
of a valid set of biomarkers will be of utmost 
importance to improve medical and preven-
tive treatments in the elderly and to evaluate 
potential therapies that aim to rejuvenate 
the aged immune system.

The ImpacT of agIng on human 
naïve T cells
Of the many different types of immune 
cells, the decline of T cell number and 
function appears to be a key feature of 
human immune cell aging. This is due to a 
decreased capacity of aged hematopoietic 
stem cells to generate committed lymphoid 
progenitors and an age-related atrophy of 
the maturation organ for T cells, the thymus 
(Linton and Dorshkind, 2004; Geiger et al., 
2013). At the age of 50 years, 90% of func-
tional thymic tissue has been lost. This leads 
to a dramatic shortage of naïve T cells in the 
peripheral blood (PB), lymph nodes, and 
bone marrow (BM) (Fagnoni et al., 2000; 
Lazuardi et al., 2005; Herndler-Brandstetter 
et al., 2012). Further evidence that supports 
the key role of the thymus to maintain naïve 
T cell number and function derives from a 
study demonstrating premature T cell aging 
in patients thymectomized during early 
childhood (Sauce et al., 2009). A decline of 
naïve T cells in the PB and BM has also been 
observed in individuals with persistent viral 
infections, in particular with human cyto-
megalovirus (HCMV) infection (Almanzar 
et al., 2005; Herndler-Brandstetter et al., 
2012). This indicates that the expansion 
and accumulation of high numbers of 
HCMV-specific effector-memory T cells 
(T

EM
) leads to an exhaustion of the naïve 

T cell pool (Sylwester et al., 2005). Another 
possibility could be that HCMV infection 
itself contributes to thymic atrophy, as has 
been reported for murine CMV (MCMV) 
infection (Price et al., 1993). In summary, 
the rate of naïve T cell decline during aging 
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In 2012, 13–22% of the population in 
Europe, the US, and China were older than 
60 years of age. In 2050, demographic mod-
els predict that 27–34% of the population in 
these countries will be older than 60 years 
of age. Worldwide, more than two billion 
persons will be age 60 years or over by 2050 
(United Nations Department of Economic 
and Social Affairs Population Division, 
2012). This will pose an enormous medical 
and socioeconomic challenge to our future 
society. One of the most recognized con-
sequences of aging is a decline in immune 
function, which limits the protective effect 
of vaccinations and renders elderly peo-
ple more susceptible to certain infectious 
diseases and to newly emerging infections, 
such as influenza (Gavazzi and Krause, 
2002; Goronzy and Weyand, 2013). A higher 
prevalence of urinary tract infections, lower 
respiratory tract infections, skin and soft tis-
sue infections, infective endocarditis, bac-
terial meningitis, tuberculosis, and herpes 
zoster has been observed in the elderly. Yet, 
infections in the elderly are not only more 
frequent but also more severe and have 
distinct features with respect to clinical 
presentation (Gavazzi and Krause, 2002). 
Accordingly, pneumonia, influenza, and 
septicemia are ranked among the 10 major 
causes of deaths in people aged 65 years and 
over in developed countries.

Although considerable progress has 
been made to identify the cellular changes 
and molecular mechanisms underlying 
T cell aging, we still lack biomarkers of T 
cell aging that have been validated in large 
populations and that correlate with func-
tional immune responsiveness. This opin-
ion article will therefore focus on how aging 
affects the number, phenotype, and func-
tion of human naïve and memory T cells, 
and how to identify and validate potential 
biomarkers of T cell aging. The availability 

is determined by two key factors: the pace 
of thymic atrophy and certain persistent 
infections.

The aging process also changes the qual-
ity of naïve T cells. There are two subsets of 
naïve (CD62L+CD45RA+) CD4+ T cells in 
the PB of humans, defined by the presence 
or absence of CD31 (PECAM-1) (Kimmig 
et al., 2002). CD31+ naïve CD4+ T cells may 
resemble recent thymic emigrants, with 
a high content of T cell receptor excision 
circles (TRECs), while CD31− naïve CD4+ 
T cells have a lower TREC content and a 
restricted T cell repertoire (TCR). The loss 
of CD31 expression has been attributed 
to TCR-mediated peripheral post-thymic 
homeostatic proliferation. Accordingly, 
CD31+ naïve CD4+ T cell numbers decline 
during aging in the PB. Yet, aged naïve CD4+ 
T cells respond with an unimpaired IL-2 pro-
duction upon stimulation with neoantigen 
and major signaling defects, such as the lack 
of calcium influx observed in aged mouse 
naïve T cells, are not seen in humans (Gomez 
et al., 2004; Tsukamoto et al., 2009). However, 
human naïve CD4+ T cells from elderly indi-
viduals have a reduced TCR-mediated sign-
aling capacity of the ERK pathway due to 
an age-related decline in miR-181a (Li et al., 
2012). Although CD31+ naïve CD4+ T cells 
were already described in 2002, no follow-up 
studies have validated CD31 as a functional 
biomarker of immunocompetence, e.g., pro-
tection after immunizations with neoanti-
gens in elderly persons or decreased risk of 
influenza-associated hospitalization.

