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Abstract

immunosenescence.

CD8* T cells play an important role in host defense against infections and malignancies as well as contribute to the
development of inflammatory disorders. Alterations in the frequency of naive and memory CD8" T cells are one of
the most significant changes in the immune system with age. As the world population rapidly ages, a better under-
standing of aging immune function or immunosenescence could become a basis for discovering treatments of
illnesses that commonly occur in older adults. In particular, biomarkers for immune aging could be utilized to identify
individuals at high risk of developing age-associated conditions and help monitor the efficacy of therapeutic inter-
ventions targeting such conditions. This review details the possible role of CD8™ T cell subsets expressing different
levels of the cytokine receptor IL-7 receptor alpha chain (IL-7Ra) and the gene signature associated with IL-7Ra as
potential biomarkers for immune aging given the association of CD8* T cells in host defense, inflammation, and
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Introduction

Aging is a natural process that arises inevitably in every
living organism and affects all organ systems of the
human body. The immune system which comprises
cells, tissues and organs provides host defense against
infections and other diseases through a complex net-
work of biological processes. Alterations in the immune
system occur with age, likely contributing to the devel-
opment of many pathologic conditions such as malig-
nancy, infections and inflammatory diseases frequently
found in older adults [1-4]. As the world’s population
shifts to an increasingly older demographic, it is criti-
cal to understand how aging affects the immune system
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and whether such changes could be delayed, inhibited,
or reversed allowing for the prevention or treatment
of age-associated pathologic conditions. In addressing
these questions, biomarkers for immune aging or immu-
nosenescence could serve as essential tools which may
identify individuals at high risk for the development of
age-associated conditions and allow for more accurate
evaluations of the therapeutic efficacy of pharmacologic
interventions.

Alterations in the frequency of naive and memory
CD8™ T cells are one of the most significant changes in
immunosenescence. With age, the frequency of naive
CD8' T cell decreases while the frequency of memory
CD8" T cells increases. We demonstrated an expan-
sion of effector memory (EM) CD8' T cells expressing
low levels of T cell homeostasis cytokine IL-7 receptor
alpha chain (IL-7Ra or CD127) in older adults [5, 6] as
well as the possible contribution of such change to an
age-associated gene signature in peripheral blood [7]. An
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independent investigation also reported the silencing of
the IL7R gene and the IL-7 signaling pathway genes in
human memory CD8" T cells [8]. A study of a nonage-
narian population and its middle-aged controls found
high levels of IL7R gene expression in peripheral blood
with reduced mortality [9], raising the biological signifi-
cance of altered expression of IL7R and related genes,
especially in memory CD8™ T cells. This manuscript will
review the possible value of CD8" T cell subsets express-
ing distinct levels of IL-7Ra and gene signature associ-
ated with this cytokine receptor as potential biomarkers
for immune aging in humans.

Overview of CD8™ T cell homeostasis and function

The development of CD8" T cells occurs in the thymus
where the progenitor cells of T cells from the bone mar-
row undergo a complicated selection process to produce
cells with the optimal affinity for major histocompat-
ibility complex (MHC) molecules while circumvent-
ing self-antigen reactive cells [10]. Immature CD8" T
cells or thymocytes which have survived these selection
processes (referred to positive and negative selections)
are exported into circulation as naive but mature CD8*
T cells. Expressing high levels of lymphoid tissue hom-
ing molecules like chemokine receptor (CCR) 7, naive T
cells migrate to the secondary lymphoid tissues where
they inspect antigens presented by antigen presenting
cells (APCs) such as dendritic cells (DCs) [11-13]. The
naive CD8' T cells which have recognized the appro-
priate antigen with the T cell receptor (signal 1) become
activated, proliferate, and differentiated into effector T
cells, with the help from cognate interactions through
co-stimulatory molecules and cytokines (signals 2 and
3, respectively). The effector CD8" T cells now have
potently express cytotoxic molecules and cytokines
such as perforin, granzymes, IFN-y, and TNF-a through
upregulating the transcription factors T-bet and eomeso-
dermin [14, 15]. The effector CD8*1 T cells also express
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chemokine receptors with the capacity to dictate their
migration to the sites of infection and/or inflammation
where the secreted IFN-y and TNF-a from the migrated
effector CD8' T cells can activate additional immune
cells (e.g.,, monocytes, natural killer (NK) cells, T cells)
and non-immune tissues like endothelial cells [16, 17].
When the source of immunogens such as microbial
antigens is cleared, most effector CD8" T cells undergo
activation-induced cell death. However, a small number
of effector T cells survive and become memory CD8"
T cells providing long-term immune protection against
the same pathogens [1]. The memory CD8"' T cells can
rapidly turn into effector cells, even in the absence of
co-stimulatory processes and cytokines, when they reen-
counter the antigen. Memory CD8" T cells continue
to divide at a slow rate in the absence of antigen; with
cytokines IL-7 and IL-15 promoting T cell maintenance
[18-20]. IL-7 is largely produced by thymic epithelial
and bone marrow stromal cells while the major source
of IL-15 includes cells of myeloid origin like monocytes,
macrophages and DCs [20-22].

