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The age of an individual is an important, independent risk factor for many of the most common diseases afflicting modern societies.
Interleukin-7 (IL-7) plays a central, critical role in the homeostasis of the immune system. Recent studies support a critical role for
IL-7 in the maintenance of a vigorous healthspan. We describe the role of IL-7 and its receptor in immunosenescence, the aging of the
immune system. An understanding of the role that IL-7 plays in aging may permit parsimonious preventative or therapeutic solutions
for diverse conditions. Perhaps IL-7 might be used to “tune” the immune system to optimize human healthspan and longevity.

1. Introduction

One’s chronological age is an important, independent risk
factor for many of the most common diseases afflicting the
aging population of the world. Thus, understanding the cen-
tral mechanisms driving senescence may have global impact
to improve healthspan and reduce healthcare costs. A diverse
group of degenerative pathological processes contribute to
the decline and dysfunction of multicellular organisms.
Among these are fibrosis, calcification, stem cell drop-out,
nonenzymatic glycation, degradation of extracellular matrix
(ECM), compromised mitochondrial biogenesis, loss of tissue
homeostasis, and uncontrolled inflammation. Immunosenes-
cence is the lifelong reduction in immunological reserve and
homeostasis. This process contributes to reduced resistance
to infectious diseases (e.g., pneumonia, influenza, meningitis,
and urinary tract infections), increased propensity to develop
cancer, and increased autoimmune disease (e.g., rheumatoid
arthritis, thyroiditis, systemic lupus erythematosus, and mul-
tiple sclerosis) observed in aged individuals. Furthermore,
immunosenescence limits the success of medical interven-
tions such as vaccination and efforts to augment antitumor
immunity. Attempts to pinpoint a single “cause” of senescence
in general and immunosenescence in particular have met with
limited success. However, recent studies support a critical role
for IL-7 in the maintenance of a vigorous healthspan and have
identified IL-7 and its receptor and associated proteins, “the
IL-7 network,” as a useful biomarker of successful aging [1].

To understand the IL-7 network, we begin with a descrip-
tion of IL-7, the IL-7 receptor, and downstream signal trans-
duction. We document how aging affects various parts of
the immune system, B cells, T cells, and so forth, in an effort
to understand which aspects of the elegant immune mecha-
nism are most vulnerable and connected to IL-7. Next, we
examine mechanisms of immunosenescence through the
prism of the “molecular and cellular hallmarks of aging” as
defined by Lopez-Otin et al. [2]. Among these hallmarks
are as follows: (a) increasing damage to DNA, (b) genomic
instability and epigenetic changes, (c) telomere shortening,
(d) stem cell exhaustion, (e) limited capacity for regeneration,
(f) loss of proteostasis, (g) senescence of cells (e.g., Hayflick
limit), and (h) altered communication between cells, tissues,
and organs. Each of these mechanisms (and probably more!)
contributes to the development of immunosenescence.
Finally, we describe efforts to utilize the IL-7 axis for therapeu-
tic purposes. While initial attempts to develop therapeutics
based on the IL-7 network have met with limited success,
efforts are ongoing to harness the pleiotropic activities of this
“lympho-homeostatic” cytokine.

2. IL-7, IL-7 Receptor, and IL-7 Signal
Transduction

IL-7 is a member of the common y chain (yc-CD132) family
of cytokines that include interleukin-2 (IL-2), IL-4, IL-7, IL-9,
IL-15,and IL-21 [3, 4]. Like other members, IL-7 signals via a
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FIGURE 1: Schematic of IL-7R signal transduction. IL-7 and its cell-
surface receptor—a heterodimer consisting of the IL-7Ra and the
common y chain (yc)—form a ternary complex that engages the
JAK-STAT pathway. The subsequent downstream activation of
PI3K, bcl-2, and src kinases leads to gene transcription. IL-7R
signal transduction is important in directing the differentiation,
proliferation, and survival of immune cells including B, T, and
natural killer (NK) cells. The IL-7Ra chain is shared with another
receptor recognizing thymic stromal lymphopoietin (TSLP). In this
scenario, the IL-7Ra noncovalently associates with the cytokine
receptor-like factor 2 (CRLF2). Likewise, the ypc is shared with other
receptors specifically recognizing IL-2, IL-4, IL-9, IL-15, and IL-21.

ternary complex formed with its unique a-receptor, IL-7R«
(CD127), and the common pc receptor (Figure 1). This
interaction stimulates the Janus kinase (JAK) and signal
transducer and activator of transcription (STAT) proteins
with subsequent activation of the phosphoinositol 3-kinase
(PI3K)/Akt, or Src pathways to facilitate target gene tran-
scription [3].

Two forms of the IL-7R, membrane-bound and soluble
IL-7R, exhibit different functions [5, 6]. Membrane-bound
IL-7R mediates IL-7 signal transduction, while soluble IL-7R
provides a modulatory control mechanism [7]. Lundstrom
et al. (2013) suggest that the soluble form of the IL-7R may
potentiate IL-7 signaling and augment autoimmunity [8].

The signaling cascade(s) initiated by yc interleukins and
their receptors regulates homeostasis of B, T, and natural
killer (NK) cells of the immune system.

3. Immunosenescence: The Result of Multiple
“Hits” to Immune Cell Development

Immunosenescence affects multiple cells within the hemato-
poietic lineage as described below. The result is a gradual
deterioration of immune function with age. Disruption of
the IL-7 signaling pathway plays a central role in this process.
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3.1. Hematopoietic Stem Cells. The diverse cells of the
immune system derive from bone marrow-derived hemato-
poietic stem cells (HSC) (Figure 2). HSC self-renew to pre-
vent clonal exhaustion and differentiate along multiple
lineages. Aging HSC demonstrate a reduced capacity for
self-renewal [9, 10] and ability to differentiate along the
lymphoid lineage [11] which is accompanied by an age-
dependent increase in cell-cycle inhibitor p16™** [11].

3.2. B Lymphopoiesis. Antibody-producing B cells arise in the
bone marrow from HSC via the common lymphoid precursor
(CLP) cell [12] (Figure 3). CLP cells give rise to early pro-B cells
(CD43+, CD45+,and MHCII+) via successful D-] heavy chain
gene joining in an IL-7 receptor-dependent manner. The
activity of the recombination activating genes (RAG1/RAG2)
controls rearrangement and assembly of immunoglobulins
[13]. Late pro-B cells (CD43+, CD45+, CD40+, CD19+, and
MHCII+) undergo heavy chain VH joining to the DJ
fragments [14]. Next large pre-B cells express the pre-B cell
receptor complex (BCR: surface immunoglobulin, +CD79a/b
coreceptor) and differentiate into small pre-B cells character-
ized by light chain DJ rearrangement.

Bone marrow development of B cells is characterized by
both positive and negative selection. Cytokines such as B
cell-activating factor (BAFF, tumor necrosis factor ligand
superfamily member 13B), a proliferation-inducing ligand
(APRIL, tumor necrosis factor ligand superfamily member
13 (TNFSF13)), and engagement of the BCR drive B cell
expansion. If the BCR does not bind a ligand, the further
development of the B cell is interrupted and the cell
undergoes apoptosis (positive selection). If the BCR binds a
self-antigen, central tolerance can result via several mecha-
nisms, that is, clonal deletion, receptor editing, or anergy
[15]. To complete development, the IgM-bearing immature
B cells exit the bone marrow circulating to peripheral lym-
phoid tissues such as the spleen. There, B cells can undergo
further activation, affinity maturation, and immunoglobulin
class-switching eventually differentiating into antibody-
producing plasma cells.

IL-7 plays multiple important roles during B cell lympho-
poiesis. Prior to very early B cell development, IL-7 promotes
the commitment of CLP cells to the B-lineage [16]. Pro-B
cells bear IL-7 receptors that facilitate the survival, prolifera-
tion, and maturation to pre-B cells. IL-7 acts in concert with
Pax-5, E2A, and EBF and other transcription factors to regu-
late immunoglobulin gene rearrangement by modulating
Foxo protein activation and RAG enhancer activity. Similar
to other cytokines, IL-7R signaling is regulated by the
suppressor of cytokine signaling (SOCS) proteins [17].

Age-associated changes in humoral immunity include
reduced numbers of pro- and pre-B cells with diminished
RAG expression [18, 19] resulting from a compromised bone
marrow microenvironment [20]. These defects in B cell
development result in the generation of less effective anti-
bodies with reduced diversity and lower affinity [21, 22] as
well as production of autoantibodies, a result of compro-
mised tolerance. Murine pro-B cells fail to respond to IL-7
but not to other growth factors [23], a finding consistent
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F1GURE 2: The development of lymphocytes. CLP cells are the earliest lymphoid progenitor cells derived from hematopoietic stem cells, giving
rise to T-lineage, B-lineage, and natural killer (NK) cells. IL-7 plays a significant role at specific stages in the development of these cells. (See

text for details.)

with an important role of IL-7 in aging of the hematopoietic
microenvironment.

3.3. T Lymphocytes and Thymic Involution. The thymus plays a
central role in immunity being the primary organ facilitating T
cell maturation and development of self-tolerant, self-major
histocompatibility complex-restricted, immunocompetent T
cells [24-26] (Figure 4). A dramatic reduction in the size of
the thymus accompanies aging suggesting a critical role in
immunosenescence. Thymic epithelial cells (TEC) provide
a favorable stromal microenvironment to nurture T cell
development [27, 28]. Paracrine growth factors such as
IL-7, other cytokines, and cell-surface antigens combine

to direct thymopoiesis. The process begins when HSC-
derived early thymic precursor (ETP) cells that are surface
negative for CD4 and CD8 (so-called “double negative
cells”) traffic into the thymus via the corticomedullary
junction and localize in the outmost cortical zone. These
double negative ETP cells develop along the following
pathways; DN1 [CD44+ CD25-], DN2 [CD44+ CD25+],
DN3 [CD44- CD25+], and DN4 [CD44- CD25-]. Most
cortical thymocytes next express CD4 and CD8 (becoming
double positive) during rearrangement of T cell receptor
(TCR) genes [29, 30] and selection against self-reactive
antigens. Finally, migration to the thymic medulla is
accompanied by differentiation into single-positive CD4+
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FIGURE 3: Schematic of B lymphopoiesis in the bone marrow. The presence of various cell-surface markers is indicated in parallel with each
stage in the development of B cells. Among these, IL-7 is important in early B cell differentiation because it promotes the commitment of CLP
to the B-lineage. It also acts in concert with transcription factors to regulate immunoglobulin gene rearrangement in the pro-B cell and early
pre-B cell stages. Early pre-B cells express IL-7Ra until V-DJ rearrangement is complete. Successfully rearranged cells then proliferate in
response to IL-7 and other cytokines.
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FiGure 4: Effect of IL-7 on T cell regeneration. IL-7 regulates T cell homeostasis through three immune modulation pathways: thymic
differentiation, peripheral expansion, and extrathymic differentiation. To regenerate peripheral T cells, IL-7 directs T cell differentiation
and maturation in the thymus. As age-related decline in thymic function becomes apparent, IL-7 contributes to the maintenance of the T
cell pool through the expansion of existing peripheral T cells. Extrathymic differentiation from CLP cells is possible but is only a minor
pathway. In all three scenarios, IL-7 is known to have an important signaling effect.
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F1GURE 5: While thymic regeneration of T cells in healthy adults experiences a 10-100-fold decrease, homeostatic T cell proliferation remains
stable throughout life. Both T cell lineages decrease by 2-5-fold in diversity. However, differences in the homeostatic proliferation of CD4+
and CD8+ cells drive the imbalance of these cells observed in aging: there is a modest increase in the clonality of CD4+ cells but a large
increase for CD8+ cells with a concomitant decline in the size of the CD8+ compartment.

or CD8+ cells ready to populate peripheral lymphoid
tissues [31].

