more compact and less easily accessible state for tran-
scription factors. Depending on the gene and cell type, both 
an age-associated decrease or increase in methylation status 
may occur. Decreased methylation status leads to enhanced 
mRNA and protein expression [113, 114]. Methylation oc-
curs at deoxycytosine, primarily within CpG islands (re-
peated CpG sequences) which are associated with ~70% of 
the promotors in the vertebrate genome. Age-associated 
methylation changes have also been found to affect genes 
lacking CpG islands, i.e. CD11a (LFA-1) [115]. Methylation 
is mediated by DNA methyltransferase Dnmt1, involved in 
the preservation of the methylation pattern after each cell 
division, and methyltransferases Dnmt3a and Dnmt3b, which 
mediate methylation of previously unmethylated DNA [116]. 
Both Dnmt1 and Dnmt3a expression generally decrease with 
age [114]. 

 Decreased methylation status has been reported in aging 
cells of various types, including fibroblasts [117] and stem 
cells [118]. Hypomethylation of a single CpG in the IL-6 
promoter region was found more frequent in RA PBMC 
when compared to HC PBMC. High levels of IL-6 mRNA 
in LPS-stimulated macrophages were associated with this 
single CpG hypomethylation [119]. The most apparent link 
between hypomethylation and autoimmunity, however, is 
constituted by the demonstration that functional alterations 
in senescent CD4+CD28- T-cells are brought about by 
changes in DNA methylation. Relative to the CD4+CD28+ 
T-cell population, Dnmt1 and Dnmt3a levels and the DNA 
methylation status were significantly decreased in senes-
cent CD4+CD28- T-cells. Genes overexpressed in response 
to hypomethylation included those associated with effector 
functions of senescent cells, i.e. IFN-� [19] CD70, 
KIR2DL4 and perforin [16, 17]. Decreased levels of Dnmt1 
and Dnmt3 in RA CD4+CD28- T-cells are the consequence 
of impaired signaling of the ERK and JNK pathways. Simi-
lar defects have been noted in CD4+CD28- T-cells gener-
ated in vitro by repeated stimulation as wells as in 
CD4+CD28- T-cells from elderly subjects [17]. Interest-
ingly, SF-derived CD4+ T-cells showed prominent hy-
pomethylation of the IFN-� promoter (IFNG), irrespective 
of CD28 expression [19]. 

3.3.3. Chromatin Remodeling 

 Chromatin remodeling is mediated by enzymes involved 
in DNA and histone post-transcriptional modifications as 
well as Heterochromatin Protein 1� (HP1�), Polycomb 
Group (PcG) or the Nucleosome Remodeling and Deacety-
lase (NuRD) protein complexes. Their expression levels de-
crease during aging [1]. RA-derived synovial fibroblasts 
showed altered levels of the PcG protein EZH2 [120]. 

3.3.4. ncRNAs 

 The best studied group of ncRNAs in both health and RA 
are the microRNAs (miRNAs). These miRNAs are small 
(~22 nucleotides) single-stranded RNAs that have emerged 
as important post -transcriptional regulators of gene expres-
sion based on limited sequence complementarity.  

 The aging-associated epigenetic changes influence ex-
pression of miRNAs. The role of specific miRNAs in RA 
has recently been reviewed [121]. Here we will review the 
miRNAs that link changes in gene regulation, aging and 
RA. Twenty-four miRNAs have been reported to be in-
volved in gene regulation with aging [122]. MiRNA’s may 
cause aberrant DNA methylation. For example, the miR-29 
gene family, miR-143, miR-148a and miR-152 all target 
Dnmt3a and Dnmt3b. MiRNAs that are implicated in both 
gene regulation with aging and in RA are miR-16, miR-
124a and miR-125a. The expression level of miR-16 was 
elevated in PBMC of RA patients with active disease and 
correlated with the erythrocyte sedimentation rate (ESR), 
CRP and disease activity score 28 (DAS28) [123]. HDAC1, 
HDAC2 and HDAC3 transcripts are all proven targets of 
miR-16. It is currently not known if higher miR-16 levels 
also correspond with lower levels of HDAC transcripts and 
thus increased histone acetylation in RA patient-derived 
PBMC. MiR-124a was down regulated in RA synovial fi-
broblasts [124]. MiR-124a targets the 3` UTR of mRNAs 
encoding MCP-1 and CDK-2. MiR-124a down regulation 
thus promotes the production of MCP-1 and CDK-2 pro-
teins by RA synovial fibroblasts. Also, miR-124 (among 
others) is thought to regulate EZH2, a component of the 
polycomb repressive complex, involved in chromatin re-
modeling in various cell types.  