Heterogeneity exists in memory CD8* T cells

Memory CD8' T cells are heterogeneous populations.
Based on their capacity to migrate to secondary lym-
phoid tissue (e.g., spleen, lymph nodes) and infected or
inflamed peripheral sites, memory CD8' T cells can be
categorized into central (CM) and effector memory (EM)
CD8* T cells [1]. CM CD8* T cells that express lymphoid
tissue homing chemokine receptor 7 (CCR7) migrate
to secondary lymphoid tissues where the chemokines
CCL19 and 21, ligands for CCR7, are highly expressed.
In contrast, EM CD8" T cells can travel to peripheral
tissues through the expression of the receptors for the
molecules present in inflamed tissues, but not CCR7.
Using flow cytometry, naive, CM, CD45RA™ EM CDS8*
and CD45RA™ EM (TEMRA) CD8" T cells can be iden-
tified based on the expression of CCR7 and CD45RA, T
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Fig.1 CD8™ T cell subsets with distinct characteristics, including IL-7 receptor alpha expression, can be identified in human peripheral blood. Flow
cytometric analysis of human peripheral CD8™ T cells showing (a) naive (N), central (CM), CD45RA™ and CD45RA™ effector memory (EM) CD8* T
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cell receptor co-receptor (Fig. 1A) [5]. Human CD45RA™
and CD45RA" EM CD8* T cells have two different cell
subsets expressing high and low levels of IL-7Ra, the high
affinity receptor chain for T cell homeostatic cytokine
IL-7 (Fig. 1B) [5]. IL-7Ra™#" and Y EM (referred to both
CD45RA+-/— cells unless specified) CD8" T cells have
distinct traits as discussed below (also see Table 1).

Age-associated changes in CD8™ T cell subsets

Alterations in CD8" T cell immunity occur with age.
These include impaired cellular functions like cyto-
toxicity as well as changes in the subsets of naive and
memory CD8' T cells. With aging, the frequency of
naive CD8" T cell decreases while the frequency of
memory CD8" T cells, including both CD45RA™ and
EM (TEMRA) CD8* T cells, increases [23—25]. In older
adults, oligoclonally expanded populations of memory
CD8' T cells are found [23, 24, 26], suggesting that
such memory cell expansion could be driven in part by
repeated exposures to microbial and viral antigens over
a lifetime. Indeed, the expanded memory CD8" T cells
constitute CD28~ (T cell surface molecule downregu-
lated in antigen-experienced cells) and CD57" (replica-
tion senescence marker) EM CD8" T cells, which also
include terminally differentiated TEMRA cells [27, 28].
Also, the infectious status of cytomegalovirus (CMV),
a virus known to establish life-long latent infection,
has been associated with expansion of memory CD8"
T cells including oligoclonally expanded cells in older
adults [29-32]. Although such a relationship supports
the implication of chronic antigenic stimulation (e.g.,

Table 1 Human IL-7 receptor alpha  (IL-7Ra) high and
low effector memory* CD8" T cells have distinct cellular
characteristics

IL-7RaM9" cells  IL-7Ra'¥ cells

CD27 and CD28 expression High Low
CD57 expression Low High
Perforin, granzyme B Low High
T cell receptor (TCR) repertoire Diverse Limited
TCR-mediated proliferation High Low
IFN-y and TNF-a production Low High
IL-7 survival response High Low
IL.-15-mediated proliferation Low High
IL7R gene expression High Low
DNA Methylation in IL7R promoter Low High
CX3CRT1 (fractalkine receptor) expres-  Low High
sion

DNA Methylation in CX3CRT promoter — High Low
Aging Low High

*effector memory CD8" T cells are CCR7~ and CD45RA™/~
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through CMYV infection) in expanding EM CD8™ T cells
with aging, CD8" T cell clonal expansion was found in
aged mice lacking a MHC class I molecule as well as in
aged mice repeatedly injected with adjuvant alone [33].
These findings suggest the implication of an antigen-
independent mechanism in expanding memory CD8"
T cells in older adults, through potential pathways
involving IL-15- and/or IL-7-mediated CD8" T cell
maintenance.

Older adults have expansion of IL-7Ra°Y effector
memory (EM) CD8' T cells that express high levels of
inflammatory molecules in association with distinct
global DNA methylation and gene expression profiles.