The so-called “thymic involution” is characterized by
reduced epithelial space and cellularity accompanied by an
increase in perivascular space and a progressive replacement
with fat [32-34]. This process begins as early as age 9 months
[35] with several phases of more rapid regression (in those
under 10 years of age and between the ages of 25 and 40
years) with slower atrophy thereafter [33]. Despite these
dramatic changes, the aging thymus continues to produce T
cells albeit at a reduced rate [36, 37]. For example, Jamieson
et al. (1999) found evidence of recent thymic emigrants
(RTE) among elderly individuals by documenting T cell
receptor excision circle-positive (TREC+) T cells [37].

Numerous studies have tried to nail down the cause of
thymic aging. IL-7 is a strong candidate because it is produced
by TECs and is critically important for thymopoiesis. IL-7
declines with age, and treatment of mice with anti-IL-7 anti-
bodies elicits a phenotype similar to thymic involution [38].
In some studies, IL-7 therapy of old mice increases thymic cel-
lularity and weight. However, Sempowski et al. demonstrated
an increase in peripheral TREC+ CD8+ T cells following

treatment with IL-7 for two weeks, although this therapy did
not increase the number of thymocytes [39]. When Phillips
et al. engineered thymic stromal cells to produce exogenous
IL-7, older mice displayed increased CD25+ DN thymocytes
but exhibited no change in thymic output or reversal of thymic
involution [40]. Apparently, IL-7 can reverse a checkpoint
defect early in thymopoiesis without benefit for reversal of
thymic involution.

The generation of thymic T cells decreases by perhaps
100 times with age. Although the generation of novel naive
T cells is reduced, the diversity of the youthful T cell reper-
toire is maintained during aging by homeostatic prolifera-
tion (Figure 5). Overall, the richness of the repertoire is
only reduced by perhaps 2-5-fold for both CD4+ and CD8+
lymphocytes. However, differences in the homeostatic pro-
liferation of CD4+ and CD8+ cells drive the imbalance of
these cells observed in aging: there is a modest increase in
the clonality of CD4+ cells but a large increase for CD8+
cells with a concomitant decline in the size of the CD8+
compartment [41, 42].

IL-7 drives T cell proliferation without inducing a switch
to a memory phenotype [43]. Concentrations of IL-7 do not



decline with age and thus are unlikely to become rate limiting
in the peripheral expansion of naive T cells which is driven by
tonic TCR signals and IL-7 [44, 45]. This is consistent with
the observations that the CD4+ lymphocyte compartment
is not reduced in size with aging. Naive CD4+ T cells from
aged individuals express more high-affinity IL-2 receptors
(CD25) becoming more IL-2 responsive [46] which undoubt-
edly supports their survival. CD31 is expressed on a subset of
naive CD4+ T cells that are recent thymic emigrants. TREC
concentrations decrease slightly in CD31+ CD4+ T cells with
age consistent with only limited replication in this population
[47]. With thymic involution, the CD31+ population shrinks
and the CD31—naive T cell population increases in size and
its T cell receptor excision circle content more drastically
declines [47]. The loss of CD31 expression in naive T cells is
generally not associated with the acquisition of phenotypic
markers of memory T cells. Clones derived from the naive
CD8+ T cell compartment largely maintain a naive phenotype
as only a small fraction of these clones expresses memory cell
markers. Furthermore, TCR diversity in CD8+ memory T cells
is about tenfold lower than that of CD4+ memory T cells [48].
Presently, the reasons for the large depletion of the CD8+
compartment are not clear.

4. IL-7R Network as a Biomarker of Aging

The age of an individual is an important, independent risk
factor for many of the most common diseases afflicting
modern societies. Biomarkers can improve our understand-
ing of age-associated conditions, changes in status of health,
morbidity, and mortality by documenting biological age
versus chronological age [1]. Recent studies out of Netherlands
indicate that IL-7 and its receptor may provide promising
biomarkers of immunosenescence.

As part of Netherlands’ Leiden Longevity Study (LLS),
Passtoors et al. (2015) identified a set of 1853 genes that
associated with chronological age. 244 of this panel were
associated with increased familial longevity, that is, they
were differentially expressed in middle-aged children of
siblings of healthy nonagenarians [1]. Among these genes,
low expression of the IL-7 receptor (IL-7R) in old age was
associated with a better metabolic profile (e.g., insulin sensi-
tivity and lower blood lipids) and thus nominated as a
candidate biomarker for healthy aging [49]. This does not
imply that reduction of IL-7R expression in general is benefi-
cial to maintaining good health. Proteins interacting with the
IL-7R were identified using the STRING protein-protein
interaction database (http://string-db.org/). This approach
identified the “IL-7R network” which is comprised of the
following proteins: IL2RG, IL-7, TSLP, CRLF2, JAKI, and
JAK3. A short description of their function(s) demonstrates
how they are connected.

4.1. IL-7 and IL-7R. IL-7 and its receptor, IL-7R/CD127,
regulate development, differentiation, and survival of T cells
at multiple levels. The Leiden Longevity Study group previ-
ously observed that the offspring of nonagenarian siblings
do not exhibit the expected age-related reduction of periph-
eral naive T cells [50]. Reduced IL-7 signaling may somehow
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protect naive T cells with benefit to the biological age and
health status of elderly individuals. A more robust naive T
cell repertoire is expected to provide better protection from
novel pathogens encountered as one ages.

Levels of gene expression of the IL-7R gene network were
measured by RT-PCR of whole blood samples from 87 nona-
genarians who also had a nonagenarian sibling, 337 of their
offspring, considered “healthy agers,” and 321 controls from
the LLS. After statistical adjustment for multiple group test-
ing, three genes, IL-7R, IL2RG, and IL-7, showed significant
differential expression with >5% difference between nonage-
narians and middle-aged controls. Expression of the ligand
genes of the IL-7R complex (i.e., IL-7R, IL2RG, IL-7, TSLP,
and CRLF2) was all Jower in nonagenarians, whereas expres-
sion of JAK1 and JAK3 was higher. The expression level of
the IL-7R gene set was significantly different between the
nonagenarians and younger controls (P = 4.6 x 107*). Among
the offspring of the nonagenarians, expression of the IL-7R
complex/ligands IL-7R, IL2RG, IL-7, TSLP, and JAK3 was
lower versus that of the controls with the IL-7R exhibiting the
most significant difference. In contrast, JAK1 was higher
among offspring. However, higher expression of IL7R is
actually associated with protection from mortality (see below).
How does one explain this paradox?

4.2. Interleukin-2 Receptor Gamma. Interleukin-2 receptor
subunit gamma (IL2RG), also called the common gamma
chain (yc), or CDI132, is an essential component of inter-
leukin signaling involving IL-7, IL-2, IL-4, IL-9, IL-15,
and IL-21. CD132 is a 369 amino acid glycoprotein that
participates in the initiation of signaling cascades that
direct the differentiation and maturation of lymphocytes,
including T cells, B cells, and NK cells. CD132 is encoded
by the gene IL2RG, located on the q arm of the X chromosome
at position 13.1. X-linked SCID is caused by one of over 200
mutations in this gene. For reasons that are unclear, overex-
pression of the gene may impair the immune response in neu-
ropsychiatric disorders, including schizophrenia. Pathways
involving IL2RG are involved in human T cell lymphotropic
virus type 1 (HTLV-I) infection and the T helper 17 cell
(Th17) differentiation pathway [51].

4.3. Thymic Stromal Lymphopoietin (TSLP). Thymic stromal
lymphopoietin (TSLP), a member of the cytokine I receptor
family, binds heterodimeric CRLF2 and the IL-7Rer and acti-
vatesthe STAT3,STATS5,and JAK2 pathways. These pathways
control differentiation and proliferation of hematopoietic
stem cells. Fibroblasts, epithelial cells, and stromal cells all
express TSLP. TSLP production is stimulated by inflammatory
cytokines such as IL13, by pathogens or physical injury [52].
Triggering toll-like receptor 3 (TLR-3) can also induce TSLP
secretion. Elevated expression of dendritic cell expressed TSLP
contributes to the pathogenesis of asthma [53], atopic derma-
titis [54], and inflammatory arthritis [55], diseases known to be
associated with abnormal regulation of IL-7.

4.4. CRLF2. Cytokine receptor-like factor 2, a member of the
cytokine I receptor family, is a receptor for TSLP. Heterodi-
merization of CRLF2 with the IL-7Ra by TSLP initiates
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JAK-STAT phosphorylation-mediated transcriptional con-
trol as noted above.

4.5. JAK1 and JAK3. Cytokine signaling crosstalk results from
cross-specificity in activation by the Janus kinase (JAK) and
signal transducers and activators of transcription (STAT).
The JAK family comprises four members, each associated
with particular cytokine signal transduction. The JAK-
STAT pathway is initiated following binding of IL-7 to its
receptor complex. Subsequently, phosphorylation of tyrosine
residues on the receptor takes place, thus recruiting STATs,
which in turn are tyrosine-phosphorylated by JAKs. The
activated STATs dimerize and migrate to the nucleus to
induce transcription of targeted genes. Stimulation of
numerous STATs by the JAK kinases leads to significant
cross-talk. Research indicates that clathrin phosphorylation
is caused by the activation of the pro-T cells by IL-7. Severe
combined immunodeficiency (SCID) syndrome results from
aberrant JAK signaling [56]. Mutation in the JAK3 kinase
gene causes autosomal SCID with increased susceptibility
to life-threatening opportunistic infections during infancy.

4.6. Mortality and IL-7R Gene Expression. In the Leiden
Longevity Study, survival analysis was made using a Cox
proportional hazard model for low versus high IL-7R gene
expression in 81 nonagenarians versus the combined group
of 619 of their middle-aged offspring and controls. Among
nonagenarians (hazard ratio (HR) =0.60, 95% CI 0.40-0.92,
P=0.018) as well as middle-aged subjects (HR=0.50, 95%
CI 0.30-0.82, P = 0.007), high IL-7R gene expression is asso-
ciated with reduced mortality over 10 years; that is, higher
gene expression levels of IL-7R in blood predict better
survival in both age groups. Seemingly, high levels of IL-7R
are beneficial. Do the middle-aged children of nonagenarians
also have higher mortality over a 10-year period? The data do
not have the statistical power to answer this question. But
assuming the children follow the pattern of the entire
middle-aged group, they may be more resistant to immuno-
senescence at a cost of poorer short-term health/immune
function and an increased chance of death over the short
term. It is as if there is a limited total supply of lymphocytes
that can be induced by IL-7 over a lifetime. Consuming the
lymphocytes in youth and middle age provides better health,
with the caveat that it may limit the possibility of living to old
age. Fewer/less active lymphocytes during middle age may
increase the chance of disease somewhat but result in a large
enough pool of lymphocytes in old age to promote viability.
Perhaps IL-7R represents a case antagonistic pleiotropy.
Alternatively, the authors speculate that perhaps the
nonagenarian members of long-lived families exhibit more
“efficient” IL-7 signaling, requiring fewer naive T cells to
preserve their immunological functional reserve to combat
infections in old age. This contrasts with individuals with
severe combined immunodeficiencies (SCIDs) and HIV
infections who exhibit very low IL-7R signaling [57-59].

