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Abstract: Progressive loss of renal function is associated with a series of changes of the adaptive
immune system which collectively constitute premature immunological ageing. This phenomenon
contributes significantly to the mortality and morbidity of end-stage renal disease (ESRD) patients.
In this review, the effect of ESRD on the T cell part of the adaptive immune system is highlighted.
Naive T cell lymphopenia, in combination with the expansion of highly differentiated memory T cells,
are the hallmarks of immunological ageing. The decreased production of newly formed T cells by
the thymus is critically involved. This affects both the CD4 and CD8 T cell compartment and may
contribute to the expansion of memory T cells. The expanding populations of memory T cells have a
pro-inflammatory phenotype, add to low-grade inflammation already present in ESRD patients and
destabilize atherosclerotic plaques. The effect of loss of renal function on the thymus is not reversed
after restoring renal function by kidney transplantation and constitutes a long-term mortality risk
factor. Promising results from animal experiments have shown that rejuvenation of the thymus is a
possibility, although not yet applicable in humans.

Keywords: uremia; chronic kidney disease; thymus; adaptive immunity; lymphopenia; immunological
ageing

Key Contribution: Loss of renal function leads to premature ageing of the adaptive immune system,
which increases morbidity and mortality in patients with ESRD. The decreased function of the thymus
may play central role in all observed aspects of the aged immune system and potential therapeutic
interventions are discussed.

1. Introduction

End-stage renal disease (ESRD), with or without renal replacement therapy, is associated with a
decreased function of the adaptive immune system, which is known as uremia-associated immune
deficiency. This acquired immune deficiency contributes to the increased morbidity and mortality of
patients with ESRD [1].

The immune system is classically divided into an adaptive and innate part. Phagocytes,
like neutrophils and macrophages, are key players of the innate immune system and have a non-specific
modus operandi by phagocytosis and or secreting cytotoxic molecules in response to invading
micro-organisms.

Lymphocytes, such as T and B cells, typically belong to the adaptive immune system as they respond
to specific elements of the bacteria or virus and build up an antigen-specific memory. This allows for a
rapid response of highly dedicated immune cells in case of an antigenic re-challenge (e.g., repeated
exposure to the antigen by reinfection). Collaboration between both the adaptive and innate immune
system yields maximum effectivity of the adaptive immune response and leads to expansion of
antigen-specific T and B cells and the formation of memory cells. Antigen-inexperienced cells, so-called
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naive T cells, are constantly generated by the thymus and each T cell has a specific receptor (T cell
receptor) for a unique antigen on the cell surface [2]. Antigen-presenting cells, like macrophages
and dendritic cells (belonging to the innate immune system), are needed to show the antigen to the
T cell receptor (TCR), by presenting it with their HLA molecules and providing co-stimulation for
effective activation of the T cell [3]. In addition, the tissue cells themselves may interact with the
immune system by the expression of molecular pattern recognition receptors. This class of receptors
responds to damage or invading pathogens and allows for the activation of a variety of both immune
and non-immune cells. This is relevant to the uremia-associated pro-inflammatory response, as the
products of increased oxidative stress, such as advanced glycation end-products (AGE) or oxidized
low-density lipoprotein, may activate cells via this family of receptors [4].

Loss of renal function is classified in stages of chronic kidney disease (CKD), based on the level of
glomerular filtration rate (GFR). Stage 5 of CKD (GFR < 15 mL/min) is synonymous with ESRD and
affects almost all parts of both the innate and adaptive immune system. The T cell system in ESRD
patients, mostly on dialysis treatment and with little remnant renal function, has been studied most
frequently and all studies performed consistently show changes that are compatible with premature
immunological ageing [1,5-8]. Loss of thymic function as well as expansion of memory T cells are
central features, both of which are likely involved in susceptibility for infection, decreased vaccination
rate, the increase risk for malignancies and atherosclerotic vascular disease [9-11].

The possible central role of loss of the thymus function is emerging and discussed.

2. The Immune System and Ageing

2.1. The Adaptive Immune System

Ageing is associated with a progressive decrease in the functional capacity of the immune system,
as reflected in a weakened vaccination response, a higher susceptibility for infections and a decreased
tumor surveillance, contributing to an increased incidence of malignancies [12-18]. In addition,
the dysregulation of the immune system increases the risk for autoimmune diseases.

In parallel with this progressive loss in functional capacity, there may be an increase in the
pro-inflammatory status, as evidenced by slightly elevated serum C-reactive protein levels, increased
concentrations of serum IL-6 and TNF-alfa, and an expansion of pro-inflammatory T cell population [19].
This combination of events has been coined inflammaging and is considered to contribute to the
morbidity and mortality in elderly patients [20].

Although it is likely that ageing may affect all parts of the immune system, most research has
focused on the adaptive immune response as this can be studied in great detail by existing techniques
and relevant ageing-related changes can be easily detected.

Cells belonging to the adaptive immune system, like B cells and T cells, have a specific cell surface
receptor, which is unique for a given T or B cell clone. New T cells with specific TCRs are generated
in the thymus by a process of positive and negative selection, ensuring that T cells can respond to
antigen-presenting cells but deleted if they are autoreactive and could cause autoimmune diseases.
This process is not perfect and as an extra layer of control, regulatory T cells harnessing autoreactive T
cells are generated in the thymus as well [21,22]. Thymus epithelial cells (TEC) are instrumental in
educating the naive T cells. The T cells leaving the thymus into the circulation are called naive T cells or
antigen-inexperienced T cells. They can be recognized as recent thymic emigrants (RTE) as they carry
a circular DNA in their cytosol, which is a remnant of TCR formation. This is called a TCR excision
circle (TREC). The TRECs do not replicate during cell division and are gradually lost in the daughter
cells after several rounds of cell proliferation. Measuring TREC content by PCR yields an estimate
of recent thymic emigrants in the circulation and indirectly of the thymus function. The expression
of the CD31 molecule on the cell surface of RTE by flowcytometry is an easy alternative to TREC
measurement and correlates well with this assay [7,23-25]. After antigen-specific stimulation via
the TCR, the T cell switches to a memory T cell phenotype. With progressive differentiation to an
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effector-memory T cell, specific effector functions such as rapid cytokine production and cytotoxicity
are acquired. Memory T cells will undergo a variable number of repetitive rounds of T cell proliferation
depending on the strength of the antigenic stimulation and by repeated exposure to e.g., a virus.
This will lead to a decrease in telomere length of their DNA strands and cells may become progressively
differentiated and even senescent [26]. Senescent T cells are characterized by a lack of proliferative
response to an appropriate antigenic stimulus and expression of cell surface markers facilitating
apoptosis. The decrease in telomere length of circulating T cells is, similar to the decline in RTE, almost
linearly associated with increase in age, although there is substantial inter-individual variation [7].

Optimal antigenic stimulation of lymphocytes requires at least signaling via the antigen receptor in
combination with co-stimulatory molecules, but is further enhanced by so-called “danger” signals like
DNA fragments and parts of the bacterial cell wall (e.g., lipopolysaccharide) [27]. Dendritic cells are
the professional antigen-presenting cells showing the immunogenic peptide within the context of the
HLA-molecule on their cell surface to the TCR of the T cells and providing the necessary co-stimulatory
signals. Although they are themselves not adaptive immune cells, they are pivotal for an adequate
adaptive immune response.

B cells have the membrane bound immunoglobuline as their B cell receptor. Similar to the TCR,
the diversity of the immunoglobulines is substantial. After antigenic stimulation, the naive B cell
develops into a memory B cell and further differentiates to a plasma cell able to secrete large amounts
of specific immunoglobulines. Plasma cells migrated to the bone marrow constitute a long-lived
population of cells providing lasting humoral immunity. Optimal differentiation of B cells to plasma
cells is supported by interactions with helper T cells (CD4 positive T cells) and dendritic cells [28].

2.2. Ageing-Related Decrease in Thymus Function

The hallmark of an ageing adaptive immune system is the gradual involution of the thymus
with increasing age (reviewed in [29]). This leads to a decreased output of naive T cells, which can be
monitored by the numbers of circulating CD31 positive naive T cells or alternatively the TREC content
in the T cell population. The decrease in thymic output has an almost linear relationship with age
despite large inter-individual variation and is used in forensic medicine for age determination [30].
The naive T cell population is largely maintained by the increased homeostatic proliferation of naive
T cells, specifically within the CD4 T cell population [31,32]. The number of CD8 naive T cells in
circulation does not seem to be maintained by homeostatic proliferation to the same extent as CD4
naive T cells and becomes very low in the elderly [33]. The proportion of regulatory T cells being
produced by the thymus may remain stable or show a relative increase [29]. The decreased thymic
output of newly formed naive T cells will lead to a decrease in the width of the TCR repertoire and
diminishes the potential response to pathogens [34].