While investigating the mechanisms and significance of
memory CD8" T cell expansion with age in humans, we
measured the expression of IL-7Ra (CD127) on human
CD8" T cells in young (age <40) and older (age > 65)
adults, considering the possible role of this cytokine
receptor with the capacity to promote memory T cell
survival. We found that human naive and CM CDS8*
T cells expressed high levels of IL-7Ra while human
CD45RA™ and CD45RAY EM CD8™ T cells had two cell
subsets expressing high and low levels of IL-7Ra with
distinct cellular characteristics (Fig. 1B and Table 1) [5].
For example, IL-7Ra!® EM CD8" T cells exhibit unique
DNA methylation and gene expression profiles as com-
pared to IL-7Ra"&" EM CD8* T cells [5-7, 17, 34—36]
(see Table 1). In addition, IL-7Ra'®¥ EM CD8" T cells
demonstrate greater cytotoxic properties as reflected by
higher expression of perforin and/or granzyme B com-
pared to IL-7RaM&" EM CD8* T cells. IL-7Ra®¥ EM
CD8™' T cells also produce much higher levels of IFN-y
and TNF-a and were found to have increased expres-
sion of inflammatory chemokine receptors such as
CX3CR1 which binds its ligand CX3CL1 (fractalkine),
a chemokine involved in inflammatory conditions like
atherosclerosis [17, 37]. IL-7Ra!*¥ EM CD8* T cells also
exhibited increased chemotaxis in response to CX3CL1
and potently induced CX3CL1 expression on human
endothelial cells via secreting IFN-y and TNF-a, sug-
gesting this cell population’s possible role in vascular
inflammation [17]. DNA hypo- and hyper-methylation
are associated with active and inactive gene expression,
respectively [38]. Of note, IL-7Ra®" and IL-7RaM&" EM
CDS8™ T cells have distinct genome-wide DNA methyla-
tion profiles, suggesting the role of DNA methylation in
conferring unique cellular characteristics in these cell
subsets. Representative of this, IL-7Ra’®¥ EM CD8" T
cells were found to have increased DNA methylation in
the IL7RA gene promoter while exhibiting decreased
DNA methylation in the CX3CRI gene promoter [17,
35]. As it is known that aging can affect DNA methyla-
tion [39, 40], these findings raise a possible role for DNA
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methylation in defining the characteristics of CD8" T cell
subsets including naive, IL-7Ra!®* and 8" EM CD8* T
cells and altering the gene expression profile of these cell
subsets with age.

Although we initially considered the possible impli-
cation of IL-7 in expanding memory CD8" T cells with
age, the results of our study demonstrated the expan-
sion of IL-7Ra’®¥ EM CD8" T cells in older adults com-
pared to young adults [5], indicating that the expansion
of EM CD8* T cells with age was not secondary to IL-7.
The expansion of IL-7Ra’®" EM CD8" T cells was more
prominent in older adults infected with CMV [41], sug-
gesting a role of chronic and/or repetitive antigenic stim-
ulation in inducing this phenomenon. Indeed, IL-7Ra®"
EM CD8' T cells are largely antigen-experienced
(CD27°CD287) cells [5]. The soluble form of IL-7Ra
without the transmembrane domain can be generated by
alternative splicing [42] although the membrane bound
form of IL-7Ra also may also be cleaved [43]. Low lev-
els of the membrane bound IL-7Ra on IL-7Ra®" EM
CD8' T cells could be from increased production of
alternatively spliced soluble IL-7Ra. However, our pub-
lished study demonstrated that decreased mRNA expres-
sion of the IL7RA gene in IL-7Ra® EM CD8" T cells
was secondary to increased DNA methylation in the
IL7RA promoter region and reduced promoter activity
[35]. Still, the effect of aging on soluble IL-7Ra expres-
sion is unknown and warrants further investigation. In
our recent study, we explored the effect of aging on the
multi-dimensional characteristics and heterogeneity
of CD8* T cells in peripheral blood of young and older
adults using mass cytometry or Cytometry by Time-Of-
Flight (CyTOF) with computational algorithms. A sub-
set of CD8" T cells with the characteristics of IL-7Ra!*"
TEMRA CD8™ T cells expanded in older adults, and such
cells had unique characteristics of expressing high levels
of the chemokine receptors, including CXCR1, CXCR5,
CXCR6, and CX3CR1, the co-stimulatory molecule
4-1BB, and CD57 with low expression levels of CD27
and CD28 [6]. Although IL-7Ra" EM CD8* T cells
had impaired T cell receptor (TCR)-mediated prolifera-
tion, they proliferated in response to IL-15 [44]. In fact,
IL-7Ra®" but not "8" EM CD8* T cells from older adults
had increased proliferative response to IL-15 compared
to those from young adults (Shin and Kang, unpublished
data). Also, older adults were found to have greater IL-15
production from monocytes compared to young adults
[45]. These findings suggest the role of chronic repetitive
antigenic stimulation like CMV and the cytokine IL-15 in
expanding IL-7Ra!®" EM CD8* T cells with aging.

