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Introduction

Chronic kidney disease is characterized by a progressive loss
of renal function. The final stage, classified as end-stage
renal disease (ESRD), requires replacement therapies, which

Summary

Premature aging of both CD4" regulatory T (Treg) and CD4" responder-
T (Tresp) cells in patients with end-stage renal disease (ESRD) is expected
to affect the success of later kidney transplantation. Both T-cell popula-
tions are released from the thymus as inducible T-cell co-stimulator-posi-
tive (ICOS") and ICOS™ recent thymic emigrant (RTE) Treg/Tresp cells,
which differ primarily in their proliferative capacities. In this study, we
analysed the effect of ESRD and subsequent renal replacement therapies
on the differentiation of ICOS™ and ICOS™ RTE Treg/Tresp cells into
ICOS" CD31~ or ICOS™ CD31  memory Treg/Tresp cells and examined
whether diverging pathways affected the suppressive activity of ICOS™ and
ICOS™ Treg cells in co-culture with autologous Tresp cells. Compared
with healthy controls, we found an increased differentiation of ICOS™
RTE Treg/Tresp cells and ICOS™ RTE Treg cells through CD31" memory
Treg/Tresp cells into CD31™ memory Treg/Tresp cells in ESRD and dialy-
sis patients. In contrast, ICOS™ RTE Tresp cells showed an increased dif-
ferentiation via ICOS™~ mature naive (MN) Tresp cells into CD31~
memory Tresp cells. Thereby, the ratio of ICOS™ Treg/ICOS"™ Tresp cells
was not changed, whereas that of ICOS™ Treg/ICOS™ Tresp cells was sig-
nificantly increased. This differentiation preserved the suppressive activity
of both Treg populations in ESRD and partly in dialysis patients. After
transplantation, the increased differentiation of ICOS™ and ICOS™ RTE
Tresp cells proceeded, whereas that of ICOS" RTE Treg cells ceased and
that of ICOS™ RTE Treg cells switched to an increased differentiation via
ICOS™ MN Treg cells. Consequently, the ratios of ICOS™ Treg/ICOS*
Tresp cells and of ICOS™ Treg/ICOS™ Tresp cells decreased significantly,
reducing the suppressive activity of Treg cells markedly. Our data reveal
that an increased tolerance-inducing differentiation of ICOS* and ICOS™
Treg cells preserves the functional activity of Treg cells in ESRD patients,
but this cannot be maintained during long-term renal replacement
therapy.

Keywords: end-stage renal disease; immunosenescence; regulatory T cells;
renal replacement therapy; T-cell differentiation.

cannot completely restore renal function. Consequently,
the accumulation of uraemic toxins favours the occurrence

of immunological disorders," > with the T-cell compart-
ment being most affected.* ' A lower thymic output and

therefore an increased differentiation and premature aging

Abbreviations: ESRD, end-stage renal disease; ICOS, inducible T-cell co-stimulator; MN, mature naive; RTE, recent thymic
emigrant; Treg, regulatory T; Tresp, responder T
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of the T-cells are already documented.''” Thereby, both
responder T (Tresp) and regulatory T (Treg) cells,'® which
normally suppress the function of activated Tresp cells, are
affected. Kidney transplantation is the preferred method of
renal replacement therapy, as, compared with dialysis, it
reduces mortality and improves long-term survival.'”'® In
particular, it was suggested that chronic inflammation was
improved by restoring kidney function.'” However, with
increasing time after transplantation, most transplant recip-
ients revert to renal insufficiency.?® As the advanced aging
of the T cells cannot be reversed, a further impairment of
the T-cell compartment has to be expected.*"

Currently, the effects of renal insufficiency and its recov-
ery on the differentiation and functionality of T cells are not
sufficiently understood. Different subsets of Treg and Tresp
cells are likely to be influenced differently. The most promi-
nent naturally occurring Treg cell populations differ
concerning their expression of the inducible T-cell co-
stimulator (ICOS) molecule, which is already expressed in
the thymus. Their induction by dendritic cells, proliferation
and survival were shown to be regulated differentially.***’
In addition to its expression on Treg cells, the ICOS mole-
cule is also expressed on Tresp cells and it was shown that
both ICOS" Treg/Tresp cells and ICOS™ Treg/Tresp cells
are released from the thymus as CD45RA* CD31" recent
thymic emigrant (RTE) Treg/Tresp cells.** Normally, RTE T
cells undergo peripheral post-thymic proliferation to form a
long-living CD45RA" CD31~ mature naive (MN) T-cell
population, which has the capacity to maintain the naive T-
cell pool throughout adult life.*>*° After stimulation with
appropriate antigens, both RTE and MN T cells differentiate
into memory T cells.”” Recently, we demonstrated that dif-
ferent differentiation pathways affect the suppressive activ-
ity of Treg cells on autologous Tresp cells differentially and
therefore had a decisive role for the maintenance of Treg cell
function during both pregnancy and renal insufficiency.”*?’

