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Abstract: Many countries are facing the aging of their population, and many more will face a
similar obstacle in the near future, which could be a burden to many healthcare systems. Increased
susceptibility to infections, cardiovascular and neurodegenerative disease, cancer as well as
reduced efficacy of vaccination are important matters for researchers in the field of aging. As older
adults show higher prevalence for a variety of diseases, this also implies higher risk of
complications, including nosocomial infections, slower recovery and sequels that may reduce the
autonomy and overall quality of life of older adults. The age-related effects on the immune system
termed as “immunosenescence” can be exemplified by the reported hypo-responsiveness to
influenza vaccination of the elderly. T cells, which belong to the adaptive arm of the immune
system, have been extensively studied and the knowledge gathered enables a better understanding
of how the immune system may be affected after acute/chronic infections and how this matters in
the long run. In this review, we will focus on T cells and discuss the surface and molecular markers
that are associated with T cell senescence. We will also look at the implications that senescent T
cells could have on human health and diseases. Finally, we will discuss the benefits of having these
markers for investigators and the future work that is needed to advance the field of T cell
senescence markers.
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1. Introduction

Cellular senescence and human aging research has been performed with much more attention
in recent years. The aging population (alternatively named as the “grey tsunami”) together with the
increased number of aged patients visiting healthcare institutions have been identified as potential
upcoming burdens. The number of individuals aged 60 and above is expected to increase ~56% (900
million to 1400 million) from 2015-2030 and ~49% (1400 million to 2100 million) from 2030-2050.
This dramatic increase in the number of older adults could have a huge impact on many economic
and healthcare policies [1,2]. The impending “grey tsunami” is partly due to humans having a
longer lifespan with the discovery of many medical interventions in the past few decades. Vaccines,
drugs and antibiotics have saved many lives from life-threatening situations and infections, which
were deemed incurable in the past [3-5]. This still greatly reduces the mortality rate of humans due
to pathogens. However, having a longer life span brings up other issues, which are defined as
age-related diseases such as dementia, rheumatoid arthritis, cancer, heart diseases and sarcopenia.
These diseases have been associated with aging as they are more prevalent in the older population
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[6-10]. Although the discovery of vaccines enables us to train the immune system against harmful
pathogens and it has prevented many deadly infections [11], hypo-responsiveness to vaccination is a
barrier to further enhancement of healthy aging. The reduced efficacy of vaccines in the elderly
could be due to the age-related changes in the immune system, also known as immunosenescence
[12-14]. In the field of immunosenescence, a bulk of data exists on T cells and this is mainly
explained by the array of markers identified to define the various subpopulations and functions
[15,16]. Therefore, in this review, we will discuss and clarify the research on T cells, which are also
the major subpopulation of lymphocytes in the human circulation. First, we will give a brief
introduction to the immune system and the general concept of cellular senescence. Then we will
discuss the markers that are commonly used in the field for T cells and their biological relevance.
After understanding T cells senescence, we will identify its implication for human health and
diseases. Finally, we will address future research, in terms of markers and phenotyping of T cells,
with a focus on the T cells with an innate-like profile (Mucosal associated invariant T (MAIT),
invariant natural killer T (iNKT) and yd) as opposed to the classical adaptive T cells and other new
players that are involved in cellular senescence.

2. Immune System, T Cells and Cellular Senescence

The immune system is made up of many different immune cell types, each with its own unique
functions, to collectively protect the host against foreign pathogens [17,18]. T cells comprise around
7-24% of the immune cells and around ~70% of the lymphocytes in human blood. Classical T cells
have the “memory” component, which allows them to respond faster in subsequent infection and
are also long-lived [19,20]. They can be broadly classified into the Helper T cells (CD4) and Cytotoxic
T Cells (CD8) [21,22]. CD4 T cells’ role in the immune system is to assist other immune cells in the
different immunological processes [23]. To achieve this, CD4 T cells interacts with antigen
presenting cells (APC) such as dendritic cells (DCs) with their surface receptors (CD27 to CD70 and
CD28 to CD80/CD86) to get activated [24]. This allows T cells to proliferate extensively and secrete
cytokines into the environment to aid the other immune cells. There are several subtypes of CD4 T
cells based on the cytokines secreted, and this will facilitate the needs of various immunological
processes such as B cell maturation and macrophage activation [25,26]. Cytotoxic CD8 T cells, as
their name implies, kill virus-infected cells that present the viral antigen on major histocompatibility
comples (MHC) Class 1 molecule. This is achieved by secreting molecules such as perforin and
granzymes on the viral-infected cells, creating pores in the cell membrane and inducing apoptosis
[27]. The ability of T cells to proliferate upon antigen stimulation is crucial as it dramatically
increases the number of antigen-specific T cells to aid in resolving the infection, otherwise known as
clonal expansion. After the resolution of the infection, these T cells undergo apoptosis during the
contraction phase to return to the steady state [28]. However, as T cells replicate multiple times due
to repeated stimulation with pathogens during a host’s lifetime, they further differentiate, lose their
proliferation capacity and may reach the stage of replicative senescence [29,30]. The inability of T
cells to proliferate is partly due to the erosion of telomeres and the loss of telomerase activity [31].
This phenomenon is analogous to the Hayflick Limit, which was established on fibroblasts, whereby
Hayflick and co-workers found that the fibroblasts could no longer proliferate after ~50 passages in
vitro [32]. Besides having an impaired proliferative capacity and shorter telomere length, senescent
fibroblasts also adopt a pro-inflammatory profile, whereby they could secrete pro-inflammatory
cytokines into the environment and cause tissue damage by chronic inflammation [33]. However,
these features of senescence are established on the fibroblasts and classical T cells may shares similar
features but the signals and pathways leading to those functional hallmarks may be different.
Whether cellular senescence share common pathways across all immune cells and all mammalian
cells still needs to be demonstrated.