Two hypotheses have been proposed for the ageing-related loss of thymic output. The “soil”
hypothesis states that stromal niches for the development of precursor T cells, both in the bone marrow
and the thymus, decrease with age [35,36]. The “seed” hypothesis suggests that there is a shift toward
myeloid precursor cells instead of lymphoid precursor cells, thereby leaving the innate immunity
(granulocytes, monocytes, etc.,) intact but decreasing the number of newly formed lymphocytes [37,38].
For both hypotheses, experimental evidence exists, and they are not mutually exclusive. Experiments
infusing precursor T cells from an aged animal into a young animal showed that old precursor cells
may function normally in a young environment, indicating that the possible influence of ageing on the
precursor cells is essentially reversible once an unaffected stromal niche is offered [34,39,40].

2.3. Ageing-Related Expansion of Memory T Cells

In contrast to the naive T cell compartment, the memory T cell compartment may expand during
ageing and contain more and more highly differentiated memory T cells like the Temra cells [41].
These memory T cells have regained the CD45RA isoform of the common leucocyte marker CD45,
which is expressed on naive T cells. The more differentiated memory T cells are expressing more
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pro-inflammatory cytokines and progressively lose important co-stimulatory cell surface molecules
like CD27 and CD28 [42,43]. The telomere length of these cells is usually considerably shortened and
oligoclonality in the T cell repertoire may ensue [44]. The inflation of the memory T cell pool may
also contribute to an impaired immune response by occupying the “immunological space” (the total
number of cell niches available in e.g., bone marrow) available [45]. The lifetime exposure to pathogens
is driving the expansion of memory T cells. In this respect, cytomegalovirus infection stands out as
it may leave a sizeable footprint in the pool of circulating memory T cells of 10% or more [46,47].
In addition, after CMV latency has been established there is a slight but measurable increase in the
pro-inflammatory status [48]. The inflated pool of memory T cells is thought to contribute to the
pro-inflammatory status of elderly individuals and may contribute to ageing-related health problems
such as Alzheimer disease and cardiovascular disease [49-51].

3. Renal Failure and Adaptive Immunity

Lymphopenia is a typical finding in individuals with ESRD [52,53] and the extent of lymphopenia
is strongly associated with the stage of chronic kidney disease [26]. The increase in virus-associated
cancers, tuberculosis and decreased vaccination response to T cell dependent antigens in ESRD patients
suggest a major clinical role for impairment of T cells [11].

Similar to individuals with normal renal function an important underlying mechanism is the
decreased production naive T cells because of thymus involution [7,26,52]. In addition, the naive T
cells of ESRD patients have an increased expression of interleukin-2 receptors (CD25) and express a
pro-apoptotic profile, which makes them prone for activation-induced cell death [7]. This mechanism
of peripheral deletion can contribute to a decreased number of total naive T cells as it will lower
the efficacy of the homeostatic proliferative response, which compensates for thymus involution.
The current assays for identifying RTE cannot distinguish between increased turnover and deletion
of naive T cells or decreased thymic output as both processes will lead to a decreased number of
CD31positive naive T cells or TREC content. ESRD patients with a very low number of naive T cells
showed virtually no compensatory increase in CD31 negative naive T cells which may indicate that
activation-induced cell death is a major contributing factor in these patients [54].

It is not known which mechanisms contribute to the uremia-associated decrease in thymic function.
The uremic milieu could affect the hematopoietic stem cells and promote a shift to the myeloid cell
lineage, resulting in less seeding of the thymus by lymphocyte progenitor cells by local inflammation
and/or oxidative stress leading to less lymphoid progenitor cells [38]. However, fatty degeneration
of the thymus by early senescence of thymus stromal cells could also be a mechanism as a result of
inflammation and oxidative stress and malnutrition [55].

The memory T cell pool is variably changed in ESRD patients. The absolute number of CD4 T
cells is on average decreased because of the decline in naive T cells and central-memory T cells [55].
Particularly under the influence of CMYV latency, the otherwise rare population of cells having lost
the pivotal CD28 co-stimulatory molecule may be greatly expanded [43,47,51,56]. The finding of
an expanded CD4CD28 negative T cell population is a hallmark of CMV latency irrespective of the
presence of CKD [57,58]. But this population is on average significantly larger in CKD patients and may
comprise over 50% of all circulating CD4 T cells [47]. Remarkably not all CMV seropositive individuals
have such an expansion of CD4CD28 negative T cells, which is likely related to the initial infectious
dose and the number of CMV reactivations [51,59-62]. The total number of CD8 T cells is less affected
by ageing, as the decline in naive CD8 T cells is compensated by an expansion of highly differentiated
memory T cells. Strikingly, after CMV infection the circulating memory CD8 T cell population is
inflated twofold, which can be largely attributed to expansion of highly differentiated effector memory
and Temra cells [47,60]. The premature ageing of T cells in CKD patients is dependent on the calendar
age, degree of GFR loss and CMV serostatus, which are all intricately interwoven [63-66].
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In both CD4 and CD8 populations, there is an ageing-related loss of telomere length because of
the proliferative history of the cells. The T cell telomere length declines linearly with age and is on
average significantly lower in ESRD patients than in healthy individuals [7,8].

With different techniques, it was shown that the TCR repertoire of patients with ESRD was
skewed because of oligoclonal expansion of specific T cell populations [67,68]. In addition, the PERK
phosphorylation pathway in CD4 T cells was disturbed, analogous to what has been described in
elderly healthy individuals [69]. Finally, not only intrinsic T cell factors may be involved but also
environmental factors, as T cell proliferation after polyclonal stimulation is poor if performed in uremic
serum [7] and the function of regulatory T cells also have been shown to be diminished [1]. The T cell
composition in the secondary lymphoid organs of ESRD patients has been studied and in accordance
with studies in individuals with normal renal function showed little presence of effector T cells [25].
There was a high correlation between numbers of naive T cells in the lymph nodes and within the
peripheral blood, indicating that the ESRD-related lymphopenia of naive T cells is probably not caused
by redistribution of these cells.

Similar to T cells, a decrease in naive B cells in the total circulating B cell population is found
in ESRD patients and these B cells are also prone for apoptosis [70]. However, the B cell and the
differentiation from B cell into an immunoglobulin secreting plasma cell has not been thoroughly
studied in ESRD patients.

ESRD also impact the total numbers and function of DC [9]. The density of DC in the skin may be
decreased, thereby reducing the capacity to present antigens in the skin (e.g., vaccination antigens) to T
cells in the draining lymph node. In addition, the subset of plasmoid DC is decreased in relation to the
loss of GFR, while the myeloid DC remain relatively unaffected [9,71-74]. Stimulating DC function
with GM-CSF resulted in improved serological responses of hemodialysis patients to a hepatitis B
surface antigen vaccine [9].

In summary, progressive loss of renal function affects naive T cell generation, naive T cell
maintenance and memory T cell differentiation. This results in a decline of naive T cells and expansion
of the pool of highly differentiated, pro-inflammatory memory T cells with an oligoclonal TcR receptor
repertoire (Figure 1). In addition, naive T cells are more prone to apoptosis with a typical age-related
impairment of a pivotal intracellular phosphorylation pathway. Of note, all changes are compatible
with the concept of premature ageing of the T cell system, which is at least 20 years ahead of the calendar
age of individuals with normal renal function [7]. In combination with the changes in other cellular
parts of the adaptive immune response (B cells and DC), this can explain the clinical observations of an
impaired adaptive immune response.