In this study, we examined the influence of renal insuf-
ficiency and the subsequent renal replacement therapies
on the differentiation of ICOS" and ICOS™ Treg/Tresp
cells. We show that different pathways have an influence
on the composition of the total CD4" T helper cell pool
with these Treg/Tresp subsets and especially affect the
ratios of ICOS" Treg cells to ICOS™ Tresp cells or of
ICOS™ Treg cells to ICOS™ Tresp cells. Our data reveal
that tolerance-inducing differentiation pathways of both
ICOS" and ICOS™ Treg cells preserve the functional
activity of Treg cells in patients with ESRD, but this can-
not be maintained during renal replacement therapy.

Materials and methods

Patient collectives

For quantitative analysis, peripheral blood samples were
collected from 156 healthy volunteers, 49 ESRD patients
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before initiation of dialysis therapy, 61 dialysis patients
and 196 renal transplant recipients. The blood samples
from ESRD patients were taken a few days before the
start of the dialysis therapy. Blood samples from dialysis
patients were obtained at the beginning of the repeated
dialysis treatment. These patients did not show recent ill-
ness (within the previous 3 months) or significant anae-
mia and had not received any immunosuppressive drugs.
Blood samples from stable kidney transplant patients (in-
conspicuous creatinine levels and glomerular filtration
rate, no clinical signs of renal failure) were collected dur-
ing routine control checks. Kidney transplant recipients
were subdivided into two different groups, one group
containing 103 patients who had undergone kidney trans-
plantation < 2 years before participation in the study and
one group consisting of 93 recipients > 2 years post
transplantation. Exclusion criteria included infection-
induced graft failure, post-renal obstruction or drug-
induced renal failure. For functional analysis, we collected
10 healthy volunteers, 10 ESRD patients, 10 dialysis
patients and 22 kidney transplant recipients (n<
vears) = 11 and n(s 3 years) = 11).

Clinical characteristics of all participants are summa-
rized in Table 1. The study was approved by the Regional
Ethics Committee. All participants were fully informed of
the aim of the study and written informed consent was
obtained from all participants.

Fluorescence-activated cell sorter staining

Venous blood samples (9 ml) from all participants were
collected into EDTA-containing tubes. Whole peripheral
blood mononuclear cells were isolated by Lymphodex
(Inno-Train Diagnostik GMBH, Kronberg, Germany)
gradient centrifugation and analysed by six-colour flow
cytometric analysis. Briefly, peripheral blood mononu-
clear cells (8 x 10° cells) were surface-stained with
10 pl peridinin chlorophyll protein-conjugated anti-CD4
(BD Bioscience, Heidelberg, Germany), 5 ul phycoery-
thrin-Cy7-conjugated anti-CD127 (eBioscience, Frank-
furt, Germany), 5 pl Alexa Fluor 647-conjugated anti-
CD31 (BD Bioscience), 5 pl allophycocyanin (APC-H7)-
conjugated anti-CD45RA (BD Bioscience) and 20 pl
phycoerythrin-conjugated anti-CD278 (ICOS) (BD Bio-
science) mouse monoclonal antibodies. Subsequently,
intracellular staining was performed for the detection of
FoxP3 using a fluorescein isothiocyanate-labelled anti-
human FoxP3 staining set (clone PCH101; eBioscience),
according to the manufacturer’s instructions. Negative
control samples were incubated with isotype-matched
antibodies. Dead cells were excluded by forward- and
side-scatter characteristics. Cells were analysed on a
FACS Canto cytometer (BD Bioscience). Statistical
analysis was based on at least 100 000 gated CD4"
T cells.
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Table 1. Clinical characteristics of patients

T-cell differentiation in renal insufficiency

Healthy Controls

ESRD-Patients

Dialysis-Patients

Transplant recipients
< 2 years post-NTX

Transplant recipients
> 2 years post-NTX

n = 156 n =49 n =06l n =103 n=93

Female sex, 7 (%) 96 (62%) 17 (35%) 19 (31%) 38 (37%) 40 (43%)
Age (years) 42 (18-86) 53 (20-87) 58 (25-88) 50 (20-75) 48 (20-79)
Primary disease, 1 (%)

Diabetes 5 (10%) 8 (13%) 8 (8%) 4 (4%)

Hypertension 3 (6%) 3 (5%) 5 (5%) 2 (2%)

GN/vasculitis 19 (39%) 17 (28%) 47 (45%) 40 (43%)

Interstitial nephritis 3 (6%) 1 (2%) 5 (5%) 9 (10%)

Polycystic kidney disease 8 (17%) 4 (6%) 20 (19%) 12 (13%)

Renal malformations 2 (4%) 10 (16%) 4 (4%) 8 (9%)

Nephrectomy after renal 0 3 (5%) 0 1 (1%)

carcinoma

Cardio-renal syndrome 2 (4%) 1 (2%) 0 0

Obstructive uropathy 2 (4%) 3 (5%) 4 (4%) 7 (8%)

Others 3 (6%) 5 (8%) 4 (4%) 6 (6%)

Unknown 2 (4%) 6 (10%) 6 (6%) 4 (4%)
Dialysis method - - -

HD, n (%) 41 (67%)

CAPD, 1 (%) 20 (33%)
Time on dialysis (y) - - 226 (0-01-31-0) 233 (0-14-3) 2-00 (0-14-3)
Deceased donor kidney, #n (%) - - - 54 (52%) 45 (48%)
Time since transplantation (years) - - - 0-25 (0-01-1-96) 6:67 (2:03-37-7)
Induction therapy