3. Following T Cell Journey through Differentiation: Surface Markers as Guides

The study of T cell surface markers and functional capacity as it differentiates or “ages” is well
studied and established [15,34-38]. Naive (N) T cells express markers such as CD45RA and C-C
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chemokine receptor 7 (CCR7) [39], which allows them to home into the lymph nodes, along with
CD27, CD28, which are co-stimulatory molecules that are used to interact with B cells and antigen
presenting cells (APC) for the generation of immunoglobulin, long term maintenance and activation
of T cells to produce cytokines [40]. As such, N T cells are defined as CD45RA+, CD45RO-, CD27+,
CD28+ and CCR7+. Central Memory (CM) T cells (CD45RA-, CD45RO+, CD27+, CD28+ and CCR7+)
are capable of producing high levels of interleukin-2 (IL-2) and interferon y (IFNy) (but not effector
molecules such as tumor necrosis factor a TNFa, IL-4, IL-5 and cytotoxic molecules (e.g., perforin
and granzymes)) [34,41]. Effector memory (EM) T cells (CD45RA-, CD45RO+, CD27-, CD28- and
CCR7-) on the other hand have the capacity to produce high levels of effector molecules as
mentioned above in general (although there are some differences between CD4 and CD8) but not
IL-2. Lastly, terminal effector (TE) T cells (CD45RA+, CD45RO-, CD27-, CD28- and CCR7-) have
limited proliferative capacity but tend to secrete a wider range of cytokines following activation [34].
T cells in a replicative senescence state, which are more prevalent in the EM and especially TE, do
not express co-stimulatory molecules such as CD27 and CD28. Instead, they express markers such as
Killer cell lectin-like receptor sub family G (KLRG-1) and CD57 [15,42]. KLRG-1 has an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and studies have shown that when KLRG-1
is prevented to ligate on T cells by blocking-antibodies, it enhanced the proliferation capacity
through the increase of AKT, cyclin D, cyclin E and a decrease of cyclin inhibitor p27 [43,44]. CD57
on the other hand, is a glycoepitope and its expression is controlled by
galactosylgalactosylxylosylprotein 3-f-glucuronosyltransferase 1 (B3GAT1). Even though the ligand
for CD57 still remains unknown, studies have shown that the proliferation capacity of T cells
expressing CD57 is severely impaired, suggesting CD57 to be the best marker of replicative
senescence [45,46]. Therefore, using CD27, CD28, CD57, KLRG-1 and one of the CD45 isoforms
(RA/RO) allows one to track the “age” of the circulating T cells. However, whether these markers
could be applied to the innate-like T cells and whether a similar sequence of differentiation happens
in tissues remains to be investigated (Figure 1).

4. Molecular Markers of Senescent T Cells

Following surface markers to understand T cell biology has been possible and eased by the use
of technologies such as flow cytometry. However, while some markers have been biologically
related to the process studied, some are just surrogate markers of T cell differentiation without
knowledge of the molecular and signaling pathways responsible for the regulation of the marker or
its function. The best example in the context of T cell senescence is CD57. Independent of surface
markers, studies have demonstrated T cell regulation at the molecular level. Many of these
molecular changes involve proteins associated with the telomeres or the cell cycle. With the loss of
CD27 and CD28, molecules such as pl6 and p21 that are involved in cell cycle regulation, are
upregulated [47]. pl6 is more associated with “stresses” that cause premature senescence and p21
that is directly induced by p53 and is more associated with senescence due to telomere damage [48—
50]. Both regulate the cell cycle by inhibiting cyclin dependent kinase (CDK)4 and CDK6, which
keeps retinoblastoma (RB) protein hypo-phosphorylated. This inhibits the cell cycle process of the
transition from GI1 to S phase, which leads to replicative senescence [51,52]. Another hallmark of
senescent T cells is the shortening of telomeres. The shortening of telomeres is due to both the
continuous replication of the T cells and a reduction in human telomerase RNA component (hnTERC)
expression, which is a factor for the telomerase activity [53]. The expression of hTERC has been
associated with both CD27 and CD28 expression, suggesting that the loss of these surface markers
could result in the reduction of the telomerase activity or vice versa (Figure 1). This reduced activity
of telomerase has been associated with defective phosphorylation of Akt (Ser473) in CD27- CD28-
subset [54]. However, by blocking KLRG-1 signalling pathway, another group showed that they
were able to induce proliferation but not telomerase acitivity, even though Akt (Ser473) was
upregulated [44]. This suggests that phosphorylation of Akt (Ser473) alone is not sufficient and
might require other players such as ERK in order to restore telomerase activity. Another possibility
for the reduction in telomerase activity could be intrinsic. Recently, a study has shown that the
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phosphorylation of p38 via AMPK and Tabl, inhibited telomerase activity and drove senescence of
the T cell. This signaling was induced by low-nutrient sensing and DNA damage within the cell.
Blockades of this pathway have been shown to restore the proliferative function of senescent T cells,
which could be use in future therapy [55]. This concept has only been proven in T cells. Whether can
we adopt a similar approach for other types of senescent cells (e.g., fibroblasts) remains to be
investigated, as there could be underlying mechanisms that differentiate T cells and other cell types.
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Figure 1. Summary table of surface, functional and molecular markers in the different stages for

Adaptive T cells (CD4 and CD8). - = not expressed, + = expressed. Additional + = higher expression.

5. T Cells: Senescence Does Not Equate to Exhaustion

It is not surprising that investigators are often confused with the terms senescence and
exhaustion of T cells. Senescence and exhausted T cells do have some similarity in certain aspects of
functionality but they are not entirely the same [56]. Therefore, it is important to note the differences
between senescence and exhaustion of T cells, as this will allow accurate interpretation of results and
propose the right therapeutic approach to be used. First, the markers expressed by senescent T cells
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are markers such as CD57 and KLRG-1, which indicates replicative senescent [15]. On the other
hand, the markers associated with exhaustion of T cells are programmed cell death 1 (PD-1),
lymphocyte activation gene 3 (LAG-3), T cell immunoglobulin mucin 3 (TIM-3) and cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) [57]. Second, senescent T cells adopt a pro-inflammatory
profile and are able to secrete high levels of pro-inflammatory cytokines with stimulation which is
similar to the senescence associated secreting phenotype (SASP) that was established on fibroblasts
[33]. The SASP concept has been established in non-immune cells but it remains to be proven in T
cells. However, as SASP cells are unable to proliferate but can produce a higher range of
pro-inflammatory molecules, it is likely that senescent T cells exhibit some aspects of SASP. This
hypothesis may be true in view of the increasing diversity of cytokines produced in the sequence of
T cell differentiation: N-=CM—EM—TE—CD57/KLRG-1. On the contrary, exhausted T cells are
unable to both proliferate and to secrete cytokine upon stimulation suggesting again that the two
definitions refer to different cellular status. Third, senescent T cells are more prevalent in the
highly-differentiated phenotypes (EM/TE) and resistant to apoptosis. Exhausted T cells on the other
hand, are usually CM/EM T cells that have undergone repetitive or chronic stimulation [56]. They
are programmed to undergo apoptosis as PD-1 pathway seems to strongly associate with survival
[58].