Uremia leads to increased oxidative stress and inflammation, and either of them can augment the
other. A leaky gut and low-grade infections like parodontitis (not shown in the figure) contribute to this
process. The thymus is remarkably sensitive to both inflammation and oxidative stress, and normal
age-related involution of the thymus is enhanced. In addition, the generation of lymphoid lineage
precursor cells in the bone marrow can be negatively affected. As a result, the release of newly formed
T cells is diminished and the number of circulating naive T cells decreases prematurely. The reduced
number of naive T cells may reduce the T cell receptor repertoire and induce expansion of memory
T cells. The memory T cell population shows expansion and differentiation to more terminally
differentiated T cells with a pro-inflammatory phenotype. A previous cytomegalovirus infection may
have already induced a large population of such (CD28 negative) T cells, which can further expand
in the ESRD patients. The inflated memory T cell population further compromises the adaptive
immune system by occupying niches (immunological space) in the bone marrow, thereby limiting the
development of other T cells, a process known as limiting. All these changes weaken the adaptive
immune response while promoting systemic inflammation leading to an increased risk for infections,
cancer and cardiovascular events.
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Figure 1. Model of uremia-associated effects on the thymus and adaptive immunity.
4. Oxidative Stress, Inflammation and Premature Immunological Ageing in ESRD Patients

Patients with CKD have a pro-inflammatory condition, which is reflected in an increased C-reactive
protein and increased levels of pro-inflammatory cytokines and their soluble receptors [75]. The degree
of inflammation is directly associated with the degree of CKD and is greatest in patients with ESRD with
or without renal replacement therapy. Increased oxidative stress because of retention of uremic solutes
leading to increased levels of pro-inflammatory cytokines is the most widely accepted concept [76].
However, the condition is complex as, for instance, advanced glycated proteins may activate the immune
system and pro-inflammatory cytokines may generate oxidative stress. Oxidated LDL may also directly
activate T cells and induce apoptosis [4]. An increase in the incidence of infectious episodes or chronic
infection like parodontitis may further enhance the pro-inflammatory condition [77]. In addition,
a “leaky” gut in uremia may contribute significantly to the low-grade systemic inflammation [78].

The chronic activation of the immune system leads to the combination of activated immune
cells with impaired function. The latter may be a consequence of counter regulation as has been
shown for instance for the response to TNFalfa, which is decreased in circulating T cells of ESRD
patients [51]. Of note is that progressive uremia is associated with premature T cells ageing until ESRD
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is reached [65,66]. The influence of dialysis treatment, either HD or PD, once ESRD is reached, has little
additional effect on T cell ageing, although PD patients may show less premature ageing [8].

Of particular interest is the observation that the thymus is remarkably sensitive to inflammation
(e.g., sepsis or experimental LPS-induced thymic involution) and oxidative stress which leads to thymic
involution that seems to be irreversible [79-84]. Deleterious pro-apoptotic effects on both thymus
stromal cells and intrathymic T cells are underlying this phenomenon. This connection between
oxidative stress/inflammation and thymic involution may explain the reduced thymic function in ESRD
patients and the observation from animal experiments that loss of renal function leads to a substantial
involution of lymphoid tissue like the thymus and spleen [85]. Viral infections like CMV may also lead
to a modest decrease in recent thymic emigrants [60].

Again, different processes may form a vicious loop of events as loss of renal function may cause a
pro-inflammatory condition, leading to thymic involution and increased susceptibility for infections,
which may foster further inflammation and thymic involution. Of note, the decrease in naive T cells
may itself increase the expansion of memory T cells as has been shown in an experimental setting [86]
and young adults after thymectomy as a child [87].

This places thymic function in the center of events leading up to an increased risk for typical
ageing-related adverse clinical events like infections, cancer and atherosclerosis.

5. Premature Ageing of the Adaptive Inmune System and Clinical Events

Several studies have linked the different hallmarks of T cell ageing in ESRD patients to clinical
outcomes. The expansion of highly differentiated T cells is associated with atherosclerotic disease
and cardiovascular events. Highly differentiated CD4 T cells which have lost the CD28 costimulatory
molecule (CD4CD28 negative or often referred to as CD4CD28 null T cells) are particularly expanded
in CMV-seropositive individuals and may act as a non-traditional cardiovascular risk factor in patients
with pre-existing atherosclerotic disease [88,89]. The modus operandi of these cells involves the
ability to respond to fractalkine, which is a chemokine secreted by endothelial cells, invade the
atherosclerotic plaque and cause plaque instability by their cytoxic effector functions (reviewed in [49]).
Others reported the association between differentiated memory CD8 T cells and cardiovascular events
in ESRD and individuals with unaffected renal function [8]. In concordance with these findings,
reduced telomere length of peripheral blood leucocytes has been shown to be related to an increase in
cardiovascular events [90,91]. The presence of highly differentiated T cells should be considered as a
secondary factor promoting inflammation and cell damage in existing atherosclerotic lesions.

In kidney transplantation recipients, the expansion of highly differentiated memory CD8 T cells
is associated with an increased risk of skin cancer [92] and less risk for both early acute and late
rejection [93-95]. It can be expected that the loss of TCR repertoire in premature ageing associates with
a higher risk for certain infections, but this has not been studied yet.

The other hallmark of premature ageing is the decreased thymic output of naive T cells in ESRD
patients, which is much more than can be expected from the calendar age [7]. Some studies have
associated a low number of naive T cells to an increased risk for infection, although such a relation was
not consistently found after transplantation [96]. Recently, we found that a very low thymic output
of naive T cells in recipients of a kidney transplant is highly associated with all-cause mortality at
follow-up [54]. Other studies have found relations between a low CD4 T cell count and mortality or
infection [97,98]. As a lowered naive CD4 T cell count is underlying CD4 T cell lymphopenia [54],
these findings are in support of a major contributory role of thymic dysfunction.

As discussed above, a loss of thymic function lowers the total number of CD4 T cells, while numbers
of CD8 T cells remained relatively intact by the expansion of memory T cells. This will lead to an
inversed CD4/CD8 T cell ratio, and a low CD4/CD8 T cell ratio has been recognized as a biomarker of
an age-related increase in mortality [99]. This age-related low CD4/CDS8 ratio is essentially different
from the CMV-related lowered CD4/CDS8 ratio as the latter is mainly caused by expansion of the CD8
memory T cell population [54].
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The clinical data indicate that an optimal thymus function is essential for healthy ageing and
underline the notion that premature immunological ageing operates on the level of the thymus and
premature thymic involution is at the center of the uremia-induced changes of the T cell system.

6. Interventions for Premature Immunological Ageing and Loss of Thymic Function

Recent studies have shown that thymus involution involves the ageing of the stromal microenvironment
formed by thymus epithelial cells (TEC). Many factors like cytokines, sex steroids and transcription
factors are likely involved in TEC ageing [29]. Expression of the TEC autonomous transcription factor
FOXNT1 is pivotal for differentiation and maintaining TEC integrity. A null mutation of FOXN1 in mice
results in a lack of hair and thymus, and gradual excision of FOXN1 over time in an experimental
model results in thymic involution [100,101]. This process can be favorably attenuated by transfecting
thymic cells with FOXN1 [102].

Cellular therapy with FOXN1 producing stem cells or cytokine-to-TEC-based therapies using
IL-22 or keratinocyte growth factor have shown promising results in experimental models and offer at
least proof of the concept that thymic function can be (partially) restored [29].

Interleukin 7 is an important cytokine for T cell proliferation and homeostasis. Recombinant
IL-7 has been used in human studies and appears to be safe. However, although peripheral T cell
numbers increase, there is little direct impact on thymus function, which limits its use as a regenerative
cytokine for the involuted thymus [103,104]. Of interest, targeting of IL-7 to the thymus, e.g., by a
plasmid-delivered IL-7 fusion protein, was able to restore the thymus architecture and cellularity in
the aged animals [105].

The transcription factor Nrf2 is a key player in the inflammatory response, as it controls a large
number of pro-inflammatory genes [106]. Therefore, suppression of Nrf2 by e.g., bardoxolone methyl
may ameliorate oxidative stress and inflammation in ESRD patients and favorably attenuate the effects
on the immune system.

Restoring renal function by kidney transplantation leads to a rapid clearance of inflammatory
cytokines and relieves oxidative stress in ESRD patients. However, there is no reversal in any of
the markers of T cell ageing even at one year after transplantation [107]. Thus, once established,
thymus involution seems irreversible, leaving the ESRD patient with premature ageing at a persistent
increased risk for mortality, even after regaining adequate renal function with a GFR over 60 mL/min.
The underlying mechanisms are likely epigenetic changes induced by any combination of inflammation
and oxidative stress associated with uremia, which are not easily reversible [1].

Of considerable interest is a recent observation that a healthy lifestyle may slow down thymus
involution. Smoking and obesity are associated with fattening of the thymus [108] and an observational
study showed that elderly individuals with a high intensity of daily exercise had a better preservation
of thymus function and less senescence of their immune system [109,110]. Having a healthy lifestyle
with sufficient exercise will likely not reverse an atrophied thymus in ESRD patients but may delay
involution. Differences in lifestyle may also be part of the explanation for the substantial inter-individual
variation observed at every decade of life in the number of naive T cells and recent thymic emigrants.

