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Abstract

Background

End-stage renal disease patients have a dysfunctional, prematurely aged peripheral T-cell

system. Here we hypothesized that the degree of premature T-cell ageing before kidney

transplantation predicts the risk for early acute allograft rejection (EAR).

Methods

222 living donor kidney transplant recipients were prospectively analyzed. EAR was defined

as biopsy proven acute allograft rejection within 3 months after kidney transplantation. The

differentiation status of circulating T cells, the relative telomere length and the number of

CD31+ naive T cells were determined as T-cell ageing parameters.

Results

Of the 222 patients analyzed, 30 (14%) developed an EAR. The donor age and the histori-

cal panel reactive antibody score were significantly higher (p = 0.024 and p = 0.039 respec-

tively) and the number of related donor kidney transplantation was significantly lower (p =

0.018) in the EAR group. EAR-patients showed lower CD4+CD28null T-cell numbers

(p<0.01) and the same trend was observed for CD8+CD28null T-cell numbers (p = 0.08).

No differences regarding the other ageing parameters were found. A multivariate Cox

regression analysis showed that higher CD4+CD28null T-cell numbers was associated with

a lower risk for EAR (HR: 0.65, p = 0.028). In vitro, a significant lower percentage of alloreac-

tive T cells was observed within CD28null T cells (p<0.001).

Conclusion

Immunological ageing-related expansion of highly differentiated CD28null T cells is associ-

ated with a lower risk for EAR.
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Introduction
Loss of renal function leads to retention of uremic molecules and cytokines, which creates oxi-
dative stress and inflammation. [1] The resulting pro-inflammatory uremic environment
underlies the dysfunctional T-cell immunity of end-stage renal disease (ESRD) patients. [2]
The major changes in the peripheral T-cell composition are T-lymphopenia, increased T-cell
differentiation and loss of telomere length, the latter indicating a history of enhanced T-cell
replication. [3]

The T-lymphopenia is largely due to a loss of naive (antigen-inexperienced) T cells, which
show signs of increased activation and are more prone to apoptosis. [3] This loss of circulating
naive T cells runs in parallel with a decrease in newly formed naive T cells, known as recent
thymic emigrants (RTEs, indicating a premature involution of the thymus). In combination
with an expanded, more differentiated memory T-cell compartment, this leads to a relatively
large decrease in the percentage of circulating naive T cells. [3, 4] The highly differentiated
memory T cells are characterized by a loss of the co-stimulatory molecule CD28, making them
less dependent on co-stimulation to become activated. [5] Moreover, these cells are known to
have a reduced telomere length due to their numerous cell divisions. [3, 6, 7]

The uremia-associated changes in the composition of the peripheral T-cell compartment
resemble the physiological changes in the ageing immune system of elderly healthy individuals,
[8–10] which leads to the concept of ESRD-related premature immunological ageing. This was
confirmed when a combined analysis of the thymic output, differentiation status and the telo-
mere length of T cells in ESRD patients was performed and the results were compared to
healthy individuals over a wide age range. [3] A consistent pattern of premature immunologi-
cal ageing was observed with a discrepancy of 15–20 years between the immunological age of T
cells of ESRD patients compared to their chronological age. [3, 11] This prematurely aged T-
cell system of ESRD patients offers at least a partial explanation for the increased susceptibility
to infections [12], reduced vaccination response [13–16], increased prevalence of malignancies
[17, 18] and may also be a non-classical risk factor for cardiovascular diseases. [19–22]

A prematurely aged T-cell system leading to impaired T-cell immunity may also reduce the
risk for acute rejection after kidney transplantation, but this has not been systematically stud-
ied. In addition, most studies that have assessed the circulating T-cell compartment in relation
to acute rejection have only demonstrated percentages of cells. [23, 24] This can lead to errone-
ous conclusions given the complex changes in all T-cell subsets and for example expansion of
memory T cells may be interpreted as a reduction in the number of naive T cells and vice versa.

In this study, we hypothesized that the degree of premature T-cell ageing, based on the abso-
lute number of differentiated T cells, thymic output and telomere length, prior to kidney trans-
plantation (KT) is associated with the risk for early acute allograft rejection (EAR) in kidney
transplant recipients. Based upon our analyses we observed that T-cell differentiation status
was associated with the risk for EAR after KT.

Materials and Methods

Study population
All patients participated in a randomized-controlled clinical trial with the primary aim to
study the efficacy of a genotype-based approach to tacrolimus dosing (Dutch trial registry
number NTR 2226; http://www.trialregister.nl/trialreg/index.asp). All patients gave written
informed consent to participate in the clinical trial, as well as for the sub-study, which is pre-
sented here. None of the transplant donors were from a vulnerable population and all donors
or next of kin provided written informed consent that was freely given. The study was
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approved by the Medical Ethical Committee of the Erasmus MC (MEC number 2010–080,
EudraCT 2010-018917-30). This study was conducted in accordance with the Declaration of
Helsinki.

All patients undergoing a living-donor KT in the period from 1 November 2010 to 1 Octo-
ber 2013 were considered for participation in this study. This study included all ESRD patients
with various causes of chronic kidney disease (CKD) (Table 1). Patients were excluded if they
were younger than 18 years and if they received immunosuppressive medication (except for
glucocorticoids) within 28 days prior to transplantation.

All patients received induction therapy with basiliximab (20 mg i.v. on day 0 and day 4),
tacrolimus (aiming for predose concentrations of 10–15 ng/mL in weeks 1–2, 8–12 ng/mL in
weeks 3–4, and 5–10 ng/mL, thereafter), mycophenolate mofetil (starting dose of 1 g b.i.d.,
aiming for predose concentrations of 1.5–3.0 mg/L), and glucocorticoids. All patients received
50 mg prednisolone b.i.d. intravenously on days 0–3. Thereafter, 20 mg oral prednisolone was
started and subsequently tapered to 5 mg at month 3.

We determined clinical variables such as age at time of transplantation, gender, CMV-sero-
positivity, anti-CMV IgG titer, human leukocyte antigen (HLA) class I and class II mismatches,
current and historical panel reactive antibody (PRA) score, warm ischemia time (WIT), num-
ber of previous kidney transplantations, preemptive KT (defined as receiving a kidney before
the start of renal replacement therapy (RRT)) and related KT (defined as receiving a kidney
from a genetically related donor) (Table 1). The HLA-typing was assessed according to the
international standards (American Society for Histocompatibility and Immunogenetics/the
European Federation for Immunogenetics) using serologic and DNA-based techniques. The
PRAs were determined at the laboratory of the blood bank in Leiden, the Netherlands. In all
transplantations the complement dependent cross match was negative, but flowcytometry
based cross matches were not performed.

We defined EAR as the development of biopsy-proven acute allograft rejection according to
the Banff criteria [25] within 3 months after KT.

PBMCs isolation
By using Ficoll-Paque Plus (GE healthcare, Uppsala, Sweden), peripheral blood mononuclear
cells (PBMCs) were isolated from heparinized blood samples drawn from KT-recipients the
day before KT. The isolated PBMCs were stored at -150°C with a minimum amount of 10×106

cells per vial for further experiments.

Absolute numbers of CD4+ and CD8+ T cells and T-cell differentiation
status by FACS analysis
To determine the absolute numbers of the different lymphocyte populations from blood, a Tru-
count staining was done. In this protocol, 20 μl of the 6-color TBNK reagent (BDMultitest™,
BD, Erembodegem, Belgium) was used in combination with a BD Trucount™ tube (BD) and
50 μl of EDTA blood. This tube contains a number of beads (i.e. bead count; lot-specific) and
enables calculation of absolute numbers of cells per μl of blood. The 6-color TBNK reagent
contains phycoerythrin (PE)-labeled anti-CD45, AmCyan-labeled anti-CD19, PE-Cy7-labeled
anti-CD3, Peridinin chlorophyll (PerCP)-labeled anti-CD4, fluorescein isothiocyanate- (FITC)
labeled anti-CD8 and allophycocyanin-Cy7- (APC-Cy7) labeled anti-CD16/CD56.