Lastly, replicative senescent seems to be irreversible whereas exhaustion is reversible. Studies
have shown that blockade of PD-1 ligation is able to recover the function of cytokine secretion in T
cells [59,60]. “Reversing exhaustion” has been very successful in human clinical trials, raising the
5-year survival rate of different type of cancer patients in advanced cancer stages. Anti-PD1
(nivolumab) and anti-CTLA4 (Ipilimumab) are the two main candidates for checkpoint blockade
immunotherapy currently [61-65]. However, many other checkpoint inhibitors such as anti-LAG3
and anti-TIM3 are also being explored to remove the “brakes” on the T cells, which will enable it to
unleash its full functional capacity against cancer cells. As mentioned above, senescent T cells were
recently shown to regain function by inhibiting p38 mitogen-activated protein kinase (MAPK)
pathway [55]. Restoring function of senescent T cells is very relevant in the context of human aging
while restoring the function of exhausted T cells is more relevant in a pathological context (e.g.,
cancer immunotherapy, infectious diseases). Having clarified the differences between senescent and
exhausted T cells, the markers associated with each phenotype could be co-expressed on the surface
of the T cells, which means they could be both senescent and exhausted. It is not clear, however,
whether senescent T cells are more susceptible to exhaustion and vice-versa.

6. Implications of T Cells Senescence in Persistent Infections and Human Aging

Senescent T cells were shown to expand in patients with chronic and persistent infections such
as cytomegalovirus (CMV), human immunodeficiency virus (HIV) along with an additive effect of
chronological aging. CMV itself is asymptomatic in most of the hosts unless they are
immune-compromised. However, the constant reactivation of the virus could have driven the
accumulation of senescent T cells as the immune system tries to control virus reactivation [66,67].
HIV infection shares some similarities with the hallmarks of immunosenescence described above. It
is of note that HIV is one of the situations where exhausted T cells are also present. HIV-infected
patients usually exhibit high levels of inflammation molecules (IL-6, TNFa, C-reactive protein
(CRP)), reduced vaccine efficacy and the expansion of senescent T cells. With the highly active
antiretroviral therapy (HAART) therapy, the inflammatory status is reduced, suggesting that the
constant replication of the virus could have driven inflammation [68]. In human aging, the
accumulation of senescent T cells in the elderly is not surprising as the host have encountered a
lifetime of infections, which could drive the differentiation of the T cells and ultimately reach the
senescence stage [69]. The thymus, an organ where T cells develop and mature, involutes during
aging and the main sites that are affected are the cortex and medulla though the mechanisms are
unknown [70,71]. With a reduced in overall hematopoietic output that shifts towards a myeloid
profile [72,73] and together with thymic involution, which results in decreased production of new
naive T cells [67], the T cell profile of the individual naturally shifts from being a “naive” profile (a
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profile that have less differentiated T cells: N and CM) to an “experienced” profile (a profile that
have more differentiated T cells: EM and TE) as they age. Several interventions by systemic
administration of cytokines have been able to partially restore the function of the thymus in the
aging host as reviewed in [74,75]. However, none has been the magic bullet to completely restore the
function and turn the thymus back to its “youthful days”. Thymic involution is happening during
adulthood and is probably programmed to happen to adapt to the physiology of an older organism.
It is conceivable to consider this as one of the mechanisms to save resources for other more
important functions later in life. Obviously, naive T cells are required in the first part of life where
new antigens still need to be identified. Later in life this is probably less important compared to
sustaining immunological memory. Altogether, there is a significant increase in the frequency of
senescent T cells during aging. These cells in a resting state are able to secrete low levels of
pro-inflammatory cytokines such as TNFa and IL-6 [33,47]. This will contribute to the low-grade
systemic chronic inflammation in the elderly, which has been associated with many age-related
diseases such as dementia, metabolic syndrome and heart diseases [76,77]. Next, senescent T cells
also have a limited repertoire to antigens compared to naive T cell diverse repertoire [78,79]. With an
increase of senescent T cells and a decrease of naive T cells in the elderly, this could diminish the
“protection range and capacity” against pathogens in the elderly compared to the young. Therefore,
the accumulation of senescent T cells is detrimental to the host but these beliefs might not hold true
for other cell types such as fibroblast, whereby there are benefits of having senescent cells, such as
wound healing [80,81].