7. Conclusions

CKD is highly associated with premature immunological ageing of the adaptive immune
response, which contributes to the uremia-associated immune defect. This immune defect results
in a decreased vaccination response, more infections and increased susceptibility for malignancies.
The normal age-related thymus involution is accelerated because of the sensitivity of the thymus to a
pro-inflammatory uremic milieu with increased oxidative stress. Maintaining thymus function may be
central for an optimal functioning adaptive immune system and protection of the ESRD patient against
higher morbidity and mortality. Irreversibility of thymic involution seems to be the rule, but progress
has been made in the discovery of the key processes involved. This may yield in the future regenerative
therapies with thymus-targeted interventions. A healthy, non-sedentary lifestyle without obesity and
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smoking may slow down or prevent further degeneration of thymic function and provides another
reason to promote this lifestyle in every CKD patient.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Betjes, M.G. Immune cell dysfunction and inflammation in end-stage renal disease. Nat. Rev. Nephrol. 2013,
9, 255-265. [CrossRef] [PubMed]

2. Thapa, P; Farber, D.L. The Role of the Thymus in the Immune Response. Thorac. Surg. Clin. 2019, 29,
123-131. [CrossRef] [PubMed]

3. Thery, C.; Amigorena, S. The cell biology of antigen presentation in dendritic cells. Curr. Opin. Immunol.
2001, 13, 45-51. [CrossRef]

4. Meier, P; Golshayan, D.; Blanc, E.; Pascual, M.; Burnier, M. Oxidized LDL modulates apoptosis of regulatory
T cells in patients with ESRD. J. Am. Soc. Nephrol. 2009, 20, 1368-1384. [CrossRef]

5. Betjes, M.G.; Meijers, R.W.; Litjens, N.H. Loss of renal function causes premature aging of the immune
system. Blood Purif. 2013, 36, 173-178. [CrossRef]

6. Betjes, M.G; Litjens, N.H. Chronic kidney disease and premature ageing of the adaptive immune response.
Curr. Urol. Rep. 2015, 16, 471. [CrossRef]

7.  Betjes, M.G.; Langerak, A.W,; van der Spek, A.; de Wit, E.A,; Litjens, N.H. Premature aging of circulating T
cells in patients with end-stage renal disease. Kidney Int. 2011, 80, 208-217. [CrossRef]

8. Crepin, T.; Legendre, M.; Carron, C.; Vachey, C.; Courivaud, C.; Rebibou, ].M.; Ferrand, C.; Laheurte, C.;
Vauchy, C.; Gaiffe, E.; et al. Uraemia-induced immune senescence and clinical outcomes in chronic kidney
disease patients. Nephrol. Dial. Transplant. 2018, 1-9. [CrossRef]

9.  Verkade, M.A.; van de Wetering, ].; Klepper, M.; Vaessen, L.M.; Weimar, W.; Betjes, M.G. Peripheral blood
dendritic cells and GM-CSF as an adjuvant for hepatitis B vaccination in hemodialysis patients. Kidney Int.
2004, 66, 614-621. [CrossRef]

10. Stewart, J.H.; Vajdic, C.M.; van Leeuwen, M.T.; Amin, J.; Webster, A.C.; Chapman, J.R.; McDonald, S.P.;
Grulich, A.E.; McCredie, M.R. The pattern of excess cancer in dialysis and transplantation. Nephrol. Dial.
Transplant. 2009, 24, 3225-3231. [CrossRef]

11.  Litjens, N.H.; Huisman, M.; van den Dorpel, M.; Betjes, M.G. Impaired immune responses and antigen-specific
memory CD4+ T cells in hemodialysis patients. ]. Am. Soc. Nephrol. 2008, 19, 1483-1490. [CrossRef]
[PubMed]

12.  Zinger, A.; Cho, W.C.; Ben-Yehuda, A. Cancer and Aging—The Inflammatory Connection. Aging Dis. 2017,
8, 611-627. [CrossRef] [PubMed]

13. Pawelec, G.; McElhaney, J. Vaccines for Improved Cellular Inmunity to Influenza. EBioMedicine 2018, 30,
12-13. [CrossRef] [PubMed]

14. Pawelec, G. Does patient age influence anti-cancer immunity? Semin. Immunopathol. 2019, 41, 125-131.
[CrossRef] [PubMed]

15. Pawelec, G. Age and immunity: What is “immunosenescence”? Exp. Gerontol. 2018, 105, 4-9. [CrossRef]
[PubMed]

16. Nikolich-Zugich, J. The twilight of immunity: Emerging concepts in aging of the immune system. Nat.
Immunol. 2018, 19, 10-19. [CrossRef]

17.  Vasto, S.; Malavolta, M.; Pawelec, G. Age and immunity. Immun. Ageing 2006, 3, 2. [CrossRef]

18. Pawelec, G.; Koch, S.; Griesemann, H.; Rehbein, A.; Hahnel, K.; Gouttefangeas, C. Immunosenescence,
suppression and tumour progression. Cancer Immunol. Immunother. 2006, 55, 981-986. [CrossRef]

19. Koelman, L.; Pivovarova-Ramich, O.; Pfeiffer, A FH.; Grune, T.; Aleksandrova, K. Cytokines for evaluation of
chronic inflammatory status in ageing research: Reliability and phenotypic characterisation. Immun. Ageing
2019, 16, 11. [CrossRef]

20. Franceschi, C.; Capri, M.; Monti, D.; Giunta, S.; Olivieri, F.; Sevini, F.; Panourgia, M.P; Invidia, L.; Celani, L.;

Scurti, M.; et al. Inflammaging and anti-inflammaging: A systemic perspective on aging and longevity
emerged from studies in humans. Mech. Ageing Dev. 2007, 128, 92-105. [CrossRef]


http://dx.doi.org/10.1038/nrneph.2013.44
http://www.ncbi.nlm.nih.gov/pubmed/23507826
http://dx.doi.org/10.1016/j.thorsurg.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30927993
http://dx.doi.org/10.1016/S0952-7915(00)00180-1
http://dx.doi.org/10.1681/ASN.2008070734
http://dx.doi.org/10.1159/000356084
http://dx.doi.org/10.1007/s11934-014-0471-9
http://dx.doi.org/10.1038/ki.2011.110
http://dx.doi.org/10.1093/ndt/gfy276
http://dx.doi.org/10.1111/j.1523-1755.2004.00781.x
http://dx.doi.org/10.1093/ndt/gfp331
http://dx.doi.org/10.1681/ASN.2007090971
http://www.ncbi.nlm.nih.gov/pubmed/18480314
http://dx.doi.org/10.14336/AD.2016.1230
http://www.ncbi.nlm.nih.gov/pubmed/28966805
http://dx.doi.org/10.1016/j.ebiom.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29525573
http://dx.doi.org/10.1007/s00281-018-0697-6
http://www.ncbi.nlm.nih.gov/pubmed/30006738
http://dx.doi.org/10.1016/j.exger.2017.10.024
http://www.ncbi.nlm.nih.gov/pubmed/29111233
http://dx.doi.org/10.1038/s41590-017-0006-x
http://dx.doi.org/10.1186/1742-4933-3-2
http://dx.doi.org/10.1007/s00262-005-0109-3
http://dx.doi.org/10.1186/s12979-019-0151-1
http://dx.doi.org/10.1016/j.mad.2006.11.016

Toxins 2020, 12, 224 10 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gallegos, A.M.; Bevan, M.]. Central tolerance: Good but imperfect. Immunol. Rev. 2006, 209, 290-296.
[CrossRef] [PubMed]

Cebula, A.; Seweryn, M.; Rempala, G.A.; Pabla, S.S.; McIndoe, R.A.; Denning, T.L.; Bry, L.; Kraj, P; Kisielow, P;
Ignatowicz, L. Thymus-derived regulatory T cells contribute to tolerance to commensal microbiota. Nature
2013, 497, 258-262. [CrossRef] [PubMed]

Kohler, S.; Thiel, A. Life after the thymus: CD31+ and CD31- human naive CD4+ T-cell subsets. Blood 2009,
113, 769-774. [CrossRef]

Ravkov, E.; Slev, P.; Heikal, N. Thymic output: Assessment of CD4(+) recent thymic emigrants and T-Cell
receptor excision circles in infants. Cytom. B Clin. Cytom. 2017, 92, 249-257. [CrossRef] [PubMed]
Dedeoglu, B.; de Weerd, A.E.; Huang, L.; Langerak, A.W.; Dor, E]J.; Klepper, M.; Verschoor, W.; Reijerkerk, D.;
Baan, C.C; Litjens, N.H.; et al. Lymph node and circulating T cell characteristics are strongly correlated in
end-stage renal disease patients, but highly differentiated T cells reside within the circulation. Clin. Exp.
Immunol. 2017, 188, 299-310. [CrossRef] [PubMed]

Litjens, N.H.; van Druningen, C.J.; Betjes, M.G. Progressive loss of renal function is associated with activation
and depletion of naive T lymphocytes. Clin. Immunol. 2006, 118, 83-91. [CrossRef]