 Pathways most affected by ageing include genes involved 
in post transcriptional events such as mRNA splicing [125] 
Hu antigen R (HuR) is one of the splicing control proteins. 
HuR is an RNA binding protein which stabilizes mRNA, 
thereby regulating gene expression [126]. Increased miR-
125a levels correlate inversely with HuR in various tumor 
cells and miR-125a targets the ELAV gene transcript that 
encodes the HuR protein levels, thereby regulating HuR ex-
pression [126]. MiR-125a levels were elevated in plasma 
from RA patients. These increased plasma levels may reflect 
the down modulation of HuR expression in PBMC from RA 
patients [127].  

3.4. Loss of Protein Homeostasis 

 Exogenous or endogenous stressors can lead to unfolding 
of proteins. Heat shock proteins (hsps) are stress-induced 
chaperones that refold these proteins or target them for de-
struction in autophagosomes. The age-associated decline of 
hsps is associated with reduced longevity [1].  

 Interestingly, an increased expression of several hsps in 
RA patient-derived PBMC [128] as well as in RA synovial 
tissue and fluid has been reported [129-132]. Hsps are 
upregulated in arthritic joints, likely in response to stress-
induced endoplasmic reticulum (ER) hyperreactivity and 
increased protein turnover. Substantial data support a role for 
chaperones as autoantigens for T- and B-cells in RA; includ-
ing detection of hsp-specific autoantibodies [129, 130, 133-
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135], presence of autoreactivity-inducing citrulline groups 
within hsps [136], ability to interact with RA-associated 
HLA-DRB1*0401 allele [137] and stimulation of T-cell re-
sponses [129, 130, 138, 139]. In RA patients, hsps serve as 
targets of the pathological immune response and their levels 
do not decline as demonstrated in aging. 

 Damaged, unfolded or incorrectly folded proteins which 
cannot be re-folded by hsps, are degraded by cellular pro-
teolytic systems such as the ubiquitin-proteasome and 
lysosomal systems. This process is impaired with age and 
leads, in tandem with the decrease of chaperone functions, 
to accumulation and aggregation of erroneous proteins. 
Together, this results in an age-associated loss of tissue 
function [1].  

 Autophagy is a mechanism that involves degradation of 
cellular components through the actions of lysosomes. The 
breakdown of cellular components promotes cellular survival 
during stress by maintaining cellular energy levels. Auto-
phagy is thus an important process relevant to protein ho-
meostasis, energy metabolism and cell death [140]. Normal 
aging generally reduces autophagy [1].  

 The joint environment imposes ER stress to synovial 
cells due to a high protein turnover [141-143]. Consequently, 
autophagy is significantly increased in RA synovial fibro-
blasts. Enhanced autophagy correlated with reduced apopto-
sis. This led to the assumption that autophagy protects syno-
vial cells from cell death. However, in a recent study using 
ex vivo cultured synovial fibroblasts the authors showed that 
autophagy may also promote death of RA synovial fibro-
blasts [144]. Both apoptosis-resistance and apoptosis-
induction by autophagy represent means of responding to 
increased levels of stressors within the inflamed RA joints. 
Modulation of autophagy in synovial fibroblasts in RA joints 
was shown to depend on TNF-� [144-146].  

 Similar to the autophagy-lysosomal system, also ele-
ments of the ubiquitin-proteasome system have been found 
altered in RA synovial fibroblasts [144, 145, 147]. A single 
nucleotide polymorphism (SNP) mapping to the E3 ubiq-
uitin ligase - cullin1 (CUL1) gene locus, has been associ-
ated with RA susceptibility in the Japanese [148] and north 
Indian populations [149]. E3 ubiquitin-protein ligase syno-
violin, was increased not only in synovial fibroblasts in the 
joint [150-152], but also within PBMC and serum of RA 
patients [153]. Synoviolin has been suggested to render 
synovial cells resistant to apoptosis induced by ER stress 
[152]. Upregulation of synoviolin in vitro by fibroblast-like 
synoviocytes was TNF-�-dependent [151]. These data sug-
gest that inflammation-mediated ER stress alters proteosta-
sis and that altered proteostasis may enhance inflammation, 
thereby amplifying the local inflammatory response in RA. 