7. Are the Markers Suitable for All T Cells?

The surface and molecular markers described above are well established for classical T cells.
However, with the discovery of innate-like/non-classical T cells such as ydo T cells, mucosal
associated invariant T (MAIT), invariant Natural Killer T cells (iNKT) and germline-encoded,
mycolyl lipid-reactive (GEM) T cells in recent years, whether the markers expression on the surface
of the adaptive counterpart has the same implication on these cell type remains to be investigated.
Though these innate-like T cells might be less abundant in the periphery compared to the classical T
cells, they contribute to the host defense by responding to other types of antigens and could
proliferate extensively once activated [82,83]. They are also found to be more abundant in several
tissues and contribute to the local immunosurveillence [84]. Recent work on the MAITSs suggests that
the classical T cell phenotype might not be applicable for the MAITs [85]. Though it is entirely
possible that MAIT are not susceptible to cellular aging with chronological aging but there have also
been no functional tests to indicate that the same markers and classification have to be used as
compared to CD4 and CDS8. For the yd T cells, our work in 2014 suggested that, similar to MAIT, vd
T cells are either not susceptible to cellular aging or they simply do not follow the same rules as a3 T
cells [86]. With further studies in the last two years, the data now seem to converge to the fact that
V2 (a subset of the yd) does not follow the same markers as CD4 and CDS (at least for CD27, CD28)
in terms of cytokine production [87,88]. Eberl et al. also tested the biological relevance of ligating
KLRG-1 on V&2 and it does not have the inhibitory effect as shown on CD4, CD8 and even natural
killer (NK) cells [89]. This suggests that expression and implication of markers used are very
different depending on the cell type. Surprisingly, Vo1 (another subset of y0) does follow the trend
of CD8§, an increase of “TE” phenotype in the periphery with CMV and an additive effect of human
chronological aging [90]. A recent study by Davey et al. have also shown that CD27+CD45RA+
(“Naive”) and CD27-CD45RA+ (TE) Vb1 does have very different functional capacity and repertoire
diversity, which is similar to CD8. However, this concept does not apply to Vo2 [91]. These results
collectively suggest that even within the same vd T cell family, there is discrepancy in terms of
marker expression and its implications. Besides surface markers comparison, another aspect that
future research should address is the molecular and transcription factors that innate-like T cells
express during the “differentiation” stages. Whether innate-like T cells exhibit similar molecular
features as their adaptive counterpart such as p16, p21, shortened telomere length, reduced hTERC
activity, being resistant to apoptosis during senescence and whether the “senescence programming”
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involves the high expression of Tbet and Zeb2 as shown in CD8 [92] remains to be investigated.
Therefore, future work should look to elucidate relevant surface and molecular markers for these
innate-like T cells, which will be useful for studies that are investigating this group of T cells in
different diseases and conditions.

8. New Players in the Field of Senescence?

In addition to the markers mentioned above, recent studies have uncovered new players and
their role in the field of cellular senescence. Mitochondria can be affected by cellular senescence in
several aspects such as caveolin-1 deficiency, which has been shown to induce cellular senescence by
affecting the functionality of the mitochondria [93]. The other aspect is mitochondrial DNA
hypomethylation, which is a feature of induced senenscence in human fetal heart mesenchymal stem
cells and can be induced by reactive oxidative species [94]. Lipid and nicotinamide (NAD)
metabolism are also two other features of mitochondria that could be associated with cellular
senescence as they are correlated with age-related diseases [95-98] Besides mitochondria, studies
have investigated at the RNA level and assessed the role of non-coding RNA (i.e., micro RNAs, long
noncoding RNAa and circular RNAs) with cellular senescence in aging organs/tissue. [99-102]. On
the epigenetic level, CD4 and CD8 T cells have been shown to have an overall decrease in
methylation as they progressed from Naive to TE [103,104]. However, the epigenomic profile of
innate and adaptive immune cells are distinctively different, which makes it hard to assess and
compare, which could also mean that “road to senescence” is completely different [105]. At the DNA
level, cGMP-AMP (cGAMP) synthase (cGAS), a cytosolic DNA sensor that associates itself with
chromatin in high levels during DNA damage, is found to be essential for cellular senescence [106].
Collectively, these studies suggest that many aspects of cell biology are affected by cellular
senescence; from surface marker protein expression down to the metabolism and DNA of the cell.
However, whether these markers are associated and applicable to all cell types or whether there are
unique pathways for specific cell type remains a question to be answered.

9. Conclusions

In conclusion, having markers of relevant biological functions in T cells such as CD57 and
KLRG-1 (senescent markers) allows the community to understand the T cell profile in a particular
condition with a simple flow cytometry experiment. This greatly increases the speed and feasibility
of the analysis without the need to perform time-consuming, expensive and complex functional
assays. Having said that, one must be careful in using these markers appropriately as the implication
of marker expression between cell types could differ, as shown in V02 T cells compared to CD4 and
CD8. The discovery and use of more biologically relevant markers is definitely beneficial as flow
cytometry enables investigators to perform much more complex phenotyping nowadays. With more
parameters and options of reagents, users can input more parameters into the studies to elucidate
the different phenotype of T cells and assess how different they are in various disease conditions.
However, biomarkers are often only surrogate markers, often resulting from unknown mechanisms
and more research is needed to understand the biological process behind the expression or
repression of the candidate biomarkers. Therefore, markers are always useful, provided they have
functional relevance.
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Abbreviations

APC Antigen Presenting Cells

CD Cluster of Differentiation

cGAS cGMP-AMP Synthase

CM Central Memory

CMV Cytomegalovirus

CTLA-4 Cytotoxic T Lymphocyte-Associated Protein 4

DC Dendritic Cells

DNA Deoxyribonucleic Acid

EM Effector Memory

GEMT Germline-Encoded, Mycolyl T Cells

HIV Human Immunodeficiency Virus

IFNy Interferon Gamma

iNKT Invariant Natural Killer T Cells

IL Interleukin

KLRG-1 Killer Lectin-Like Receptor Sub Family G Protein 1

LAG3 Lymphocyte Activation Gene 3

MAIT Mucosal Associated Invariant T Cells

N Naive

NAD Nicotinamide

NK Natural Killer

PD-1 Programmed Cell Death Protein 1

RNA Ribonucleic Acid

RB Retinoblastoma

SASP Senescence Associated Secretory Phenotype

TEMRA  Terminal Effector Memory RA

TNFa Tumor Necrosis Factor Alpha

References

1. OECD. Elderly Population (Indicator). 2017. Available online:
https://data.oecd.org/pop/elderly-population.htm (accessed on 5 May 2017).

2. World Population Ageing. Available online: http://www.un.org/en/development/desa/population/publica
tions/pdf/ageing/WPA2015_Report.pdf (accessed on 5 May 2017).

3. The World Bank. Investing in Health: World Development Indicators; Oxford University Press: New York, NY,
USA, 1993.

4. Wright, J.C.; Weinstein, M.C. Gains in life expectancy from medical interventions. N. Engl. J. Med. 1998,
339, 1943-1944.

5. Here’s the Visual Proof of Why Vaccines Do More Good than Harm. Available online: http://www.science
mag.org/news/2017/04/heres-visual-proof-why-vaccines-do-more-good-harm (accessed on 15 June 2017).