4.7. Higher IL-7R Expression Is Associated with a Higher
Prevalence of Immune-Related Diseases. Interestingly, in
the LLS, the difference in IL-7R expression between

offspring and controls remained after adjustment for preva-
lence of T2D, COPD, and RA. Thus, the IL-7R expression
levels in blood associated with immune-related disease on
the one hand and decreased mortality over a 10-year period
on the other, suggesting that increased immune health may
trade off with an increased chance of autoimmune and
inflammatory diseases.

5. Paradigms and Mechanisms of
Immunosenescence

Lopez-Otin et al. (2013) recently summarized current
“Molecular and cellular hallmarks of aging” [2]. Among these
were increasing damage to DNA, genomic instability and
epigenetic changes, telomere shortening, stem cell exhaus-
tion, limited capacity for regeneration, loss of proteostasis,
senescence of cells (e.g., Hayflick limit), and altered commu-
nication between cells, tissues, and organs. All of these mech-
anisms (and probably more!) contribute to the development
of immunosenescence.

5.1. Damage to DNA. Many syndromes of premature aging are
characterized by defects in DNA repair pathways [60, 61].
Accelerated immune system aging has been linked to defects
in the MRE-ATM DNA repair pathway in patients with
rheumatoid arthritis which renders naive CD4 T cells more
susceptible to apoptosis [62]. Similar damage gradually
accumulates in aged individuals, although damage to DNA
in naive CD4 T cells in normal individuals is minimal up
to the 7th decade of life [63]. Perhaps as important, accu-
mulation of damage to mitochondrial DNA (mtDNA) of
lymphocytes is well documented and is likely to play an
important role in immunosenescence [64, 65].

5.2. Integrity of Telomeres. The termini of chromosomes are
comprised of repetitive nucleotide sequences called telo-
meres. The average human telomere encodes ~2500 copies
of the hexamer, TTAGGG. Over the lifetime of an individual,
telomeres shorten with each cell division, beginning from
about 11 kilobases at birth to less than 4 kilobases in old
age. The telomerase reverse transcriptase (TERT) gene and
associated telomerase RNA component (TERC) as RNA
template catalyze the addition of the telomeric repeats to
the chromosome ends to prevent shortening in germ-line
cells, embryonic stem cells, and the majority of tumor cells.
Telomerase activity and telomere length correlate with
stage of differentiation and activation of B and T lympho-
cytes [66]. Age-associated telomere attrition in naive T cells
is well documented despite the continued expression of telo-
merase [67]. Memory T lymphocytes and naive T lymphocytes
differ in their telomeric lengths and replicative capacity [68].
Defects in proliferation of effector memory T cells correlate
with markers of senescence such as CD57 and shorter telomere
length [69]. Brazvan etal. (2016) showed thatamong a panel of
cytokines, IL-7 and IL-15 increased telomere length and
hTERT gene expression in cord blood cells consistent with
the function of these cytokines to maintain the naive pheno-
type of progenitor cells [70]. Although telomere dysfunction
accompanies aging and autoimmunity (e.g., rheumatoid



arthritis [63]), “telomere-based” therapies for immunosenes-
cence [71, 72] have to date largely failed.

5.3. Metabolic Mechanisms of Cellular Aging. Telomere
attrition, DNA damage responses, mtDNA damage, and
mitochondrial dysfunction are intimately connected to the
metabolic changes associated with aging [73, 74]. Like tumor
cells, aerobic glycolysis enables T cell proliferation [75].
Mitochondria-derived reactive oxygen species (ROS) play a
keyrolein T cell receptor-mediated signaling [76]. Autophagy
provides another level of control of T cell differentiation and
survival [77,78],and in mice, aging of T cells may be associated
with a defect in chaperone-mediated autophagy [78].

mTOR signaling has been implicated in mammalian life-
span and human longevity [79, 80]. AMPK [81], a sensor of
low intracellular glucose, is activated by phosphorylation on
Thr172 in its catalytic «-subunit to shift metabolism towards
catabolism and inhibit mTOR activity in T cells [82, 83]. The
senescent CD27-CD28-CD4+ T cell subset showed sponta-
neous AMPKa activation and downstream p38 signaling
[84]. In senescent CD8+ T cells, p38 signaling inhibited
mTORCI1-independent autophagy.

IL-7 augments phosphorylation of S6 and 4EBP1 which
are downstream targets of the mTOR complex 1 (mTORCI1).
Rapamycin, known to extend the lifespan of several species
including mice, blocks these effects of IL-7. The stimulation
of pre-B leukemia cells by IL-7-R complex member TSLP is
also inhibited by rapamycin [85].

Ouyang et al. (2009) implicated IL-7R as a Foxol
target gene [86], and Kerdiles et al. (2009) showed that
Foxol links homing and survival of naive T cells by regu-
lating L-selectin, CCR7, and the IL-7R [87]. Furthermore,
IL-7 induces Foxol phosphorylation with resultant target
gene transcription [87]. In B cells, the mTOR complex 2
(mTORC2) suppresses IL-7R gene expression by regulating
Foxol phosphorylation [88].

Reduced IL-7 levels may contribute to lower mTORCI1
activation, and IL-7R signaling correlates with mTORC2
activation of RPTOR, Foxol, and mTOR genes [1, 79]; both
effects associated with increased lifespan/longevity. Higher
mTOR levels reduce HSC function [89], which could result
in fewer lymphocytes later in life. Considering the clear
connections with IL-7 signaling and similar findings on the
level of gene expression variations, mTOR signaling might
also be involved in “inflammaging” as part of its lifespan-
regulating effect.

5.4. Inflammaging. The “inflammaging” hypothesis postu-
lates that systemic inflammation makes a significant contri-
bution to the process of aging [90, 91] (Figure 6). Healthy
nonagenarians from the Leiden study display fewer age-
related characteristics of “immunosenescence” and relatively
low levels of proinflammatory markers [50]. The paradigm
proposes that reduced function of the aging innate and
adaptive immune systems promotes low-grade inflamma-
tion mediated by diverse mechanisms. Chronic infections
(e.g., herpes simplex-1 virus (HSV-1) and cytomegalovirus
(CMYV)) and various endogenous antigens such as oxidized
lipoproteins, advanced glycation end products, cellular
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debris, misfolded proteins and products of nitrosylation,
reactive oxygen intermediates, and so forth stimulate the
immune system. By interacting with danger-associated
molecular pattern (DAMP), recognition molecules such as
the toll-like receptor (TLR) chronic activators reduce effec-
tive responses to infections and cancer, while mediating
low-grade tissue damage. Immunosenescence is character-
ized by the deterioration of immune function at multiple
levels, often driven by chronic low-grade inflammation.

5.5. The Senescence-Associated Phenotype (SASP). One postu-
lated origin of proinflammatory cytokines may be the senes-
cent cells themselves. The senescence-associated phenotype
(SASP) characterizes old cells that have not been eliminated
by the aging immune system. While cell senescence may
reduce the odds of carcinogenic transformation, damaged
cells with the cytokine secretory phenotype accumulate pro-
moting tissue disruption, atrophy, and dysfunction. Recent
remarkable studies demonstrate that clearance of p16™*4e-
positive senescent cells delays aging-associated disorders in
mice [92].

A unique subset of B cells, age-associated B cells (ABC)
expressing the transcription factor T-bet, accumulate pro-
gressively with age [93]. Aged mice exhibit ~5-10-fold
increase in ABC with a higher proportion in females and
autoimmunity. These cells promote apoptosis of pro-B
cells via secretion of TNFar [94]. Whether the age-dependent
reduction in IL-7-mediated pro-B to pre-B cell check-
point transition relates to the activity of ABC will await
future study.

5.6. Stem Cell Attrition versus Regeneration. In the adaptive
immune system, the generation of novel naive T cells is
completely dependent on thymic function (see 2.3). Thus,
the dramatic involution of the mammalian thymus supports
a key role in T cell homeostasis with aging. However, recent
work documents substantial differences between short-lived
rodents and much longer living humans [95]. In humans,
maintenance of a robust repertoire during adulthood is
dependent on homeostatic proliferation of the existing CD4
T lymphocyte pool versus repopulation from the thymus
[96]. IL-7 is uniquely important in the homeostatic mainte-
nance of and peripheral expansion of naive T cells [44, 45].
Concentrations of IL-7 do not decline with age and do not
become limiting in this process. Thus, IL-7 augments naive
CD4 T cell proliferation without promoting a switch to mem-
ory cells [43].

In contrast to CD4 cells, the CD8 lymphocyte compart-
ment shrinks with age. The reasons for this are not clear
[42, 48]. Furthermore, T cell receptor diversity is about ten-
fold lower for CD8 versus CD4 memory cells [97]. Reynolds
etal. (2013) suggest thatincreased IL-7-mediated proliferation
secondary toareduced threshold for IL-7R activation may lead
to a steep decline in lymphocyte populations with aging [98].
Thus, the balance between TCR engagement and homeostatic
cytokine stimulation needs to be “tuned” for optimal survival/
maintenance versus triggering increased turnover [99]. Pro-
duction of excess cytokines and their receptors (e.g., IL-2 and
interferon gamma) during inflammation is expected to upset
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memory CD8+ T cells is observed.

this balance to accelerate immunosenescence. Thus, not
unexpectedly, several autoimmunoinflammatory diseases are
associated with accelerated immunosenescence [100].

6. Medical Conditions Associated with IL-7/IL-
7R Dysfunction

Numerous studies implicate IL-7 and IL-7R signaling in the
pathogenesis of immunoinflammatory disorders [101-104].
Meta-analysis and genome-wide association studies demon-
strate that genetic variation in the IL-7R gene is associated
with type 1 diabetes [105], multiple sclerosis [106-108],
ulcerative colitis [109], and primary biliary cirrhosis [110].
These results support the hypothesis that genetic variation
in and the expression of the IL-7R gene contributes to the
pathogenesis of autoimmune and chronic inflammatory
disease. However, many of these diseases are multigenic
and the IL-7R network probably accounts for only a fraction
of the variation.

Gain-of-function mutations as well as insertions and
deletions in the IL-7R« gene frequently occur in both B and
T cell acute lymphocyte leukemias (ALL) [52, 111-113].
Details of multiple structural insights into the aberrant IL-7
signaling observed in malignant leukemia cells are described
in beautiful detail by Walsh [52].

Mutations in the extracellular domain of IL-7Re are asso-
ciated with severe combined immunodeficiency (SCID) of
the T— B+ NK+ type [57, 114]. Premature termination of
the mRNA, folding defects, and/or destabilized IL-7-Ra-
receptor protein compromises interactions with IL-7 to limit
signal transduction with global effects on immune function.
More than 300 mutations have been identified in the yc
receptor in patients suffering from X-linked SCID (see
http://research.nhgri.nih.gov/scid/). The phenotype of yc
SCIDs is T— B+ NK- [114]. Bone marrow transplantation
is the current therapy for both IL-7Ra and yc SCIDs. Do
SCIDs exhibit accelerated aging? This is an interesting, but
probably impossible question to answer, given the complexity
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FIGURE 7: In some studies, II-7 therapy caused rejuvenation of the T cell population, broadened immune responses in cancer patients, and

enhanced T cell recovery in HIV-1-infected adults. (See Section 6.)

of these patients and their generally shorter average lifespans
due to infectious complications.