Human IL-7Ra!®¥ EM CD8" T cells have a set of genes
with altered expression that corresponds to age-associ-
ated genes in peripheral blood.
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A meta-analysis on the global gene expression profile of
human peripheral whole blood from ~ 15,000 individuals
identified 1497 genes that were associated with chrono-
logical age [46]. Such genes were those related to T and
B cell signaling, innate immunity, and hematopoiesis,
likely reflecting the presence of different types of circulat-
ing blood cells that could change with age [46]. Of note,
about one third (231/774) of the differentially expressed
genes in IL-7Ra®" EM CD8" T cells vs. IL-7Ra™¢" EM
CD8™ T cells corresponded to 15% (231/1497) of the age-
associated genes identified by the meta-analysis [7]. The
expression fold changes of these genes between IL-7Ra®¥
and M&" EM CD8* T cells and age z-scores of the genes
from the meta-analysis were highly correlated [7]. Among
these genes (i.e., aging signature genes) of IL-7Ra!®* EM
CD8™ T cells, the genes encoding the cytotoxic molecules
GZMH, GZMB, FGFBP2, and the chemokine receptor
CX3CR1 were the ones with the highest levels of age-
associated z scores and expression fold change between
IL-7Ra’®" and Me" EM CD8* T cells [7]. Our transcrip-
tional regulatory network analysis revealed that the age-
associated signature genes of IL-7Ral®¥ EM CD8* T
cells could be regulated by a set of transcriptional factors
encoded by MYC, BATE SATBI1, KLF4, IRF1, and NFKBI
[7]. We selected the genes with the 10 highest aging
z-scores which were upregulated at 2-fold or greater lev-
els in IL-7Ra®Y EM CD8" T cells. The expression levels
of these genes, which included GZMH, FGFBP2, SYT11,
NUAKI1, TGFBR3, NKG7, GZMB, CX3CRI1, PRSS23,
and OSBPLS, had an association with influenza vaccine
responses in older adults. The top 10 gene scores calcu-
lated based on the expression levels of these top 10 genes
were significantly higher in influenza vaccine responders
than in non-responders in older adults [7], suggesting the
possible utility of aging signature genes of IL-7Ral®¥ EM
CD8' T cells in predicting influenza vaccine response
in older adults. The possible mechanism for this find-
ing could be related to the inflammatory characteristics
of IL-7Ra'® EM CD8* T cells which express high levels
of chemokine receptors (e.g, CX3CR1, CXCR1), inflam-
matory cytokines (IFN-y, TNF-a), and cytotoxic mol-
ecules (e.g., perforin, granzyme B) [7, 17]. With these
chemokine receptors, IL-7Ra’®¥ EM CD8" T cells can
move to a vaccine-injected site and secrete IFN-y and
TNE-a which may enhance the local immune response to
the vaccinated antigen like an adjuvant [7].