 Yang et al. reported that RA naïve T-cells are auto-
phagy-deficient. The authors provide evidence that RA T-
cells are in an energy-deprived state and thereby rendered 
apoptosis-sensitive. Increased apoptosis of naive CD4+ T-
cells in RA patients may lead to increased homeostatic pro-
liferation and early senescence of the T-cell pool [154]. 
Thus, metabolic defects may be responsible for loss of pro-
teostasis in RA naïve T cells and may underlie their accel-
erated senescence.  

3.5. Altered Nutrient-Sensing 

 Pathways involved in nutrient-sensing are thought to 
have a critical role in aging, as suggested by the overall posi-
tive effects of caloric restriction on lifespan. Nutrient-
sensing pathways whose dysregulation is consequential for 
aging include insulin and insulin-like growth factor-1 (IGF-
1) signaling (IIS) and the mTOR pathway [1]. Intriguingly, 
IGF-1 deficiency may shorten or extend lifespan, a paradox 
which remains unresolved at present. Pituitary-derived 
growth hormone (GH) induces IGF-1 production in the liver, 
and IGF-1 suppresses GH in a negative feedback loop [155]. 
IGF-1 represents one of two ligands of the IGF family, 
which also consists of six IGF binding proteins (BP). Avail-
ability of IGF-1 for the IGF-1 receptor (IGF-1R) is regulated 
mostly by IGFBP-3 due to its highest abundance in human 
serum [156]. GH and IGF-1 levels decrease during normal 
aging [155, 157]. 

 Most studies demonstrated decreased levels of IGF-1 
[158-161] and increased levels of IGFBP-3 [156, 158, 162] 
in serum/plasma of RA patients, which suggests low 
bioavailability of IGF-1. Acute starvation in RA patients (7 
day fasting period) led to a further decline of IGF-1 and re-
duced measures of inflammation such as ESR, CRP, tender 
joint count as well as T-cell counts. Interestingly, mitogen 
activation of CD4+ T-cells after fasting showed increased 
IL-4 production in vitro [163]. These data link nutrient-
sensing pathways to altered T-cell activation in RA. How-
ever, Matsumoto et al. showed that reduced serum levels of 
IGF-1 in RA did not correlate with clinical parameters of the 
disease but were negatively correlated with the age of the 
patients [158]. Moreover, several studies in RA patients 
failed to detect a change in IGF-1 [164-166] and IGFBP-3 
levels [164], and in addition, also observed decreased IGFB-
3 levels [160, 166]. In SF, both IGF-1 and IGFBP-3 levels 
were shown to be increased [167-169]. Thus, the picture is 
not unequivocal in RA. 

 Similar contrasting data were obtained for levels of GH 
[155]. Available data show either decreased [166] or in-
creased [159, 164] GH levels in the periphery of RA pa-
tients. A study in newly diagnosed RA patients demonstrated 
impaired GH production and, similar to IGF-1, a role of pro-
inflammatory cytokines (i.e. IL-1) in the further suppression 
of GH [170]. 

 Components of the nutrient-sensing machinery, found to 
be important in aging, such as Akt (protein kinase B), Foxo 
and mTOR, have been implicated in the local inflammatory 
process in RA and were studied mostly in joint-derived FLS 
[171-176]. In RA circulating T-cells, expression of nutrient-
sensing proteins (AMPK and mTOR) was not different com-
pared with controls [154]. 

 In summary, alterations of nutrient-sensing pathways in 
RA seem to be linked to the increased inflammatory status. 