Basiliximab 100 (97%) 55 (59%)

ATG 3 (3%) 8 (9%)

None 0 30 (32%)
Immunosuppression

Tac + MPA + Steroid - - - 39 (34%) 28 (34%)

CsA + MPA + Steroid 45 (35%) 23 (35%)

mTOR-inh. + MPA + Steroid 3 (10%) 16 (10%)

Belatacept + others 8 (6%) 3 (6%)

Others 8 (15%) 22 (15%)

None 0 1 (0%)
Creatinine (mg/dl) at <1.0 564 (2:0-14-6) 687 (1-9-158) 1:51 (0-76-4-75) 1-44 (0-73-3-45)

Treg measurement
Urea (mg/dl) at Treg measurement < 40
CKD-EPI GFR (ml/min/1-73 m?) > 90
at Treg measurement

166 (55-283)
9.4 (2:7-22-7)

123 (50-212)
6-8 (2:8-365)

51 (16-132)
481 (13-1-88-3)

58 (15-161)
50-3 (17-6-107-4)

The data are presented as their median values together with their range (minimum-maximum).

ATG, antithymocyte globulin; CKD-EPI GFR, chronic kidney disease epidemiology collaboration estimated glomerular filtration rate; CsA, cyclos-

porin; GN, glomerulonephritis; HD, haemodialysis; MPA, mycophenolic acid; mTOR-inh., mechanistic target of rapamycin-inhibitor; NTX, renal

transplantation; PD, peritoneal dialysis; Tac, tacrolimus.

Positive selection of CD4* CD127°"*'~ CD25" Treg
cells

Whole peripheral blood mononuclear cells were isolated
from 45 ml EDTA-blood samples by Lymphodex (Inno-
Train Diagnostik GMBH, Kronberg, Germany) gradient
centrifugation. CD4" CD127°"*'~ CD25" Treg cells were
purified using the Regulatory-T-Cell-Isolation-Kit IT (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) according to

© 2018 John Wiley & Sons Ltd, Immunology, 155, 211-224

the manufacturer’s instructions. First, CD4" CD127°%*"/~

T cells were isolated by magnetic depletion of non-
CD4" CD127"8"" T cells. In the second step, the
CD4" CD127"°%*/~ CD25" Treg cells were isolated by
positive selection over two consecutive columns. The
CD4" CD127"°%*~ CD25~ T cells were obtained in
the flow-through fraction and used as responder T cells.
The CD4" CD127°"*~ CD25% Treg cells were subse-
quently retrieved from the columns.
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Sorting and functional testing of the different Treg cell
subsets

For the sorting of the isolated CD4" CD127"°%*~ CD25"
Treg cells into ICOS" and ICOS™ Treg cells, cells were
stained with 5 pl APC-H7-conjugated anti-CD45RA and
2 pl phycoerythin-conjugated anti-CD278 (ICOS) mouse
monoclonal antibodies (BD Bioscience). In all experi-
ments, dead cells were excluded while the remaining
CD4" CD127"°%*/~ CD25" Treg cells were sorted using a
FACS-Vantage SE-Sorter or a FACS-Aria II-Sorter (BD
Bioscience). To analyse the suppressive activity of the iso-
lated ICOS™ Treg and ICOS™ Treg populations, 2 x 10*
responder T cells were co-cultured with the purified Treg
subsets at ratios of 1:2-1:256 in 96-well v-shaped
bottom plates. Suppression assays were performed in a
final volume of 100 pl/well of X-VIVO15 medium
(Lonza, Verviers, Belgium). For T-cell stimulation, the
medium was supplemented with 1 pg/ml anti-CD3 and
2 pg/ml anti-CD28 antibodies (eBioscience). As controls,
CD4" CD127"°%*~ CD25" Treg cells and Tresp cells
alone were cultured both with and without any stimulus.
Cells were incubated at 37° in 5% CO,. After four days,
1 uCi [*H]thymidine (Hartmann Analytic, Braunschweig,
Germany) was added to the cultures and cells were fur-
ther incubated for 16 hr. Then, the cells were harvested
and ’H incorporation was measured by scintillation
counting. Depending on the number of the separated
cells, the suppression assays were performed as single or
multiple determinations. To compare the suppressive
activity of the different Treg cell subsets between the dif-
ferent patient groups the maximum suppressive activity
(ratio of Treg cells to Tresp cells 1 : 2) and the minimum
ratio of Treg cells to Tresp cells at which a suppression of
at least 15% could be achieved was calculated.”

Statistical analysis

Linear regression was used to evaluate the changes with
age in the percentages of RTE, MN, CD31" memory and
CD31~ memory Treg/Tresp cells within the total ICOS*
and ICOS™ Treg/Tresp pool using separate models for all
patient groups. The same approach was used for evaluat-
ing the influence of age on the composition of the total
CD4" helper cell pool with ICOS" and ICOS™ Treg/Tresp
cells as well as for analysing the changes of the ratio of
ICOS" Treg/ICOS™ Tresp cells or ICOS™ Treg/ICOS™
Tresp cells with age. Differences between the different
patient groups concerning the above listed Treg/Tresp
subsets, were examined using multiple regression analysis
adjusted for the age variable (centred on the mean),
wherein an interaction term of the age and the patient
group was included.