IL7R and its related genes as biomarkers of aging

Expression of the IL7R gene and its related molecules in
peripheral blood was associated with longevity based on
the Leiden Longevity Study in Netherlands which com-
prised nonagenarian sibling pairs, their middle-aged oft-
spring, and the partners of the offspring as population
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controls [9, 47, 48]. The original clinical report of the
Leiden Longevity Study found a lower mortality rate of
nonagenarian siblings compared to sporadic nonage-
narians over an average of 2.7 and 3years of follow-up,
respectively [48]. The offspring of nonagenarian siblings
had a lower prevalence of morbidity, including myocar-
dial infarction and diabetes mellitus, and use of cardio-
vascular medicines than their partners. These findings
raise the notion that resilience against disease and death
have similar underlying biological mechanisms that are
determined by genetic or familial factors [48]. Using
peripheral blood samples from the Leiden Longevity
Study, a transcriptomic analysis of whole blood by gene
expression microarray and follow-up RT-qPCR analy-
sis identified that the IL7R gene was one of the 21 genes
identified as an aging gene signature. In this study, the
IL7R gene was significantly decreased in peripheral blood
of the middle-aged offspring of the nonagenarians com-
pared to the controls, suggesting an association of the
IL7R expression with longevity in middle age [47]. How-
ever, this notion has been challenged by the results of a
separate study from the same research group showing
that high levels of IL7R gene expression was associated
with reduced mortality over 10years in nonagenarians
and middle-aged controls [9]. The authors also investi-
gated 6 IL-7Ra-interacting genes, including IL2RG, IL7,
TSLP, CRLF2, JAKI and JAK3, which were analyzed in
peripheral whole blood by RT-qPCR [9]. These genes
are directly involved in IL-7R signaling. The IL2RG
gene encodes IL-2 receptor subunit gamma or common
cytokine receptor gamma chain (CD132 or yC) which
forms the IL-7R complex with the high affinity IL-7Ra
chain [20]. IL-7 binding to the IL-7R complex induces the
activation of JAK1, JAK3, and STATS5, leading to upregu-
lation of anti-apoptotic molecule Bcl-2 [20]. The CRLF2
gene encodes cytokine receptor like factor 2 (CRLF2)
which forms the receptor for thymic stromal lymphopoi-
etin (TSLP) together with IL-7Ra [49]. TSLP, which is
mainly produced by non-hematopoietic cells including
thymic stromal cells, epithelial cells and fibroblasts, can
affect the function of multiple immune cells including
dendritic cells and T cells [49]. Decreased levels of cir-
culating IL-7 were reported in humans with age, which
could be related to age-associated thymic atrophy [50,
51] although the effect of aging on circulatory levels of
TSLP is unknown. Of interest, the expression levels of
IL7R, IL2RG, IL7, TSLP, and CRLF2 genes in peripheral
blood were lower in nonagenarians than in middle-aged
controls [9], suggesting an age-associated alteration in
the expression of IL-7R and its related genes in periph-
eral blood. However, the biological significance of such
changes has yet to be elucidated.
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The possible significance of the IL7R gene and the IL-7
signaling pathway genes as biomarkers of aging was sug-
gested by the results of a study which analyzed chroma-
tin accessibility and transcriptomics of peripheral blood
mononuclear cells (PBMCs) in young and older adults
using systems immunology approaches [8]. In this study,
the authors analyzed chromatin accessibility in total
PBMCs and purified monocytes, B and T cells from
healthy young and older adults using the assay for trans-
posase-accessible chromatin with sequencing (ATAC-
seq). The authors found that the IL7R gene was among
the top genes linked to multiple closing peaks (i.e., loss
of chromatin accessibility) accompanied by aging-asso-
ciated decreases in IL7R gene expression [8]. Additional
genes in the IL-7 signaling cascade, including JAKI,
JAK3, STATSA, and STATSB, also had decreased chroma-
tin accessibility in older individuals, possibly accounting
in part for the impaired signaling and responses to IL-7
in CD8" T cells of older adults [5, 8]. This signature was
likely from memory CD8" T cells since chromatin inac-
cessibility at the IL7R promoter was specific for memory
CD8" T cells and older adults had decreased expression
of IL-7R gene and protein [8]; a finding substantiated by
our previous study that demonstrated an increase in the
frequency of IL-7Ra®” EM CD8* T cells in older adults
[5]. In addition, there was no or minimal changes in
chromatin accessibility in CD4" T cells, monocytes, and
naive B cells with age [8]. In contrast to the IL7R gene,
genes encoding cytotoxic molecules such as granzyme H
and granulysin had open chromatin in PBMCs of older
adults which is reflective of the increased expression of
granzyme B and granulyin in IL-7Ra’® EM CD8" T cells
that expand with aging [7, 8]. The decreased chromatin
accessibility in the IL7R gene promoter with decreased
IL-7R gene and protein expression in PBMCs of older
adults could be related to increased DNA methylation
of the IL7R gene promoter since we previously reported
increased DNA methylation in the IL7R gene promoter
with decreased IL-7R gene and protein expression by
CD8*" T cells [35] and DNA methylation affects chro-
matin accessibility [52]. Overall, these findings support
the concept of utilizing altered expression levels of IL7R
and its associated molecules as biomarkers of an aging
immune system in humans.

Conclusion

The studies reviewed support the consideration of
IL-7Ra and its related molecules, especially in associa-
tion with memory CD8™ T cells, as potential biomarkers
for aging in humans (Fig. 2). EM CD8" T cells express-
ing low levels of IL-7Ra expand in peripheral blood of
older adults [5, 6]. Having unique cellar characteristics,
including a distinctive gene expression profile, this cell
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Fig. 2 A model for the possible implication of IL-7 receptor alpha (IL-7Ra) and effector memory (EM) CD8" T cells expressing distinct levels of
IL-7Ra as biomarkers of aging. IL-7RaM9 and ° EM (CCR77) CD8™ T cell subsets with distinct characteristics, including the expression of CD27,
CD28, CD57, CX3CR1 and CXCR1 as well as the production of inflammatory and cytotoxic molecules (e.g, TNF-a, IFN-y, granzymes, perforin, and
granulysin), are present in human peripheral blood (see Table 1 for summary of cellular characteristics). The differential expression of IL.-7Ra is
regulated by DNA methylation and chromatin accessibility in the IL7RA gene promoter. Alterations in DNA methylation and chromatin accessibility
in CD8™ T cells occur with aging, contributing to altered expression of IL7RA signaling molecules, inflammatory cytokines, and cytotoxic molecules.
The frequency of IL-7Ra®* EM CD8* T cells in peripheral blood increases with aging while the frequency of IL-7Ra"" EM CD8* T cells decreases
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expansion likely contributes to an age-associated gene
signature found in peripheral blood of humans with age
(Fig. 2) [7]. The relationship of IL-7Ra®* EM CD8" T
cells with aging is further supported by the results of a
study reporting the silencing of the IL7R gene and the
IL-7 signaling pathway genes in memory CD8" T cells
as potential biomarkers of aging [8] as well as increased
chromatin accessibility and expression of genes encoding
cytotoxic molecules highly expressed by IL-7Ra'®" EM
CD8*' T cells [5, 7, 8]. A study of a nonagenarian popu-
lation and its middle-aged controls found high levels of
IL7R gene expression in the peripheral blood of nonage-
narians with reduced mortality over a span of 10years