6.1. Clinical Experience with IL-7. Recent studies have shown
that (1) in treated HIV-infected adult patients [115, 116],
thymic function can be maintained or improved to facilitate
CD4 lymphocyte repopulation and (2) growth hormone
treatment [111] or androgen antagonism [117, 118] can
augment adult thymopoiesis. Thus, thymic atrophy may be
at least partially reversible and/or immunosenescence can
be delayed. Furthermore, the human adult thymus may have
more reserve than previously thought [69, 119]. Based on its
pleiotropic activities, replacement or augmentation of IL-7 is
a rationale therapeutic approach to counteract immunose-
nescence (Figure 7).

6.2. Pre-Pro-B Cell Growth-Stimulating Factor (PPBSF). Both
IL-7 (reviewed in Sportes et al. [120]; Capitini et al. [121])
and HGF (reviewed in Ido and Hirohito [122]) have been
tested in numerous human clinical trials as separate agents
and, in general, have been well tolerated and mediated some
beneficial effects. Administration of IL-7 to normal individ-
uals caused an expansion of CD8+ and CD4+ T cells but a
relative decrease in T-regulatory cells [123]. Also, in normal
individuals, IL-7 increased the T cell receptor diversity by
preferential expansion of naive T cell subsets resulting in

a circulating T cell pool that more closely resembled that
seen in earlier life [120]. This suggests that IL-7 therapy
could enhance and broaden immune responses particularly
among individuals with limited naive T cells and dimin-
ished repertoire diversity, as it occurs after chemotherapy-
induced lymphocyte depletion. In a phase I study, IL-7
administered to patients with incurable malignancy mark-
edly increased peripheral CD3", CD4", and CD8" T cells
and transitional B cells, and also, induced in the bone mar-
row a marked polyclonal proliferation of pre-B cells [124].
IL-7 therapy has also enhanced T cell recovery in HIV-1-
infected adults [125, 126].

HGF administered as a gene-therapy or as a recombinant
protein has been tested in clinical trials for hepatitis [77],
fulminant liver failure [122], coronary artery disease
[127-130], ischemic cardiac disease [131], and critical limb
ischemia [132, 133].

McKenna et al. [134] identified a naturally occurring
heterodimeric self-assembling form of IL-7 with the beta
chain of hepatocyte growth factor, called pre-pro-B cell
growth-stimulating factor (PPBSF) (HGF) [135, 136]. HGF
is a heterodimeric, pleiotropic cytokine regulating paren-
chymal cell growth, motility, and morphogenesis [137].
HGF contributes to the regulation of hematopoiesis in
mouse fetal liver and adult bone marrow [138, 139] as well
as lymphopoiesis [140, 141].
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The IL-7/HGFB hybrid cytokine selectively induces
proliferation and differentiation of pre-pro-B cells in rat
BM, by upregulating the IL-7R« chain and cy expression,
to enable pro-B cells to respond to monomeric IL-7 [142].
Lai et al. fused Il-7 and HGEp via a peptide flexible linker
[143]. This recombinant single-chain (sc) IL-7/HGEp pro-
tein, unlike IL-7, stimulates the proliferation of day 12 spleen
colony-forming units (CFU-S12) and pre-pro-B cells, as well
as common lymphoid progenitors (CLPs). Furthermore, cells
from scIL-7/HGF3-stimulated cultures generated B-lineage
cells in vivo more effectively than did those from cultures
stimulated with IL-7. scIL-7/HGFps exhibit the so-called
“juxtacrine signaling” via engagement of both the IL-7 and
HGF (c-Met) receptors. Administration of the IL-7/HGEp
hybrid cytokine significantly enhances thymopoiesis after
syngeneic or allogeneic bone marrow transplantation and
promotes antitumor immunity [144].

6.3. Cyt107, Recombinant Human IL-7 (rhulL-7). Several
companies have initiated clinical trials of IL-7-based
molecules.

The Cytheris SA molecule, Cyt107, has been the subject
of 18 clinical trials according to http://Clinicaltrials.gov.
Trials have sought to boost immunity in (a) chronic virus
infections (HIV, hepatitis B, and hepatitis C); (b) recipients
of hemopoietic stem cell transplants (HSCT); (c) various
cancers (metastatic breast, Ewing’s sarcoma, glioma, metasta-
tic prostate [combined with Provenge], metastatic melanoma
or locally advanced or metastatic kidney cancer, rhabdomyo-
sarcoma, and neuroblastoma); (d) sepsis; and (e) idiopathic
CD4 lymphocytopenia. Unfortunately, Cytheris SA filed for
bankruptcy in June 2013, and presently, the development
of rhul-L7 has been suspended. Commercial rights have
been returned to the French ANRS (National Agency for
AIDS Research).

Initial first-in-human safety trials showed that a single
cycle of 3 weekly subcutaneous (sc) injections of recombinant
human interleukin 7 (r-hulL-7) was safe. r-hulL-7 improved
restoration of immune CD4 T cell in human immunodefi-
ciency virus- (HIV-) infected patients (NCT01241643).
Two phase II trials evaluated the effect of repeated cycles of
r-hIL-7 (20 ug/kg). r-hIL-7 was well tolerated with four grade
4 events that were not life-threatening [145]. INSPIRE II
(NCTO01190111) was a single-arm trial conducted in the
United States and Canada, whereas INSPIRE III (EudraCT;
number 2010-019773-15) was a dual arm trial with 3:1 ran-
domization of r-hIL-7 versus control conducted in South
Africa and Europe. Eligible participants had plasma HIV
RNA levels < 50 copies/mL during antiretroviral therapy
and with CD4 T cell counts between 101 and 400 cells/uL.
A repeat cycle was given when CD4 T cell counts fell to
<550 cells/uL. A total of 107 patients were treated and
received 1 (n=107), 2 (n=74), 3 (n=14), or 4 (n=1)
r-hIL-7 cycles during a median follow-up of 23 months.
After the second cycle of treatment, anti-r-hIL-7 binding
antibodies were observed in 82% and 77% of patients in
INSPIRE 2 and 3, respectively (neutralizing antibodies in 38%
and 37%), without affecting the CD4 T cell response. 50%
of the patients spent >63% of their follow-up time with a
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CD4 T cell counts > 500 cells/uL. In conclusion, repeated
cycles of r-hIL-7 achieved sustained CD4 T cell restoration
to >500 cells/uL and were well-tolerated in the majority of
study participants.

6.3.1. Cytl07 in Sepsis. Sepsis is characterized by life-
threatening organ dysfunction caused by dysregulated host
responses to infection [146]. Sepsis continues to be the pri-
mary cause of death in the intensive care unit despite decades
of research and dozens of clinical trials of various targeted
antisepsis associated proinflammatory agents. Despite a state
of “hyper-inflammation,” sepsis impairs adaptive antimicro-
bial immunity characterized by compromised T cell function
leading to aberrant antigen presentation with increased sus-
ceptibility to nosocomial infections such as Pseudomonas
aeruginosa. Shindo et al. [147] demonstrated that recombi-
nant hulL-7 improves survival in a murine 2-hit model of
sublethal cecal ligation and puncture followed by Pseudomo-
nas aeruginosa pneumonia. rhulL-7 increased survival from
56 to 92% with increased absolute numbers of immune effector
cells in lung and spleen reduced sepsis-induced loss of lung
innate lymphoid cells (ILCs). Translation of this work to
humans is in progress. A multicenter, randomized, double-
blinded, placebo-controlled study of two dosing frequencies
of CYT107 to restore absolute lymphocyte counts in sepsis
patients [IRIS-7B (Immune Reconstitution of Immunosup-
pressed Sepsis patients)] is underway (http://Clinicaltrials.
gov: NCT02640807). To allow a common statistical analysis
of the primary end points and analysis of the enrolled patient
population, a parallel study will be performed in France.

6.3.2. Cytl07 in Idiopathic CD4 Lymphopenia. Idiopathic
CD4 lymphopenia (ICL) is a rare syndrome defined by low
CD4 T cell counts (<300/uL) without evidence of HIV
infection or other known cause of immunodeficiency. ICL
suffer opportunistic infections with no established treat-
ments. Sheikh et al. [148] initiated an open-label phase 1/2A
dose-escalation trial of 3 subcutaneous doses of rhulL-7
weekly in patients with ICL at risk of disease progression
(#NCT00839436). The number and function of circulating
CD4 and CD8 T cells and tissue-resident CD3 T cells in
the gut mucosa and bone marrow was increased. Overall,
recombinant hulL-7 was well tolerated; however, one patient
developed systemic lupus erythematosus while on study and
another experienced a hypersensitivity reaction with subse-
quent development of nonneutralizing anti-IL-7 antibodies.

6.3.3. Cyt107 in Cancer. Cyt-107 has been evaluated in
patients suffering from cancer. Most of this work has not
been reported in the medical literature. The Fred Hutchinson
Cancer Research Center with the National Cancer Institute
(NCI) Cancer Immunotherapy Trials Network [http://
ClinicalTrials.gov; NCT01881867] is the primary sponsor of
a multicenter randomized phase II trial to evaluate glycosyl-
ated recombinant human interleukin-7 (CYT107) after vac-
cine therapy in patients with metastatic hormone-resistant
prostate cancer.

6.4. IL-7 Fc Fusion Protein: GX-I7. GX-17 is an immunoglobu-
lin fusion protein recombining human IL-7 with a hybrid Fc
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(hyFc) being developed by Genexine, a Korean company, with
USA subsidiary Neoimmune Tech Inc. based in Rockville,
MD. hyFc is composed of the hinge-CH2 region of immuno-
globulin D (IgD) and the CH2-CH3 region of immunoglobu-
lin G4 (IgG4). This molecule is expected to have markedly
reduced Fc receptor binding while maintaining FcRn binding
and the characteristic long plasma half-life of an antibody
(perhaps 2-3 weeks). A randomized, double-blind, placebo-
controlled, single-ascending dose study designed to assess
the safety, tolerability, pharmacokinetics, and pharmacody-
namics of GX-I7 in healthy volunteers is presently recruiting
patients (http://ClinicalTrials.gov; NCT02860715).

Published preclinical studies support the development of
GX-17, (a) as intranasal pretreatment for generating protec-
tive immunity against influenza infection [149], (b) as an
adjuvant for DNA vaccines [150] and HCV [151], and (c)
as an adjuvant for various T cell therapies [152].

6.5. Gene Therapy Employing IL-7. Numerous groups are
utilizing transgenically delivered IL-7 or its receptor to aug-
ment antitumor immunity. Regulatory T cells (Tregs) limit
the antitumor effects of tumor-specific CTLs [153-158].
Early work to increase in vivo immunostimulation of adop-
tively transferred T cells utilized IL-2 [159]. Although IL-2
is a potent T cell growth factor, it is not selective for effector
T cell subsets and can augment the expansion and inhibitory
activity of Tregs [160]. In contrast, IL-7 augments expansion
of naive and memory T cells without activity on Tregs that
lack the IL-7Rex [114, 123, 161]. Furthermore, in early clinical
trials, recombinant IL-7 expanded naive and central-memory
T cell subsets but not Tregs [123, 124]. Vera et al. [162]
reported that IL-7 cannot support the in vivo expansion
of adoptively transferred chimaeric antigen receptor- (CAR-)
redirected CTLs because these effector-memory T cells, like
Tregs, also lack IL-7Ra. To address this deficiency, Perna
et al. [163] created GD2-specific CAR/CTLs bearing a func-
tional transgenic IL7R« and showed that IL-7, in contrast
to IL-2, can support the proliferation and antitumor activity
of these cells both in vitro and in vivo in the presence of
functional Tregs.