Comparison of the suppressive activity of purified
ICOS™ Treg cells and ICOS™ Treg cells between the
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different age-matched participant groups was performed
using the non-parametric Wilcoxon-Mann—Whitney
U-test. P < 0-05 was considered significant. For all tests,
the software package BIAS ror WiNDoOws (version 10-06)
was used.

Results

Renal replacement therapy restores thymic output of
highly proliferative ICOS" RTE Treg cells, but not of
ICOS" RTE Tresp cells

In this study, we used flow cytometric analysis for com-
parative investigation of the differentiation of ICOS" and
ICOS™ RTE T cells in healthy volunteers, patients with
ESRD and patients undergoing subsequent renal replace-
ment therapies. Due to the potentially significant influ-
ence of the immunosuppressive therapy in patients
undergoing transplantation, we examined both short-term
and long-term transplant patients. Since the most signifi-
cant differences in T cell differentiation were observed in
patients transplanted less than or more than 2 years prior
to the study, we chose a 2-year cut-off period. To exam-
ine, whether there were differences in the differentiation
pathways of ICOS* and ICOS™ Treg/Tresp cells between
groups, we calculated the composition of the total ICOS*
and ICOS™ Treg/Tresp cell pool with CD45RA* CD31"
RTE, CD45RA™ CD31~ MN, CD45RA™ CD31" memory
and CD45RA™ CD31  memory Treg/Tresp cells (in the
following abbreviated as RTE-, MN-, CD31" memory and
CD31" memory Treg/Tresp cells). Figure 1(a—h) shows
the gating strategy that was used in all experiments.
Figure 2 shows the composition of the total ICOS" Treg/
Tresp pools with ICOS" RTE, MN, CD31" memory and
CD31™ memory T cells in all participants during course of
life. Compared with healthy volunteers, we found that the
composition of the total ICOS* Treg/Tresp pool in ESRD
patients changed in the way that the percentages of RTE
Treg/Tresp, MN Treg/Tresp and CD31" memory Treg/
Tresp cells decreased, whereas the percentages of CD31"
memory Treg/Tresp cells increased significantly (Fig. 2a,c).
These findings suggest that renal insufficiency is associated
with a severe impairment of ICOS" RTE Treg/Tresp release
from the thymus and that the already distributed ICOS"
RTE Treg/Tresp cells increasingly differentiate via highly
proliferative ICOS" CD31" memory Treg/Tresp cells into
ICOS™ CD31~ memory Treg/Tresp cells (Fig. 2b,d). Only
minor differences were found between men and women
(see Supplementary material, Fig. S1). After the initiation
of dialysis therapy, the percentages of the naive ICOS" RTE
and/or MN Treg/Tresp cells rose again while the percent-
ages of I[COS" CD31~ memory Treg/Tresp cells decreased
markedly. However, compared with healthy volunteers, the
percentages of [COS* RTE Treg/Tresp cells and particularly
of ICOS" CD31"

memory Tresp cells remained

© 2018 John Wiley & Sons Ltd, /mmunology, 155, 211-224
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Figure 1. Gating strategy for six-colour-flow-cytometric detection of recent thymic emigrant (RTE), mature naive (MN), CD31" memory and
CD31" memory T cells within total inducible T-cell co-stimulator-positive (ICOS") and ICOS™ regulatory T (Treg)/responder T (Tresp) cells. At
first, CD4" T cells (P1) were gated by fluorescence intensity of CD4 versus side light scatter (SSC) (a). The CD4" CD127°"*"~ Foxp3* Treg cells
(P2) and the CD4" CD127" FoxP3™ Tresp cells (P3) were gated by fluorescence intensity of FoxP3 versus CD127 (b). The ICOS" (P4) and
ICOS™ Treg cells (P5) were gated by fluorescence intensity of CD45RA versus ICOS (c). The percentages of RTE Treg cells (P7, P11), MN Treg
cells (P8, P12), CD31" memory Treg cells (P6, P10) and CD31" memory Treg cells (P9, P13) were estimated by analysing the total ICOS" (P4)
and ICOS™ Treg pool (P5) for its expression of CD45RA and CD31 (d, e). Moreover, the ICOS™ (P14) and ICOS™ Tresp cells (P15) were gated
by fluorescence intensity of CD45RA versus ICOS (f). The percentages of RTE Tresp cells (P17, P21), MN Tresp cells (P18, P22), CD31" memory
Tresp cells (P16, P20) and CD31™ memory Tresp cells (P19, P23) were estimated by analysing the total ICOS* (P14) and ICOS™ Tresp pool

(P15) for its expression of CD45RA and CD31 (g, h).

significantly reduced in dialysis patients, whereas the per-
centages of ICOS™ CD31~ memory Treg/Tresp cells were
still increased (Fig. 2e,g). These findings propose that
ICOS" RTE Treg cells still show an increased differentiation
into ICOS" CD31~ memory Treg cells, presumably
through both pathways (Fig. 2f), whereas ICOS" RTE
Tresp cells differentiate increasingly through CD31" mem-
ory Tresp cells into ICOS" CD31~ memory Tresp cells
(Fig. 2h). After transplantation, the percentages of naive
ICOS" RTE Treg/Tresp, ICOS™ MN Treg/Tresp and
ICOS" CD31" memory Treg cells further increased, while
the percentages of ICOS* CD31~ memory Treg/Tresp cells
decreased strongly. Presumably, thymic function is largely
restored after transplantation, as the percentages of naive
RTE Treg/Tresp cells are significantly increased or at least
equal to those of healthy volunteers (Fig. 2i,k). Conse-
quently, the increased differentiation of ICOS* RTE Treg