6. Plassman, B.L.; Langa, K.M.; Fisher, G.G.; Heeringa,S.G.; Weir, D.R.; Ofstedal, M.B.; Burke, J.R.; Hurd,
M.D.; Potter, G.G.; Rodgers, W.L.; et al. Prevalence of dementia in the United States: The aging,
demographics, and memory study. Neuroepidemiology 2007, 29, 125-132.

7. Kamel, HK. Sarcopenia and Aging. Nutr. Rev. 2003, 61, 157-167, doi:10.1301/nr.2003.may.157-167.

8. Machierira-Coelho, A. Cancer and aging. Exp. Gerontol. 1986, 23, 483—495.

9.  Lesnefsky, E.J.; Moghaddas, S.; Tandler, B.; Kerner, J.; Hoppel, C.L. Mitochondrial dysfunction in cardiac
Disease: Ischemia-reperfusion, aging, and heart failure. J. Mol. Cell. Cardiol. 2001, 33, 1065-1089.

10. Yazici, Y.; Paget, S.A. Elderly-onset rheumatoid arthritis. Rheum. Dis. Clin. N. Am. 2000, 26, 517-526.

11.  Plotkin, S.A. Vaccines: Past, present and future. Nat. Med. 2005, 11, S5-511.

12. Lang, P.-O.; Mendes, A.; Socquet, J.; Assir, N.; Govind, S.; Aspinall, R. Effectiveness of influenza vaccine
in aging and older adults: Comprehensive analysis of the evidence. Clin. Interv. Aging 2012, 7, 55-64.

13. Lord, ].M. The effect of aging of the immune system on vaccination responses. Hum. Vaccines Immunother.
2013, 9, 1364-1367.

14. Aspinall, R.; Giudice, G.D.; Effros, R.B.; Loebenstein, B.G.; Sambhara, S. Challenges for vaccination in the

elderly. Immun. Ageing 2007, 4, 9.



Int. ]. Mol. Sci. 2017, 18, 1742 9of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Larbi, A.; Fulop, T. From “truly naive” to “exhausted senescent” T cells: When markers predict
functionality. Cytom. Part A 2014, 85, 25-35.

Wingender, G.; Kronenberg, M. OMIP-030: Characterization of human T cell subsets via surface markers.
Cytom. Part A 2015, 87, 1067-1069.

Delves, P.J.; Roitt, LM. The immune system: First of two parts. N. Engl. ]. Med. 2000, 37-49,
doi:10.1056/NEJM200007063430107.

Kumar, H.; Kawai, T.; Akira, S. Pathogen recognition by the innate immune system. Int. Rev. Immunol.
2011, 30, 16-34.

MacLeod, M.K.L.; Kappler, J.W.; Marrack, P. Memory CD4 T cells: Generation, reactivation and
re-assignment. Immunology 2010, 130, 10-15.

Obar, J.J.; Lefrancois, L. Memory CD8+ T cell differentiation. Ann. N. Y. Acad. Sci. 2010, 1183, 251-266.
Zhu, J.; Paul, W.E. CD4 T cells: Fates, functions, and faults. Immunobiology 2009, 112, 1557-1569.

Zhang, N.; Bevan, M.J. CD8+ T cells: Foot soldiers of the immune system. Immunity 2011, 35, 161-168,
doi:10.1016/j.immuni.2011.07.010.

Zhu, ].; Yamane, H.; Paul, W. Differentiation of effector CD4 T cell populations. Annu. Rev. Immunol. 2010,
28, 445-489.

Bousso, P. T-cell activation by dendritic cells in the lymph node: Lessons from the movies. Nat. Rev.
Immunol. 2008, 8, 675-684.

Janeway, C.A., Jr.; Travers, P.; Walport, M.; et al. B-cell activation by armed helper T cells. In
Immunobiology: The Immune System in Health and Disease, 5th ed.; Garland Science: New York, NY, USA,
2001. Available online: https://www.ncbi.nlm.nih.gov/books/NBK27142/ (accessed on 10 June 2017).
Janeway, C.A,, Jr.; Travers, P.; Walport, M.; Shlomchik, M.]. Macrophage activation by armed CD4 TH1
cells. In Immunobiology: The Immune System in Health and Disease, 5th ed.; Garland Science: New York, NY,
USA, 2001. Available online: https://www.ncbi.nlm.nih.gov/books/NBK27153/ (accessed on 11 June 2017).
Janeway, C.A., Jr.; Travers, P.; Walport, M.; Shlomchik, M.]. T cell-mediated cytotoxicity. In Immunobiology:
The Immune System in Health and Disease, 5th ed.; Garland Science: New York, NY, USA, 2001. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK27101/ (accessed on 12 June 2017).

Langhoff, E.; Steinman, R.M. Clonal expansion of human T lymphocytes initiated by dendritic cells. J.
Exp. Med. 1989, 169, 315-320.

Effros, R.B.; Pawelec, G. Replicative senescence of T cells: Does the Hayflick limit lead to immune
exhaustion? Immunol. Today 1997, 18, 450-454.

Effros, R.B. Replicative senescence in the immune system: Impact of the Hayflick limit on T-cell function
in the elderly. Am. . Hum. Genet. 1998, 62, 1003-1007.

Hodes, R.J.; Hathcock, K.S.; Weng, N. Telomeres in T and B cells. Nat. Rev. Immunol. 2002, 2, 699-706.
Shay, ].W.; Wright, W.E. Hayflick, his limit and cellular aging. Nat. Rev. Mol. Cell Biol. 2000, 1, 72-76.
Coppé, J.-P.; Desprez, P.-Y.; Krtolica, A.; Campisi, ]. The senescence-associated secretory phenotype: The
dark side of tumor suppression. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 99-118.

Mahnke, Y.D.; Brodie, T.M.; Sallusto, F.; Roederer, M.; Lugli, E. The who’s who of T-cell differentiation:
Human memory T-cell subsets. Eur. ]. Immunol. 2013, 43, 2797-2809.

King, C. New insights into the differentiation and function of T follicular helper cells. Nat. Rev. Immunol.
2009, 9, 757-766, d0i:10.1038/nri2644.

Ahmed, R.; Bevan, M.].; Reiner, S.L.; Fearon, D.T. The precursors of memory: Models and controversies.
Nat. Rev. Immunol. 2009, 9, 662—-668, doi:10.1038/nri2619.