7. Conclusion: The Yin and Yang of IL-7 in Aging

The notion that low IL-7R expression levels are beneficial for
reaching healthy old age corresponds with previous observa-
tions that patients suffering from autoimmune disease
express increased levels of the IL-7 receptor/ligand complex
genes [101, 102, 104] and that antagonizing IL-7 or the
IL-7R may offer possible treatments [95, 101]. However,
the results of the Leiden Longevity Study found that gene
expression levels of IL-7R decrease with chronological age.
On the other hand, the Leiden study also found that
higher levels of IL-7R correlate with reduced 10-year mor-
tality and that effect was pronounced in the nonagenarian
population in which individuals at the high end of the
overall lower IL-7R expression lived longer. To optimize
health and lifespan, it may be useful to “thread the needle,”
lowering IL-7R enough to preserve peripheral T cells and help
maintain low mTOR levels, while maintaining enough to
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maintain immune function. Transient modulation of IL-7R
is one potentially effective strategy to reach this goal. Another
possible conclusion is “correlation is not causation” and that
the genes of IL-7/IL-7R complex are only part of the answer.

The remarkable plasticity of the adaptive immune system
over many decades is a testament to several intrinsic features
of its design. Despite attacks on its integrity from multiple
angles, the size and diversity of the naive lymphocyte reper-
toire is maintained well into the 9th decade of life. While IL-7
is a necessary contributor to this “lympho-homeostasis” and
its action is required for successful aging, wholesale augmenta-
tion of IL-7 above “normal” levels may disrupt this delicate
balance. Numerous animal and several human studies suggest
much promise remains for the utilization of IL-7 as a specific
“immune tonic” or adjuvant. To this end, we look forward to
the next generation of improved IL-7-based therapeutics.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The work is dedicated to the cofounder of Panorama
Research Institute, Dr. Susan C. Wright, an innovative,
diligent scientist, who was working on a novel IL-7-based
therapy when she succumbed to esophageal cancer in
September 2016.

References

[1] W. M. Passtoors, E. B. van den Akker, J. Deelen et al., “IL7R
gene expression network associates with human healthy
ageing,” Immunity & Ageing, vol. 12, p. 21, 2015.

[2] C.Lopez-Otin, M. A. Blasco, L. Partridge, M. Serrano, and G.
Kroemer, “The hallmarks of aging,” Cell, vol. 153, no. 6,
pp. 1194-1217, 2013.

[3] R. Mazzucchelli and S. K. Durum, “Interleukin-7 receptor
expression: intelligent design,” Nature Reviews. Immunology,
vol. 7, no. 2, pp. 144-154, 2007.

[4] Y. Rochman, R. Spolski, and W. J. Leonard, “New insights
into the regulation of T cells by gamma(c) family cytokines,”
Nature Reviews. Immunology, vol. 9, no. 7, pp. 480-490, 2009.

[5

—_

R. Fernandez-Botran, “Soluble cytokine receptors: basic

immunology and clinical applications,” Critical Reviews in

Clinical Laboratory Sciences, vol. 36, no. 3, pp. 165-224, 1999.

[6] R. Fernandez-Botran, F. A. Crespo, and X. Sun, “Soluble
cytokine receptors in biological therapy,” Expert Opinion on
Biological Therapy, vol. 2, no. 6, pp. 585-605, 2002.

[7] E. C. McKay, L. I. Swain, S. D. Schibeci et al., “Haplotypes of
the interleukin 7 receptor alpha gene are correlated with
altered expression in whole blood cells in multiple sclerosis,”
Genes and Immunity, vol. 9, no. 1, pp. 1-6, 2008.

[8] W. Lundstrom, S. Highfill, S. T. Walsh et al., “Soluble IL7Ra

potentiates IL-7 bioactivity and promotes autoimmunity,”

Proceedings of the National Academy of Sciences of the United

States of America, vol. 110, no. 19, pp. E1761-E1770, 2013.


http://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT02860715

Journal of Immunology Research

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

(25]

(26]

H. Geiger and G. Van Zant, “The aging of lympho-
hematopoietic stem cells,” Nature Immunology, vol. 3, no. 4,
Pp. 329-333, 2002.

S.J. Morrison, A. M. Wandycz, K. Akashi, A. Globerson, and
I. L. Weissman, “The aging of hematopoietic stem cells,”
Nature Medicine, vol. 2, no. 9, pp. 1011-1016, 1996.

D. J. Rossi, D. Bryder, J. M. Zahn et al., “Cell intrinsic alter-
ations underlie hematopoietic stem cell aging,” Proceedings
of the National Academy of Sciences, vol. 102, no. 26,
pp. 9194-9199, 2005.

V. Janzen, R. Forkert, H. E. Fleming et al., “Stem-cell ageing
modified by the cyclin-dependent kinase inhibitor p16INK4a,”
Nature, vol. 443, no. 7110, pp. 421-426, 2006.

T. W. LeBien and T. F. Tedder, “B lymphocytes: how they
develop and function,” Blood, vol. 112, no. 5, pp. 1570-
1580, 2008.

I. L. Martensson, N. Almqvist, O. Grimsholm, and A. Bernardi,
“The pre-B cell receptor checkpoint,” FEBS Letters, vol. 584,
no. 12, pp. 2572-2579, 2010.

R. Pelanda and R. M. Torres, “Central B-cell tolerance: where
selection begins,” Cold Spring Harbor Perspectives in Biology,
vol. 4, no. 4, p. a007146, 2012.

S. A. Corfe, R. Rottapel, and C. J. Paige, “The many roles of
IL-7 in B cell development; mediator of survival, proliferation
and differentiation,” Seminars in Immunology, vol. 24, no. 3,
pp. 198-208, 2012.

S. A. Corfe, R. Rottapel, and C. J. Paige, “Modulation of IL-7
thresholds by SOCS proteins in developing B lineage cells,”
Journal of Immunology, vol. 187, no. 7, pp. 3499-3510, 2011.
P. Szabo, K. Zhao, 1. Kirman et al., “Maturation of B cell
precursors is impaired in thymic-deprived nude and old
mice,” Journal of Immunology, vol. 161, no. 5, pp. 2248-
2253, 1998.

A.Ben-Yehuda, P. Szabo, and M. E. Weksler, “Age-associated
changes in the B-cell repertoire: effect of age on RAG-1 gene
expression in murine bone marrow,” Immunology Letters,
vol. 40, no. 3, pp. 287-289, 1994.

J. E. Labrie 3rd, A. P. Sah, D. M. Allman, M. P. Cancro, and R.
M. Gerstein, “Bone marrow microenvironmental changes
underlie reduced RAG-mediated recombination and B cell
generation in aged mice,” The Journal of Experimental
Medicine, vol. 200, no. 4, pp. 411-423, 2004.

S. Han, K. Yang, Z. Ozen et al., “Enhanced differentiation of
splenic plasma cells but diminished long-lived high-affinity
bone marrow plasma cells in aged mice,” Journal of Immu-
nology, vol. 170, no. 3, pp. 1267-1273, 2003.

J. P. Miller and D. Allman, “The decline in B lymphopoiesis
in aged mice reflects loss of very early B-lineage precursors,”
Journal of Immunology, vol. 171, no. 5, pp. 2326-2330, 2003.
R. P. Stephan, D. A. Lill-Elghanian, and P. L. Witte, “Devel-
opment of B cells in aged mice: decline in the ability of pro-
B cells to respond to IL-7 but not to other growth factors,”
Journal of Immunology, vol. 158, no. 4, pp. 1598-1609, 1997.
J. F. Miller, “Events that led to the discovery of T-cell
development and function—a personal recollection,” Tissue
Antigens, vol. 63, no. 6, pp. 509-517, 2004.

J. F. Miller, “Immunological function of the thymus,” Lancet,
vol. 2, no. 7205, pp. 748-749, 1961.

M. Torroba and A. G. Zapata, “Aging of the vertebrate
immune system,” Microscopy Research and Technique,
vol. 62, no. 6, pp. 477-481, 2003.

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

13

R. L. Boyd, C. L. Tucek, D. I. Godfrey et al., “The thymic
microenvironment,” Immunology Today, vol. 14, no. 9,
pp. 445-459, 1993.

G. Anderson and E. J. Jenkinson, “Lymphostromal interac-
tions in thymic development and function,” Nature Reviews.
Immunology, vol. 1, no. 1, pp. 31-40, 2001.

D. I. Godfrey, J. Kennedy, T. Suda, and A. Zlotnik, “A devel-
opmental pathway involving four phenotypically and
functionally distinct subsets of CD3-CD4-CD8- triple-
negative adult mouse thymocytes defined by CD44 and
CD25 expression,” Journal of Immunology, vol. 150, no. 10,
pp. 4244-4252, 1993.

H. J. Fehling and H. von Boehmer, “Early alpha beta T cell
development in the thymus of normal and genetically altered
mice,” Current Opinion in Immunology, vol. 9, no. 2, pp. 263-
275, 1997.

L. J. Berg and J. Kang, “Molecular determinants of TCR
expression and selection,” Current Opinion in Immunology,
vol. 13, no. 2, pp. 232-241, 2001.

L. Li, H. C. Hsu, W. E. Grizzle et al., “Cellular mechanism of
thymic involution,” Scandinavian Journal of Immunology,
vol. 57, no. 5, pp- 410-422, 2003.

G. G. Steinmann, B. Klaus, and H. K. Miiller-Hermelink,
“The involution of the ageing human thymic epithelium is
independent of puberty. A morphometric study,” Scandina-
vian Journal of Immunology, vol. 22, no. 5, pp. 563-575, 1985.
K. G. Flores, J. Li, G. D. Sempowski, B. F. Haynes, and
L. P. Hale, “Analysis of the human thymic perivascular
space during aging,” Journal of Clinical Investigation,
vol. 104, no. 8, pp. 1031-1039, 1999.

J. M. Bertho, C. Demarquay, N. Moulian, A. Van Der Meeren,
S. Berrih-Aknin, and P. Gourmelon, “Phenotypic and immu-
nohistological analyses of the human adult thymus: evidence
for an active thymus during adult life,” Cellular Immunology,
vol. 179, no. 1, pp. 30-40, 1997.

D. C. Douek, R. D. McFarland, P. H. Keiser et al., “Changes in
thymic function with age and during the treatment of HIV
infection,” Nature, vol. 396, no. 6712, pp. 690-695, 1998.

B. D. Jamieson, D. C. Douek, S. Killian et al., “Generation of
functional thymocytes in the human adult,” Immunity,
vol. 10, no. 5, pp. 569-575, 1999.

D. Andrew and R. Aspinall, “Age-associated thymic atrophy
is linked to a decline in IL-7 production,” Expimental Geron-
tology, vol. 37, no. 2-3, pp. 455-463, 2002.

G. D. Sempowski, M. E. Gooding, H. X. Liao, P. T. Le, and B.
F. Haynes, “T cell receptor excision circle assessment of
thymopoiesis in aging mice,” Molecular Immunology, vol. 38,
no. 11, pp. 841-848, 2002.