Nace, G.; Evankovich, J.; Eid, R.; Tsung, A. Dendritic cells and damage-associated molecular patterns:
Endogenous danger signals linking innate and adaptive immunity. J. Innate. Immun. 2012, 4, 6-15. [CrossRef]
McHeyzer-Williams, L.J.; McHeyzer-Williams, M.G. Antigen-specific memory B cell development. Annu. Rev.
Immunol. 2005, 23, 487-513. [CrossRef]

Thomas, R.; Wang, W.; Su, D.M. Contributions of Age-Related Thymic Involution to Immunosenescence and
Inflammaging. Immun. Ageing 2020, 17, 2. [CrossRef]

Ou, X.L,; Gao, J.; Wang, H.; Wang, H.S; Lu, H.L.; Sun, H.Y. Predicting human age with bloodstains by sjTREC
quantification. PLoS ONE 2012, 7, e42412. [CrossRef]

van den Broek, T.; Borghans, ].A.M.; van Wijk, F. The full spectrum of human naive T cells. Nat. Rev. Immunol.
2018, 18, 363-373. [CrossRef] [PubMed]

Kilpatrick, R.D.; Rickabaugh, T.; Hultin, L.E.; Hultin, P.; Hausner, M.A.; Detels, R.; Phair, J.; Jamieson, B.D.
Homeostasis of the naive CD4+ T cell compartment during aging. J. Immunol. 2008, 180, 1499-1507.
[CrossRef] [PubMed]

Fagnoni, FF; Vescovini, R.; Passeri, G.; Bologna, G.; Pedrazzoni, M.; Lavagetto, G.; Casti, A,;
Franceschi, C.; Passeri, M.; Sansoni, P. Shortage of circulating naive CD8(+) T cells provides new insights on
immunodeficiency in aging. Blood 2000, 95, 2860-2868. [CrossRef] [PubMed]

Cicin-Sain, L.; Smyk-Pearson, S.; Currier, N.; Byrd, L.; Koudelka, C.; Robinson, T.; Swarbrick, G.; Tackitt, S.;
Legasse, A.; Fischer, M.; et al. Loss of naive T cells and repertoire constriction predict poor response to
vaccination in old primates. J. Immunol. 2010, 184, 6739-6745. [CrossRef] [PubMed]

Cho, R.H.; Sieburg, H.B.; Muller-Sieburg, C.E. A new mechanism for the aging of hematopoietic stem cells:
Aging changes the clonal composition of the stem cell compartment but not individual stem cells. Blood
2008, 111, 5553-5561. [CrossRef]

Muller-Sieburg, C.E.; Sieburg, H.B.; Bernitz, ] M.; Cattarossi, G. Stem cell heterogeneity: Implications for
aging and regenerative medicine. Blood 2012, 119, 3900-3907. [CrossRef]

Sun, L.; Brown, R.; Chen, S.; Zhuge, Q.; Su, D.M. Aging induced decline in T-lymphopoiesis is primarily
dependent on status of progenitor niches in the bone marrow and thymus. Aging (Albany NY) 2012, 4,
606-619. [CrossRef] [PubMed]

Kovtonyuk, L.V.; Fritsch, K,; Feng, X.; Manz, M.G.; Takizawa, H. Inflamm-Aging of Hematopoiesis,
Hematopoietic Stem Cells, and the Bone Marrow Microenvironment. Front. Immunol. 2016, 7, 502. [CrossRef]
Zhu, X.; Gui, J.; Dohkan, J.; Cheng, L.; Barnes, PF,; Su, D.M. Lymphohematopoietic progenitors do not have a
synchronized defect with age-related thymic involution. Aging Cell 2007, 6, 663-672. [CrossRef]

Gui, J.; Zhu, X,; Dohkan, J.; Cheng, L.; Barnes, P.E; Su, D.M. The aged thymus shows normal recruitment
of lymphohematopoietic progenitors but has defects in thymic epithelial cells. Int. Immunol. 2007, 19,
1201-1211. [CrossRef]

Saule, P; Trauet, J.; Dutriez, V.; Lekeux, V.; Dessaint, J.P.; Labalette, M. Accumulation of memory T cells from
childhood to old age: Central and effector memory cells in CD4(+) versus effector memory and terminally
differentiated memory cells in CD8(+) compartment. Mech. Ageing Dev. 2006, 127, 274-281. [CrossRef]


http://dx.doi.org/10.1111/j.0105-2896.2006.00348.x
http://www.ncbi.nlm.nih.gov/pubmed/16448550
http://dx.doi.org/10.1038/nature12079
http://www.ncbi.nlm.nih.gov/pubmed/23624374
http://dx.doi.org/10.1182/blood-2008-02-139154
http://dx.doi.org/10.1002/cyto.b.21341
http://www.ncbi.nlm.nih.gov/pubmed/26566232
http://dx.doi.org/10.1111/cei.12934
http://www.ncbi.nlm.nih.gov/pubmed/28142201
http://dx.doi.org/10.1016/j.clim.2005.09.007
http://dx.doi.org/10.1159/000334245
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115732
http://dx.doi.org/10.1186/s12979-020-0173-8
http://dx.doi.org/10.1371/journal.pone.0042412
http://dx.doi.org/10.1038/s41577-018-0001-y
http://www.ncbi.nlm.nih.gov/pubmed/29520044
http://dx.doi.org/10.4049/jimmunol.180.3.1499
http://www.ncbi.nlm.nih.gov/pubmed/18209045
http://dx.doi.org/10.1182/blood.V95.9.2860.009k35_2860_2868
http://www.ncbi.nlm.nih.gov/pubmed/10779432
http://dx.doi.org/10.4049/jimmunol.0904193
http://www.ncbi.nlm.nih.gov/pubmed/20483749
http://dx.doi.org/10.1182/blood-2007-11-123547
http://dx.doi.org/10.1182/blood-2011-12-376749
http://dx.doi.org/10.18632/aging.100487
http://www.ncbi.nlm.nih.gov/pubmed/23047952
http://dx.doi.org/10.3389/fimmu.2016.00502
http://dx.doi.org/10.1111/j.1474-9726.2007.00325.x
http://dx.doi.org/10.1093/intimm/dxm095
http://dx.doi.org/10.1016/j.mad.2005.11.001

Toxins 2020, 12, 224 11 0f 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fagnoni, EF.; Vescovini, R.; Mazzola, M.; Bologna, G.; Nigro, E.; Lavagetto, G.; Franceschi, C.; Passeri, M.;
Sansoni, P. Expansion of cytotoxic CD8+ CD28- T cells in healthy ageing people, including centenarians.
Immunology 1996, 88, 501-507. [CrossRef] [PubMed]

Betjes, M.G. Clinical consequences of circulating CD28-negative T cells for solid organ transplantation.
Transpl. Int. 2016, 29, 274-284. [CrossRef] [PubMed]

Hadrup, S.R; Strindhall, J.; Kollgaard, T.; Seremet, T.; Johansson, B.; Pawelec, G.; Thor Straten, P.; Wikby, A.
Longitudinal studies of clonally expanded CD8 T cells reveal a repertoire shrinkage predicting mortality and
an increased number of dysfunctional cytomegalovirus-specific T cells in the very elderly. J. Immunol. 2006,
176, 2645-2653. [CrossRef] [PubMed]

Naismith, E.; Pangrazzi, L.; Grasse, M.; Keller, M.; Miggitsch, C.; Weinberger, B.; Trieb, K,
Grubeck-Loebenstein, B. Peripheral antibody concentrations are associated with highly differentiated
T cells and inflammatory processes in the human bone marrow. Immun. & Ageing 2019, 16, 21.

van de Berg, P].; van Stijn, A.; Ten Berge, L.].; van Lier, R.A. A fingerprint left by cytomegalovirus infection in
the human T cell compartment. J. Clin. Virol. 2008, 41, 213-217. [CrossRef]

Betjes, M.G.; Huisman, M.; Weimar, W.; Litjens, N.H. Expansion of cytolytic CD4+CD28- T cells in end-stage
renal disease. Kidney Int. 2008, 74, 760-767. [CrossRef]

van de Berg, PJ.; Heutinck, K.M.; Raabe, R.; Minnee, R.C.; Young, S.L.; van Donselaar-van der Pant, K.A ;
Bemelman, EJ.; van Lier, R.A.; ten Berge, I.]. Human cytomegalovirus induces systemic immune activation
characterized by a type 1 cytokine signature. J. Infect. Dis. 2010, 202, 690-699. [CrossRef]