© 2018 John Wiley & Sons Ltd, Immunology, 155, 211-224

cells into ICOS* CD31~ memory Treg cells ceases and is
also weakened for ICOS" RTE Tresp cells (Fig. 2j,1). Sur-
prisingly, 2 years after transplantation, a new intensified
differentiation of naive RTE Treg/Tresp cells through
ICOS" CD31" memory Treg/Tresp cells into ICOS*
CD31" memory Treg/Tresp cells could be observed
(Fig. 2m—p). This especially applies to ICOS" RTE Tresp
cells, as the composition of the ICOS" Tresp pool remains
characteristically altered in long-term transplant patients
compared with healthy volunteers (Fig. 20,p).

Severely diminished release of ICOS™ RTE T cells
from the thymus in ESRD patients cannot be restored
during renal replacement therapy

Similar to ICOS" RTE Treg/Tresp cells, ICOS™ RTE Treg/
Tresp cells also revealed an impaired thymic output and
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an increased differentiation into ICOS™ CD31™ memory
Treg/Tresp cells in ESRD patients compared with healthy
volunteers. Although ICOS™ RTE Treg cells differentiated
through ICOS™ CD31" memory Treg cells into
ICOS™ CD31  memory Treg cells (Fig. 3a,b), the ICOS™
RTE Tresp cells differentiated through both ICOS™ MN
and ICOS™ CD31" memory Tresp cells into
ICOS™ CD31" memory Tresp cells (Fig. 3¢,d). Differ-
ences between men and women were not detected (see
Supplementary material, Fig. S1). After initiation of dialy-
sis, ICOS™ MN Treg cells accumulate again within total
ICOS™ Treg cells, whereas ICOS™ CD31™ memory Treg
cells decrease significantly (Fig. 3e). However, compared
with healthy volunteers, an increased differentiation of
ICOS™ RTE Treg cells via ICOS™ CD31" memory Treg
cells is still detectable in dialysis patients (Fig. 3f). Com-
pared with ESRD patients, no significant changes con-
cerning the composition of the ICOS™ Tresp pool could
be shown for dialysis patients (Fig. 3g). Yet, compared
with healthy volunteers, the percentage of ICOS™ RTE
Tresp cells was significantly decreased, that of
ICOS™ CD31" memory Tresp cells did not change and
those of ICOS™ MN Tresp cells and ICOS™ CD31™ mem-
ory Tresp cells were increased (Fig. 3g). These findings
propose an enhanced differentiation of ICOS™ RTE Tresp
cells via ICOS™ MN Tresp cells into ICOS™ CD31"
memory Tresp cells in dialysis patients (Fig. 3h). After
transplantation, both the percentages of ICOS™ RTE
Treg/Tresp cells increase, whereas those of ICOS™ CD31"
memory Treg/Tresp cells decrease significantly, indicating
that the increased differentiation of ICOS™ RTE Treg cells
via ICOS™ CD31" memory Treg cells, or ICOS™ RTE
Tresp cells via ICOS™ MN Tresp cells is attenuated
(Fig. 3i-1). However, in spite of the redistribution of
ICOS™ RTE Treg/Tresp cells after transplantation, their
percentages never reach those of healthy volunteers. Two
years after transplantation, the percentages of ICOS™ MN
Treg/Tresp cells decrease significantly, whereas the per-
centages of both CD31" and CD31~ memory Treg/Tresp
cells increase strongly (Fig. 3m,0), indicating that RTE
Treg/Tresp cells produce less proliferative CD31" memory
Treg/Tresp cells. Consequently, a strengthened differentia-
tion of MN Treg/Tresp cells occurs (Fig. 3n,p).

In summary, our results propose that ESRD leads to
considerably diminished release of RTE T cells causing
their increased differentiation. In contrast to ICOS" RTE
T cells, the redistribution of ICOS™ RTE T cells cannot
be sufficiently achieved after transplantation. This espe-
cially affects the differentiation pathway of ICOS™ RTE
Treg cells, which switch their differentiation via CD31"
memory Treg cells to an alternative differentiation via
MN Treg cells. The differentiation pathways of ICOS*
RTE Treg/Tresp cells and ICOS™ RTE Tresp cells seem to
be maintained throughout renal insufficiency and subse-
quent renal replacement therapies.