J. A. Phillips, T. I. Brondstetter, C. A. English, H. E. Lee, E. L.
Virts, and M. L. Thoman, “IL-7 gene therapy in aging restores
early thymopoiesis without reversing involution,” Journal of
Immunology, vol. 173, no. 8, pp. 4867-4874, 2004.

A. M. Wertheimer, M. Bennett, B. Park et al., “Aging and
cytomegalovirus infection differentially and jointly affect dis-
tinct circulating T cell subsets in humans,” Journal of Immu-
nology, vol. 192, no. 5, pp. 2143-2155, 2014.

M. Czesnikiewicz-Guzik, W. W. Lee, D. Cui et al., “T cell
subset-specific susceptibility to aging,” Clinical Immunology,
vol. 127, no. 1, pp. 107-118, 2008.

M. V. Soares, N. J. Borthwick, M. K. Maini, G. Janossy,
M. Salmon, and A. N. Akbar, “IL-7-dependent extrathymic



14

(44]

[45]

[46]

(47]

(48]

(49]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

expansion of CD45RA+ T cells enables preservation of a naive
repertoire,” Journal of Immunology, vol. 161, no. 11, pp. 5909-
5917, 1998.

C. D. Surh and J. Sprent, “Homeostasis of naive and memory
T cells,” Immunity, vol. 29, no. 6, pp. 848-862, 2008.

T. J. Fry and C. L. Mackall, “The many faces of IL-7: from
lymphopoiesis to peripheral T cell maintenance,” Journal of
Immunology, vol. 174, no. 11, pp. 6571-6576, 2005.

M. L. Pekalski, R. C. Ferreira, R. M. R. Coulson et al., “Post-
thymic expansion in human CD4 naive T cells defined by
expression of functional high-affinity IL-2 receptors,” The
Journal of Immunology, vol. 190, no. 6, pp. 2554-2566, 2013.

R. D. Kilpatrick, T. Rickabaugh, L. E. Hultin et al., “Homeosta-
sis of the naive CD4+ T cell compartment during aging,” The
Journal of Immunology, vol. 180, no. 3, pp. 1499-1507, 2008.

Q. Qi, Y. Cheng, J. Glanville et al., “Diversity and clonal selec-
tion in the human T-cell repertoire,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 111, no. 36, pp. 13139-13144, 2014.

W. M. Passtoors, J. M. Boer, J. J. Goeman et al., “Transcrip-
tional profiling of human familial longevity indicates a role
for ASF1A and IL7R,” PloS One, vol. 7, no. 1, Article ID
e27759, 2012.

E. Derhovanessian, A. B. Maier, R. Beck et al., “Hallmark fea-
tures of immunosenescence are absent in familial longevity,”
Journal of Immunology, vol. 185, no. 8, pp. 4618-4624, 2010.

A. T. Waickman, J. Y. Park, and J. H. Park, “The common
y-chain cytokine receptor: tricks-and-treats for T cells,”
Cellular and Molecular Life Sciences: CMLS, vol. 73, no. 2,
pp. 253-269, 2016.

S. T. R. Walsh, “Structural insights into the common y-chain
family of cytokines and receptors from the interleukin-7
pathway,” Immunological Reviews, vol. 250, no. 1, pp. 303-
316, 2012.

S. Demehri, M. Morimoto, M. J. Holtzman, and R. Kopan,
“Skin-derived TSLP triggers progression from epidermal-
barrier defects to asthma,” PLoS Biology, vol. 7, no. 5, Article
ID 1000067, 2009.

S. Ebner, V. A. Nguyen, M. Forstner et al., “Thymic stromal
lymphopoietin converts human epidermal Langerhans cells
into antigen-presenting cells that induce proallergic T cells,”
Journal of Allergy and Clinical Immunology, vol. 119, no. 4,
Pp. 982-990, 2007.

K. Koyama, T. Ozawa, K. Hatsushika et al., “A possible
role for TSLP in inflammatory arthritis,” Biochemical and
Biophysical Research Communications, vol. 357, no. 1,
pp. 99-104, 2007.

K. Ghoreschi, A. Laurence, and J. J. O’Shea, “Janus kinases in
immune cell signaling,” Immunological Reviews, vol. 228,
no. 1, pp. 273-287, 2009.

A. Puel, S. F. Ziegler, R. H. Buckley, and W. J. Leonard,
“Defective IL7R expression in T(—)B(+)NK(+) severe com-
bined immunodeficiency,” Nature Genetics, vol. 20, no. 4,
pp. 394-397, 1998.

A. M. Crawley and J. B. Angel, “The influence of HIV on
CD127 expression and its potential implications for IL-7
therapy,” Seminars in Immunology, vol. 24, no. 3, pp. 231-
240, 2012.

M. Pellegrini, T. Calzascia, J. G. Toe et al., “IL-7 engages
multiple mechanisms to overcome chronic viral infection

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

(75]

Journal of Immunology Research

and limit organ pathology,” Cell, vol. 144, no. 4, pp. 601-
613, 2011.

C. R. Burtner and B. K. Kennedy, “Progeria syndromes and
ageing: what is the connection?” Nature Reviews. Molecular
Cell Biology, vol. 11, no. 8, pp. 567-578, 2010.

M. M. Cavanagh, C. M. Weyand, and J. J. Goronzy, “Chronic
inflammation and aging: DNA damage tips the balance,”
Current Opinion in Immunology, vol. 24, no. 4, pp. 488-
493, 2012.

L. Shao, H. Fujii, I. Colmegna, H. Oishi, J. J. Goronzy, and C.
M. Weyand, “Deficiency of the DNA repair enzyme ATM in
rheumatoid arthritis,” The Journal of Experimental Medicine,
vol. 206, no. 6, pp. 1435-1449, 2009.

H. Fujii, L. Shao, I. Colmegna, J. J. Goronzy, and C. M.
Weyand, “Telomerase insufficiency in rheumatoid arthritis,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 106, no. 11, pp. 4360-4365, 2009.

C. B. Park and N. G. Larsson, “Mitochondrial DNA muta-
tions in disease and aging,” The Journal of Cell Biology,
vol. 193, no. 5, pp- 809-818, 2011.

O. A. Ross, P. Hyland, M. D. Curran et al., “Mitochondrial
DNA damage in lymphocytes: a role in immunosenescence?”
Expimental Gerontology, vol. 37, no. 2-3, pp. 329-340, 2002.
J. Lin, E. Epel, J. Cheon et al., “Analyses and comparisons of
telomerase activity and telomere length in human T and B
cells: insights for epidemiology of telomere maintenance,”
Journal of Immunological Methods, vol. 352, no. 1-2,
pp. 71-80, 2010.

Y. Lin, A. Damjanovic, E. ]J. Metter et al., “Age-associated
telomere attrition of lymphocytes in vivo is co-ordinated with
changes in telomerase activity, composition of lymphocyte
subsets and health conditions,” Clinical Science, vol. 128,
no. 6, pp. 367-377, 2015.

N. P. Weng, B. L. Levine, C. H. June, and R. J. Hodes,
“Human naive and memory T lymphocytes differ in telo-
meric length and replicative potential,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 92, no. 24, pp. 11091-11094, 1995.

G. Pawelec, A. Akbar, C. Caruso, R. Effors, B. Gruebeck-
Loebenstein, and A. Wikby, “Is immunosenescence infec-
tious?” Trends in Immunology, vol. 25, no. 8, pp. 406-
410, 2004.

B. Brazvan, R. Farahzadi, S. M. Mohammadi et al., “Key
immune cell cytokines affects the telomere activity of cord
blood cells in vitro,” Advanced Pharmaceutical Bulletin,
vol. 6, no. 2, pp. 153-161, 2016.

J. M. Lord, A. N. Akbar, and D. Kipling, “Telomere-based
therapy for immunosenescence,” Trends in Immunology,
vol. 23, no. 4, pp- 175-176, 2002.

C. M. Weyand, H. Fujii, L. Shao, and J. J. Goronzy, “Rejuve-
nating the immune system in rheumatoid arthritis,” Nature
Reviews. Rheumatology, vol. 5, no. 10, pp. 583-588, 2009.

E. Sahin and R. A. Depinho, “Linking functional decline of
telomeres, mitochondria and stem cells during ageing,”
Nature, vol. 464, no. 7288, pp. 520-528, 2010.

E. Sahin, S. Colla, M. Liesa et al., “Telomere dysfunction
induces metabolic and mitochondrial compromise,” Nature,
vol. 470, no. 7334, pp. 359-365, 2011.

N. J. Maclver, R. D. Michalek, and J. C. Rathmell, “Metabolic
regulation of T lymphocytes,” Annual Review of Immunology,
vol. 31, pp. 259-283, 2013.



Journal of Immunology Research

(76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

K. N. Pollizzi and J. D. Powell, “Integrating canonical and
metabolic signalling programmes in the regulation of T cell
responses,” Nature Reviews Immunology, vol. 14, no. 7,
Pp. 435-446, 2014.

X. Xu, K. Araki, S. Z. Li et al,, “Autophagy is essential for
effector CD8(+) T cell survival and memory formation,”
Nature Immunology, vol. 15, no. 12, pp. 1152-1161, 2014.

R. Valdor, E. Mocholi, Y. Botbol et al., “Chaperone-mediated
autophagy regulates T cell responses through targeted degra-
dation of negative regulators of T cell activation,” Nature
Immunology, vol. 15, no. 11, pp. 1046-1054, 2014.

L. W. Harries, A. D. Fellows, L. C. Pilling et al., “Advancing
age is associated with gene expression changes resembling
mTOR inhibition: evidence from two human populations,”
Mechanisms of Ageing and Development, vol. 133, no. 8,
pp. 556-562, 2012.

W. M. Passtoors, M. Beekman, J. Deelen et al., “Gene expres-
sion analysis of mTor pathway: association with human
longevity,” Aging Cell, vol. 12, no. 1, pp. 24-31, 2013.

D. G. Hardie, “AMP-activated protein kinase: an energy
sensor that regulates all aspects of cell function,” Genes ¢
Development, vol. 25, no. 18, pp. 1895-1908, 2011.

J. Rolf, M. Zarrouk, D. K. Finlay, M. Foretz, B. Viollet, and
D. A. Cantrell, “AMPKal: a glucose sensor that controls
CD8 T-cell memory,” European Journal of Immunology,
vol. 43, no. 4, pp. 889-896, 2013.

D. Finlay and D. A. Cantrell, “Metabolism, migration and
memory in cytotoxic T cells,” Nature Reviews Immunology,
vol. 11, no. 2, pp. 109-117, 2011.

S. M. Henson, A. Lanna, N. E. Riddell et al., “p38 signaling
inhibits mTORCI-independent autophagy in senescent
human CD8+ T cells,” Journal of Clinical Investigation,
vol. 124, no. 9, pp. 4004-4016, 2014.

V. L. Brown, J. Hulitt, J. Fish et al., “Thymic stromal-derived
lymphopoietin induces proliferation of pre-B leukemia and
antagonizes mTOR inhibitors, suggesting a role for
interleukin-7Ralpha signaling,” Cancer Research, vol. 67,
no. 20, pp. 9963-9970, 2007.

W. Ouyang, O. Beckett, R. A. Flavell, and M. O. Li, “An essen-
tial role of the Forkhead-box transcription factor Foxol in
control of T cell homeostasis and tolerance,” Immunity,
vol. 30, no. 3, pp. 358-371, 2009.