3.6. Mitochondrial Dysfunction 

 Mitochondrial dysfunction is a feature of aging and may 
be caused by the accumulation of somatic mutations within 
the mitochondrial genome (mtDNA), and/or by respiratory 
chain dysfunction, oxidation of mitochondrial proteins and 
lipids. Relevant to RA pathogenesis are the induction of 
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ROS and mtDNA mutations in synovium. The increase of 
mtDNA mutations were found only when compared to os-
teoarthritis (OA) control tissue [177], but not when com-
pared to psoriatic arthritis (PsA) tissue [178]. Elevated 
mtDNA mutation frequency in RA was independent of age. 
MtDNA mutations positively correlated with macroscopic 
synovitis, vascularity and with synovial fluid TNF-� and 
IFN-� levels. As with other alterations observed within the 
inflammatory synovial environment, cause-effect relation-
ships are challenging to study. Currently available data sug-
gest involvement of TNF-�, and TNF-�-associated ROS 
generation in induction of mtDNA mutations [177, 178]. 
Mitochondrial dysfunction as a result of compromised me-
tabolism induced by the ATP synthase inhibitor oligomycin, 
has been shown to promote ROS- and NF-
B-dependent 
induction of inflammatory markers by normal human syno-
viocytes [179].  

 Moreover, cell-free mtDNA has been detected in RA 
synovial fluid and plasma at levels significantly higher than 
in healthy subjects [180, 181], likely as the result of the in-
creased tissue damage in RA. A study by Collins et al. dem-
onstrated that cell-free oxidized mtDNA induces develop-
ment of arthritis upon its intra-articular injection in mice 
[181].  

 Chronic inflammation was found to affect the metabolic 
competence of T-cells in RA. Their capacity to mobilize 
aerobic glycolysis for ATP generation was significantly re-
duced [154]. 

3.7. Cellular Senescence  

 Various cell intrinsic and extrinsic stressors can induce 
cellular senescence. P16

ink4a
 and p53 play major roles in the 

cellular senescence signaling program [182]. Both proteins 
are central in the regulation of cell cycling and apoptosis. It 
has been proposed that the p53 and Rb pathways are respon-
sible for the stress-induced growth arrest, while permanent 
expression of p16

ink4a
 and p21

WAF/CIP1 
maintain the senes-

cence state [183]. P53 was overexpressed in synovial tissues 
from both early and late-stage RA when compared to OA 
and reactive arthritis, while the cells in normal synovial tis-
sue showed significantly less p53 expression [184]. Besides 
wild-type p53, also mutated p53 has been detected in RA 
synovium [185]. Yamanishi et al. analysed p53 mutations in 
RA synovium and demonstrated preferential survival of FLS 
with the mutated p53 allele. Interestingly, regions with high 
p53 expression levels also contained high levels of IL-6 tran-
scripts [185]. This can be explained by the loss of IL-6 sup-
pression dependent on the wild-type p53. Induction of p53 
mutations in synovium has been suggested to represent an 
event secondary to chronic oxidative stress and the continu-
ous need for DNA repair [184-186].  

 Upregulation of p16 in synovial fibroblasts leads to per-
manent growth arrest, a feature associated with the senescent 
phenotype. The in vitro upregulation of p16 in macrophages 
inhibited IL-6 expression [187]. Thus, local induction of p16 
expression may have beneficial effects and has been pro-
posed as a possible treatment strategy for RA [188, 189]. 

 Interestingly, downregulation of p53 and other proteins 
from the DDR pathway in naive CD4+ T-cells has been im-

plicated in T-cell senescence. Conversely, p16 and p53 were 
highly expressed in CD56+CD28- T-cells [13]. 

 Another marker of cellular senescence is SA-�-gal. SA-
�-gal was found to be endogenous lysosomal � -gal [190]. 
Although SA-�-gal was detected in OA cartilage, we are not 
aware of any studies reporting on SA-�-gal expression in RA 
synovium. 

3.8. Stem Cell Exhaustion 

 Several studies suggest that alterations at the level of 
hematopoietic stem cells (HSC) underlie premature aging of 
the peripheral T-cell pool in RA.  

 Cells derived from the bone marrow of RA patients 
showed less effective colony formation potency when com-
pared to HC-derived bone marrow cells [191-193]. Further 
studies confirmed the reduced proliferative capacity of 
CD34+ HSC from RA patients [194-198]. HSC in RA also 
demonstrated an increased apoptosis rate. Concomitantly, the 
numbers of CD34+ stem cells were found to be decreased in 
the bone marrow [194-196] and PB in RA [197].  