Similar to human naïve CD4+ T cells, 
aged human naïve (CD62L+CD45RA+) 
CD8+ T cells display a dramatically restricted 
TCR repertoire, shortened telomeres and 
express IL-6Rα and IL-7Rα at a lower 
frequency (Pfister et al., 2006; Alves et al., 
2007; Herndler-Brandstetter et al., 2011). 
The narrowing of the TCR repertoire by 
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proliferation, has been included in a set 
of parameters defining the immune risk 
phenotype and correlates with a lack of 
antibody production after influenza vac-
cination in elderly persons (Olsson et al., 
2000; Saurwein-Teissl et al., 2002). The loss 
of the co-stimulatory molecule CD28 and 
the consequent age-dependent accumula-
tion of CD28−CD8+ T cells can be attrib-
uted to two mechanisms: repeated antigenic 
stimulation and IL-15-mediated homeo-
static proliferation (Valenzuela and Effros, 
2002; Almanzar et al., 2005; Chiu et al., 
2006). Although there is some confusion 
in the literature about how to accurately 
describe this CD28−CD8+ T cell popula-
tion, the term “highly differentiated” may 
be most suitable. Other descriptions, such 
as dysfunctional or senescent are mislead-
ing and do not reflect the properties of 
CD28−CD8+ T cells, as these cells are not 
anergic, are susceptible to apoptotic cell 
death, proliferate upon proper stimulation 
and are highly cytotoxic (Chiu et al., 2006; 
Waller et al., 2007; Brunner et al., 2012). 
As large numbers of highly differenti-
ated CD28−CD8+ T cells accumulate dur-
ing aging, the targeted depletion of these 
cells has been proposed to generate more 
“space” for naïve and T

CM
 survival. However, 

CD28−CD8+ T cells may be important for 
tissue-mediated immunity and due to their 
lack of lymph node homing markers, these 
cells are likely to occupy different niches 
than naïve and T

CM
 (Remmerswaal et al., 

2012). Moreover, a sudden drop of T cell 
numbers due to depletion of CD28−CD8+ 
T cells may lead to massive peripheral naïve 
T cell proliferation.

In conclusion, although several human 
memory T cell subsets have been defined, we 
still lack information about their origin and 
maintenance, their functional and migra-
tory properties. The identification of micro-
environmental niches of specific memory T 
cell subsets, in particular of CD28− T cells, 
would enable the search of novel markers 
to distinguish homeostasis- from repeated 
antigen-driven memory T cells.

concludIng RemaRks
Age-related changes within the human T cell 
pool have almost exclusively been studied in 
cells derived from the PB. However, the PB 
contains only two percent of the total body 
T cell pool (Di Rosa and Pabst, 2005). Very 
limited data are available how aging affects 

immune system and ensures protection 
upon recurrent infections. In old mice, the 
generation of functional CD4+ and CD8+ 
T cell memory is impaired, which has been 
attributed to functional defects in naïve T 
cell stimulation and decreased effector T cell 
expansion (Kapasi et al., 2002; Haynes et al., 
2003). In addition, the aged murine micro-
environment, in particular defects in T cell 
migration, priming by antigen presenting 
cells and differentiation into follicular T 
helper cells, contributes to a suboptimal 
CD4+ T cell-mediated immune response.

In humans, memory T cells seem to be 
less affected by the aging process compared 
to naïve T cells. For example, CMV-specific 
T cell immunity is maintained in immu-
nosenescent rhesus macaques and overt 
CMV disease is rare in the elderly (Rafailidis 
et al., 2008; Cicin-Sain et al., 2011). 
However, herpes zoster, which is caused by 
reactivation of the Varicella zoster virus that 
causes chickenpox in children, occurs more 
frequently in the elderly. Following routine 
vaccinations in healthy and frail elderly 
persons, decreased IgG antibody concen-
trations, delayed peak antibody titers, and 
a more rapid decline in antibody titers 
were observed compared to young adults 
(Weinberger et al., 2008). A decreased 
tumor necrosis factor (TNF)-α synthesis 
by macrophages also restricts cutaneous 
immunosurveillance by memory CD4+ T 
cells during aging, which may thereby con-
tribute to the increased susceptibility to 
cutaneous infections and malignancies in 
older humans (Agius et al., 2009). In sum-
mary, these studies indicate that memory 
T cells, as well as their interaction with B 
cells and antigen presenting cells, are less 
efficient in old age.