Rosenblum, M.D.; Way, S.S.; Abbas, A K. Regulatory T cell memory. Nat. Rev. Immunol. 2016, 16, 90-101,
doi:10.1038/nri.2015.1.

Kaech, S.M.; Wherry, E.J.; Ahmed, R. Effector and memory T-cell differentiation: Implications for vaccine
development. Nat. Rev. Immunol. 2002, 2, 251-262.

Forster, R.; Davalos-Misslitz, A.C.; Rot, A. CCR7 and its ligands: Balancing immunity and tolerance. Nat.
Rev. Immunol. 2008, 8, 362-371.

Dolfi, D.V.; Katsikis, P.D. CD28 and CD27 costimulation of CD8+ T cells: A story of survival. Adv. Exp.
Med. Biol. 2007, 590, 149-170.

Koch, S.; Larbi, A.; Derhovanessian, E.; Ozcelik, D.; Naumova, E.; Pawelec, G. Multiparameter flow
cytometric analysis of CD4 and CD8 T cell subsets in young and old people. Immun. Ageing 2008, 5, 6.



Int. ]. Mol. Sci. 2017, 18, 1742 10 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

Stubbe, M.; Vanderheyde, N.; Goldman, M.; Marchant, A. Antigen-specific central memory CD4+ T
lymphocytes produce multiple cytokines and proliferate in vivo in humans. J. Immunol. 2006, 177, 8185
8190.

Henson, S.M.; Akbar, A.N. KLRG-1—More than a marker for T cell senescence. Age (Omaha) 2009, 31,
285-291.

Henson, S.; Franzese, O.; Macaulay, R.; Libri, V.; Azevedo, R.I; Kiani-Alikhan, S.; Plunkett, F.J.; Masters,
J.E.; Jackson, S.; Griffiths, S.J.; et al. KLRG-1 signalling induced proliferative dysfunction and defective
Aktser473 phosphorylation in highly differentiated human CD8+ T cells. Blood 2009, 113, 1-3.

Brenchley, ].M.; Karandikar, N.J.; Betts, M.R.; Ambrozak, D.R.; Hill, B.J.; Crotty, L.E.; Casazza, ].P.;
Kuruppu, J.; Migueles, S.A.; Connors, M.; et al. Expression of CD57 defines replicative senescence and
antigen-induced apoptotic death of CD8. Blood 2003, 101, 2711-2720.

Palmer, B.E.; Blyveis, N.; Fontenot, A.P.; Wilson, C.C. Functional and phenotypic characterization of
CD57+CD4+ T cells and their association with HIV-1-induced T cell dysfunction. ]. Immunol. 2005, 175,
8415-8423.

Chou, J.P.; Effros, R.B. T cell replicative senescence in human aging. Curr. Pharm. Des. 2013, 19, 1680-1698.
Liu, Y,; Sanoff, HK.; Cho, H.; Burd, C.E.; Torrice, C.; Ibrahim, J.G.; Thomas, N.E.; Sharpless, N.E.
Expression of p16INK4a in peripheral blood T-cells is a biomarker of human aging. Aging Cell 2009, 8,
439-448, doi:10.1111/j.1474-9726.2009.00489.x.

Porath, I.B.; Weinberg, R.A. When cells get stressed: An integrative view of cellular senescence. J. Clin.
Investig. 2004, 113, 8-13, doi:10.1172/JCI1200420663.

Shawi, M.; Autexier, C. Telomerase, senescence and ageing. Mech. Ageing Dev. 2008, 129, 3-10.

Qian, Y.; Chen, X. Tumor suppression by p53: Making cells senescent. Histol. Histopathol. 2010, 25, 515
526.

Munoz-Espin, D.; Serrano, M. Cellular senescence: From physiology to pathology. Nat. Rev. Mol. Cell Biol.
2014, 15, 482-496.

Bernadotte, A.; Mikhelson, V.M.; Spivak, .M. Markers of cellular senescence. Telomere shortening as a
marker of cellular senescence. Aging (Albany NY) 2016, 8, 3-11.

Plunkett, F.J.; Franzese, O.; Finney, H.M.; Fletcher, ].M.; Belaramini, L.L.; Salmon, M.; Dokal, I.; Webster,
D.; Lawson, A.D.G; Akbar, AN. The loss of telomerase activity in highly differentiated
CD8+CD28-CD27- T cells is associated with decreased Akt (Ser473) phosphorylation. . Immunol. 2007,
178, 7710-7719.

Lanna, A.; Henson, S.M.; Escors, D.; Akbar, A.N. The kinase p38 activated by the metabolic regulator
AMPK and scaffold TABI1 drives the senescence of human T cells. Nat. Immunol. 2014, 15, 965-972.
Crespo, J.; Sun, H.; Welling, T.H.; Tian, Z.; Zou, W. T cell anergy, exhaustion, senescence, and stemness in
the tumor microenvironment. Curr. Opin. Immunol. 2013, 25, 214-221.

Wherry, E.J. T cell exhaustion. Nat. Immunol. 2011, 12, 492-499.

Shi, F.; Shi, M.; Zeng, Z.; Qi, R.Z,; Liu, ZW._; Zhang, ].Y.; Yang, Y.P.; Tien, P.; Wang, F.S. PD-1 and PD-L1
upregulation promotes CD8+ T-cell apoptosis and postoperative recurrence in hepatocellular carcinoma
patients. Int. |. Cancer 2011, 128, 887-896.

Barber, D.L.; Wherry, E.J.; Masopust, D.; Zhu, B.; Allison, J.P.; Sharpe, A.H.; Freeman, G.J.; Ahmed, R.
Restoring function in exhausted CD8 T cells during chronic viral infection. Nature 2006, 439, 682—687.
Zarour, H.M. Reversing T-cell dysfunction and exhaustion in cancer. Clin. Cancer Res. 2016, 22, 1856-1864.
Weber, J. Anti CTLA-4 antibody ipilimumab: Case studies of clinical response and immune-related
adverse events. Oncologist 2007, 12, 864-872.