[9], raising the possible biological significance of altered
expression of IL7R and related genes, especially in mem-
ory CD8" T cells. Taken together, measuring IL7R gene
expression levels, the expression of IL7R gene associated
signaling and network genes, and quantifying IL-7Ra®¥
EM CDS8™ T cell population frequencies (and their asso-
ciated gene signature levels) have the potential to serve
as biomarkers of aging, warranting additional population
based longitudinal studies.

Acknowledgements

This work was supported in part by grants from the National Institutes of
Health (AG028069, AG030834 all to IK) and the Yale Geriatric Clinical Epidemi-
ology and Aging Related Research T32 Training Grant (T32AG1934 to JY).



Shin et al. Immunity & Ageing (2022) 19:66

Authors’ contributions

MSS, HJP, JY and IK searched literature, designed the manuscript outlines and
figures, and/or participated in writing the manuscript. The author(s) read and
approved the final manuscript.

Funding

This work was supported in part by grants from the National Institutes of
Health (AG028069, AG030834 all to IK) and the Yale Geriatric Clinical Epidemi-
ology and Aging Related Research T32 Training Grant (T32AG1934 to JY).

Availability of data and materials
not applicable.

Declarations

Ethics approval and consent to participate

The experimental work (Fig. 1) included in this review was approved by the
institutional review committee of Yale University. Informed consent was
obtained from all participants.

Consent for publication
Not applicable. No subject identifiable information is included.

Competing interests
The authors declare no competing interests.

Author details

'Departments of Internal Medicine, Section of Rheumatology, Allergy &
Immunology, Yale University School of Medicine, S525C TAC, 300 Cedar Street,
New Haven, CT 06520, USA. 2Departments of Psychiatry, Yale University School
of Medicine, New Haven, CT 06520, USA.

Received: 30 June 2022 Accepted: 10 December 2022
Published online: 21 December 2022

References

1. LeeN, Shin MS, Kang I. T-cell biology in aging, with a focus on lung
disease. J Gerontol A Biol Sci Med Sci. 2012:67(3):254-63.

2. Nikolich-Zugich J. The twilight of immunity: emerging concepts in aging
of the immune system. Nat Immunol. 2018;19(1):10-9.

3. Goronzy JJ, Weyand CM. Successful and maladaptive T cell aging. Immu-
nity. 2017,46(3):364-78.

4. Akbar AN, Henson SM, Lanna A. Senescence of T lymphocytes:
implications for enhancing human immunity. Trends Immunol.
2016;37(12):866-76.

5. Kim HR, Hong MS, Dan JM, Kang |. Altered IL-7R{alpha} expression with
aging and the potential implications of IL-7 therapy on CD8+ T-cell
immune responses. Blood. 2006;107(7):2855-62.

6. Shin MS,Yim K, Moon K, Park HJ, Mohanty S, Kim JW, et al. Dissecting
alterations in human CD8+ T cells with aging by high-dimensional single
cell mass cytometry. Clin Immunol. 2019;200:24-30.

7. Park HJ, Shin MS, Kim M, Bilsborrow JB, Mohanty S, Montgomery RR,
et al. Transcriptomic analysis of human IL-7 receptor alpha (low) and
(high) effector memory CD8(+) T cells reveals an age-associated sig-
nature linked to influenza vaccine response in older adults. Aging Cell.
2019:212960. https://onlinelibrary.wiley.com/action/showCitFormats?
doi=10.1111%2Facel.12960.

8. Ucar D, Marquez EJ, Chung CH, Marches R, Rossi RJ, Uyar A, et al. The
chromatin accessibility signature of human immune aging stems from
CD8(+) T cells. J Exp Med. 2017;214(10):3123-44.

9. Passtoors WM, van den Akker EB, Deelen J, Maier AB, van der Breggen
R, Jansen R, et al. IL7R gene expression network associates with human
healthy ageing. Immun Ageing. 2015;12:21.

10. Starr TK, Jameson SC, Hogquist KA. Positive and negative selection of T
cells. Annu Rev Immunol. 2003;21:139-76.

11. CuiW, Kaech SM. Generation of effector CD8+ T cells and their conver-
sion to memory T cells. Immunol Rev. 2010;236:151-66.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 7 of 8

Zhu J, Paul WE. Heterogeneity and plasticity of T helper cells. Cell Res.
2010;20(1):4-12.

Reiner SL. Development in motion: helper T cells at work. Cell.
2007;129(1):33-6.