 Colmegna et al. [198] demonstrated a dampened ERK 
signaling pathway in HSC of RA patients. ERK signaling is 
involved in the growth, differentiation and prevention of 
apoptosis [199]. More specifically, alteration in RA HSC 
involved decreased interaction between K-Ras and B-Raf. 
Ras-induced translocation of Raf to the cellular membrane is 
necessary for activation of the downstream events of the 
Raf/MEK/ERK pathway [199]. Defects in K-Ras and B-Raf 
co-localization (and consequently reduced level of activated 
pERK) have been linked to senescence-associated impair-
ment of the HSC proliferative response in RA. 

 Impaired proliferative capacity of HSC in RA has also 
been associated with decreased telomere length. As HSC are 
the precursors of T-cells, accelerated telomere shortening in 
RA HSC may underlie the previously reported premature 
telomere attrition in RA T-cells [5, 200]. Interestingly, while 
naive CD4+ T-cells from RA patients were characterized by 
both telomere erosion and defective telomerase activity, RA 
HSC demonstrated an increased telomerase activity, suggest-
ing activation of a compensatory pathway [200]. Yet, this did 
not suffice to prevent telomere erosion in HSC of RA pa-
tients carrying the RA-associated HLA-DRB1*04 alleles and 
led to the hypothesis of genetically-driven premature immu-
nosenescence in RA [5]. Senescence-associated changes 
within HSC of RA patients were independent from disease 
duration or disease activity [197] and did not differ between 
treated and non-treated patients [194, 197]. However, Pa-
padaki et al. showed that increased bone marrow levels of 
TNF-� in RA patients is associated with increased apoptosis 
and a numerical decrease of CD34+ HSC [194].  

3.9. Altered Intercellular Communication Leading to 
Inflammaging 

 A low-grade inflammation develops with age, while spe-
cific immunity wanes. This persistent inflammation has been 
termed sterile inflammation due to the lack of a defined 
pathogenic trigger, or inflammaging. Inflammaging has been 
associated with functional changes of senescent or terminally 
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differentiated cells giving rise to the senescence-associated 
secretory phenotype (SASP) [3].  

 Both elderly individuals and patients with RA show in-
creased systemic levels of pro-inflammatory cytokines in-
cluding, among others, IL-6, IL-8 and TNF-� [201]. RA-
derived FLS, which undergo replicative senescence induced 
by serial passage, produce significantly more IL-6, IL-8, 
vascular endothelial growth factor (VEGF) and prostaglan-
din E2 (PGE2) in response to IL-1�, when compared to 
early-passage FLS [202]. Analysis of the molecular mecha-
nisms underlying SASP revealed a critical role of persistent 
DNA damage response involving increased levels of proteins 
from the ATM pathway (ATM, NBS1, CHK2) [203, 204]. In 
contrast, activated p53 may suppress the senescence-
associated cytokine (IL-6, IL-8) secretion, while loss of p53 
may amplify the SASP [203-205]. Persistent DNA damage 
has also been suggested as an underlying factor of T-cell 
replicative senescence in RA. Thus, despite the fact that 
SASP-inducing ATM and NSB1 were found to be decreased 
in RA T-cells [77], other proteins involved in the persistent 
DDR could contribute to SASP in the context of RA. One 
candidate may involve p53 which was found decreased in 
RA-derived naive CD4+ T-cells [77].  

 In conclusion, multiple hallmarks of aging have been 
identified in early and/or late stage RA patients and are 
summarized in Table 1. 