Weber, ].S.; Angelo, S.P.D.; Minor, D.; Hodi, E.S.; Gutzmer, R.; Neyns, B.; Hoeller, C.; Khushalani, N.;
Miller, W.H., Jr.; Lao, C.D.; et al. Nivolumab versus chemotherapy in patients with advanced melanoma
who progressed after anti-CTLA-4 treatment (CheckMate 037): A randomised, controlled, open-label,
phase 3 trial. Lancet Oncol. 2015, 16, 375-384.

Rizvi, N.A.; Maziaeres, J.; Planchard, D.; Stinchcombe, T.E.; Dy, G.K,; Anotonia, S.J.; Horn, L.; Lena, H.;
Minenza, E.; Menncier, B.; et al. Activity and safety of nivolumab, an anti-PD-1 immune checkpoint
inhibitor, for patients with advanced, refractory squamous non-small-cell lung cancer (CheckMate 063): A
phase 2, single-arm trial. Lancet Oncol. 2015, 16, 257-265.



Int. ]. Mol. Sci. 2017, 18, 1742 11 of 12

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Maio, M.; Grob, J.J.; Aamdal, S.; Bondarenko, I.; Robert, C.; Thomas, L.; Garbe, C.; Chiarion-Sileni, V.;
Testori, A.; Chen, T.T.; et al. Five-year survival rates for treatment-naive patients with advanced
melanoma who received ipilimumab plus dacarbazine in a phase III trial. |. Clin. Oncol. 2015, 33, 1191-
1196.

Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56-61,
doi:10.1126/science.aaa8172.

Sansoni, P.; Vescovini, R.; Fagnoni, F.F; Akbar, AN. Aren, R; Chiu, Y.L; Cicin-Sain, L.
Dechanet-Mervile, J.; Derhovanessian, E.; Ferrado-Martinez, S.; et al. New advances in CMV and
immunosenescence. Exp. Gerontol. 2014, 55, 54—62.

Klenerman, P.; Oxenius, A. T cell responses to cytomegalovirus. Nat. Rev. Immunol. 2016, 16, 367-377.
Deeks, S.G. HIV infection, inflammation, immunosenescence, and aging. Annu. Rev. Med. 2011, 62, 141-
155, doi:10.1146/annurev-med-042909-093756.

Fulop, T.; Larbi, A.; Pawelec, G. Human T cell aging and the impact of persistent viral infections. Front.
Immunol. 2013, 4, 1-9.

Palmer, D.B. The effect of age on thymic function. Front. Immunol. 2013, 4, 1-6.

Aspinall, R.; Pitts, D.; Lapenna, A.; Mitchell, W. Immunity in the elderly: The role of the thymus. J. Comp.
Pathol. 2010, 142 (Suppl. 1), S111-S115, doi:10.1016/j.jcpa.2009.10.022.

Pang, W.W.; Price, E.A.; Sahoo, D.; Beerman, I.; Maloney, W.J.; Rossi, D.J.; Schrier, S.L.; Weissman, I.L.
Human bone marrow hematopoietic stem cells are increased in frequency and myeloid-biased with age.
Proc. Natl. Acad. Sci. USA 2011, 108, 20012-20017, d0i:10.1073/pnas.1116110108.

Linton, P.J.; Dorshkind, K. Age-related changes in lymphocyte development and function. Nat. Immunol.
2004, 5, 133-139.

Taub, D.D.; Longo, D.L. Insights into thymic aging and regeneration. Immunol. Rev. 2005, 205, 72-93.
Bredenkamp, N.; Nowell, C.S.; Blackburn, C.C. Regeneration of the aged thymus by a single transcription
factor. Development 2014, 141, 1627-1637.

Franceschi, C.; Campisi, J. Chronic inflammation (inflammaging) and its potential contribution to
age-associated diseases. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2014, 69, S4-59.

Khansari, N.; Shakiba, Y.; Mahmoudi, M. Chronic inflammation and oxidative stress as a major cause of
age-related diseases and cancer. Recent Pat. Inflamm. Allergy Drug Discov. 2009, 3, 73-80.

Nikolich-Zugich, J. Ageing and life-long maintenance of T-cell subsets in the face of latent persistent
infections. Nat. Rev. Immunol. 2008, 8, 512-522.

Goronzy, J.J.; Fang, F.; Cavanagh, M.M.; Qi, Q.; Weyand, C.M. Naive T cell maintenance and function in
human aging. J. Immunol. 2015, 194, 4073-4080.

Demaria, M.; Ohtani, N.; Youssef, S.A.; Rodier, F.; Toussaint, W.; Mitchell, ].R.; Laberge, RM.; Vijg, J.;
Steeg, H.V.; Dolle, M.E.T.; et al. An essential role for senescent cells in optimal wound healing through
secretion of PDGF-AA. Dev. Cell 2014, 31, 722-733.

Jun, J.-I; Lau, L.F. Cellular senescence controls fibrosis in wound healing. Aging (Albany NY) 2010, 2, 627-
631.

Lanier, L.L. Shades of grey—The blurring view of innate and adaptive immunity. Nat. Rev. Immunol.
2013, 13, 73-74.

Wencker, M.; Turchinovich, G.; Barros, R.D.M.; Deban, L.; Jandke, A.; Cope, A.; Hayday, A.C. Innate-like
T cells straddle innate and adaptive immunity by altering antigen-receptor responsiveness. Nat. Immunol.
2014, 15, 80-87.

Dadi, S.; Chhangawala, S.; Whitlock, B.M.; Huse, M.; Leslie, C.S.; Li, M.O. Cancer immunosurveillance by
tissue-resident innate lymphoid cells and innate-like T cells. Cell 2016, 164, 365-377.

Novak, J.; Dobrovolny, J.; Novakova, L.; Kozak, T. The decrease in number and change in phenotype of
mucosal-associated invariant T cells in the elderly and differences in men and women of reproductive
age. Scand. |. Immunol. 2014, 80, 271-275.

Vasudev, A.; Tan, C.T.Y,; Ayyadhury, S.; Puan, KJ,; Andiappan, A K,; Nyunt, M.S.Z.; Shadan, N.B.;
Mustafa, S.; Low, L; Rotzschke, O.; et al. v/d T cell subsets in human aging using the classical a/f T cell
model. ]. Leukoc. Biol. 2014, 96, 647-655.