Arens R, Schoenberger SP. Plasticity in programming of effector and
memory CD8 T-cell formation. Immunol Rev. 2010;235(1):190-205.
Rutishauser RL, Kaech SM. Generating diversity: transcriptional regula-
tion of effector and memory CD8 T-cell differentiation. Immunol Rev.
2010;235(1):219-33.

Nolz JC. Molecular mechanisms of CD8(+) T cell trafficking and localiza-
tion. Cell Mol Life Sci. 2015;72(13):2461-73.

Shin MS, You S, Kang Y, Lee N, Yoo SA, Park K, et al. DNA methylation regu-
lates the differential expression of CX3CR1 on human IL-7Ralphalow and
IL-7Ralphahigh effector memory CD8+ T cells with distinct migratory
capacities to the Fractalkine. J Immunol. 2015;195(6):2861-9.

Fry TJ, Mackall CL. The many faces of IL-7: from Lymphopoiesis to periph-
eral T cell maintenance. J Immunol. 2005;174(11):6571-6.

Schluns KS, Lefrancois L. Cytokine control of memory T-cell development
and survival. Nat Rev Immunol. 2003;3(4):269-79.

Kim HR, Hwang KA, Park SH, Kang I. IL-7 and IL-15: biology and

roles in T-cell immunity in health and disease. Crit Rev Immunol.
2008;28(4):325-39.

Fehniger TA, Caligiuri MA. Interleukin 15: biology and relevance to human
disease. Blood. 2001;97(1):14-32.

Miranda-Carus ME, Benito-Miguel M, Llamas MA, Balsa A, Martin-Mola E.
Human T cells constitutively express IL-15 that promotes ex vivo T cell
homeostatic proliferation through autocrine/Juxtacrine loops. J Immunol.
2005;175(6):3656-62.

Callahan JE, Kappler JW, Marrack P. Unexpected expansions of CD8-
bearing cells in old mice. J Immunol. 1993;151(12):6657-69.

Posnett DN, Sinha R, Kabak S, Russo C. Clonal populations of T cells in
normal elderly humans: the T cell equivalent to “benign monoclonal
gammapathy”. J Exp Med. 1994;179(2):609-18.

Hong MS, Dan JM, Choi JY, Kang I. Age-associated changes in the fre-
quency of naive, memory and effector CD8+-T cells. Mech Ageing Dev.
2004,125(9):615-8.

Clambey ET, Kappler JW, Marrack P. CD8 T cell clonal expansions & aging:
a heterogeneous phenomenon with a common outcome. Exp Gerontol.
2007;42(5):407-11.

Batliwalla FM, Rufer N, Lansdorp PM, Gregersen PK. Oligoclonal
expansions in the CD8(+)CD28(—) T cells largely explain the shorter
telomeres detected in this subset: analysis by flow FISH. Hum Immunol.
2000,61(10):951-8.

Monteiro J, Batliwalla F, Ostrer H, Gregersen PK. Shortened telomeres

in clonally expanded CD28-CD8+ T cells imply a replicative history

that is distinct from their CD284-CD8+ counterparts. J Immunol.
1996;156(10):3587-90.

Khan N, Shariff N, Cobbold M, Bruton R, Ainsworth JA, Sinclair AJ,

et al. Cytomegalovirus seropositivity drives the CD8T cell repertoire
toward greater clonality in healthy elderly individuals. J Immunol.
2002;169(4):1984-92.

Ouyang Q, Wagner WM, Voehringer D, Wikby A, Klatt T, Walter S, et al.
Age-associated accumulation of CMV-specific CD8+ T cells expressing
the inhibitory killer cell lectin-like receptor G1 (KLRGT1). Exp Gerontol.
2003;38(8):911-20.

Almanzar G, Schwaiger S, Jenewein B, Keller M, Herndler-Brandstetter D,
Wurzner R, et al. Long-term cytomegalovirus infection leads to significant
changes in the composition of the CD8+ T-cell repertoire, which may be
the basis for an imbalance in the cytokine production profile in elderly
persons. J Virol. 2005;79(6):3675-83.

Souquette A, Frere J, Smithey M, Sauce D, Thomas PG. A constant
companion: immune recognition and response to cytomegalovi-

rus with aging and implications for immune fitness. GeroScience.
2017,39(3):293-303.

Messaoudi I, Warner J, Nikolich-Zugich D, Fischer M, Nikolich-Zugich J.
Molecular, cellular, and antigen requirements for development of age-
associated T cell clonal expansions in vivo. J Immunol. 2006;176(1):301-8.
Kim HR, Hwang KA, Kang I. Dual roles of IL-15 in maintaining IL-7R{alpha}
lowCCR7 memory CD8+ T cells in humans via recovering the phosphati-
dylinositol 3-kinase/AKT pathway. J Immunol. 2007;179(10):6734-40.


https://onlinelibrary.wiley.com/action/showCitFormats?doi=10.1111%2Facel.12960
https://onlinelibrary.wiley.com/action/showCitFormats?doi=10.1111%2Facel.12960

Shin et al. Immunity & Ageing

35.