Intensified T-cell differentiation in ESRD and dialysis
patients improves the ratio of ICOS™ Treg/ICOS™
Tresp cells, but this cannot be maintained during
renal replacement therapy

To elucidate the influence on the changing Treg/Tresp
differentiation on the ratios of ICOS" Treg to 1ICOS"
Tresp cells or ICOS™ Treg to ICOS™ Tresp cells in
patients with ESRD and in patients undergoing renal
replacement therapy, we estimated the percentages of all
four Treg/Tresp subsets within their total CD4" T helper
cell pool compared with healthy volunteers. For ICOS*
Treg/Tresp cells we found a significant decrease in ESRD
patients, whereby the ratio of ICOS" Treg to ICOS*
Tresp cells was not influenced (Fig. 4a). After initiation
of dialysis therapy, the percentages of ICOS" Treg/Tresp
cells increased again without affecting their ratio
(Fig. 4b). After transplantation, the percentages of ICOS*
Treg/Tresp cells decreased substantially, changing the
ratio of ICOS™ Treg cells to ICOS" Tresp cells in favour
of ICOS" Tresp cells (Fig. 4c). These conditions were
maintained even after > 2 years after transplantation
(Fig. 4d).

For ICOS™ Treg/Tresp cells of patients with ESRD, we
found an increase of ICOS™ Treg cells, whereas ICOS™
Tresp cells showed no significant difference, resulting in a
significant increase in the ratio of ICOS™ Treg to ICOS™
Tresp cells (Fig. 4e). After the initiation of dialysis ther-
apy these conditions were maintained (Fig. 4f). However,
after transplantation, ICOS™ Treg cells decreased sharply

Figure 2. Differentiation of inducible T-cell co-stimulator-positive (ICOS") regulatory T (Treg)/responder T (Tresp) cells. The percentage of
recent thymic emigrant (RTE), mature naive (MN), CD31" memory and CD31 memory Treg/Tresp cells within total ICOS* Treg and ICOS*™
Tresp cells was estimated in healthy volunteers (—) compared with end-stage renal disease (ESRD) patients (—) (a, ¢), ESRD patients com-

pared with dialysis patients (—) (e, g), dialysis patients compared with transplant recipients 2 years after transplantation (

) (i, k) and trans-

plant recipients < 2 years compared with transplant recipients > 2 years post transplantation (—) (m, o). The figures present the regression

lines concerning the changes in the percentages of the individual Treg/Tresp subsets with increasing age. Significant differences between the study

groups and healthy volunteers are marked by black P-values. Significant differences between the different study groups are marked in the corre-

sponding colours. A significant decrease/increase is marked by an arrow (V). The proposed differentiation pathway of ICOS" RTE Treg/Tresp

cells is shown in (b) and (d) for ESRD patients, in (f) and (h) for dialysis patients, in (j) and (I) for patients transplanted for < 2 years and in

(n) and (p) for patients transplanted for > 2 years.
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T-cell differentiation in renal insufficiency

Figure 3. Differentiation of inducible T-cell co-stimulator-negative (ICOS™) regulatory T (Treg)/responder T (Tresp) cells. The percentage of
recent thymic emigrant (RTE), mature naive (MN), CD31" memory and CD31~ memory Treg/Tresp cells within total ICOS™ Treg and ICOS™
Tresp cells was estimated in healthy volunteers (—) compared with end-stage renal disease (ESRD) patients (—) (a, ¢), ESRD patients com-
pared with dialysis patients (—) (e, g), dialysis patients compared with transplant recipients 2 years after transplantation (——) (i, k) and trans-
plant recipients < 2 years compared with transplant recipients > 2 years post transplantation (—) (m, o). The figures present the regression
lines concerning the changes in the percentages of the individual Treg/Tresp subsets with increasing age. Significant differences between the study
groups and healthy volunteers are marked by black P-values. Significant differences between the different study groups are marked in the corre-
sponding colours. A significant decrease/increase is marked by an arrow (\). The proposed differentiation pathway of ICOS™ RTE Treg/Tresp
cells is shown in (b) and (d) for ESRD patients, in (f) and (h) for dialysis patients, in (j) and (1) for patients transplanted for < 2 years and in
(n) and (p) for patients transplanted for > 2 years.