In addition, a whole blood staining was performed to determine the T-cell differentiation
status. [3, 26] Briefly, whole blood was stained with AmCyan-labeled anti-CD3 (BD) in combi-
nation with pacific blue-(PB) labeled anti-CD4 (BD) and APC-Cy7-labeled anti-CD8 (BD). T
cells were defined as CD4+ or CD8+ and further defined into four different subsets based on
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their expression of CCR7 and CD45RO after staining using FITC-labeled anti-CCR7 (R&D
systems, Uithoorn, The Netherlands) and APC-labeled anti-CD45RO (BD). Naive T cells were
identified as CCR7+ and CD45RO-, central memory (CM) cells as CCR7+ and CD45RO+, effec-
tor memory (EM) cells as CCR7- and CD45RO+ and the highly differentiated effector memory
CD45RA+ (EMRA) cells as CCR7- and CD45RO-. T-cell differentiation is associated with loss
of CD28 expression on the cell surface. Numbers of CD28- (or CD28null) T cells within the T-
cell subsets were determined by staining with PerCP-Cy5.5-labeled anti-CD28 (BD). Recent
thymic emigrants (RTEs) were identified by the expression of CD31 within the naive T-cell
pool upon staining with PE-labeled anti-CD31 (Biolegend, Europe BV, Uithoorn, the Nether-
lands). Samples were measured at the FACSCanto II (BD) acquiring at least 5x104 lymphocytes
and analyzed using FACS Diva software version 6.1.2 (BD). [3, 26]

Table 1. Patient characteristics. Data are presented as medians (interquartile range).

KT Patients (n = 222) No Rejection (n = 192) (86%) Early Rejection (n = 30) (14%) P

Age recipient 57 (46–64) 55 (47–63) 0.60

Age Donor 52 (40–62) 58 (50–65) 0.024

Male gender recipient 118 (61%) 14 (63%) 0.84

Male gender donor 94 (49%) 13 (43%) 0.57

CMV-seropositivity recipient 118 (61%) 15 (50%) 0.23

CMV-serostatus donor/recipient

-/- 42 (22%) 10 (33%) 0.17

-/+ 38 (20%) 5 (17%) 0.69

+/- 32 (17%) 5 (17%) 1.00

+/+ 80 (42%) 10 (33%) 0.39

Anti-CMV IgG titer recipient (AU/mL) 65 (42–105) 58 (47–86) 0.75

Mismatch HLA class I 2 (2–3) 3 (2–3) 0.15

Mismatch HLA class II 1 (1–2) 1 (1–2) 0.31

Mismatch HLA class I and II 4 (3–5) 4 (3–5) 0.11

PRA current (%) 0 (0–4) 0 (0–4) 0.52

PRA historic (%) 4 (0–4) 4 (0–29) 0.039

Amount of KT 1 (1–1) 1 (1–1) 0.63

Warm ischemia time 20 (16–24) 21 (16–25) 0.69

Cause of CKD

Nephrosclerosis/atherosclerosis/hypertension 44 (23%) 7 (23%) 0.96

Primary glomerulopathies 26 (14%) 4 (13%) 1.00

Diabetes 41 (21%) 2 (7%) 0.06

Urinary tract infections/stones 5 (3%) 1 (3%) 0.59

Reflux nephropathy 9 (5%) 1 (0%) 1.00

Polycystic Kidney Disease 33 (17%) 7 (23%) 0.42

Other 26 (14%) 5 (17%) 0.58

Unknown 8 (4%) 3 (10%) 0.17

Pre-emptive KT 75 (39%) 17 (57%) 0.07

Genetically-related KT 82 (43%) 6 (20%) 0.018

Acute rejection type

Cellular rejection 25 (83%)

Antibody-mediated rejection 1 (3%)

Mixed rejection 4 (13%)

doi:10.1371/journal.pone.0150826.t001
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Telomere Length Assay
Flow fluorescent in situ hybridization (flow-FISH) was performed to determine the relative
telomere length (RTL) of CD4+ and CD8+ T cells. PBMCs were isolated and stained with either
CD4-biotin (Beckman-Coulter, BV, Woerden, the Netherlands) or CD8-biotin (Biolegend) fol-
lowed by staining with streptavidin-Cy5 (Biolegend). The PBMCs were fixed and permeabi-
lized (Invitrogen Life Technologies, Bleiswijk, the Netherlands) and by using the telomere
FITC-labeled PNA-kit (DakoCytomation, Heverle, Belgium) the telomere length was deter-
mined. The sub cell-line 1301 of CCRF-CEM (human T-cell leukemia, Sigma-Aldrich, Zwijn-
drecht, the Netherlands, ECACC catalogue number 85112105) known for its long telomeres,
served as an internal positive control. After acquisition of the samples on the FACSCanto II
(BD) and analysis using FACS Diva software version 6.1.2 (BD), the RTL of the CD4+ and
CD8+ T cells was calculated through the next formula [26, 27]:

RTL ¼ ðmedian FL1 sample cells with probe �median FL1 sample cells without probeÞ � DNA index of control ð¼ 2Þ cells
ðmedian FL1 control cells with probe �median FL1 control cells without probeÞ � DNA index of sample ð¼ 1Þ cells � 100

Cytokine producing alloantigen-stimulated T cells
To determine frequencies of alloantigen-specific (cytokine-producing) T cells prior to trans-
plantation, we used the CD137 multi-parameter flowcytometric assay as published recently.
[28] PBMCs of a kidney transplant recipient were stimulated in presence of co-stimulation
(αCD49d, 1 μg/mL; BD) with or without T cell-depleted (>98% pure) donor PBMCs at a 1
(5x106):1(5x106) ratio for 24 hours of which the last 12 hours were in presence of Brefeldin A
(Golgiplug, BD) and monensin (Golgistop, BD). A distinction between donor and recipient’s
cells is enabled by depleting the donor PBMC for CD3+ T cells, i.e. CD3+ T cells are derived
from the recipient. Subsequently, the cell surface was stained using AmCyan-labeled anti-CD3
(BD), APC-Cy7-labeled anti-CD8 (BD) and PerCP-Cy5.5-labeled anti-CD28 (BD) in order to
visualize where the cytokine producing T cells are located. Following fixation and permeabili-
zation, CD137 and cytokines were stained intracellular using APC-labeled anti-CD137 (BD),
PE-labeled anti-interferon (IFN)-γ (BD) and FITC-labeled anti-interleukin (IL)-2 (BD). At
least 0.5-1x106 viable CD3+ T cells were acquired on the FACS Canto II. Alloantigen-specific
cytokine producing T cells were corrected for the cytokine signal observed in the absence of
donor T-cell-depleted PBMC stimulation. Samples were measured on the FACSCanto II (BD)
and analyzed using FACS Diva software version 6.1.2 (BD).

Statistical analysis
All variables are presented as medians with interquartile ranges. The difference between con-
tinuous variables was analyzed with the Mann–Whitney U test. The difference between cate-
gorical variables was analyzed either with the Pearson’s chi-squared test or with the Fisher’s
exact test depending on the expected values in any of the cells of a contingency table. The latter
was used when the expected values were lower than 5 in any of the cells. For the assessment of
an association between clinical/immunological variables and the presence of EAR, the Cox pro-
portional hazards model was used. Next to this, a Kaplan-Meier curve was created for the
assessment of EAR free survival rate stratified for one of the T-cell ageing parameters. The sig-
nificance level (p-value) was two-tailed and 0.05 was used for all analyses. Statistical analyses
were performed using SPSS1 version 21.0 for Windows1 (SPSS Inc., IL, USA). T-cell subset
graphs were created using GraphPad Prism 5 (CA, USA).
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Results

Patient characteristics
We enrolled 222 consecutive patients who received a kidney transplant from a living donor.
Patient characteristics are shown in Table 1. Of the 222 patients analyzed, 30 (14%) had an
EAR. The majority of the rejections were classified as grade II (67%), 30% were classified as
grade I and only one rejection was classified as grade III. The median age of the patients was 57
years and the median donor age was 53 years. The donors were significantly older in the EAR
group with a median age of 58 years compared to a median age of 52 years in the no rejection
group (p = 0.024). The majority of the patients (92%) received a donor kidney for the first
time, 14 patients (6%) for the second time and three patients (1%) for the third time. Of the 30
patients who developed EAR, 11 (37%) received T-cell depletion therapy consisting of either
alemtuzumab subcutaneously or rabbit anti-thymocyte globulin (rATG) intravenously. Four
patients had a transplantectomy within the first 3 months after transplantation. Two of these
patients had a therapy-resistant cellular acute rejection within the first week after KT. The
other two patients were in the no rejection group and the graft was removed due to vascular
problems that occurred during the transplantation procedure.