Betjes, M.G.; Meijers, R.W.; de Wit, L.E.; Litjens, N.H. A killer on the road: Circulating CD4(+)CD28null T
cells as cardiovascular risk factor in ESRD patients. J. Nephrol. 2012, 25, 183-191. [CrossRef]

Betjes, M.G.; Weimar, W.; Litjens, N.H. Circulating CD4(+)CD28null T Cells May Increase the Risk of an
Atherosclerotic Vascular Event Shortly after Kidney Transplantation. J. Transplant. 2013, 2013, 841430.
[CrossRef]

Betjes, M.G.; de Wit, E.E.; Weimar, W.; Litjens, N.H. Circulating pro-inflammatory CD4posCD28null T cells
are independently associated with cardiovascular disease in ESRD patients. Nephrol. Dial. Transplant. 2010,
25, 3640-3646. [CrossRef]

Yoon, ].W.; Gollapudi, S.; Pahl, M.V.; Vaziri, N.D. Naive and central memory T-cell lymphopenia in end-stage
renal disease. Kidney Int. 2006, 70, 371-376. [CrossRef] [PubMed]

Chiu, Y.L.; Shu, K.H.; Yang, E]J.; Chou, T.Y,; Chen, PM.; Lay, FY.; Pan, S.Y,; Lin, CJ.; Litjens, N.H.R;;
Betjes, M.G.H.; etal. A comprehensive characterization of aggravated aging-related changes in T lymphocytes
and monocytes in end-stage renal disease: The iESRD study. Immun. Ageing 2018, 15, 27. [CrossRef]
[PubMed]

Betjes, M.G.H.; Langerak, A.W.; Klepper, M.; Litjens, N.H.R. A very low thymus function identifies patients
with substantial increased risk for long-term mortality after kidney transplantation. Immun. & Ageing 2020,
17, 4.

Gruver, A.L.; Sempowski, G.D. Cytokines, leptin, and stress-induced thymic atrophy. J. Leukoc. Biol. 2008, 84,
915-923. [CrossRef]

Yadav, A.K; Jha, V. CD4+CD28null cells are expanded and exhibit a cytolytic profile in end-stage renal
disease patients on peritoneal dialysis. Nephrol. Dial. Transplant. 2011, 26, 1689-1694. [CrossRef]

Gamadia, L.E.; Remmerswaal, E.B.; Weel, ].F.; Bemelman, F.; van Lier, R.A.; Ten Berge, L.]. Primary immune
responses to human CMV: A critical role for IFN-gamma-producing CD4+ T cells in protection against CMV
disease. Blood 2003, 101, 2686-2692. [CrossRef]

Kuijpers, T.W.; Vossen, M.T.; Gent, M.R.; Davin, J.C.; Roos, M.T.; Wertheim-van Dillen, PM.; Weel, J.F;
Baars, P.A.; van Lier, R.A. Frequencies of circulating cytolytic, CD45RA+CD27-, CD8+ T lymphocytes
depend on infection with CMV. |. Immunol. 2003, 170, 4342-4348. [CrossRef]

Litiens, N.-H.R.; Huang, L.; Dedeoglu, B.; Meijers, RW.J.; Kwekkeboom, J.; Betjes, M.G.H. Protective
Cytomegalovirus (CMV)-Specific T-Cell Inmunity Is Frequent in Kidney Transplant Patients without Serum
Anti-CMV Antibodies. Front. Immunol. 2017, 8, 1137. [CrossRef]

Meijers, RW.; Litjens, N.H.; Hesselink, D.A.; Langerak, A.W.; Baan, C.C.; Betjes, M.G. Primary
Cytomegalovirus Infection Significantly Impacts Circulating T Cells in Kidney Transplant Recipients.
Am. |. Transplant. 2015, 15, 3143-3156. [CrossRef]


http://dx.doi.org/10.1046/j.1365-2567.1996.d01-689.x
http://www.ncbi.nlm.nih.gov/pubmed/8881749
http://dx.doi.org/10.1111/tri.12658
http://www.ncbi.nlm.nih.gov/pubmed/26284456
http://dx.doi.org/10.4049/jimmunol.176.4.2645
http://www.ncbi.nlm.nih.gov/pubmed/16456027
http://dx.doi.org/10.1016/j.jcv.2007.10.016
http://dx.doi.org/10.1038/ki.2008.301
http://dx.doi.org/10.1086/655472
http://dx.doi.org/10.5301/jn.5000057
http://dx.doi.org/10.1155/2013/841430
http://dx.doi.org/10.1093/ndt/gfq203
http://dx.doi.org/10.1038/sj.ki.5001550
http://www.ncbi.nlm.nih.gov/pubmed/16738532
http://dx.doi.org/10.1186/s12979-018-0131-x
http://www.ncbi.nlm.nih.gov/pubmed/30455721
http://dx.doi.org/10.1189/jlb.0108025
http://dx.doi.org/10.1093/ndt/gfr010
http://dx.doi.org/10.1182/blood-2002-08-2502
http://dx.doi.org/10.4049/jimmunol.170.8.4342
http://dx.doi.org/10.3389/fimmu.2017.01137
http://dx.doi.org/10.1111/ajt.13396

Toxins 2020, 12, 224 12 of 14

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Pardieck, LN.; Beyrend, G.; Redeker, A.; Arens, R. Cytomegalovirus infection and progressive differentiation
of effector-memory T cells. F1000Research 2018, 7, 1-8. [CrossRef] [PubMed]

Redeker, A.; Remmerswaal, E.B.M.; van der Gracht, E.T.I.; Welten, S.P.M.; Hollt, T.; Koning, F; Cicin-Sain, L.;
Nikolich-Zugich, J.; Ten Berge, I.].M.; van Lier, R. A.W,; et al. The Contribution of Cytomegalovirus Infection
to Immune Senescence Is Set by the Infectious Dose. Front. Immunol. 2017, 8, 1953. [CrossRef] [PubMed]
Litjens, N.H.; de Wit, E.A.; Betjes, M.G. Differential effects of age, cytomegalovirus-seropositivity and
end-stage renal disease (ESRD) on circulating T lymphocyte subsets. Immun. Ageing 2011, 8, 2. [CrossRef]
[PubMed]

Meijers, RW.; Betjes, M.G.; Baan, C.C.; Litjens, N.H. T-cell ageing in end-stage renal disease patients:
Assessment and clinical relevance. World J. Nephrol. 2014, 3, 268-276. [CrossRef] [PubMed]

Meijers, RW.; Litjens, N.H.; de Wit, E.A.; Langerak, A.W.; van der Spek, A.; Baan, C.C.; Weimar, W.;
Betjes, M.G. Uremia causes premature ageing of the T cell compartment in end-stage renal disease patients.
Immun. Ageing 2012, 9, 19. [CrossRef]

Meijers, RW.; Litjens, N.H.; de Wit, E.A.; Langerak, A.W.; van der Spek, A.; Baan, C.C.; Weimar, W,;
Betjes, M.G. Cytomegalovirus contributes partly to uraemia-associated premature immunological ageing of
the T cell compartment. Clin. Exp. Immunol. 2013, 174, 424-432. [CrossRef]

Huang, L.; Betjes, M.G.H.; Klepper, M.; Langerak, A.W.; Baan, C.C,; Litjens, N.H.R. End-Stage Renal Disease
Causes Skewing in the TCR Vbeta-Repertoire Primarily within CD8(+) T Cell Subsets. Front. Immunol. 2017,
8,1826. [CrossRef]

Huang, L.; Langerak, A.W.; Wolvers-Tettero, I.L.; Meijers, R.W.; Baan, C.C.; Litjens, N.H.; Betjes, M.G. End
stage renal disease patients have a skewed T cell receptor Vbeta repertoire. Immun. Ageing 2015, 12, 28.
[CrossRef]

Huang, L.; Litjens, N.H.R.; Kannegieter, N.M.; Klepper, M.; Baan, C.C.; Betjes, M.G.H. pERK-dependent
defective TCR-mediated activation of CD4(+) T cells in end-stage renal disease patients. Immun. Ageing
2017, 14, 14. [CrossRef]

Pahl, M.V,; Gollapudj, S; Sepassi, L.; Gollapudji, P.; Elahimehr, R.; Vaziri, N.D. Effect of end-stage renal disease
on B-lymphocyte subpopulations, IL-7, BAFF and BAFF receptor expression. Nephrol. Dial. Transplant. 2010,
25,205-212. [CrossRef]

Lim, W.H.; Kireta, S.; Thomson, A.W.; Russ, G.R.; Coates, P.T. Renal transplantation reverses functional
deficiencies in circulating dendritic cell subsets in chronic renal failure patients. Transplantation 2006, 81,
160-168. [CrossRef] [PubMed]