Y. M. Kerdiles, D. R. Beisner, R. Tinoco et al., “Foxol links
homing and survival of naive T cells by regulating L-selectin,
CCR7 and interleukin 7 receptor,” Nature Immunology,
vol. 10, no. 2, pp. 176-184, 2009.

A. S. Lazorchak, D. Liu, V. Facchinetti et al., “Sin1-mTORC2
suppresses rag and il7r gene expression through Akt2 in B
cells,” Molecular Cell, vol. 39, no. 3, pp. 433-443, 2010.

C. Chen, Y. Liu, Y. Liu, and P. Zheng, “mTOR regulation and
therapeutic rejuvenation of aging hematopoietic stem cells,”
Science Signaling, vol. 2, no. 98, p. ra75, 2009.

C. Franceschi, M. Bonafe, S. Valensin et al., “Inflamm-
aging. An evolutionary perspective on immunosenescence,”
Annals of the New York Academy of Sciences, vol. 908,
pp. 244-254, 2000.

C. Franceschi and J. Campisi, “Chronic inflammation
(inflammaging) and its potential contribution to age-
associated diseases,” The Journals of Gerontology. Series A, Bio-
logical Sciences and Medical Sciences, vol. 69, Supplement 1,
pp- S4-S9, 2014.

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

(105]

[106]

[107]

[108]

15

D. J. Baker, T. Wijshake, T. Tchkonia et al., “Clearance of
pl6Ink4a-positive senescent cells delays ageing-associated
disorders,” Nature, vol. 479, no. 7372, pp. 232-236, 2011.

K. Rubtsova, A. V. Rubtsov, M. P. Cancro, and P. Marrack,
“Age-associated B cells: a T-bet-dependent effector with roles
in protective and pathogenic immunity,” Journal of Immu-
nology, vol. 195, no. 5, pp. 1933-1937, 2015.

M. Ratliff, S. Alter, D. Frasca, B. B. Blomberg, and R. L. Riley,
“In senescence, age-associated B cells secrete TNFa and
inhibit survival of B-cell precursors,” Experimental Gerontol-
ogy, vol. 12, no. 2, pp. 303-311, 2013.

I. den Braber, T. Mugwagwa, N. Vrisekoop et al., “Mainte-
nance of peripheral naive T cells is sustained by thymus
output in mice but not humans,” Immunity, vol. 36, no. 2,
pp. 288-297, 2012.

Q. Qi, D. W. Zhang, C. N. Weyand, and J. J. Goronzy, “Mech-
anisms shaping the naive T cell repertoire in the elderly—-
thymic involution or peripheral homeostatic proliferation?”
Experimental Gerontology, vol. 54, pp. 71-74, 2014.

J. Sprent and C. D. Surh, “Normal T cell homeostasis: the
conversion of naive cells into memory-phenotype cells,”
Nature Immunology, vol. 12, no. 6, pp. 478-484, 2011.

J. Reynolds, M. Coles, G. Lythe, and C. Molina-Paris, “Math-
ematical model of naive T cell division and survival IL-7
thresholds,” Frontiers in Immunology, vol. 4, p. 434, 2013.
K. R. Renkema, G. Li, A. Wu, M. J. Smithey, and J. Nikolich-
Zugich, “Two separate defects affecting true naive or virtual
memory T cell precursors combine to reduce naive T cell
responses with aging,” Journal of Immunology, vol. 192,
no. 1, pp. 151-159, 2014.

J. J. Goronzy, G. Li, Z. Yang, and C. M. Weyand, “The janus
head of T cell aging—autoimmunity and immunodeficiency,”
Frontiers in Immunology, vol. 4, p. 131, 2013.

A. Bikker, C. E. Hack, F. P. Lafeber, and J. A. van Roon,
“Interleukin-7: a key mediator in T cell-driven autoimmu-
nity, inflammation, and tissue destruction,” Current Pharma-
ceutical Design, vol. 18, no. 16, pp. 2347-2356, 2012.

S.K. Lee, E. K. Jeon, Y. J. Kim et al., “A global gene expression
analysis of the peripheral blood mononuclear cells reveals the
gene expression signature in psoriasis,” Annals of Dermatol-
0gy, vol. 21, no. 3, pp. 237-242, 2009.

F.T.Liuand G. A. Rabinovich, “Galectins: regulators of acute
and chronic inflammation,” Annals of the New York Academy
of Sciences, vol. 1183, pp. 158-182, 2010.

E. F. McKinney, P. A. Lyons, E. J. Carr et al,, “A CD8+ T cell
transcription signature predicts prognosis in autoimmune
disease,” Nature Medicine, vol. 16, no. 5, pp. 586-591, 2010.
J. A. Todd, N. M. Walker, J. D. Cooper et al., “Robust associ-
ations of four new chromosome regions from genome-wide
analyses of type 1 diabetes,” Nature Genetics, vol. 39, no. 7,
pp. 857-864, 2007.

P. L. De Jager, X. Jia, ]. Wang et al., “Meta-analysis of genome
scans and replication identify CD6, IRF8 and TNFRSFIA as
new multiple sclerosis susceptibility loci,” Nature Genetics,
vol. 41, no. 7, pp. 776-782, 2009.

International Multiple Sclerosis Genetics Consortium,
D. A. Hafler, A. Compston et al., “Risk alleles for multiple scle-
rosis identified by a genomewide study,” The New England
Journal of Medicine, vol. 357, no. 9, pp. 851-862, 2007.

International Multiple Sclerosis Genetics Consortium, Well-
come Trust Case Control Consortium 2, S. Sawcer et al.,



16

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

“Genetic risk and a primary role for cell-mediated immune
mechanisms in multiple sclerosis,” Nature, vol. 476,
no. 7359, pp. 214-219, 2011.

C. A. Anderson, G. Boucher, C. W. Lees et al., “Meta-analysis
identifies 29 additional ulcerative colitis risk loci, increasing
the number of confirmed associations to 47,” Nature Genet-
ics, vol. 43, no. 3, pp. 246-252, 2011.

M. Nakamura, N. Nishida, M. Kawashima et al., “Genome-
wide association study identifies TNFSF15 and POU2AF1 as
susceptibility loci for primary biliary cirrhosis in the Japanese
population,” American Journal of Human Genetics, vol. 91,
no. 4, pp. 721-728, 2012.

J. T. Barata, A. A. Cardoso, L. M. Nadler, and V. A. Boussiotis,
“Interleukin-7 promotes survival and cell cycle progression of
T-cell acute lymphoblastic leukemia cells by down-regulating
the cyclin-dependent kinase inhibitor p27(kipl),” Blood,
vol. 98, no. 5, pp. 1524-1531, 2001.

C. Shochat, N. Tal, O. R. Bandapalli et al., “Gain-of-function
mutations in interleukin-7 receptor-a (IL7R) in childhood
acute lymphoblastic leukemias,” The Journal of Experimental
Medicine, vol. 208, no. 5, pp. 901-908, 2011.

P.P. Zenatti, D. Ribeiro, W. Li et al., “Oncogenic IL7R gain-of-
function mutations in childhood T-cell acute lymphoblastic
leukemia,” Nature Genetics, vol. 43, no. 10, pp. 932-939, 2011.

P. E. Kovanen and W. J. Leonard, “Cytokines and immuno-
deficiency diseases: critical roles of the gamma(c)-dependent
cytokines interleukins 2, 4,7, 9, 15, and 21, and their signaling
pathways,” Immunological Reviews, vol. 202, pp. 67-83, 2004.

J. M. Franco, “T-cell repopulation and thymic volume in
HIV-1-infected adult patients after highly active antiretrovi-
ral therapy,” Blood, vol. 99, no. 10, pp. 3702-3706, 2002.

O. DelaRosa, G. Pawelec, E. Peralbo et al., “Immunological
biomarkers of ageing in man: changes in both innate and
adaptive immunity are associated with health and longevity,”
Biogerontology, vol. 7, no. 5-6, pp. 471-481, 2006.

R. de la Rosa and M. Leal, “Thymic involvement in recovery
of immunity among HIV-infected adults on highly active
antiretroviral therapy,” Journal of Antimicrobial Chemother-
apy, vol. 52, no. 2, pp. 155-158, 2003.

G. L. Goldberg, J. L. Zakrzewski, M. A. Perales, and M. R. van
den Brink, “Clinical strategies to enhance T cell recons-
titution,” Seminars in Immunology, vol. 19, no. 5, pp. 289-
296, 2007.

A. Shanker, “Is thymus redundant after adulthood?” Immu-
nology Letters, vol. 91, no. 2-3, pp. 79-86, 2004.

C. Sportes, F. T. Hakim, S. A. Memon et al., “Administration
of rhIL-7 in humans increases in vivo TCR repertoire diver-
sity by preferential expansion of naive T cell subsets,” The
Journal of Experimental Medicine, vol. 205, no. 7, pp. 1701-
1714, 2008.

C.M. Capitini, A. A. Christi,and C. L. Mackall, “Modulating T-
cell homeostasis with IL-7: preclinical and clinical studies,”
Journal of Internal Medicine, vol. 266, no. 2, pp. 141-153,2009.

A. Ido and T. Hirohito, “Translational research to identify
clinical applications of hepatocyte growth factor,” Hepatology
Research, vol. 39, no. 8, pp. 739-747, 2009.

S. A. Rosenberg, C. Sportes, M. Ahmadzadeh et al., “IL-7
administration to humans leads to expansion of CD8+ and
CD4+ cells but a relative decrease of CD4+ T-regulatory
cells,” Journal of Immunotherapy, vol. 29, no. 3, pp. 313-
319, 2006.

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

(137]

[138]

Journal of Immunology Research

C. Sportes, R. R. Babb, M. C. Krumlauf et al., “Phase I study of
recombinant human interleukin-7 administration in subjects
with refractory malignancy,” Clinical Cancer Research,
vol. 16, no. 2, pp. 727-735, 2010.

J. A. Levy, “HIV pathogenesis: 25 years of progress and per-
sistent challenges,” AIDS, vol. 23, no. 2, pp. 147-160, 2009.
1. Sereti, R. M. Dunham, J. Spritzler et al., “IL-7 administration
drives T cell-cycle entry and expansion in HIV-1 infection,”
Blood, vol. 113, no. 25, pp. 6304-6314, 2009.

Z.].Yang, S. L. Xu, B. Chen et al., “Hepatocyte growth factor
plays a critical role in the regulation of cytokine production
and induction of endothelial progenitor cell mobilization: a
pilot gene therapy study in patients with coronary heart dis-
ease,” Clinical and Experimental Pharmacology & Physiology,
vol. 26, no. 8, pp. 790-796, 2009.

Z. Wang, S. Sandiford, C. Wu, and S. S. Li, “Numb regulates
cell-cell adhesion and polarity in response to tyrosine kinase
signaling,” The EMBO Journal, vol. 28, no. 16, pp. 2360-
2373, 2009.

Z.].Yang, Y. R. Zhang, B. Chen et al., “Phase I clinical trial on
intracoronary administration of Ad-hHGF treating severe
coronary artery disease,” Molecular Biology Reports, vol. 36,
no. 6, pp. 1323-1329, 2009.

H. Nakagami, Y. Kaneda, T. Ogihara, and R. Morishita,
“Endothelial dysfunction in hyperglycemia as a trigger of
atherosclerosis,” Current Diabetes Reviews, vol. 1, no. 1,
pp. 59-63, 2005.

B. Yuan, Z. Zhao, Y. R. Zhang et al., “Short-term safety and
curative effect of recombinant adenovirus carrying hepato-
cyte growth factor gene on ischemic cardiac disease,” In Vivo,
vol. 22, no. 5, pp- 629-632, 2008.