so that no significant difference could be detected com- Treg cells were strongly decreased compared with healthy
pared with healthy volunteers. In contrast, ICOS™ Tresp volunteers while ICOS™ Tresp cells were significantly
cells increased so that the positive ratio of ICOS™ Treg increased. Consequently, the ratio of ICOS™ Treg cells to
cells to ICOS™ Tresp cells could not be sustained ICOS™ Tresp cells decreased considerably in these long-
(Fig. 4g). Another 2 years after transplantation, ICOS™ term transplant patients (Fig. 4h).
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Figure 4. Composition of the CD4" T helper cell pool with inducible T-cell co-stimulator-positive (ICOS") and ICOS™ regulatory T (Treg)/re-
sponder T (Tresp) cells and ratio of ICOS" and ICOS™ Treg to Tresp cells. The percentages of ICOS" Treg/Tresp cells and ICOS™ Treg/Tresp
cells of the total CD4" T helper cell pool as well as the ratios of ICOS" Treg to ICOS™ Tresp cells and ICOS™ Treg to ICOS™ Tresp cells were
estimated for healthy volunteers (—) compared with end-stage renal disease (ESRD) patients (—) (a, e), compared with dialysis patients (—)
(b, ), compared with patients who had undergone transplantation < 2 years ago (——) (¢, g) and compared with transplant recipients > 2 years
post transplantation (—) (d, h). The figures present the regression lines concerning the changes in the percentages of the individual Treg/Tresp
subsets with increasing age. Significant differences between the study groups and healthy volunteers are marked by black P-values. Significant dif-
ferences in the ratios of Treg to Tresp cells were marked in red P-values. A significant decrease/increase is marked by an arrow (V4).
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%‘ ﬁ . * = lated by magnetic-activated-cell-sorting, stained
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% g’ 40 1 * - (P1) and ICOS"* Treg (P2) cells (a). The sup-
3 = pressive activity of the different Treg cell sub-
= 201 P<0.05 sets was estimated by suppression assays.
0 i ; Blood samples were obtained from age-
Healthy ESRD Dialysis Transplant ~ Transplant matched healthy volunteers (n = 10), end-stage
volunteers <2 years >2 years renal disease (ESRD) patients (n = 10), dialysis
patients (n = 10) and transplant recipients
© 1/256 P<o0.01 <2 years (n=11) and > 2 years (n = 11) post
. P <0.001 transplantation. The figure shows the individ-
a 5 P <0.05 ual and median values of the maximum sup-
é Z P<0.05 pressive activity (Treg/Tresp = 1/2) (b) and of
2 % 1128 | . - the ratio of Treg to Tresp cells up to which the
'; < purified ICOS* Treg (#) and ICOS™ Treg (+)
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3 164 L . suppressive activity of at least 15% (c). Com-
1/32 - - . . pared with healthy volunteers, the suppressive
1/18 ] ? T- -?_ L _ . activity of both Treg subsets is maintained in
Healthy ESRD Dialysis Transplant ~ Transplant ESRD patients, but is significantly decreased in
volunteers <2 years >2 years dialysis and transplant recipients.

The suppressive activity of Treg cells is maintained in
ESRD patients, but can hardly be preserved during
renal replacement therapy

To examine whether there were differences in the sup-
pressive activity of separated ICOS' and ICOS™ Treg
cells, the total CD4* CD127"°%*"'~ CD25" Treg pool of 10
healthy volunteers (mean age 48 £ 9 years), 10 ESRD
patients (mean age 50 £ 12 years), 10 dialysis patients
(mean age 50 £ 14 years), 11 transplant recipients who
were transplanted for > 2 years (mean age 49 £ 10 years)
and 11 transplant recipients who were transplanted for
< 2 years (mean age 52 + 13 years) was isolated by mag-
netic-activated-cell-sorting and sorted into both Treg cell
subsets (Fig. 5a). Subsequently, the isolated ICOS" and
ICOS™ Treg cells were analysed separately for their sup-
pressive capacity. Compared with healthy volunteers, we

220

found that the suppressive activity of both Treg subsets
was maintained in ESRD patients. In dialysis patients, the
suppressive activity of both Treg subsets was significantly
reduced. For ICOS™ Treg cells, a significantly decreased
suppressive activity was also revealed for both transplant
patient groups (Fig. 5b,c). The suppressive activity of
ICOS" Treg cells could not be determined for transplant
patients, due to an extremely low number of ICOS™ Treg
cells in these patients.

Discussion

The mechanisms leading to altered T-cell differentiation
in ESRD patients are poorly understood. Meanwhile,
these alterations, which correspond to a prematurely
differentiated T-cell expected to have

system, are
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Figure 6. Differentiation pathways of inducible T-cell co-stimulator-positive (ICOS™) and ICOS™ recent thymic emigrant (RTE) regulatory T
(Treg)/responder T (Tresp) cells during renal replacement therapy. The privileged differentiation pathway (red arrows) of ICOS* and ICOS™
RTE Treg/Tresp cells into ICOS" and ICOS™ CD31~ memory Treg/Tresp cells is shown for end-stage renal disease (ESRD) patients (a), dialysis
patients (b) and patients who underwent kidney transplantation < 2 years (c) or > 2 years (d) previously. Decreasing percentages of CD31"
memory T cells propose an increased differentiation via this subset, whereas increasing percentages of mature naive (MN) T cells propose an
increased differentiation via MNs. Changes in the ratios of ICOS" Treg to ICOS" Tresp cells or ICOS™ Treg to ICOS™ Tresp cells are marked by
(UA). Over the period from ESRD to long-term transplantation, the increased differentiation of ICOS™ RTE Treg cells ceases, whereas that of
ICOS" Tresp cells is maintained, changing the ratio of ICOS* Treg to ICOS" Tresp cells in favour of ICOS" Tresp cells. In addition, the differen-
tiation of ICOS™ RTE Treg cells via ICOS™ CD31" memory Treg cells cannot be maintained over time and switches to a differentiation via
ICOS™ MN Treg cells. Consequently, as ICOS™ RTE Tresp cells maintain their differentiation via ICOS™ MN Tresp cells over the period from
ESRD to long-term transplantation, the ratio of ICOS™ Treg cells to ICOS™ Tresp cells is changed in favour of ICOS™ Tresp cells.