The historical PRA score was significantly higher in the EAR group compared with the no
rejection group (p = 0.039). The relative number of genetically related KT was significantly
lower in the EAR group (20% vs 43%, p = 0.018). Other potential risk factors for acute rejec-
tion, like number of HLA mismatches or previous kidney transplantation, did not associate
with EAR in this patient group.

Patients with EAR have a lower number of CD4+CD28null T cells prior to
KT
The CD4+ and CD8+ T-cell differentiation status of both patient groups was determined prior
to KT (Fig 1. CD4+ T-cell differentiation status prior to KT. Absolute numbers of (A) total,
(B) naive, (C) memory, (D) CM, (E) EM and (F) CD28null CD4+ T cells are shown for the no
rejection (white boxplot, n = 192) and EAR (grey boxplot, n = 30) group of patients. Significant
differences were calculated and shown (�p<0.05, ��p<0.01, ��p<0.001). & Fig 2. CD8+ T-cell
differentiation status prior to KT. Absolute numbers of (A) total, (B) naive, (C) memory, (D)
CM, (E) EM, (F) EMRA and (G) CD28null CD8+ T cells are shown for the no rejection (white
boxplot, n = 192) and EAR (grey boxplot, n = 30) group of patients. Significant differences
were calculated and shown (�p<0.05, ��p<0.01, ��p<0.001)). In S1 Fig, typical examples of the
gating strategy are depicted for the flowcytometric analysis of the CD4+ and CD8+ T-cell popu-
lation, respectively. No significant differences were found in the number of CD4+ T cells (Fig
1A) between the EAR group and no rejection group. Moreover, the number of naive, memory,
CM and EM (Fig 1B–1E) was not significantly different. Interestingly, compared to the no
rejection group, the EAR group had significant lower number of CD28null T cells within the
CD4+ T-compartment (21 cells/μl vs. 7 cells/μl, p<0.01, Fig 1F).

The total number of CD8+ was not significantly different between the two patient groups
(Fig 2A). The number of naive, memory and CM, EM and EMRA (Fig 2B–2F) CD8+ T cells
did also not show any significant differences between the two groups. Furthermore, the EAR
group tended to have a lower number of CD28null CD8+ T cells (p = 0.08, Fig 1G) compared
to the no rejection group.

Even though we mainly focused on absolute cell numbers, we also analyzed percentages of
the different T cell subsets to provide a better comparison with previous studies. These analyses
showed similar findings (S1 Table: T-cell differentiation status before kidney
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Fig 1. CD4+ T-cell differentiation status prior to KT. Absolute numbers of (A) total, (B) naive, (C) memory, (D) CM, (E) EM and (F) CD28null CD4+ T cells
are shown for the no rejection (white boxplot, n = 192) and EAR (grey boxplot, n = 30) group of patients. Significant differences were calculated and shown
(*p<0.05, **p<0.01, **p<0.001).

doi:10.1371/journal.pone.0150826.g001
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Fig 2. CD8+ T-cell differentiation status prior to KT. Absolute numbers of (A) total, (B) naive, (C) memory, (D) CM, (E) EM, (F) EMRA and (G) CD28null
CD8+ T cells are shown for the no rejection (white boxplot, n = 192) and EAR (grey boxplot, n = 30) group of patients. Significant differences were calculated
and shown (*p<0.05, **p<0.01, **p<0.001).

doi:10.1371/journal.pone.0150826.g002
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transplantation in patients with or without rejection within the first 3 months.). Again, sig-
nificant higher percentages of CD4+CD28null T cells were seen in the no rejection group
(p = 0.011). Next to this, (a tendency for) higher percentages of CD4+ and CD8+ CM T cells
were seen in the EAR group (p = 0.055 and p = 0.005 respectively).

No differences in relative telomere length and RTEs between the EAR
group and no rejection group prior to KT
As a marker for the proliferative history, the RTL of the CD4+ and CD8+ T cells was deter-
mined. For both T-cell subsets no significant differences were found between the EAR group
and the no rejection group regarding the RTL (Table 2).

The number and percentages of RTEs were identified by the expression of CD31 within the
naive T-cell pool. No significant differences for CD4+ or CD8+ T cells were found between the
two groups prior to KT (Table 2).

Donor age, historical PRA, a related kidney donation and absolute
numbers of CD4+CD28null T cells are related with the risk for EAR
The results of the univariate Cox regression analysis of the patient characteristics are presented
in Table 3. This analysis showed that receiving an older donor kidney was associated with a
higher risk for EAR (HR: 1.41, p = 0.011). Besides this, a higher historical PRA score was also
associated with a higher risk for EAR (HR: 1.11, p = 0.001). Receiving a donor kidney from a
relative reduced the risk for EAR (HR: 0.36, p = 0.025).

Table 2. RTL and RTEs content before kidney transplantation in patients with or without rejection within the first 3 months. Data are presented as
medians (interquartile range). RTL: Relative Telomere Length, RTEs: Recent thymic emigrants.

KT Patients (n = 222) No Rejection (n = 192) (86%) Early Rejection (n = 30) (14%) P

RTL of CD4+ T cells 12.1 (9.1–15.0) 11.5 (10.0–13.3) 0.90

RTL of CD8+ T cells 11.4 (9.2–15.3) 11.1 (10.4–14.4) 0.83

CD31+CD4+ naive T-cell numbers (/μl) 106.5 (56.7–207.4) 104.3 (77.0–192.9) 0.99

CD31+ within CD4+ naive T-cells (%) 66.4 (55.1–75.1) 62.2 (53.7–76.8) 0.69

CD31+CD8+ naive T-cell numbers (/μl) 55.4 (24.1–566.3) 65.0 (12.8–203.9) 0.80

CD31+ within CD8+ naive T-cells (%) 97.7 (94.4–98.9) 97.9 (93.9–99.5) 0.41

doi:10.1371/journal.pone.0150826.t002

Table 3. Hazard ratios for the clinical characteristics in relation to early acute allograft rejection (uni-
variate analysis).

HR 95%CI P

Age donor (decades) 1.41 1.09–1.85 0.011

PRA historic (%) 1.11 1.04–1.18 0.001

Genetically related KT 0.36 0.15–0.88 0.025

CD4 positive CD28null T cells (cells/μL) 0.65 0.45–0.95 0.025

CD8 positive CD28null T cells (cells/μL) 0.98 0.94–1.03 0.420

CD4 positive central memory T cells (%) 1.02 1.00–1.04 0.124

CD8 positive central memory T cells (%) 1.05 1.00–1.09 0.035

CD4 positive CD28null T cells (%) 0.92 0.85–1.00 0.047

*P � 0.05, **P � 0.01, ***P � 0.001. CI: confidence interval, HR: hazard ratio. Age of the donor is

presented in decades, PRA historic is presented with steps of 5%, and the CD4 positive and the CD8

positive CD28null cells are presented with steps of 20 cells/μL.

doi:10.1371/journal.pone.0150826.t003
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The univariate Cox regression analysis of the T-cell subsets showed that a higher number of
absolute CD4+CD28null T cells, i.e. having a more differentiated CD4+ T-cell compartment,
was associated with a lower risk for EAR (HR: 0.65, p = 0.025). In contrast, the number of CD8-
+CD28null T cells was not associated with the risk for EAR (HR: 0.98, p = 0.420). Furthermore,
higher percentages of CD4+CD28null T cells were also associated with a lower risk for rejection
(HR: 0.92; p = 0.047). However, higher percentages of CD8+ CM T cells, representative of hav-
ing a less differentiated memory compartment, were associated with a higher risk for EAR
(HR: 1.05; p = 0.035).