4. EFFECTS OF RA TREATMENT ON THE AGED 
PROFILE IN RA 

 Biological hallmarks of aging seem to converge in the 
pre-aged phenotype as seen in RA (Table and Figure). Yet, 
this premature aging may be inflammation-driven. To gain 
further insight in cause and consequence, we reviewed the 
effects of anti-inflammatory treatment on the pre-aged phe-
notype in RA patients. Several researchers addressed the 
issue of reversibility of premature T-cell aging upon treat-
ment in RA patients. First, in vitro studies demonstrated that 
chronic TNF-� stimulation-induced CD28 loss by T-cells 
was partly restored by TNF-� inhibition [210, 211]. Effects 
of TNF-� blockade on the number of CD28- T-cells in pa-
tients, however, are inconclusive. While some studies re-
ported on a reduction of the number of circulating 
CD4+CD28- T-cells [22, 24], others did not observe any 
change [37]. Also, anti-TNF-� treatment did not affect the 
CMV-specific IFN-� response of CD4+CD28- T-cells [37]. 
The absolute number of CD4+CD28- T-cells was not differ-
ent between RA patients receiving abatacept (CTLA-4Ig) or 
DMARDs [212]. Others demonstrated reduction of 
CD8+CD28- and late-stage CD8 effector memory, but not 
CD4+CD28- T-cells after 48 weeks of abatacept treatment. 
The decreases of CD28- cells among both CD4+ and CD8+ 
T lymphocyte populations after abatacept therapy were cor-
related with the clinical response as measured by 
DAS28/CRP [213]. Interestingly, the absolute numbers of 

Table 1. Hallmarks of aging in early and late RA and their modulation upon anti-TNF-� treatment. 

 
Aging hallmark Early RA Reference Late RA Reference 

Normalization upon  

anti-TNF-� treatment 
Reference 

1. Genomic instability yes [77] yes [77, 78, 81]  yes [206, 207] 

2. Loss of telomeres  yes [91, 93, 200]  yes [90, 91, 200] nd  

3. Gene regulation nd  yes  nd  

3.1. Histone modifications nd  yes [105, 112] contradictory results [112, 208] 

3.2. DNA methylation nd  yes  [16, 19] nd  

3.3. ncRNAs nd  yes   [123] nd  

4. Proteostasis nd  yes [128, 130, 154] nd  

5. Altered nutrient sensing yes [170] yes  [158-161, 164] nd  

6. Mitochondrial dysfunction nd  yes [178,180] yes [178] 

7. Cellular senescence yes [184] yes [184] nd  

8. Stem cell exhaustion yes [194, 197] yes [194, 196, 197] yes [194, 195, 209] 

9. Inflammaging* nd  yes [14, 18, 19] contradictory results [22, 24] 

1-4 hallmarks of aging, 5-7 antagonistic hallmarks, 8-9 culprit phenotype. nd = not determined.  
Hallmarks of aging reflect biological aging but may also be the consequence of inflammation. * The culprit phenotype in RA is represented by pro-inflammatory CD28- T-cells. Pro-
inflammatory cytokine production by these cells resembles the SASP. 
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CD28- T-cells (before treatment) were found to predict the 
response to abatacept [214].  

 More importantly, beneficial effects of treatment on pre-
mature HSC aging, a putative underlying cause of acceler-
ated T-cell senescence in RA, were reported. The bone mar-
row niche of RA patients showed decreased apoptosis rates 
of the CD34+ fraction, increased cell growth potential (as-
sessed by the colony formation assay) and an increased fre-
quency of CD34+ cells after anti-TNF-� treatment [194, 195, 
209]. Besides the positive effect on the number of HSC, 
blocking of TNF-� also resulted in an increase in the levels 
of recent thymic emigrants, defined as CD31+CD4+ T-cells 
[209]. Parameters of bone marrow function were not differ-
ent between RA patients who were or were not on concomi-
tant MTX [196], suggesting that TNF-�- but not MTX-
mediated suppression of inflammation, is important for reju-
venation of the HSC pool in RA. 

 Telomere erosion and reduced telomerase activity in 
CD4+ T-cells were not affected by treatment of RA patients 
with MTX or prednisone [91, 200]. Similarly, accelerated 
telomere erosion in HSC was seen in both treated and not 
(yet) treated RA patients in cross-sectional analyses only 
[197]. To the best of our knowledge, the influence of anti-
TNF-� agents on telomere length and telomerase activity in 
RA has not yet been addressed. Neutralization of TNF-� in 
vitro was associated with up regulation of telomerase activity 
in CD8+ T-cells [215]. 