In humans, three major classes of mem-
ory T cells can be distinguished based on 
their phenotypic and functional character-
istics: central-memory T cells (T

CM
) with 

a CD45RO+CD28+CD62L+ phenotype, T
EM

 
with a CD45RO+CD28+CD62L− phenotype, 
and highly differentiated T

EM
 (CD28− T 

cells) with a CD45RO±CD28−CD62L− phe-
notype. During human aging, the num-
ber of T

EM
 and CD28− T cells increases in 

the PB and BM (Almanzar et al., 2005; 
Kovaiou et al., 2005; Herndler-Brandstetter 
et al., 2012). The accumulation of effector-
memory CD28−CD8+ T cells, which have a 
highly restricted TCR repertoire, shortened 
telomeres, and decreased antigen-induced 

homeostatic proliferation may be explained 
by the preferential selection of naïve T cells 
for high TCR:pMHC avidity, as recently 
shown in a mouse model. This high avidity 
naïve CD8+ T cells underwent faster rates 
of homeostatic proliferation and preferen-
tially acquired a “memory-like” phenotype 
(Rudd et al., 2011). This study accentuates 
an important problem that has not received 
great attention. How reliable are surface 
markers, such as CD62L, CD45RA, CCR7, 
CD27, and CD28 in identifying aged human 
naïve T cells? Not only are memory T cells 
able to re-express CD45RA and CCR7 (Wills 
et al., 1999; van Leeuwen et al., 2005), but, 
and more importantly, naive T cells that 
undergo extended homeostatic proliferation 
acquire a memory-like phenotype. This has 
been demonstrated for murine naïve CD8+ 
T cells (Murali-Krishna and Ahmed, 2000). 
In humans, data are very limited. However, 
a non-regulatory CD62L+CD45RO+CD25dim 
CD8+ T cell population has been identified 
in healthy, HCMV-seronegative elderly 
persons who characteristically still had a 
good humoral response following influ-
enza vaccination (Schwaiger et al., 2003; 
Herndler-Brandstetter et al., 2005). This 
novel memory-like CD8+ T cell population 
had a relatively diverse TCR repertoire, long 
telomeres, and produced large amounts of 
IL-2, and may therefore encompass homeo-
statically expanded naïve T cells (Herndler-
Brandstetter et al., 2008).

In conclusion, naïve T cell numbers 
decline during aging, aged naïve T cells have 
a restricted TCR diversity and shortened 
telomeres but seem to retain some of their 
functional properties. Yet, naïve T cell num-
bers may be underestimated, as life-long 
homeostatic proliferation of aged naïve T 
cells may display a memory-like phenotype. 
Unfortunately, no large-scale studies have 
evaluated whether high numbers of naïve 
T cells with a diverse TCR repertoire and 
intact IL-2 production correlate with an 
intact immune responsiveness following 
vaccination with neoantigens in elderly 
persons or whether such elderly individu-
als have a decreased risk of influenza-asso-
ciated hospitalization.

The ImpacT of agIng on human 
memoRy T cells
The ability to generate and maintain func-
tional memory T cells following infection 
or vaccination is a hallmark of the  adaptive 

Herndler-Brandstetter et al. Biomarkers of T cell aging

Frontiers in Immunology | T Cell Biology  June 2013 | Volume 4 | Article 136 | 2

http://www.frontiersin.org/T_Cell_Biology/archive
http://www.frontiersin.org/T_Cell_Biology


CD8+CD45RA+ T-cells in old age. Biol. Chem. 389, 
561–568. doi: 10.1515/BC.2008.052

Herndler-Brandstetter, D., Weinberger, B., Pfister, G., 
Weiskopf, D., and Grubeck-Loebenstein, B. (2011). The 
aging of the adaptive immune system. Curr. Immunol. 
Rev. 7, 94–103. doi: 10.2174/157339511794474190

Kapasi, Z. F., Murali-Krishna, K., McRae, M. L., 
and Ahmed, R. (2002). Defective generation 
but normal maintenance of memory T cells in 
old mice. Eur. J. Immunol. 32, 1567–1573. doi: 
10.1002/1521-4141(200206)32:6<1567::AID-
IMMU1567>3.0.CO;2-P