A multivariate Cox regression analysis was performed with the three aforementioned clini-
cal characteristics (i.e. donor age, historical PRA and a related kidney donation) as covariates
(Table 4). In accordance with the univariate analysis, a higher absolute number of CD4+-

CD28null T cells was associated with a lower risk for EAR (HR: 0.65, p = 0.028). Again, no
association could be observed between the number CD8+CD28null T cells and the risk for
EAR (HR: 0.99, p = 0.415). Next to this, only the percentages of CD4+CD28null T cells were
associated with the risk for EAR (S2 Table: Hazard ratios for the clinical characteristics in
relation to early acute allograft rejection (multivariate analysis).). Higher percentages of
these cells were also associated with a lower risk for EAR (HR: 0.91; p = 0.036).

Furthermore, we generated a Kaplan-Meier curve with the EAR freee survival stratified for
the tertiles of CD4+CD28null T cells (Fig 3: Tertiles of CD4+CD28null T cells and EAR free
survival. Kaplan-Meier curve representing EAR free survival rate against time after kidney
transplantation in days. The curves represent the tertiles of CD4+CD28null T cells. Low repre-
sents<4.33 cells/μl, intermediate represents 4.33–36.67 cells/μl and high represents>36.67
cells/μl. These groups were created based upon the frequencies of the cell numbers in our
cohort and were divided into three equal groups). This analysis showed that high numbers of
these cells were correlated with a significant higher EAR free survival rate compared with inter-
mediate and low numbers of these cells (p = 0.008 and p = 0.009 respectively).

Alloantigen-specific T-cells predominantly co-express CD28
To obtain more insight between the association of highly differentiated T cells and the risk for
EAR, a multiparameter flowcytometric assay (i.e. combining intracellular cytokine staining
with cell surface markers) [29] was performed upon alloantigen stimulation of PBMCs
obtained from kidney transplant recipients prior to kidney transplantation (Fig 4: Cytokine
producing alloantigen-stimulated T cells. First, the frequency of CD137+ cells within CD4+

T-cell population was determined (grey boxplot) in ESRD patients. These cells were divided
into (A) a CD28+ (white boxplot) and a CD28null subset (black boxplot). Next, the frequency

Table 4. HRs for the T-cell parameters in relation to early acute allograft rejection (multivariate
analysis).

HR 95%CI P

Age donor (decades) 1.40 1.06–1.84 0.016

PRA historic (%) 1.13 1.06–1.21 <0.001

Genetically related KT 0.47 0.19–1.17 0.102

CD4 positive CD28null T cells (cells/μL) 0.65 0.45–0.96 0.028

*P � 0.05,

**P � 0.01,

***P � 0.001. CI: confidence interval, HR: hazard ratio. The CD4 positive and the CD8 positive CD28null

cells are presented with steps of 20 cells/μL. Covariates: age donor, PRA historic, related KT.

doi:10.1371/journal.pone.0150826.t004
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of IL-2+ cells within the CD137+CD4+ was determined (grey boxplot). Furthermore, these cells
were divided into (B) a CD28+ (white boxplot) and a CD28null subset (black boxplot). Also the
frequency of IFN-γ+ CD137+CD4+ T cells was determined (grey boxplot) and also these cells
were divided into (C) a CD28+ (white boxplot) and a CD28null subset (black boxplot). Next to
the CD4+, the frequency of CD137+ cells within the CD8+ T-cell population was determined
(grey bar) and divided into a CD28+ (white boxplot) and a CD28null subset (black boxplot)
(D). Within these CD137+CD8+ T cells, the frequency of IL-2 (F) and IFN-γ+ (G) was deter-
mined (grey boxplot) and divided into a CD28+ (white boxplot) and a CD28null subset (black
boxplots) (E+F). Significant differences were calculated and shown (�p<0.05, ��p<0.01,
��p<0.001)). In S2 Fig a representative example of the gating strategy is shown of the dissection
of alloantigen-specific (CD137+ and CD137+ IL-2+ or IFN-γ+) CD4+ T cells into a CD28null-
or CD28+ T-cell compartment. A similar FACS-analysis was performed for the CD8+ T-cell
population. All CD3+ T cells are of patient’s origin, as the donor cells were depleted of T cells
prior to stimulation.

Fig 3. Tertiles of CD4+CD28null T cells and EAR free survival. Kaplan-Meier curve representing EAR free survival rate against time after kidney
transplantation in days. The curves represent the tertiles of CD4+CD28null T cells. Low represents <4.33 cells/μl, intermediate represents 4.33–36.67 cells/μl
and high represents >36.67 cells/μl. These groups were created based upon the frequencies of the cell numbers in our cohort and were divided into three
equal groups.

doi:10.1371/journal.pone.0150826.g003
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First, the frequency of alloantigen-specific CD137-expressing T cells was determined in the
CD4+ T-cell compartment and these were mainly CD28+ (i.e. 72.4% vs 27.6%, p<0.001, Fig
4A). In addition, the CD28+ T cells contained more IL-2 (86.9% vs 13.1%, p<0.001) and IFN-γ
(i.e. 65.1% vs. 34.9%, p<0.001) producing alloantigen-specific T cells compared to the
CD28null fraction (Fig 4B and 4C) upon alloantigen-stimulation.

Similar results were found for the CD8+ T cells. Upon alloantigen-stimulation, the CD137+-

CD8+ T-cells were mainly located within the CD28+ T cells (i.e. 60.4% vs 39.6%, p<0.001, Fig
4D). A higher proportion of these cells were also able to produce more IL-2 compared to their
CD28null counterparts (i.e. 72.4% vs 27.6%, p<0.001) and IFN-γ (i.e. 57.4% vs 42.6%, p<0.01)
(Fig 4E and 4F).

Discussion
In this study we analyzed within a large homogenous cohort of patients whether the degree of
premature T-cell ageing prior to KT is associated with the risk for EAR post-KT. Of the three
T-cell ageing parameters (thymic output, differentiation status and telomere length) used for
the assessment of an immunological T-cell age, only the differentiation status was associated
with the risk for EAR. A higher number as well as percentage of CD28null T cells, mainly
within the CD4+ T-cell population, is associated with a lower risk for EAR. The number of

Fig 4. Cytokine producing alloantigen-stimulated T cells. First, the frequency of CD137+ cells within CD4+ T-cell population was determined (grey
boxplot) in ESRD patients. These cells were divided into (A) a CD28+ (white boxplot) and a CD28null subset (black boxplot). Next, the frequency of IL-2+ cells
within the CD137+CD4+ was determined (grey boxplot). Furthermore, these cells were divided into (B) a CD28+ (white boxplot) and a CD28null subset (black
boxplot). Also the frequency of IFN-γ+ CD137+CD4+ T cells was determined (grey boxplot) and also these cells were divided into (C) a CD28+ (white boxplot)
and a CD28null subset (black boxplot). Next to the CD4+, the frequency of CD137+ cells within the CD8+ T-cell population was determined (grey bar) and
divided into a CD28+ (white boxplot) and a CD28null subset (black boxplot) (D). Within these CD137+CD8+ T cells, the frequency of IL-2 (F) and IFN-γ+ (G)
was determined (grey boxplot) and divided into a CD28+ (white boxplot) and a CD28null subset (black boxplots) (E+F). Significant differences were
calculated and shown (*p<0.05, **p<0.01, **p<0.001).

doi:10.1371/journal.pone.0150826.g004
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RTEs or the relative telomere length of CD4+ and CD8+ T cells were both not associated with
the risk for rejection.