 Effects of DMARD treatment on cellular senescence, 
markers of DNA damage and epigenetic alterations relevant 
to RA were studied only in cell line models. In vitro-induced 
senescence in human fibroblast and cancer cell lines demon-
strated a glucocorticoid (GC)-mediated reduction of SASP, 
such as reduced IL-6 and IL-8 expression. GC did not affect 
persistent DNA damage, the underlying cause of SASP, nor 
growth arrest or expression of SA-�-gal [216].  

 Longitudinal clinical studies demonstrated reduction of 
the markers of oxidative stress, including 8-
hydroxydeoxyguanosine upon treatment with MTX or anti-
TNF-� agents. These findings suggest that DMARD treat-
ment reduces ROS-induced DNA damage [206, 207, 217]. 
Also mtDNA mutations frequency, regarded as a marker of 
mitochondrial dysfunction, was significantly lower in pa-
tients with low disease activity (DAS28 < 3.2) after TNF-� 
blocking therapy [178].  

 Studies investigating effects of anti-TNF-� treatment in 
RA patients on the activity of HAT and HDAC, regulating 
the acetylation status of histones, yielded contradictory re-
sults. HDAC activity, significantly higher in RA at baseline, 
did not change upon etanercept treatment [112]. Others 
showed an increase in HAT and a decrease in HDAC activity 
in a group of RA patients receiving various TNF-� inhibitors 
and increase of both HAT and HDAC upon RTX treatment 
[208]. Contradictory results were attributed to the use of dif-
ferent biologicals in these studies. 

 Thus, the combined evidence suggests that inflammation 
involving TNF-�, drives premature HSC aging, a putative 
cause of accelerated T-cell senescence in RA. To further 
substantiate the notion of reversibility of the senescent phe-
notype by TNF-� blocking agents or DMARDs, longitudinal 

clinical studies in well-defined patient cohorts before and 
after treatment are needed to clarify this issue. 

5. PREMATURE AGING IN RA: CAUSE OR CONSE-
QUENCE?  

 It has been suggested that premature aging of the immune 
system may be causal to RA. Telomere shortening of CD4+ 
T-cells was accelerated in RA patients carrying the RA-
associated HLA-DRB1*04 alleles, which led to the hypothe-
sis of genetically-driven premature immunosenescence in 
RA [5]. However, in light of more recent discoveries, we 
suggest that the causes of premature senescence in RA may 
be inflammation-driven. New knowledge of how environ-
mental factors interact with susceptibility genes and the im-
mune system in the development of seropositive RA 
(ACPA+ and/or RF+) has emerged. ACPA were found to 
develop more profoundly in individuals carrying the RA-
associated HLA-DRB1 shared epitope-containing alleles and 
can be detected years before symptoms become manifest 
[218]. Presence of ACPA and RF in pre-RA patients was 
associated with elevated levels of pro-inflammatory cytoki-
nes [219, 220]. ACPA and/or RF may trigger the inflamma-
tory response via an Fc�R-mediated mechanism [221, 222]. 
Thus, the autoantibody-mediated inflammatory state, that 
precedes RA development by many years, may be responsi-
ble for premature immunosenescence in RA. 

6. CONCLUSIONS AND FUTURE PERSPECTIVES 

 In order to evaluate the notion that premature immunose-
nescence in RA is inflammation-driven, we propose to study 
immunosenescence features in prospective, longitudinal co-
hort studies. Inclusion of individuals who are at risk for fu-
ture RA development (not yet receiving DMARD treatment) 
would allow to assess the association between inflammatory 
markers and the immunonesenescent phenotype in the pre-
clinical phase of RA, at disease onset and beyond. Cohorts to 
be used to assess the preclinical alterations putatively impli-
cated in RA pathogenesis are seropositive arthralgia patients 
(SAP) and patients with early, undifferentiated arthritis 
(UA). Both UA and SAP have 30% chance of progressing 
towards classifiable RA [223, 224]. Furthermore, we propose 
to study immunesenescence features in late onset seroposi-
tive and seronegative RA. 

 As normal aging is associated with an overall decline of 
immune function, it will be important to compare healthy 
age-matched controls, excluding elderly subjects with co-
morbidities. Assessment of immunosenescence parameters 
together with disease activity and pro-inflammatory markers 
at the preclinical stage and at the switch to clinical synovitis, 
are expected to provide insight into the mechanisms of their 
mutual regulation.  
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