Kimmig, S., Przybylski, G. K., Schmidt, C. A., Laurisch, 
K., Möwes, B., Radbruch, A., et al. (2002). Two subsets 
of naive T helper cells with distinct T cell receptor 
excision circle content in human adult peripheral 
blood. J. Exp. Med. 195, 789–794. doi: 10.1084/
jem.20011756

Kovaiou, R. D., Weiskirchner, I., Keller, M., Pfister, G., 
Cioca, D. P., and Grubeck-Loebenstein, B. (2005). 
Age-related differences in phenotype and function 
of CD4+ T cells are due to a phenotypic shift from 
naive to memory effector CD4+ T cells. Int. Immunol. 
17, 1359–1366. doi: 10.1093/intimm/dxh314

Lazuardi, L., Jenewein, B., Wolf, A. M., Pfister, G., Tzankov, 
A., and Grubeck-Loebenstein, B. (2005). Age-related 
loss of naive T cells and dysregulation of T-cell/B-cell 
interactions in human lymph nodes. Immunology 114, 
37–43. doi: 10.1111/j.1365-2567.2004.02006.x

Li, G., Yu, M., Lee, W. W., Tsang, M., Krishnan, E., Weyand, 
C. M., et al. (2012). Decline in miR-181a expression 
with age impairs T cell receptor sensitivity by increas-
ing DUSP6 activity. Nat. Med. 18, 1518–1524. doi: 
10.1038/nm.2963

Linton, P. J., and Dorshkind, K. (2004). Age-related 
changes in lymphocyte development and function. 
Nat. Immunol. 5, 133–139. doi: 10.1038/ni1033

Murali-Krishna, K., and Ahmed, R. (2000). Cutting 
edge: naive T cells masquerading as memory cells. J. 
Immunol. 165, 1733–1737. 

Olsson, J., Wikby, A., Johansson, B., Löfgren, S., Nilsson, B. 
O., and Ferguson, F. G. (2000). Age-related change in 
peripheral blood T-lymphocyte subpopulations and 
cytomegalovirus infection in the very old: the Swedish 
longitudinal OCTO immune study. Mech. Ageing Dev. 
121, 187–201. doi: 10.1016/S0047-6374(00)00210-4

Pfister, G., Weiskopf, D., Lazuardi, L., Kovaiou, R. D., 
Cioca, D. P., and Keller, M. (2006). Naive T cells in 
the elderly: are they still there? Ann. N. Y. Acad. Sci. 
1067, 152–157. doi: 10.1196/annals.1354.018

Price, P., Olver, S. D., Gibbons, A. E., Teo, H. K., and 
Shellam, G. R. (1993). Characterization of thymic 
involution induced by murine cytomegalovirus 
infection. Immunol. Cell Biol. 71(Pt 3), 155–165. doi: 
10.1038/icb.1993.18

Rafailidis, P. I., Mourtzoukou, E. G., Varbobitis, I. C., 
and Falagas, M. E. (2008). Severe cytomegalovi-
rus infection in apparently immunocompetent 
patients: a systematic review. Virol. J. 5, 47. doi: 
10.1186/1743-422X-5-47

Remmerswaal, E. B., Havenith, S. H., Idu, M. M., van  
Leeuwen, E. M., van Donselaar, K. A., Ten Brinke, 
A., et al. (2012). Human virus-specific effector-
type T cells accumulate in blood but not in 
lymph nodes. Blood 119, 1702–1712. doi: 10.1182/
blood-2011-09-381574

Rongvaux, A., Takizawa, H., Strowig, T., Willinger, T., and 
Eynon, E. E. (2013). Human hemato-lymphoid system 
mice: current use and future potential for medicine. 

Alves, N. L., van, L. eeuwenE. M., Remmerswaal, E. B., 
Vrisekoop, N., Tesselaar, K., Roosnek, E., et al. (2007). 
A new subset of human naive CD8+ T cells defined 
by low expression of IL-7R alpha. J. Immunol. 179, 
221–228. 

Brunner, S., Herndler-Brandstetter, D., Arnold, C. R., 
Wiegers, G. J., Villunger, A., Hackl, M., et al. (2012). 
Upregulation of miR-24 is associated with a decreased 
DNA damage response upon etoposide treatment in 
highly differentiated CD8(+) T cells sensitizing them 
to apoptotic cell death. Aging Cell 11, 579–587. doi: 
10.1111/j.1474-9726.2012.00819.x

Chiu, W. K., Fann, M., and Weng, N. P. (2006). Generation 
and growth of CD28nullCD8+ memory T cells medi-
ated by IL-15 and its induced cytokines. J. Immunol. 
177, 7802–7810. 