CD28null T cells are predominantly located within the (antigen-experienced) memory pop-
ulation and in particular within the more differentiated T cells. [30] Loss of CD28 on the cell
surface of (CD4+) T cells is one of the features of T-cell ageing as CD28null T cells are present
at a low frequency and rarely found in young individuals. Moreover, CD4+CD28null T cells are
highly associated with seropositivity for cytomegalovirus (CMV). [31–33] However, in this
study we did not observe a significant difference with respect to frequencies of CMV-seroposi-
tive individuals between the EAR group and the no rejection group.

The majority of CD28null T cells lack the expression of CCR7. This is important for homing
to secondary lymphoid organs [34] where (naive) T cells are activated by antigen-presenting
cells presenting alloantigens in a direct or indirect manner. In addition to the lack of CD28,
they are less able to provide co-stimulation through the CD40L-CD40 pathway contributing to
defective helper function. [35]

A characteristic feature of CD4+CD28null T cells is their restricted T-cell receptor profile
[36, 37] compared to the CD28+ T-cell population. This may compromise their reactivity to
foreign antigens like for example alloantigens. Thus, theoretically higher numbers of CD28null
T cells might result in lower alloreactivity. This hypothesis is supported by our finding that IL-
2 and IFN-γ producing alloantigen-specific T cells were predominately located within the
CD28+ T-cell population, both within the CD4+ and the CD8+ T-cell compartment. In addi-
tion, in liver transplant recipients, higher frequencies of CD4+CD28+ T cells were found in allo-
graft rejecting patients. [38] Next to this, the higher percentages of CD4+ and CD8+ CM T cells
in the EAR group, supports this finding by suggesting that the less differentiated cells are more
present in patients who develop an acute rejection.

The finding that high CD28null T-cell numbers are associated with a lower risk for allograft
rejection is in line with an earlier small study in which these cells were shown to have an
exhausted phenotype. [24] Furthermore, several studies support the senescent character of
these CD28null T cells. A study by Nunes et al. showed that highly differentiated CD8+ T cells
were accompanied by an increase of CD28null and CD27- T cells. [39] In line with this, the
highly differentiated CD8+ T cells were also associated with PD-1 positivity, which was in
accordance with replicative senescence of these T cells. [39] Next to this, a study by Dirks et al.
showed that CMV viremia was associated with increased PD-1 expression on CD4+-

CD28nullCD27- T cells in transplant recipients. [40] Furthermore, a study by Koch et al.
showed that the expression of the senescence markers CD57 and KLRG-1 were more present
in the highly differentiated CD4+ and CD8+ T cells, and were almost absent in the naive T-cell
populations. [41] Our group also showed that the percentage of CD57+ cells was significantly
higher in CD4+ memory T cells. [42] In a recent study, a lower frequency of CD4+CD28null T
cells was also observed in relation to acute rejection within the first year after kidney transplan-
tation but statistical significance was lost in the multivariate analysis. [23] The patient popula-
tion in that study was much more heterogeneous, including post-mortal kidney
transplantations, more re-transplantations and a higher number of CMV-seropositive patients
which could at least in part explain the difference in findings between both studies. [23] The
higher number of CMV-seropositive patients in that study might also explain why we could
not find relations between CD8+ EMRA T-cells and the development of EAR in our current
study.

Compared to the CD28+ T-cell population, the CD28null T cells are known to have shorter
telomeres. [31] The fact that we could not detect a correlation between the overall telomere
length and the risk for EAR, might be explained by the relatively low frequency of CD28null T
cells within the CD4+ T-cell population in which the relative telomere length was assessed. In
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line with our findings, a study by Oetting et al. could also not find an association between the
RTL and the risk for acute rejection. [43]

In this study we could not find an association between RTEs and the risk for EAR based on
the expression of CD31. Since the thymus involutes rapidly after puberty, the contribution of
the thymus to maintain the (naive) T-cell pool is relatively small in older individuals. [44]
Maintaining adequate numbers of naive T cells upon ageing mainly relies on homeostatic pro-
liferation either through homeostatic cytokines like IL-7 or low-affinity T-cell receptor interac-
tions with self-antigens being presented by antigen-presenting cells [45]. Since the total
number of naive T cells is not different between the two groups of patients, it is likely that the
degree of homeostatic proliferation is similar. These findings suggest that the naive T-cell com-
partment is not of significant importance for alloreactivity within the first three months after
KT and that the memory T-cell compartment is more relevant. [46]

Another interesting finding in this study was the higher risk for EAR in patients with a
higher historical PRA score. Several other studies have shown that high levels of historical PRA
scores are associated with rejection and graft failure. [47–49] Our findings support the results
of these studies with regard to rejection and suggest that a peak historical PRA score might also
be an important contributor in the setting of EAR in KT.

As the T-cell ageing parameters do not change post-KT [26], it is likely that at the time of
rejection the composition of T cells including the frequency of CD28null T cells is similar to
the pre-KT value. This means that allograft rejection risk assessment based on T-cell ageing
prior to KT probably resembles the T-cell age prior to time of rejection.

In conclusion, the T-cell ageing-related expansion of highly differentiated CD4+CD28null T
cells in ESRD patients is associated with a lower risk for EAR. This may be related to a signifi-
cantly lower percentage of alloreactive T cells within the CD28null T cell fraction. This study
provides in depth analysis of the various T cell subsets with regard to T-cell ageing in the set-
ting of KT. To give a more accurate representation we mainly focused on absolute cell numbers
instead of percentages. Furthermore proliferative history was also taken into account by the
assessment of RTL. These characteristics were then combined with functional capacities of the
highly differentiated CD28null T cells and associations were drawn with regard to EAR. The
patient characteristics of the two patient groups are highly similar, which makes the study pop-
ulation homogenous. Next to this, only living-donor KT was considered. We believe that the
combination of the aforementioned aspects contribute novel facets in the relationship between
premature T-cell ageing and the risk for EAR after KT. Further analyses are needed to investi-
gate the properties of these cells and to define cut-off values for the clinical practice. In the
future this could possibly attribute to an optimal risk assessment for a personalized immuno-
suppressive regimen.

Supporting Information
S1 Fig. Gating strategy of (A) CD4+ and (B) CD8+ T cells. A typical example of the gating
strategy is shown. Briefly, lymphocytes were identified based on the forward/sideward charac-
teristics followed by the selection of the CD3+CD4+ T cells. These CD4+ T cells were dissected
into subsets using CCR7 and CD45RO. Furthermore, the number of CD28null cells was exam-
ined within the (A) CD4+ T-cell population. The same strategy was followed for (B) CD8+ T
cells.
(EPS)

S2 Fig. Example of the gating strategy of cytokine producing alloantigen-stimulated T cells.
Briefly, lymphocytes were identified based on the forward/sideward characteristics. Next the
CD3+CD4+ (i.e. CD8-) and CD3+CD8+ were selected and within these, the CD137+ were

CD4+CD28null T Cells and Risk for EAR

PLOSONE | DOI:10.1371/journal.pone.0150826 March 7, 2016 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150826.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150826.s002


selected as shown for the CD4+ population. These cells were divided into a CD28+ and
CD28null population. Furthermore the frequency of IL-2+ and IFN-γ+ CD137+CD4+ was
determined and also dissected into a CD28+ and CD28null subset. A similar approach was
applied for the CD8+ T-cell compartment.
(EPS)

S1 Table. T-cell differentiation status before kidney transplantation in patients with or
without rejection within the first 3 months.
(DOCX)

S2 Table. Hazard ratios for the clinical characteristics in relation to early acute allograft
rejection (multivariate analysis).
(DOCX)

Author Contributions
Conceived and designed the experiments: NHRL MGHB. Performed the experiments: RWJM
BDMK. Analyzed the data: RWJM BD. Contributed reagents/materials/analysis tools: NHRL
MGHB. Wrote the paper: RWJM BD DAH CCB NHRLMGHB.

References
1. Vaziri ND. Oxidative stress in uremia: nature, mechanisms, and potential consequences. Seminars in

nephrology. 2004; 24(5):469–73. PMID: 15490413.

