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Abstract

Established evidence from the last decade has suggested that chronic cytomegalovirus infection has strong impact on the
human immune system, resulting in aggravated aging-associated T-cell changes that are associated with poorer vaccination
responses, cardiovascular disease and shortened survival. Patients with end-stage renal disease (ESRD), the most severe
form of chronic kidney disease, exhibit premature aging phenotypes in almost all organ systems, including the immune
system. Longitudinal studies of T-cell aging in healthy humans have been scanty because it requires a large number of study
subjects and a study duration for decades. In recent years, it became clear that ESRD patients with cytomegalovirus (CMV)
infection exhibit enhanced aging-related immune changes than CMV-seropositive individuals without renal disease, includ-
ing chronic inflammation, decreased numbers of naive CD4+ and CD8+ T cells, increased clonality of memory T cells
with skewed repertoire and shortened telomeres. These findings lead to the hypothesis that the uremic milieu and treatment
for renal failure can lead to premature aging of T cells independent from CMV infection and suggest that ESRD can be an
important disease model for studying human aging. Future studies deciphering the underlying mechanisms of accelerated
T cell aging in ESRD patients may eventually reveal additional insights into T-cell persistence and function during aging in
CMYV-seropositive, non-ESRD individuals.
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End-stage renal disease (ESRD), estimated to affect more
than 1.5 million people worldwide [4], is a debilitating ill-
ness associated with high risks of life-threatening comor-
bidities. The combination of comorbidities associated with
ESRD, such as chronic inflammation, increasing risks of
vasculopathy, muscle wasting, infection, and cancer, mimic
aging-related physiological changes and risk profiles [5].
Recent studies of ESRD also suggested some resemblance
with aging-related subcellular changes, such as increase
in DNA damages and shortening of telomere lengths [5].
Emerging studies have also attempted to characterize the
T-cell changes in ESRD. In this review, we summarize the
collective evidence on T-cell changes in patients with ESRD
patients, the resemblance with physiological T-cell aging,
and current evidence on the role of CMV in these T-cell
changes.

Definition of T-cell aging in humans

Based on surface markers, T cells can be characterized into
subsets according to the level of differentiation. From the
least to the most differentiated, these subsets are broadly
classified into naive T cells (CD45RA+ CCR7+), central
memory T cells (CD45RA— CCR7+), effector memory
T cells (CD45RA— CCR7-) and effector memory T cells
with RA re-expression (Tgyr4 cells, CD45RA+ CCR7-).
The most differentiated T cells are sometimes referred to
as the T cells of the most “aged” phenotype. At least in the
peripheral blood, the proportion of naive T cell decreases
markedly in both CD4+ and CD8+ cell populations with
increasing age, while other subsets proportionally increased
[6]. Some phenotype markers on T cells, such as CD28 and
CD27, are found to be lost gradually with increasing age or
during repetitive T cell re-stimulation. In contrast, T cell
markers such as CD57 and KLRG-1 progressively increase
with increasing age. Telomere length of T cells also seems
to decrease with increasing age or correlate with more aging
T cell profile, such as a greater extent of differentiation or
loss of CD28 [7].

Possible role of CMV on T-cell aging
in the general population

CMYV largely causes life-long latent infection but intermit-
tent breakthrough reactivations are thought to occur. With its
ability to present additional antigen burden each time CMV
reactivates, the human immunity is under increasing pres-
sure during each reactivation. It has been estimated that in
CMV-exposed individuals, as many as 10% of CD8+ T cells
and CD4+ T cells are CMV-specific [8]. Although older
individuals are consistently found to have smaller proportion
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of naive cells in both CD4+ and CD8+ T-cell population
compared to younger individuals [9, 10], it is worth noting
that this smaller proportion of naive CD4+ cells associated
with aging is not attributed to a decrease in the absolute
number of naive CD4+ cells. Instead, recently it became
evident that the age-related reduction in the absolute number
of naive CD4+ cells does not happen during normal aging
but only happens in CM V-seropositive individuals. It seems
that the absolute number of CD4+ naive-T cells in CM V-
seronegative individuals remains steady throughout life [11],
and so the age-related reduction in the proportion of CD4+
naive-T cells in CMV-seronegative individuals was mainly
due to an expansion of other T cells, i.e., memory T cells.
For CD8+ cells, however, there was reduction in the abso-
lute number of CD8+ naive-T cells in older individuals [12]
regardless of CMV serostatus, probably due to decreased
homeostatic proliferation [13].