Hesselink, D.A.; Betjes, M.G.; Verkade, M.A.; Athanassopoulos, P.; Baan, C.C.; Weimar, W. The effects of
chronic kidney disease and renal replacement therapy on circulating dendritic cells. Nephrol. Dial. Transplant.
2005, 20, 1868-1873. [CrossRef] [PubMed]

Agrawal, S.; Gollapudi, P.; Elahimehr, R.; Pahl, M.V.; Vaziri, N.D. Effects of end-stage renal disease and
haemodialysis on dendritic cell subsets and basal and LPS-stimulated cytokine production. Nephrol. Dial.
Transplant. 2010, 25, 737-746. [CrossRef] [PubMed]

Verkade, M.A.; van Druningen, C.J.; Vaessen, L.M.; Hesselink, D.A.; Weimar, W.; Betjes, M.G. Functional
impairment of monocyte-derived dendritic cells in patients with severe chronic kidney disease. Nephrol.
Dial. Transplant. 2007, 22, 128-138. [CrossRef] [PubMed]

Witko-Sarsat, V.; Friedlander, M.; Nguyen Khoa, T.; Capeillere-Blandin, C.; Nguyen, A.T.; Canteloup, S.;
Dayer, ].M.; Jungers, P.; Drueke, T.; Descamps-Latscha, B. Advanced oxidation protein products as novel
mediators of inflammation and monocyte activation in chronic renal failure. J. Immunol. 1998, 161, 2524-2532.
Vaziri, N.D. Oxidative stress in uremia: Nature, mechanisms, and potential consequences. Semin. Nephrol.
2004, 24, 469-473. [CrossRef]

Akar, H.; Akar, G.C.; Carrero, ].J.; Stenvinkel, P.; Lindholm, B. Systemic consequences of poor oral health in
chronic kidney disease patients. Clin. . Am. Soc. Nephrol. 2011, 6, 218-226. [CrossRef]

Anders, H.J.; Andersen, K.; Stecher, B. The intestinal microbiota, a leaky gut, and abnormal immunity in
kidney disease. Kidney Int. 2013, 83, 1010-1016. [CrossRef]

Cepeda, S.; Griffith, A.V. Thymic stromal cells: Roles in atrophy and age-associated dysfunction of the
thymus. Exp. Gerontol. 2018, 105, 113-117. [CrossRef]

Majumdar, S.; Nandi, D. Thymic Atrophy: Experimental Studies and Therapeutic Interventions. Scand. |.
Immunol. 2018, 87,4-14. [CrossRef]


http://dx.doi.org/10.12688/f1000research.15753.1
http://www.ncbi.nlm.nih.gov/pubmed/30345004
http://dx.doi.org/10.3389/fimmu.2017.01953
http://www.ncbi.nlm.nih.gov/pubmed/29367854
http://dx.doi.org/10.1186/1742-4933-8-2
http://www.ncbi.nlm.nih.gov/pubmed/21214947
http://dx.doi.org/10.5527/wjn.v3.i4.268
http://www.ncbi.nlm.nih.gov/pubmed/25374821
http://dx.doi.org/10.1186/1742-4933-9-19
http://dx.doi.org/10.1111/cei.12188
http://dx.doi.org/10.3389/fimmu.2017.01826
http://dx.doi.org/10.1186/s12979-015-0055-7
http://dx.doi.org/10.1186/s12979-017-0096-1
http://dx.doi.org/10.1093/ndt/gfp397
http://dx.doi.org/10.1097/01.tp.0000188620.72969.56
http://www.ncbi.nlm.nih.gov/pubmed/16436957
http://dx.doi.org/10.1093/ndt/gfh897
http://www.ncbi.nlm.nih.gov/pubmed/15886215
http://dx.doi.org/10.1093/ndt/gfp580
http://www.ncbi.nlm.nih.gov/pubmed/19903659
http://dx.doi.org/10.1093/ndt/gfl519
http://www.ncbi.nlm.nih.gov/pubmed/17005525
http://dx.doi.org/10.1016/j.semnephrol.2004.06.026
http://dx.doi.org/10.2215/CJN.05470610
http://dx.doi.org/10.1038/ki.2012.440
http://dx.doi.org/10.1016/j.exger.2017.12.022
http://dx.doi.org/10.1111/sji.12618

Toxins 2020, 12, 224 13 of 14

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Paz-Miguel, ].E.; Flores, R.; Sanchez-Velasco, P.; Ocejo-Vinyals, G.; Escribano de Diego, J.; Lopez de Rego, J.;
Leyva-Cobian, F. Reactive oxygen intermediates during programmed cell death induced in the thymus of
the Ts(1716)65Dn mouse, a murine model for human Down’s syndrome. J. Immunol. 1999, 163, 5399-5410.
[PubMed]

Venet, F.; Monneret, G. Advances in the understanding and treatment of sepsis-induced immunosuppression.
Nat. Rev. Nephrol. 2018, 14, 121-137. [CrossRef] [PubMed]

Venet, F; Rimmele, T.; Monneret, G. Management of Sepsis-Induced Immunosuppression. Crit. Care Clin.
2018, 34, 97-106. [CrossRef] [PubMed]

Majumdar, S.; Adiga, V.; Raghavan, A.; Rananaware, S.R.; Nandi, D. Comparative analysis of thymic
subpopulations during different modes of atrophy identifies the reactive oxygen species scavenger, N-acetyl
cysteine, to increase the survival of thymocytes during infection-induced and lipopolysaccharide-induced
thymic atrophy. Immunology 2019, 157, 21-36.

Raskova, J.; Czerwinski, D.K,; Shea, S.M.; Raska, K., Jr. Cellular immunity and lymphocyte populations in
developing uremia in the rat. J. Exp. Pathol. 1986, 2, 229-245. [PubMed]

Sato, K.; Kato, A.; Sekai, M.; Hamazaki, Y.; Minato, N. Physiologic Thymic Involution Underlies
Age-Dependent Accumulation of Senescence-Associated CD4(+) T Cells. J. Immunol. 2017, 199, 138-148.
[CrossRef]

Sauce, D.; Larsen, M.; Fastenackels, S.; Duperrier, A.; Keller, M.; Grubeck-Loebenstein, B.; Ferrand, C.;
Debre, P; Sidi, D.; Appay, V. Evidence of premature immune aging in patients thymectomized during early
childhood. J. Clin. Investig. 2009, 119, 3070-3078. [CrossRef]

Liuzzo, G.; Goronzy, J.J.; Yang, H.; Kopecky, S.L.; Holmes, D.R.; Frye, R.L.; Weyand, C.M. Monoclonal
T-Cell Proliferation and Plaque Instability in Acute Coronary Syndromes. Circulation 2000, 101, 2883-2888.
[CrossRef]

Liuzzo, G.; Kopecky, S.L.; Frye, R.L.; O'Fallon, WM.; Maseri, A.; Goronzy, ].].; Weyand, C.M. Perturbation of
the T-cell repertoire in patients with unstable angina. Circulation 1999, 100, 2135-2139. [CrossRef]
Panayiotou, A.G.; Nicolaides, A.N.; Griffin, M.; Tyllis, T.; Georgiou, N.; Bond, D.; Martin, RM,;
Hoppensteadt, D.; Fareed, J.; Humphries, S.E. Leukocyte telomere length is associated with measures
of subclinical atherosclerosis. Atherosclerosis 2010, 211, 176-181. [CrossRef]

Spyridopoulos, I.; Hoffmann, J.; Aicher, A.; Brummendorf, T.H.; Doerr, HW.; Zeiher, A.M.; Dimmeler, S.
Accelerated Telomere Shortening in Leukocyte Subpopulations of Patients With Coronary Heart Disease:
Role of Cytomegalovirus Seropositivity. Circulation 2009, 120, 1364-1372. [CrossRef]

Bottomley, M.].; Harden, PN.; Wood, K.J. CD8+ Immunosenescence Predicts Post-Transplant Cutaneous
Squamous Cell Carcinoma in High-Risk Patients. |. Am. Soc. Nephrol. 2016, 27, 1505-1515. [CrossRef]
Dedeoglu, B.; Meijers, R.W.; Klepper, M.; Hesselink, D.A.; Baan, C.C.; Litjens, N.H.; Betjes, M.G. Loss of
CD28 on Peripheral T Cells Decreases the Risk for Early Acute Rejection after Kidney Transplantation. PLoS
ONE 2016, 11, €0150826. [CrossRef] [PubMed]