2. Betjes MG. Immune cell dysfunction and inflammation in end-stage renal disease. Nat Rev Nephrol.
2013; 9(5):255–65. Epub 2013/03/20. nrneph.2013.44 [pii] doi: 10.1038/nrneph.2013.44 PMID:
23507826.

3. Betjes MGH, Langerak AW, van der Spek A, de Wit EA, Litjens NHR. Premature aging of circulating T
cells in patients with end-stage renal disease. Kidney International. 2011; 80(2):209–18. doi: 10.1038/
Ki.2011.110 ISI:000292244300012.

4. Litjens NH, van Druningen CJ, Betjes MG. Progressive loss of renal function is associated with activa-
tion and depletion of naive T lymphocytes. Clin Immunol. 2006; 118(1):83–91. Epub 2005/11/01.
S1521-6616(05)00326-8 [pii] doi: 10.1016/j.clim.2005.09.007 PMID: 16257266.

5. Weng NP, Akbar AN, Goronzy J. CD28(-) T cells: their role in the age-associated decline of immune
function. Trends Immunol. 2009; 30(7):306–12. Epub 2009/06/23. S1471-4906(09)00098-2 [pii] doi:
10.1016/j.it.2009.03.013 PMID: 19540809; PubMed Central PMCID: PMC2801888.

6. Betjes MG, Huisman M, Weimar W, Litjens NH. Expansion of cytolytic CD4+CD28- T cells in end-stage
renal disease. Kidney Int. 2008; 74(6):760–7. Epub 2008/07/11. ki2008301 [pii] doi: 10.1038/ki.2008.
301 PMID: 18615000.

7. Jimenez R, Carracedo J, Santamaria R, Soriano S, Madueno JA, Ramirez R, et al. Replicative senes-
cence in patients with chronic kidney failure. Kidney Int Suppl. 2005;( 99):S11–5. Epub 2005/12/13.
KID9903 [pii] doi: 10.1111/j.1523-1755.2005.09903.x PMID: 16336562.

8. Meijers RW, Litjens NH, deWit EA, Langerak AW, van der Spek A, Baan CC, et al. Uremia causes pre-
mature ageing of the T cell compartment in end-stage renal disease patients. Immun Ageing. 2012; 9
(1):19. Epub 2012/09/14. 1742-4933-9-19 [pii] doi: 10.1186/1742-4933-9-19 PMID: 22971545; PubMed
Central PMCID: PMC3482595.

9. Wikby A, Johansson B, Olsson J, Lofgren S, Nilsson BO, Ferguson F. Expansions of peripheral blood
CD8 T-lymphocyte subpopulations and an association with cytomegalovirus seropositivity in the
elderly: the Swedish NONA immune study. Exp Gerontol. 2002; 37(2–3):445–53. Epub 2002/01/05.
S0531556501002121 [pii]. PMID: 11772532.

10. Wikby A, Maxson P, Olsson J, Johansson B, Ferguson FG. Changes in CD8 and CD4 lymphocyte sub-
sets, T cell proliferation responses and non-survival in the very old: the Swedish longitudinal OCTO-
immune study. Mech Ageing Dev. 1998; 102(2–3):187–98. Epub 1998/08/28. PMID: 9720651.

11. Meijers RW, Betjes MG, Baan CC, Litjens NH. T-cell ageing in end-stage renal disease patients:
Assessment and clinical relevance. World J Nephrol. 2014; 3(4):268–76. Epub 2014/11/07. doi: 10.
5527/wjn.v3.i4.268 PMID: 25374821; PubMed Central PMCID: PMC4220360.

CD4+CD28null T Cells and Risk for EAR

PLOSONE | DOI:10.1371/journal.pone.0150826 March 7, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150826.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150826.s004
http://www.ncbi.nlm.nih.gov/pubmed/15490413
http://dx.doi.org/10.1038/nrneph.2013.44
http://www.ncbi.nlm.nih.gov/pubmed/23507826
http://dx.doi.org/10.1038/Ki.2011.110
http://dx.doi.org/10.1038/Ki.2011.110
http://dx.doi.org/10.1016/j.clim.2005.09.007
http://www.ncbi.nlm.nih.gov/pubmed/16257266
http://dx.doi.org/10.1016/j.it.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19540809
http://dx.doi.org/10.1038/ki.2008.301
http://dx.doi.org/10.1038/ki.2008.301
http://www.ncbi.nlm.nih.gov/pubmed/18615000
http://dx.doi.org/10.1111/j.1523-1755.2005.09903.x
http://www.ncbi.nlm.nih.gov/pubmed/16336562
http://dx.doi.org/10.1186/1742-4933-9-19
http://www.ncbi.nlm.nih.gov/pubmed/22971545
http://www.ncbi.nlm.nih.gov/pubmed/11772532
http://www.ncbi.nlm.nih.gov/pubmed/9720651
http://dx.doi.org/10.5527/wjn.v3.i4.268
http://dx.doi.org/10.5527/wjn.v3.i4.268
http://www.ncbi.nlm.nih.gov/pubmed/25374821


12. Sarnak MJ, Jaber BL. Mortality caused by sepsis in patients with end-stage renal disease compared
with the general population. Kidney Int. 2000; 58(4):1758–64. Epub 2000/09/30. kid337 [pii] doi: 10.
1111/j.1523-1755.2000.00337.x PMID: 11012910.

13. Girndt M, Pietsch M, Kohler H. Tetanus immunization and its association to hepatitis B vaccination in
patients with chronic renal failure. Am J Kidney Dis. 1995; 26(3):454–60. Epub 1995/09/01. 0272-6386
(95)90491-3 [pii]. PMID: 7645553.

14. Kruger S, Muller-Steinhardt M, Kirchner H, Kreft B. A 5-year follow-up on antibody response after diph-
theria and tetanus vaccination in hemodialysis patients. Am J Kidney Dis. 2001; 38(6):1264–70. Epub
2001/12/01. S0272-6386(01)49681-8 [pii] doi: 10.1053/ajkd.2001.29223 PMID: 11728959.

15. Litjens NH, Huisman M, van den Dorpel M, Betjes MG. Impaired immune responses and antigen-spe-
cific memory CD4+ T cells in hemodialysis patients. J Am Soc Nephrol. 2008; 19(8):1483–90. Epub
2008/05/16. ASN.2007090971 [pii] doi: 10.1681/ASN.2007090971 PMID: 18480314; PubMed Central
PMCID: PMC2488264.

16. Verkade MA, van deWetering J, Klepper M, Vaessen LM, WeimarW, Betjes MG. Peripheral blood den-
dritic cells and GM-CSF as an adjuvant for hepatitis B vaccination in hemodialysis patients. Kidney Int.
2004; 66(2):614–21. Epub 2004/07/16. doi: 10.1111/j.1523-1755.2004.00781.x KID781 [pii]. PMID:
15253714.

17. Kohler S, Wagner U, Pierer M, Kimmig S, Oppmann B, Mowes B, et al. Post-thymic in vivo proliferation
of naive CD4+ T cells constrains the TCR repertoire in healthy human adults. European journal of
immunology. 2005; 35(6):1987–94. doi: 10.1002/eji.200526181 PMID: 15909312.

18. Stewart JH, Vajdic CM, van LeeuwenMT, Amin J, Webster AC, Chapman JR, et al. The pattern of
excess cancer in dialysis and transplantation. Nephrology, dialysis, transplantation: official publication
of the European Dialysis and Transplant Association—European Renal Association. 2009; 24
(10):3225–31. doi: 10.1093/ndt/gfp331 PMID: 19589786.

19. Betjes MG, deWit EE, Weimar W, Litjens NH. Circulating pro-inflammatory CD4posCD28null T cells
are independently associated with cardiovascular disease in ESRD patients. Nephrol Dial Transplant.
2010; 25(11):3640–6. Epub 2010/04/20. gfq203 [pii] doi: 10.1093/ndt/gfq203 PMID: 20400452.

20. Betjes MG, Weimar W, Litjens NH. Circulating CD4(+)CD28null T Cells May Increase the Risk of an
Atherosclerotic Vascular Event Shortly after Kidney Transplantation. Journal of transplantation. 2013;
2013:841430. doi: 10.1155/2013/841430 PMID: 24288592; PubMed Central PMCID: PMC3830856.