Cicin-Sain, L., Sylwester, A. W., Hagen, S. I., Siess, 
D. C., Currier, N., Legasse, A. W., et al. (2011). 
Cytomegalovirus-specific T cell immunity is main-
tained in immunosenescent rhesus macaques. 
J. Immunol. 187, 1722–1732. doi: 10.4049/
jimmunol.1100560

Di Rosa, F., and Pabst, R. (2005). The bone marrow: a 
nest for migratory memory T cells. Trends Immunol. 
26, 360–366. doi: 10.1016/j.it.2005.04.011

Fagnoni, F. F., Vescovini, R., Passeri, G., Bologna, G., 
Pedrazzoni, M., and Lavagetto, G. (2000). Shortage of 
circulating naive CD8(+) T cells provides new insights 
on immunodeficiency in aging. Blood 95, 2860–2868. 

Gavazzi, G., and Krause, K. H. (2002). Ageing and infec-
tion. Lancet. Infect. Dis. 2, 659–666. doi: 10.1016/
S1473-3099(02)00437-1

Gebhardt, T., Wakim, L. M., Eidsmo, L., Reading, P. C., 
Heath, W. R., and Carbone, F. R. (2009). Memory T 
cells in nonlymphoid tissue that provide enhanced 
local immunity during infection with herpes sim-
plex virus. Nat. Immunol. 10, 524–530. doi: 10.1038/
ni.1718

Geiger, H., de Haan, G., and Florian, M. C. (2013). The 
ageing haematopoietic stem cell compartment. Nat. 
Rev. Immunol. 13, 376–389. doi: 10.1038/nri3433

Gomez, I., Marx, F., Gould, E. A., and Grubeck-
Loebenstein, B. T. (2004). Cells from elderly persons 
respond to neoantigenic stimulation with an unim-
paired IL-2 production and an enhanced differentia-
tion into effector cells. Exp. Gerontol. 39, 597–605. doi: 
10.1016/j.exger.2003.11.018

Goronzy, J. J., and Weyand, C. M. (2013). Understanding 
immunosenescence to improve responses to vaccines. 
Nat. Immunol. 14, 428–436. doi: 10.1038/ni.2588

Haynes, L., Eaton, S. M., Burns, E. M., Randall, T. D., 
and Swain, S. L. (2003). CD4 T cell memory derived 
from young naive cells functions well into old age, but 
memory generated from aged naive cells functions 
poorly. Proc. Natl. Acad. Sci. U.S.A. 100, 15053–15058. 
doi: 10.1073/pnas.2433717100

Herndler-Brandstetter, D., Landgraf, K., Tzankov, A., 
Jenewein, B., Brunauer, R., Laschober, G. T., et al. 
(2012). The impact of aging on memory T cell phe-
notype and function in the human bone marrow. J. 
Leukoc. Biol. 91, 197–205. doi: 10.1189/jlb.0611299

Herndler-Brandstetter, D., Schwaiger, S., Veel, E., Fehrer, 
C., Cioca, D. P., Almanzar, G., et al. (2005). CD25-
expressing CD8+ T cells are potent memory cells in 
old age. J. Immunol. 175, 1566–1574. 

Herndler-Brandstetter, D., Veel, E., Laschober, G. T., 
Pfister, G., Brunner, S., Walcher, S., et al. (2008). Non-
regulatory CD8+CD45RO+CD25+ T-lymphocytes 
may compensate for the loss of antigen-inexperienced 

naïve and memory T cells in lymphoid and 
extra-lymphoid organs (Lazuardi et al., 
2005; Herndler-Brandstetter et al., 2012; 
Sathaliyawala et al., 2013). In particular, as 
memory T cells in non-lymphoid tissues 
have been shown to provide enhanced local 
immunity during infection (Gebhardt et al., 
2009). A prerequisite for defining biomark-
ers of human immune aging and testing 
strategies to reverse or delay immunologi-
cal aging is to analyze naïve and memory 
T cell populations in different organs and 
validate their phenotypic and functional 
characteristics. The impact of aging on T 
cells in distinct microenvironmental niches 
would also help us to, e.g., identify pheno-
typic and functionally distinct subpopula-
tions of CD28−CD8+ T cells that may have 
been generated by either chronic antigenic 
stimulation or life-long homeostatic pro-
liferation. The functional analysis of aged 
human naïve and memory T cell subsets 
in vivo, e.g., in humanized mice, may be 
another promising strategy to enhance our 
understanding about human T cell aging 
(Rongvaux et al., 2013). Large-scale inte-
grated projects that aim to define biomark-
ers of aging, such as the EU-funded project 
MARK-AGE, are also underway and may 
pave the way for personalized medical treat-
ment and preventive interventions in the 
elderly.
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