Betjes, M.G.; Meijers, RW.; de Wit, E.A.; Weimar, W.; Litjens, N.H. Terminally differentiated CD8+ Temra cells
are associated with the risk for acute kidney allograft rejection. Transplantation 2012, 94, 63—69. [CrossRef]
[PubMed]

Betjes, M.G.H.; Litjens, N.H.R. High numbers of differentiated CD28null CD8+ T cells are associated with
a lowered risk for late rejection and graft loss after kidney transplantation. PLoS ONE 2020, 15, 0228096.
[CrossRef]

Dedeoglu, B.; Meijers, RW.; Klepper, M.; Hesselink, D.A.; Baan, C.C.; Litjens, N.H.; Betjes, M.G. Uremia-
Associated Premature Aging of T Cells Does Not Predict Infectious Complications After Renal Transplantation.
Am. |. Transplant. 2016, 16, 2324-2333. [CrossRef] [PubMed]

Struijk, G.H.; Gijsen, A.F; Yong, S.L.; Zwinderman, A.H.; Geerlings, S.E.; Lettinga, K.D.; van Donselaar-van
der Pant, K.A.; ten Berge, 1.].; Bemelman, EJ. Risk of Pneumocystis jiroveci pneumonia in patients long after
renal transplantation. Nephrol. Dial. Transplant. 2011, 26, 3391-3398. [CrossRef] [PubMed]

Ducloux, D.; Courivaud, C.; Bamoulid, J.; Vivet, B.; Chabroux, A.; Deschamps, M.; Rebibou, ].M.; Ferrand, C.;
Chalopin, ].M.; Tiberghien, P.; et al. Prolonged CD4 T cell lymphopenia increases morbidity and mortality
after renal transplantation. J. Am. Soc. Nephrol. 2010, 21, 868-875. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/10553065
http://dx.doi.org/10.1038/nrneph.2017.165
http://www.ncbi.nlm.nih.gov/pubmed/29225343
http://dx.doi.org/10.1016/j.ccc.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/29149944
http://www.ncbi.nlm.nih.gov/pubmed/2946817
http://dx.doi.org/10.4049/jimmunol.1602005
http://dx.doi.org/10.1172/JCI39269
http://dx.doi.org/10.1161/01.CIR.101.25.2883
http://dx.doi.org/10.1161/01.CIR.100.21.2135
http://dx.doi.org/10.1016/j.atherosclerosis.2010.01.037
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.854299
http://dx.doi.org/10.1681/ASN.2015030250
http://dx.doi.org/10.1371/journal.pone.0150826
http://www.ncbi.nlm.nih.gov/pubmed/26950734
http://dx.doi.org/10.1097/TP.0b013e31825306ff
http://www.ncbi.nlm.nih.gov/pubmed/22691956
http://dx.doi.org/10.1371/journal.pone.0228096
http://dx.doi.org/10.1111/ajt.13759
http://www.ncbi.nlm.nih.gov/pubmed/26914971
http://dx.doi.org/10.1093/ndt/gfr048
http://www.ncbi.nlm.nih.gov/pubmed/21385859
http://dx.doi.org/10.1681/ASN.2009090976
http://www.ncbi.nlm.nih.gov/pubmed/20203160

Toxins 2020, 12, 224 14 of 14

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Wikby, A.; Mansson, LA _; Johansson, B.; Strindhall, J.; Nilsson, S.E. The immune risk profile is associated
with age and gender: Findings from three Swedish population studies of individuals 20-100 years of age.
Biogerontology 2008, 9, 299-308. [CrossRef] [PubMed]

Cheng, L.; Guo, J.; Sun, L.; Fu, ].; Barnes, P.E; Metzger, D.; Chambon, P.; Oshima, R.G.; Amagai, T.; Su, D.M.
Postnatal tissue-specific disruption of transcription factor FoxN1 triggers acute thymic atrophy. J. Biol. Chem.
2010, 285, 5836-5847. [CrossRef]

Sun, L.; Guo, J.; Brown, R.; Amagai, T.; Zhao, Y.; Su, D.M. Declining expression of a single epithelial
cell-autonomous gene accelerates age-related thymic involution. Aging Cell 2010, 9, 347-357. [CrossRef]
[PubMed]

Zook, E.C; Krishack, P.A.; Zhang, S.; Zeleznik-Le, N.J.; Firulli, A.B.; Witte, P.L.; Le, P.T. Overexpression of
Foxnl attenuates age-associated thymic involution and prevents the expansion of peripheral CD4 memory T
cells. Blood 2011, 118, 5723-5731. [CrossRef] [PubMed]

Chu, Y.W.; Memon, S.A.; Sharrow, S.O.; Hakim, F.T.; Eckhaus, M.; Lucas, PJ.; Gress, R.E. Exogenous IL-7
increases recent thymic emigrants in peripheral lymphoid tissue without enhanced thymic function. Blood
2004, 104, 1110-1119. [CrossRef] [PubMed]

Sportes, C.; Hakim, ET.; Memon, S.A.; Zhang, H.; Chua, K.S.; Brown, M.R,; Fleisher, T.A.; Krumlauf, M.C;
Babb, R.R.; Chow, C.K,; et al. Administration of rhIL-7 in humans increases in vivo TCR repertoire diversity
by preferential expansion of naive T cell subsets. J. Exp. Med. 2008, 205, 1701-1714. [CrossRef] [PubMed]
Henson, S.M.; Snelgrove, R.; Hussell, T.; Wells, D.J.; Aspinall, R. An IL-7 fusion protein that shows increased
thymopoietic ability. J. Immunol. 2005, 175, 4112-4118. [CrossRef] [PubMed]

Ruiz, S.; Pergola, PE.; Zager, R.A.; Vaziri, N.D. Targeting the transcription factor Nrf2 to ameliorate oxidative
stress and inflammation in chronic kidney disease. Kidney Int. 2013, 83, 1029-1041. [CrossRef]

Meijers, RW.; Litjens, N.H.; de Wit, E.A.; Langerak, A.W.; Baan, C.C.; Betjes, M.G. Uremia-associated
immunological aging is stably imprinted in the T-cell system and not reversed by kidney transplantation.
Transpl. Int. 2014, 27, 1272-1284. [CrossRef]

Yang, H.; Youm, Y.H.; Vandanmagsar, B.; Rood, J.; Kumar, K.G.; Butler, A.A.; Dixit, V.D. Obesity accelerates
thymic aging. Blood 2009, 114, 3803-3812. [CrossRef]

Duggal, N.A.; Niemiro, G.; Harridge, S.D.R.; Simpson, R.J.; Lord, ].M. Can physical activity ameliorate
immunosenescence and thereby reduce age-related multi-morbidity? Nat. Rev. Immunol. 2019, 19, 563-572.
[CrossRef] [PubMed]

Duggal, N.A,; Pollock, R.D.; Lazarus, N.R.; Harridge, S.; Lord, ].M. Major features of immunesenescence,
including reduced thymic output, are ameliorated by high levels of physical activity in adulthood. Aging Cell
2018, 17, 1-3. [CrossRef]

@ © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

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


http://dx.doi.org/10.1007/s10522-008-9138-6
http://www.ncbi.nlm.nih.gov/pubmed/18369735
http://dx.doi.org/10.1074/jbc.M109.072124
http://dx.doi.org/10.1111/j.1474-9726.2010.00559.x
http://www.ncbi.nlm.nih.gov/pubmed/20156205
http://dx.doi.org/10.1182/blood-2011-03-342097
http://www.ncbi.nlm.nih.gov/pubmed/21908422
http://dx.doi.org/10.1182/blood-2003-10-3635
http://www.ncbi.nlm.nih.gov/pubmed/15130942
http://dx.doi.org/10.1084/jem.20071681
http://www.ncbi.nlm.nih.gov/pubmed/18573906
http://dx.doi.org/10.4049/jimmunol.175.6.4112
http://www.ncbi.nlm.nih.gov/pubmed/16148161
http://dx.doi.org/10.1038/ki.2012.439
http://dx.doi.org/10.1111/tri.12416
http://dx.doi.org/10.1182/blood-2009-03-213595
http://dx.doi.org/10.1038/s41577-019-0177-9
http://www.ncbi.nlm.nih.gov/pubmed/31175337
http://dx.doi.org/10.1111/acel.12750
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Immune System and Ageing 
	The Adaptive Immune System 
	Ageing-Related Decrease in Thymus Function 
	Ageing-Related Expansion of Memory T Cells 

	Renal Failure and Adaptive Immunity 
	Oxidative Stress, Inflammation and Premature Immunological Ageing in ESRD Patients 
	Premature Ageing of the Adaptive Immune System and Clinical Events 
	Interventions for Premature Immunological Ageing and Loss of Thymic Function 
	Conclusions 
	References