36.

37.
38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

(2022) 19:66

Kim HR, Hwang KA, Kim KC, Kang I. Down-regulation of IL-7Ralpha
expression in human T cells via DNA methylation. J Immunol.
2007;178(9):5473-9.

Shin MS, Kim D, Yim K, Park HJ, You S, Dong X, et al. IL-7 receptor alpha
defines heterogeneity and signature of human effector memory CD8(+)
T cells in high dimensional analysis. Cell Immunol. 2020;355:104155.
Apostolakis S, Spandidos D. Chemokines and atherosclerosis: focus on
the CX3CL1/CX3CR1 pathway. Acta Pharmacol Sin. 2013;34(10):1251-6.
Bird AP, Wolffe AP. Methylation-induced repression--belts, braces, and
chromatin. Cell. 1999;99(5):451-4.

Calvanese V, Lara E, Kahn A, Fraga MF. The role of epigenetics in aging
and age-related diseases. Ageing Res Rev. 2009;8(4):268-76.

Tserel L, Kolde R, Limbach M, Tretyakov K, Kasela S, Kisand K, et al. Age-
related profiling of DNA methylation in CD8+ T cells reveals changes

in immune response and transcriptional regulator genes. Sci Rep.
2015;5:13107.

Lee WW, Shin MS, Kang Y, Lee N, Jeon S, Kang I. The relationship of
cytomegalovirus (CMV) infection with circulatory IFN-alpha levels and
IL-7 receptor alpha expression on CD8+ T cells in human aging. Cytokine.
2012;58(3):332-5.

Barros PO, Berthoud TK, Aloufi N, Angel JB. Soluble IL-7Ra/sCD127 in
health, disease, and its potential role as a therapeutic agent. Immuno-
Targets Ther. 2021;10:47-62.

Vrranjkovic A, Crawley AM, Gee K, Kumar A, Angel JB. IL-7 decreases IL-7
receptor alpha (CD127) expression and induces the shedding of CD127
by human CD8+ T cells. Int Immunol. 2007;19(12):1329-39.

Kim HR, Hwang KA, Kang I. Dual roles of IL-15 in maintaining IL-7Ralpha-
lowCCR7- memory CD8+ T cells in humans via recovering the phosphati-
dylinositol 3-kinase/AKT pathway. J Immunol. 2007;179(10):6734-40.
Lee N, Shin MS, Kang KS, Yoo SA, Mohanty S, Montgomery RR, et al.
Human monocytes have increased IFN-gamma-mediated IL-15 produc-
tion with age alongside altered IFN-gamma receptor signaling. Clin
Immunol. 2014;152(1-2):101-10.

Peters MJ, Joehanes R, Pilling LC, Schurmann C, Conneely KN, Powell J,
et al. The transcriptional landscape of age in human peripheral blood. Nat
Commun. 2015;6:8570.

Passtoors WM, Boer JM, Goeman JJ, Akker EB, Deelen J, Zwaan BJ, et al.
Transcriptional profiling of human familial longevity indicates a role for
ASF1A and IL7R. PLoS One. 2012;7(1):e27759.

Westendorp RG, van Heemst D, Rozing MP, Frolich M, Mooijaart SP, Blauw
GJ, et al. Nonagenarian siblings and their offspring display lower risk

of mortality and morbidity than sporadic nonagenarians: the Leiden
longevity study. J Am Geriatr Soc. 2009;57(9):1634-7.

Ebina-Shibuya R, Leonard WJ. Role of thymic stromal lymphopoietin in
allergy and beyond. Nat Rev Immunol. 2022. https://doi.org/10.1038/
$41577-022-00735-y.

Kang I, Hong MS, Nolasco H, Park SH, Dan JM, Choi JY, et al. Age-
associated change in the frequency of memory CD4+ T cells impairs
long term CD4+ T cell responses to influenza vaccine. J Immunol.
2004;173(1):673-81.

Andrew D, Aspinall R. Age-associated thymic atrophy is linked to a
decline in IL-7 production. Exp Gerontol. 2002;37(2-3):455-63.

Guo H, Hu B, Yan L, Yong J, Wu Y, Gao Y, et al. DNA methylation and chro-
matin accessibility profiling of mouse and human fetal germ cells. Cell
Res. 2017,27(2):165-83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1038/s41577-022-00735-y
https://doi.org/10.1038/s41577-022-00735-y

	Implication of IL-7 receptor alpha chain expression by CD8+ T cells and its signature in defining biomarkers in aging
	Abstract 
	Introduction
	Overview of CD8+ T cell homeostasis and function
	Heterogeneity exists in memory CD8+ T cells
	Age-associated changes in CD8+ T cell subsets
	IL7R and its related genes as biomarkers of aging

	Conclusion
	Acknowledgements
	References