Tan, C.; Wistuba-Hamprecht, K.; Xu, W.; Nyunt, M.S.Z.; Vasudev, A.; Lee, B.T.K,; Pawalec, G.; Puan, K.J;
Rotzschke, O.; Ng, T.P.; et al. Vd2+ and o/f T cells show divergent trajectories during human aging.
Oncotarget 2016, 7, 44906-44918.



Int. ]. Mol. Sci. 2017, 18, 1742 12 of 12

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Ryan, P.L.; Sumaria, N.; Holland, C.J.; Bradford, C.M.; Izotova, N.; Grandjean, C.L.; Jawad, A.S,;
Bergmeier, L.A.; Pennington, D.]. Heterogeneous yet stable Vd2® T-cell profiles define distinct cytotoxic
effector potentials in healthy human individuals. Proc. Natl. Acad. Sci. USA 2016, 113, 14378-14383.

Eberl, M.; Engel, R.; Aberle, S.; Fisch, P.; Jomaa, H. Human Vy9/Vd2 effector memory T cells express the
killer cell lectin-like receptor G1 (KLRG1). . Leukoc. Biol. 2005, 77, 16-19.

Wistuba-Hamprecht, K.; Frasca, D.; Blomberg, B.; Pawelec, G.; Derhovanessian, E. Age-associated
alterations in gammadelta T-cells are present predominantly in individuals infected with
cytomegalovirus. Immun. Ageing 2013, 10, 26.

Davey, M.S.; Willcox, C.R.; Joyce, S.P.; Ladell, K.; Kasatskaya, S.A.; McLaren, J.E.; Hunter, S.; Salin, M.;
Mohammed, F.; Price, D.A.; et al. Clonal selection in the human V51 T cell repertoire indicates yd
TCR-dependent adaptive immune surveillance. Nat. Commun. 2017, 8, 14760.

Dominguez, C.X.; Amezquita, R.A.; Guan, T.; Marshall, H.D.; Joshi, N.S.; Kleinstein, S.H.; Kaech, S.M.
The transcription factors Zeb2 and T-bet cooperate to program cytotoxic T cell terminal differentiation in
response to LCMV viral infection. J. Exp. Med. 2015, 212, 2041-2056.

Yu, D.M;; Jung, S H.; An, HT,; Lee, S; Hong, J.; Park, ].S.; Lee, H.; Bahn, M.S.; Lee, H.C.; Han, N.K; et al.
Caveolin-1 deficiency induces premature senescence with mitochondrial dysfunction. Aging Cell 2017,
doi:10.1111/acel.12606.

Yu, D.; Du, Z,; Pian, L,; Li, T.; Wen, X.; Li, W.; Kim, S.J.; Xiao, J.; Cohen, P.; Cui, J.; et al. Mitochondrial
DNA hypomethylation is a biomarker associated with induced senescence in human fetal heart
mesenchymal stem Cells. Stem Cells Int. 2017, 2017, 1764549, d0i:10.1155/2017/1764549.

Ademowo, O.S.; Dias, HK.I; Burton, D.G.A.; Griffiths, H.R. Lipid (per) oxidation in mitochondria: An
emerging target in the ageing process? Biogerontology 2017, doi:10.1007/s10522-017-9710-z.

Mendelsohn, A.R.; Larrick, J.A. NAD+/PARP1/SIRT1 axis in aging. Rejuvenation Res. 2017,
doi:10.1089/rej.2017.1980.

Chatuvedi, P.; Tyagi, S.C. NAD+: A big player in cardiac and skeletal muscle remodeling and aging. |. Cell
Physiol. 2017, d0i:10.1002/jcp.26014.

Verdin, E. NAD* in aging, metabolism, and neurodegeneration. Science 2015, 350, 1208-1213,
do0i:10.1126/science.aac4854.

Panda, A.C.; Abdelmohsen, K.; Gorospe, M. SASP regulation by noncoding RNA. Mech. Ageing Dev. 2017,
doi:10.1016/j.mad.2017.05.004.

Xing, W.; Gao, W.; Mao, G.; Zhang, ].; Lv, X,; Wang, G.; Yan, ]J. Long non-coding RNAs in aging organs
and tissues. Clin. Exp. Pharmacol. Physiol. 2017, doi:10.1111/1440-1681.12795.

Zhu, Y.; Xiong, K,; Shi, J.; Cui, Q.; Xue, L. A potential role of microRNAs in protein accumulation in
cellular  senescence analyzed by  bioinformatics. PLoS ONE 2017, 12, e0179034,
doi:10.1371/journal.pone.0179034.

Bu, H.; Wedel, S.; Cavinato, M.; Jansen-Diirr, P. MicroRNA regulation of oxidative stress-induced cellular
senescence. Oxid. Med. Cell. Longev. 2017, 2017, 2398696, d0i:10.1155/2017/2398696.

Moskowitz, D.M.; Zhang, D.W.; Hu, B.; Le Saux, S.; Yanes, R.E.; Ye, Z.; Buenrostro, ].D.; Weyand, C.M.;
Greenleaf, W.]J.; Goronzy, J.J. Epigenomics of human CD8 T cell differentiation and aging. Sci. Immunol.
2017, 2, eaag0192, doi:10.1126/sciimmunol.aag0192.

Durek, P.; Nordstrom, K.; Gasparoni, G.; Salhab, A.; Kressler, K.C.; de Almeida, M.; Bassler, K.; Ulas, T.;
Schmidt, F.; Xiong, J.; et al. Epigenomic profiling of human CD4+ T cells supports a linear differentiation
model and highlights molecular regulators of memory development. Immunity 2016, 45, 1148-1161.
Schulyer, R.P.; Merkel, A.; Raineri, E.; Altucci, L.; Vellenga, E.; Martens, J.H.; Pourfarzad, F.; Kuijpers,
T.W.; Burden, F.; Farrow, S.; et al. Distinct trends of DNA methylation patterning in the innate and
adaptive immune systems. Cell Rep. 2016, 17, 2101-2111.

Yang, H.; Wang, H.; Ren, J.; Chen, Q.; Chen, Z.J. cGAS is essential for cellular senescence. Proc. Natl. Acad.
Sci. USA 2017, 114, E4612-E4620, doi:10.1073/pnas.1705499114.

© 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