The memory cell expansion with increasing age is more
obvious in CMV-seropositive individuals than in CMV-
seronegative individuals, and this increase is mostly seen in
the most differentiated effector memory and terminal effector
or Tgyra subsets of memory T cells [14]. As a result, effec-
tor memory and Tgyra cell numbers are higher in CM V-
seropositive individuals when compared to age-matched
seronegative controls [10]. Of note, a large proportion of
CMV-specific T cells belongs to the effector memory and
Tgmra subsets and comprise a large proportion of cells in
these T cell subsets [8, 15]. These cells, either CD45RA+ or
CD45RA—, are commonly found to be CD4+ CD28— effec-
tor cells and were only found in CMV-seropositive individu-
als [16]. Memory-cell inflation may lead to shrinkage and
clonality of the total T-cell repertoire, although the physio-
logical impact of this change is uncertain [1]. The expansion
of memory cells might also be more pronounced in patients
with higher level of CMV-IgG, which was speculated to cor-
relate with more frequent CMV reactivations [11].

Current evidence of T-cell aging in ESRD
patients and the possible role of CMV

Previous studies based on small numbers of patients with
ESRD have shown specific T-cell changes in ESRD at rela-
tively young ages that mimic physiological or CM V-related
T-cell aging among older but otherwise healthy individuals.
For example, reports from the Netherlands had suggested
that patients with ESRD have a lower naive-to-memory cell
ratio [17-19], shorter telomere length and higher level of
senescent markers [20] compared to age-matched healthy
individuals. There was also expansion of CD28— cells and
increase in CD57+ cells in patients with ESRD [17]. We
recently reported the baseline characteristics from The
Immunity in ESRD Study (iESRD) in Taiwan, the largest
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prospective cohort of patients with ESRD so far, that aimed
to characterize both T cell and other immune functions and
associated morbidities in patients with ESRD [21]. With
more than 400 hemodialysis-dependent patients, we found
that patients with ESRD have a smaller absolute number of
naive CD4+ and CD8+ T cells, a greater absolute number of
memory T cells, and a more advanced differentiation profile
in memory T cells when compared to age-matched healthy
individuals (Both ESRD patients and healthy individuals
were almost 100% CMV-seropositive). The acceleration of
T-cell aging in patients with ESRD was studied in relation
to the duration of dialysis. In a recent study it was found
that the level of CD28— cells in patients receiving regu-
lar peritoneal dialysis was lower than in patients receiving
regular hemodialysis, but there was a large difference in the
duration of dialysis dependency (63 versus 33 months) [22].
The Taiwan iESRD study have also suggested enhancement
of memory-T cell expansion related to increasing duration
of hemodialysis [21] and related to p-cresyl sulfate [23, 24],
a uremic toxin associated with increased risk for cardiovas-
cular disease.

A diverse T-cell receptor (TCR) V{ repertoire is central
to effective T-cell mediated immune responses to antigens. It
was found that, age, CMV serostatus and ESRD were inde-
pendently associated with an increase in shifting of the TCR
VP repertoire [25]. A higher proportion of ESRD patients
(68.9%) had a skewed TCR V@ repertoire compared to age
and CMYV serostatus-matched healthy individuals (31.4%).
The clonal expansions were predominantly observed within
the CD8+ T-cell compartment, and may even be observed
in the T cells with naive phenotype [26].

The sample sizes and designs in published studies so far,
including the largest iESRD, are not yet sufficient either for
providing concluding evidence that distinguishes CMV-
dependent T-cell aging from CMV-independent T-cell
aging among patients with ESRD. In the iESRD study, all
hemodialysis patients and control individuals were CMV-
seropositive; as a result, it is not possible to investigate the
CMV-independent effect of T-cell aging in ESRD, which has
to be studied simultaneously in CMV-seronegative ESRD
individuals. We only found two small reports [17, 18] in
which the comparison was made. The acceleration of T cell
aging in ESRD can be quantified by comparing T-cell aging
characteristics between patients with CMV-seronegative
ESRD and healthy controls at different ages. In some reports
patients and healthy controls were stratified into younger
and older ESRD patients. However, since comparisons were
made across dozens of T-cell subtypes (by CD4, CDS, and
memory cell differentiations) at a typical stratified sample
size between 10 and 50, the risk of false positive and false
negative results is high [17, 18], and so interpretation of
multiple testing results should be cautious. It is also impor-
tant to note that the expansion of CD28— was only observed

in CMV-seropositive but not in CMV-seronegative patients
with ESRD [27], thus ESRD by itself might not promote the
expansion of CD4+ CD28— cells.

Impacts of premature T-cell aging
on comorbidities in ESRD patients

Cardiovascular events are the main cause of premature death
in ESRD [28]. In the general population premature T-cell
aging is associated with vasculopathies, and recent studies
both in human and in mice have indicated that effector mem-
ory-T cells and Tgyra cells can directly damage endothelial
cells and promote atherosclerosis [29-31]. The association
between T-cell aging and adverse cardiovascular profiles in
ESRD has also been demonstrated in the larger iESRD study
[21] and in other smaller studies [32—-34], and it is increas-
ingly hypothesized that some cardiovascular events in ESRD
are also related to aging-associated immune changes. CMV
might play a role in this association between T-cell aging
and increased risk of cardiovascular comorbidities among
ESRD patients. Hypothetically, patients with ESRD may
have immune changes that increase the risk of CMV infec-
tion or reactivation, and the increased exposure to CMV
antigens may lead to amplification or aggravation of CM V-
mediated T-cell aging. It is hoped that by identifying and
mitigating these CMV-mediated T-cell aging, some cardio-
vascular consequences could be prevented or reversed [35].