21. Nadareishvili ZG, Li H, Wright V, Maric D, Warach S, Hallenbeck JM, et al. Elevated pro-inflammatory
CD4+CD28- lymphocytes and stroke recurrence and death. Neurology. 2004; 63(8):1446–51. Epub
2004/10/27. 63/8/1446 [pii]. PMID: 15505163.

22. Yadav AK, 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(5):1689–94. Epub 2011/03/
09. gfr010 [pii] doi: 10.1093/ndt/gfr010 PMID: 21382991.

23. Betjes MG, Meijers RW, deWit EA, Weimar W, Litjens NH. Terminally differentiated CD8+ Temra cells
are associated with the risk for acute kidney allograft rejection. Transplantation. 2012; 94(1):63–9.
Epub 2012/06/14. doi: 10.1097/TP.0b013e31825306ff PMID: 22691956.

24. Trzonkowski P, Debska-Slizien A, Jankowska M, Wardowska A, Carvalho-Gaspar M, Hak L, et al.
Immunosenescence increases the rate of acceptance of kidney allotransplants in elderly recipients
through exhaustion of CD4+ T-cells. Mech Ageing Dev. 2010; 131(2):96–104. Epub 2010/01/12.
S0047-6374(09)00172-9 [pii] doi: 10.1016/j.mad.2009.12.006 PMID: 20060852.

25. Solez K, Colvin RB, Racusen LC, Haas M, Sis B, Mengel M, et al. Banff 07 classification of renal allo-
graft pathology: updates and future directions. Am J Transplant. 2008; 8(4):753–60. Epub 2008/02/26.
AJT2159 [pii] doi: 10.1111/j.1600-6143.2008.02159.x PMID: 18294345.

26. Meijers RW, Litjens NH, deWit EA, Langerak AW, Baan CC, Betjes MG. Uremia-associated immuno-
logical ageing is stably imprinted in the T-cell system and not reversed by kidney transplantation.
Transpl Int. 2014. Epub 2014/08/02. doi: 10.1111/tri.12416 PMID: 25082296.

27. Baerlocher GM, Vulto I, de Jong G, Lansdorp PM. Flow cytometry and FISH to measure the average
length of telomeres (flow FISH). Nat Protoc. 2006; 1(5):2365–76. Epub 2007/04/05. nprot.2006.263 [pii]
doi: 10.1038/nprot.2006.263 PMID: 17406480.

28. Litjens NH, deWit EA, Baan CC, Betjes MG. Activation-induced CD137 is a fast assay for identification
and multi-parameter flow cytometric analysis of alloreactive T cells. Clinical and experimental immunol-
ogy. 2013; 174(1):179–91. doi: 10.1111/cei.12152 PMID: 23750604; PubMed Central PMCID:
PMC3784225.

29. Litjens NH, deWit EA, Baan CC, Betjes MG. Activation-induced CD137 is a fast assay for identification
and multi-parameter flow cytometric analysis of alloreactive T cells. Clin Exp Immunol. 2013; 174
(1):179–91. Epub 2013/06/12. doi: 10.1111/cei.12152 PMID: 23750604; PubMed Central PMCID:
PMC3784225.

CD4+CD28null T Cells and Risk for EAR

PLOSONE | DOI:10.1371/journal.pone.0150826 March 7, 2016 16 / 18

http://dx.doi.org/10.1111/j.1523-1755.2000.00337.x
http://dx.doi.org/10.1111/j.1523-1755.2000.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/11012910
http://www.ncbi.nlm.nih.gov/pubmed/7645553
http://dx.doi.org/10.1053/ajkd.2001.29223
http://www.ncbi.nlm.nih.gov/pubmed/11728959
http://dx.doi.org/10.1681/ASN.2007090971
http://www.ncbi.nlm.nih.gov/pubmed/18480314
http://dx.doi.org/10.1111/j.1523-1755.2004.00781.x
http://www.ncbi.nlm.nih.gov/pubmed/15253714
http://dx.doi.org/10.1002/eji.200526181
http://www.ncbi.nlm.nih.gov/pubmed/15909312
http://dx.doi.org/10.1093/ndt/gfp331
http://www.ncbi.nlm.nih.gov/pubmed/19589786
http://dx.doi.org/10.1093/ndt/gfq203
http://www.ncbi.nlm.nih.gov/pubmed/20400452
http://dx.doi.org/10.1155/2013/841430
http://www.ncbi.nlm.nih.gov/pubmed/24288592
http://www.ncbi.nlm.nih.gov/pubmed/15505163
http://dx.doi.org/10.1093/ndt/gfr010
http://www.ncbi.nlm.nih.gov/pubmed/21382991
http://dx.doi.org/10.1097/TP.0b013e31825306ff
http://www.ncbi.nlm.nih.gov/pubmed/22691956
http://dx.doi.org/10.1016/j.mad.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20060852
http://dx.doi.org/10.1111/j.1600-6143.2008.02159.x
http://www.ncbi.nlm.nih.gov/pubmed/18294345
http://dx.doi.org/10.1111/tri.12416
http://www.ncbi.nlm.nih.gov/pubmed/25082296
http://dx.doi.org/10.1038/nprot.2006.263
http://www.ncbi.nlm.nih.gov/pubmed/17406480
http://dx.doi.org/10.1111/cei.12152
http://www.ncbi.nlm.nih.gov/pubmed/23750604
http://dx.doi.org/10.1111/cei.12152
http://www.ncbi.nlm.nih.gov/pubmed/23750604


30. Vallejo AN. CD28 extinction in human T cells: altered functions and the program of T-cell senescence.
Immunol Rev. 2005; 205:158–69. Epub 2005/05/11. IMR256 [pii] doi: 10.1111/j.0105-2896.2005.
00256.x PMID: 15882352.

31. Meijers RW, Litjens NH, deWit EA, Langerak AW, van der Spek A, Baan CC, et al. Cytomegalovirus
contributes partly to uremia-associated premature immunological ageing of the T-cell compartment.
Clin Exp Immunol. 2013. Epub 2013/08/22. doi: 10.1111/cei.12188 PMID: 23962178.

32. van Leeuwen EM, Remmerswaal EB, Vossen MT, Rowshani AT, Wertheim-van Dillen PM, van Lier
RA, et al. Emergence of a CD4+CD28- granzyme B+, cytomegalovirus-specific T cell subset after
recovery of primary cytomegalovirus infection. J Immunol. 2004; 173(3):1834–41. Epub 2004/07/22.
173/3/1834 [pii]. PMID: 15265915.

33. Weinberger B, Lazuardi L, Weiskirchner I, Keller M, Neuner C, Fischer KH, et al. Healthy aging and
latent infection with CMV lead to distinct changes in CD8+ and CD4+ T-cell subsets in the elderly. Hum
Immunol. 2007; 68(2):86–90. Epub 2007/02/27. S0198-8859(06)00577-5 [pii] doi: 10.1016/j.humimm.
2006.10.019 PMID: 17321897.

34. Betjes MG, Meijers RW, deWit LE, Litjens NH. A killer on the road: circulating CD4(+)CD28null T cells
as cardiovascular risk factor in ESRD patients. J Nephrol. 2012; 25(2):183–91. Epub 2011/12/03.
A3649BC8-B75A-4F94-9667-EA8FB9B492D4 [pii] doi: 10.5301/jn.5000057 PMID: 22135034.

35. Weyand CM, Brandes JC, Schmidt D, Fulbright JW, Goronzy JJ. Functional properties of CD4+ CD28-
T cells in the aging immune system. Mech Ageing Dev. 1998; 102(2–3):131–47. Epub 1998/08/28.
PMID: 9720647.

36. Franceschi C, Bonafe M, Valensin S. Human immunosenescence: the prevailing of innate immunity,
the failing of clonotypic immunity, and the filling of immunological space. Vaccine. 2000; 18(16):1717–
20. Epub 2000/02/26. S0264-410X(99)00513-7 [pii]. PMID: 10689155.