R.J. Powell, M. Simons, F. O. Mendelsohn et al., “Results of a
double-blind, placebo-controlled study to assess the safety of
intramuscular injection of hepatocyte growth factor plasmid
to improve limb perfusion in patients with critical limb ische-
mia,” Circulation, vol. 118, no. 1, pp. 58-65, 2008.

R. Morishita, M. Aoki, N. Hashiya et al., “Safety evaluation of
clinical gene therapy using hepatocyte growth factor to treat
peripheral arterial disease,” Hypertension, vol. 44, no. 2,
pp- 203-209, 2004.

S. D. McKenna, F. Chen, L. Lai, and I. Goldschneider,
“Identification of an IL-7-associated pre-pro-B cell growth-
stimulating factor (PPBSF). I. Production of the non-IL-7
component by bone marrow stromal cells from IL-7 gene-
deleted mice,” Journal of Immunology, vol. 160, no. 5,
pp. 2272-2279, 1998.

L. Lai, F. Chen, S. McKenna, and 1. Goldschneider, “Identifi-
cation of an IL-7-associated pre-pro-B cell growth-
stimulating factor (PPBSF). II. PPBSF is a covalently linked
heterodimer of IL-7 and a Mr 30,000 cofactor,” Journal of
Immunology, vol. 160, no. 5, pp. 2280-2286, 1998.

L. Lai and I. Goldschneider, “Cutting edge: identification of a
hybrid cytokine consisting of IL-7 and the beta-chain of the
hepatocyte growth factor/scatter factor,” Journal of Immunol-
0gy, vol. 167, no. 7, pp- 3550-3554, 2001.

J. S. Rubin, D. P. Bottaro, and S. A. Aaronson, “Hepatocyte
growth factor/scatter factor and its receptor, the c-met
proto-oncogene product,” Biochimica et Biophysica Acta,
vol. 1155, no. 3, pp- 357-371, 1993.

R. Zarnegar and G. K. Michalopoulos, “The many faces
of hepatocyte growth factor: from hepatopoiesis to



Journal of Immunology Research

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

hematopoiesis,” The Journal of Cell Biology, vol. 129,
no. 5, pp. 1177-1180, 1995.

T. Nishino, H. Hisha, N. Nishino, M. Adachi, and S. Tkehara,
“Hepatocyte growth factor as a hematopoietic regulator,”
Blood, vol. 85, no. 11, pp. 3093-3100, 1995.

S. Tamura, T. Sugawara, Y. Tokoro et al., “Expression and
function of c-Met, a receptor for hepatocyte growth factor,
during T-cell development,” Scandinavian Journal of Immu-
nology, vol. 47, no. 4, pp. 296-301, 1998.

R. van der Voort, T. E. Taher, R. M. Keehnen, L. Smit, M.
Groenink, and S. T. Pals, “Paracrine regulation of germinal
center B cell adhesion through the c-met-hepatocyte growth
factor/scatter factor pathway,” Journal of Experimental
Medicine, vol. 185, no. 12, pp. 2121-2131, 1997.

C. Wei, L. Lai, and I. Goldschneider, “Pre-pro-B cell growth-
stimulating factor (PPBSF) upregulates IL-7Ralpha chain
expression and enables pro-B cells to respond to monomeric
IL-7,” Journal of Interferon ¢ Cytokine Research, vol. 22,
no. 7, pp. 823-832, 2002.

L. Lai, R. A. Zeff, and I. Goldschneider, “A recombinant
single-chain IL-7/HGFbeta hybrid cytokine induces juxta-
crine interactions of the IL-7 and HGF (c-Met) receptors
and stimulates the proliferation of CFU-S12, CLPs, and pre-
pro-B cells,” Blood, vol. 107, no. 5, pp. 1776-1784, 2006.

R. Hu, Y. Liu, Y. Song et al, “Recombinant IL-7/HGFJ
hybrid cytokine separates acute graft-versus-host-disease
from graft-versus-tumour activity by altering donor T cell
trafficking,” British Journal of Haematology, vol. 175, no. 3,
pp. 505-516, 2016.

R. Thiébaut, A. Jarne, J. P. Routy et al., “Repeated cycles of
recombinant human interleukin 7 in HIV-infected patients
with low CD4 T-cell reconstitution on antiretroviral therapy:
results of 2 phase II multicenter studies,” Clinical Infectious
Diseases, vol. 62, no. 9, pp. 1178-1185, 2016.

N. K. Patil, J. K. Bohannon, and E. R. Sherwood, “Immuno-
therapy: a promising approach to reverse sepsis-induced
immunosuppression,” Pharmacological Research, vol. 111,
Pp. 688-702, 2016.

Y. Shindo, A. G. Fuchs, C. G. Davis et al., “Interleukin 7
immunotherapy improves host immunity and survival in a
two-hit model of Pseudomonas aeruginosa pneumonia,”
Journal of Leukocyte Biology, vol. 101, no. 2, pp. 543-554,
2017.

V. Sheikh, B. O. Porter, R. DerSimonian et al., “Administration
of interleukin-7 increases CD4 T cells in idiopathic CD4
lymphocytopenia,” Blood, vol. 127, no. 8, pp. 977-988, 2016.

M. C. Kang, D. H. Choi, Y. W. Choi et al., “Intranasal intro-
duction of Fc-fused interleukin-7 provides long-lasting
prophylaxis against lethal influenza virus infection,” Journal
of Virology, vol. 90, no. 5, pp. 2273-2284, 2015.

S. S. Ahn, B. Y. Jeon, S. J. Park et al., “Nonlytic Fc-fused
IL-7 synergizes with Mtb32 DNA vaccine to enhance
antigen-specific T cell responses in a therapeutic model of
tuberculosis,” Vaccine, vol. 31, no. 27, pp. 2884-2890, 2013.

S. H. Park, M. Y. Song, H. J. Nam, S. J. Im, and Y. C. Sung,
“Codelivery of IL-7 augments multigenic HCV DNA
vaccine-induced antibody as well as broad T cell responses

in Cynomolgus monkeys,” Immune Network, vol. 10, no. 6,
pp. 198-205, 2010.

[152]

[153]

[154]

[155]

[156]

(157]

[158]

[159]

[160]

[161]

[162]

[163]

17

H.J. Nam, M. Y. Song, D. H. Choi, S. H. Yang, H. T. Jin, and
Y. C. Sung, “Marked enhancement of antigen-specific T-cell
responses by IL-7-fused nonlytic, but not lytic, Fc as a genetic
adjuvant,” European Journal of Immunology, vol. 40, no. 2,
pp. 351-358, 2010.

W. Zou, “Immunosuppressive networks in the tumour envi-
ronment and their therapeutic relevance,” Nature Reviews.
Cancer, vol. 5, no. 4, pp. 263-274, 2005.

C. Baecher-Allan and D. A. Hafler, “Suppressor T cells in
human diseases,” The Journal of Experimental Medicine,
vol. 200, no. 3, pp- 273-276, 2004.

B. D. Johnson, W. Jing, and R. J. Orentas, “CD25+ regulatory
T cell inhibition enhances vaccine-induced immunity to neu-
roblastoma,” Journal of Immunotherapy, vol. 30, no. 2,
pp. 203-214, 2007.

A. M. Wolf, D. Wolf, M. Steurer, G. Gastl, E. Gunsilius, and
B. Grubeck-Loebenstein, “Increase of regulatory T cells in
the peripheral blood of cancer patients,” Clinical Cancer
Research: An Official Journal of the American Association
for Cancer Research, vol. 9, no. 2, pp. 606-612, 2003.

E. Y. Woo, C. S. Chu, T. J. Goletz et al, “Regulatory
CDA4(+)CD25(+) T cells in tumors from patients with early-
stage non-small cell lung cancer and late-stage ovarian
cancer,” Cancer Research, vol. 61, no. 12, pp. 4766-4772,2001.

T. J. Curiel, G. Coukos, L. Zou et al., “Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune priv-
ilege and predicts reduced survival,” Nature Medicine, vol. 10,
no. 9, pp. 942-949, 2004.

S. A. Rosenberg, N. P. Restifo, J. C. Yang, R. A. Morgan, and
M. E. Dudley, “Adoptive cell transfer: a clinical path to effec-
tive cancer immunotherapy,” Nature Reviews. Cancer, vol. 8,
no. 4, pp. 299-308, 2008.

M. Ahmadzadeh and S. A. Rosenberg, “IL-2 administration
increases CD4+ CD25(hi) Foxp3+ regulatory T cells in
cancer patients,” Blood, vol. 107, no. 6, pp. 2409-2414, 2006.

W. Liu, A. L. Putnam, Z. Xu-Yu et al., “CD127 expression
inversely correlates with FoxP3 and suppressive function of
human CD4+ T reg cells,” The Journal of Experimental
Medicine, vol. 203, no. 7, pp. 1701-1711, 2006.

J. F. Vera, V. Hoyos, B. Savoldo et al., “Genetic manipulation
of tumor-specific cytotoxic T lymphocytes to restore respon-
siveness to IL-7,” Molecular Therapy, vol. 17, no. 5, pp. 880-
888, 2009.

S. K. Perna, D. Pagliara, A. Mahendravada et al., “Interleukin-
7 mediates selective expansion of tumor-redirected cytotoxic
T lymphocytes (CTLs) without enhancement of regulatory
T-cell inhibition,” Clinical Cancer Research: An Official
Journal of the American Association for Cancer Research,
vol. 20, no. 1, pp. 131-139, 2014.



	Interleukin-7 and Immunosenescence
	1. Introduction
	2. IL-7, IL-7 Receptor, and IL-7 Signal Transduction
	3. Immunosenescence: The Result of Multiple “Hits” to Immune Cell Development
	3.1. Hematopoietic Stem Cells
	3.2. B Lymphopoiesis
	3.3. T Lymphocytes and Thymic Involution

	4. IL-7R Network as a Biomarker of Aging
	4.1. IL-7 and IL-7R
	4.2. Interleukin-2 Receptor Gamma
	4.3. Thymic Stromal Lymphopoietin (TSLP)
	4.4. CRLF2
	4.5. JAK1 and JAK3
	4.6. Mortality and IL-7R Gene Expression
	4.7. Higher IL-7R Expression Is Associated with a Higher Prevalence of Immune-Related Diseases

	5. Paradigms and Mechanisms of Immunosenescence
	5.1. Damage to DNA
	5.2. Integrity of Telomeres
	5.3. Metabolic Mechanisms of Cellular Aging
	5.4. Inflammaging
	5.5. The Senescence-Associated Phenotype (SASP)
	5.6. Stem Cell Attrition versus Regeneration

	6. Medical Conditions Associated with IL-7/IL-7R Dysfunction
	6.1. Clinical Experience with IL-7
	6.2. Pre-Pro-B Cell Growth-Stimulating Factor (PPBSF)
	6.3. Cyt107, Recombinant Human IL-7 (rhuIL-7)
	6.3.1. Cyt107 in Sepsis
	6.3.2. Cyt107 in Idiopathic CD4 Lymphopenia
	6.3.3. Cyt107 in Cancer

	6.4. IL-7 Fc Fusion Protein: GX-I7
	6.5. Gene Therapy Employing IL-7

	7. Conclusion: The Yin and Yang of IL-7 in Aging
	Conflicts of Interest
	Acknowledgments