In studies for the impact of CMV on clinical outcomes in
ESRD, CMV-IgG has been the main CMV-specific immune
change investigated, although CMV-IgG reflects previous
CMV exposure but not reactivation [36, 37]. Consistent
with aging in the normal population [38], patients with
ESRD were found to have higher level of plasma CMV-IgG
compared to healthy individuals in the iESRD study [39],
and a higher level of CMV-IgG have been associated with
advanced T-cell differentiation and coronary artery disease
[39]. Longitudinal studies are required to confirm the causal
relationship with more detailed characterization of CMV
reactivation and CMV-IgG levels.

Is impaired T-cell effector function
also a feature of T-cell aging?

T-cell effector function is a critical aspect of protective
immunity. A more effective immune response during
chronic infection is thought to be mediated by polyfunc-
tional T cells, which are capable of expressing multiple
effector function cytokines such as IL-2, TNFa, and IFNy
[40, 41]. In contrast, accumulation or clonal expansion of
non-polyfunctional T cells (or exhausted T cells), often in
replicative senescence [42], tends to be seen in suboptimal
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Fig. 1 Hypothetical mechanistic
model of how chronic CMV
infection may lead to premature
mortality in ESRD patients.
Compared to individuals with-
out renal disease, chronic CMV
infection in ESRD patients leads
to a higher level of anti-CM V-
IgG and higher degree of T-cell
differentiation (represented as
“immunosenescence” in the
figure) and increased risk for
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immune responses, for example in chronic active human
immunodeficiency virus [43] and hepatitis C virus [44]
infections. In the normal elderly, polyfunctional CMV-
specific CD4+ and CD8+ T-cells persist and their func-
tional profiles are surprisingly similar [45]. Although it
has been proposed that with increasing age, T-cell function
may gradually deteriorate [46] and non-functional CMV-
specific T cells may predominate [47], later studies in the
general population did not indicate grossly measurable
functional impairment of antigen-specific T cells against
either acute or latent infections among CMV-seropositive
elderly individuals [48-50].

The apparent changes in the amount and the proportion
of naive and memory T cells among younger patients with
ESRD have been thought to be compatible with T-cell aging
in the general population, and so it has also been questioned
whether the effector function may deteriorate during T-cell
aging in ESRD, and whether this is CM V-related. For exam-
ple, a possible DUSP6-mediated defect in ERK phospho-
rylation and an age-associated reduction in CD69 expres-
sion were identified in CD4+ T cells during T cell receptor
(TCR) activation among a small group of patients with
ESRD [51]. In the preliminary findings of Taiwan iESRD
study (all CMV-seropositive), there was lower level cytokine
secretion of IFNy and TNFa in T cells among patients with
ESRD compared to age-matched healthy individuals (unpub-
lished preliminary results). Therefore, it remains possible
that some qualitative difference in T-cell function may exist
in ESRD-related T-cell aging and physiological aging, but
further mechanistic studies are needed to understand the
molecular regulation in T cells in ESRD patients in the face
of aging and CMV infection.
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premature mortality

Hypothetical mechanistic model
of the effects of CMV infection in ESRD

Figure 1 outlines the hypothetical mechanism underlying
CMV-induced immunosenescence and its role in ESRD
patients. When compared with non-ESRD individuals,
patients with ESRD have presumably more frequent viral
reactivations (or higher antigen expression levels), which
lead to higher levels of plasma CMV-IgG, aggravated
immunosenescence and effector memory-T cell expansion.
Subsequently, reactivations of CMV viruses in the vascular
endothelium combined with effector memory-T cell expan-
sion may directly cause vascular injury. In addition, the
uremic milieu, composed of high levels of inflammatory
cytokines and uremic toxins, collaboratively promote more
advanced T-cell differentiation and atherosclerosis. These
changes, acting simultaneously or interactively, contribute
to the high prevalence of infectious complications, cardio-
vascular diseases and premature mortality in ESRD.

Conclusion and future direction

In all, there is accumulating evidence suggesting parallel
CMV-dependent findings between the T-cell changes in
ESRD and the T-cell changes commonly seen in healthy
individuals at older ages. The underlying drive of this
apparent accelerated T-cell aging is not fully understood,
and the extent of this parallelism requires future investiga-
tions. Future research directions in ESRD-related immune
changes include other important aspects of aging-related
biological changes such as tissue-resident memory cells,
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regulatory T cells and epigenetic control of T-cell aging.
Given the sustained chronic inflammation and compat-
ible aging-related T-cell phenotypic changes in ESRD
patients, ESRD might also be an ideal disease model to
study human T-cell aging and associated morbidities.
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