37. Kato M, Ono Y, Kinukawa T, Hattori R, Kamihira O, Ohshima S. Long time follow up of CD28- CD4+ T
cells in living kidney transplant patients. Clin Transplant. 2004; 18(3):242–6. Epub 2004/05/15. doi: 10.
1111/j.1399-0012.2004.00143.x CTR143 [pii]. PMID: 15142043.

38. Boleslawski E, BenOthman S, Grabar S, Correia L, Podevin P, Chouzenoux S, et al. CD25, CD28 and
CD38 expression in peripheral blood lymphocytes as a tool to predict acute rejection after liver trans-
plantation. Clin Transplant. 2008; 22(4):494–501. Epub 2008/06/21. CTR815 [pii] doi: 10.1111/j.1399-
0012.2008.00815.x PMID: 18565100.

39. Nunes C, Wong R, Mason M, Fegan C, Man S, Pepper C. Expansion of a CD8(+)PD-1(+) replicative
senescence phenotype in early stage CLL patients is associated with inverted CD4:CD8 ratios and dis-
ease progression. Clin Cancer Res. 2012; 18(3):678–87. Epub 2011/12/23. 1078-0432.CCR-11-2630
[pii] doi: 10.1158/1078-0432.CCR-11-2630 PMID: 22190592.

40. Dirks J, Tas H, Schmidt T, Kirsch S, Gartner BC, Sester U, et al. PD-1 analysis on CD28(-) CD27(-)
CD4 T cells allows stimulation-independent assessment of CMV viremic episodes in transplant recipi-
ents. Am J Transplant. 2013; 13(12):3132–41. Epub 2013/10/24. doi: 10.1111/ajt.12480 PMID:
24148296.

41. Koch S, Larbi A, Derhovanessian E, Ozcelik D, Naumova E, Pawelec G. Multiparameter flow cytometric
analysis of CD4 and CD8 T cell subsets in young and old people. Immun Ageing. 2008; 5:6. Epub
2008/07/29. 1742-4933-5-6 [pii] doi: 10.1186/1742-4933-5-6 PMID: 18657274; PubMed Central
PMCID: PMC2515281.

42. Betjes MG, Langerak AW, van der Spek A, de Wit EA, Litjens NH. Premature aging of circulating T cells
in patients with end-stage renal disease. Kidney Int. 2011; 80(2):208–17. Epub 2011/04/29. ki2011110
[pii] doi: 10.1038/ki.2011.110 PMID: 21525849.

43. Oetting WS, GuanW, Schladt DP, WildebushWA, Becker J, Thyagarajan B, et al. Telomere length of
recipients and living kidney donors and chronic graft dysfunction in kidney transplants. Transplantation.
2014; 97(3):325–9. Epub 2014/02/05. doi: 10.1097/01.TP.0000436705.87898.88 00007890-
201402150-00014 [pii]. PMID: 24492422; PubMed Central PMCID: PMC4104656.

44. Naylor K, Li G, Vallejo AN, LeeWW, Koetz K, Bryl E, et al. The influence of age on T cell generation
and TCR diversity. J Immunol. 2005; 174(11):7446–52. PMID: 15905594.

45. Bradley LM, Haynes L, Swain SL. IL-7: maintaining T-cell memory and achieving homeostasis. Trends
Immunol. 2005; 26(3):172–6. Epub 2005/03/05. S1471-4906(05)00021-9 [pii] doi: 10.1016/j.it.2005.01.
004 PMID: 15745860.

46. Heeger PS, Greenspan NS, Kuhlenschmidt S, Dejelo C, Hricik DE, Schulak JA, et al. Pretransplant fre-
quency of donor-specific, IFN-gamma-producing lymphocytes is a manifestation of immunologic mem-
ory and correlates with the risk of posttransplant rejection episodes. J Immunol. 1999; 163(4):2267–75.
Epub 1999/08/10. ji_v163n4p2267 [pii]. PMID: 10438971.

CD4+CD28null T Cells and Risk for EAR

PLOSONE | DOI:10.1371/journal.pone.0150826 March 7, 2016 17 / 18

http://dx.doi.org/10.1111/j.0105-2896.2005.00256.x
http://dx.doi.org/10.1111/j.0105-2896.2005.00256.x
http://www.ncbi.nlm.nih.gov/pubmed/15882352
http://dx.doi.org/10.1111/cei.12188
http://www.ncbi.nlm.nih.gov/pubmed/23962178
http://www.ncbi.nlm.nih.gov/pubmed/15265915
http://dx.doi.org/10.1016/j.humimm.2006.10.019
http://dx.doi.org/10.1016/j.humimm.2006.10.019
http://www.ncbi.nlm.nih.gov/pubmed/17321897
http://dx.doi.org/10.5301/jn.5000057
http://www.ncbi.nlm.nih.gov/pubmed/22135034
http://www.ncbi.nlm.nih.gov/pubmed/9720647
http://www.ncbi.nlm.nih.gov/pubmed/10689155
http://dx.doi.org/10.1111/j.1399-0012.2004.00143.x
http://dx.doi.org/10.1111/j.1399-0012.2004.00143.x
http://www.ncbi.nlm.nih.gov/pubmed/15142043
http://dx.doi.org/10.1111/j.1399-0012.2008.00815.x
http://dx.doi.org/10.1111/j.1399-0012.2008.00815.x
http://www.ncbi.nlm.nih.gov/pubmed/18565100
http://dx.doi.org/10.1158/1078-0432.CCR-11-2630
http://www.ncbi.nlm.nih.gov/pubmed/22190592
http://dx.doi.org/10.1111/ajt.12480
http://www.ncbi.nlm.nih.gov/pubmed/24148296
http://dx.doi.org/10.1186/1742-4933-5-6
http://www.ncbi.nlm.nih.gov/pubmed/18657274
http://dx.doi.org/10.1038/ki.2011.110
http://www.ncbi.nlm.nih.gov/pubmed/21525849
http://dx.doi.org/10.1097/01.TP.0000436705.87898.88
http://www.ncbi.nlm.nih.gov/pubmed/24492422
http://www.ncbi.nlm.nih.gov/pubmed/15905594
http://dx.doi.org/10.1016/j.it.2005.01.004
http://dx.doi.org/10.1016/j.it.2005.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15745860
http://www.ncbi.nlm.nih.gov/pubmed/10438971


47. LimWH, Chapman JR, Wong G. Peak panel reactive antibody, cancer, graft, and patient outcomes in
kidney transplant recipients. Transplantation. 2015; 99(5):1043–50. Epub 2014/12/30. doi: 10.1097/
TP.0000000000000469 PMID: 25539466.

48. Faravardeh A, Eickhoff M, Jackson S, Spong R, Kukla A, Issa N, et al. Predictors of graft failure and
death in elderly kidney transplant recipients. Transplantation. 2013; 96(12):1089–96. Epub 2013/09/24.
doi: 10.1097/TP.0b013e3182a688e5 PMID: 24056622.

49. Lee KW, Kim SJ, Lee DS, Lee HH, Joh JW, Lee SK, et al. Effect of panel-reactive antibody positivity on
graft rejection before or after kidney transplantation. Transplant Proc. 2004; 36(7):2009–10. Epub
2004/11/03. S0041-1345(04)01007-3 [pii] doi: 10.1016/j.transproceed.2004.08.137 PMID: 15518726.

CD4+CD28null T Cells and Risk for EAR

PLOSONE | DOI:10.1371/journal.pone.0150826 March 7, 2016 18 / 18

http://dx.doi.org/10.1097/TP.0000000000000469
http://dx.doi.org/10.1097/TP.0000000000000469
http://www.ncbi.nlm.nih.gov/pubmed/25539466
http://dx.doi.org/10.1097/TP.0b013e3182a688e5
http://www.ncbi.nlm.nih.gov/pubmed/24056622
http://dx.doi.org/10.1016/j.transproceed.2004.08.137
http://www.ncbi.nlm.nih.gov/pubmed/15518726