consequences for the success of later kidney transplanta- changes in the differentiation of these different T-cell sub-
tion.”® The most obvious symptom in ESRD patients is sets from the stage of ESRD to transplantation. In ESRD
T-cell lymphopenia, due to a selective loss of circulating patients, we found that all RTE Treg/Tresp subsets differ-
naive T cells and memory T cells attributed to increased entiated strongly via CD31" memory Treg/Tresp cells into
activation-induced apoptosis.**>*> Currently it is not CD31" memory Treg/Tresp cells with the exception of
known whether Treg and Tresp cells are equally affected. ICOS™ RTE Tresp cells, which differentiated intensely
In this study, we show that the suppressive Treg cell func- through both ICOS™ MN Tresp cells and CD31" memory
tion is initially completely preserved in ESRD patients, Tresp cells into ICOS™ CD31™ memory Tresp cells. As
but that it is lost during the subsequent long-term renal the differentiation via CD31" memory Treg/Tresp cells
replacement procedures. With regard to the fact that presumably produces apoptotically more stable CD31
ESRD affects the thymic output of RTE Treg cells and memory Treg/Tresp cells than the differentiation via MN
RTE Tresp cells, we examined whether there were differ- Treg/Tresp cells, the ratio of ICOS* Treg cells to ICOS*
ences in the differentiation pathways of already dis- Tresp cells does not change, whereas that of ICOS™ Treg
tributed highly proliferative ICOS™ RTE Treg/Tresp cells cells to ICOS™ Tresp cells changes in favour of ICOS™
and less proliferative ICOS™ RTE Treg/Tresp cells, which Treg cells in ESRD patients (Fig. 6a). Consequently, the
could explain this phenomenon. Figure 6 summarizes the suppressive activity can be maintained for both 1COS"

© 2018 John Wiley & Sons Ltd, Immunology, 155, 211-224 221
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and ICOS™ Treg cells. In dialysis patients, the improve-
ment of renal insufficiency increased the thymic output,
but could still not be fully restored. Therefore, compared
with ESRD patients, similar differentiation in a weakened
form may prevail in dialysis patients (Fig. 6b). Yet, con-
tinued renal insufficiency may provoke additional differ-
entiation of ICOS™ RTE Treg cells via ICOS™ MN Treg
cells. On the other hand, the redistribution of ICOS™
RTE Tresp cells in dialysis patients diminished their dif-
ferentiation via ICOS™ CD31" memory Tresp cells. As
recently shown, the age of dialysis patients, which addi-
tionally influences thymic distribution, may also have a
decisive impact on Treg cell function.”® After transplanta-
tion, the improvement of renal function reconstituted the
thymic output of ICOS" RTE Treg/Tresp cells to normal
levels or even exaggerated levels. Hence, the increased dif-
ferentiation of ICOS"™ RTE Treg/Tresp cells into
ICOS" CD31~ memory Tresp cells ceased. Nevertheless,
the ratio of ICOS" Treg to ICOS™ Tresp cells was shifted
in favour of ICOS" Tresp cells (Fig. 6¢). The improve-
ment of renal function after transplantation also rein-
forced the thymic output of ICOS™ RTE Treg/Tresp cells;
however, compared with healthy controls, it remained
significantly reduced. It seems that the intensified oppos-
ing differentiation of ICOS™ RTE Treg cells and ICOS™
RTE Tresp cells is attenuated after transplantation, conse-
quently degrading the ratio of ICOS™ Treg to ICOS™
Tresp cells (Fig. 6¢). Over time, renal function cannot be
fully sustained in transplant patients and may cause a
renewed reduction of the thymic output, especially of
ICOS* RTE Tresp cells and ICOS™ RTE Treg/Tresp cells.
By that, the differentiation of ICOS" RTE Tresp cells via
ICOS" CD31" memory Tresp cells and that of ICOS™
RTE Tresp cells via ICOS™ MN Tresp cells may be rein-
forced. However, the exhaustion of ICOS™ RTE Treg dif-
ferentiation may result in an increased alternative

ESRD Dialysis

differentiation of ICOS™ MN Treg cells into
ICOS™ CD31" memory Treg cells. This means that the
ratios of ICOS* Treg to ICOS" Tresp cells and also that
of ICOS™ Treg to ICOS™ Tresp cells changes in favour of
ICOS" and ICOS™ Tresp cells (Fig. 6d). Therefore, it has
to be assumed that the suppressive activity of [COS"™ Treg
cells can probably not be preserved in transplant patients.
Unfortunately, immunosuppressive drugs especially affect
the highly proliferative ICOS* Treg/Tresp cells, rendering
it impossible to isolate sufficient amounts of ICOS* Treg
cells from transplant recipients for functional analysis.
The suppressive activity of ICOS™ Treg cells was also sig-
nificantly decreased in both short- and long-term trans-
plant patients.

Our data reveal that the maintenance of the increased
differentiation of RTE Treg cells via CD31" memory Treg
cells preserves the suppressive function of both ICOS"
and ICOS™ Treg cells in ESRD patients and presumably
also in young, but not in elderly, dialysis patients.”® Par-
ticularly, the switching in the differentiation of ICOS™
RTE Treg cells via ICOS™ MN Treg cells in long-term
transplant patients may be responsible for the loss of
ICOS™ Treg activity in these patients. This may be due to
the recurrence of renal insufficiency in long-term trans-
plant patients, which is frequently described in the litera-
ture.”® However, our data did not show significant
worsening of kidney function in long-term transplant
patients compared with short-term transplant patients.
Therefore, it will be of great importance to clarify
whether such mechanisms may be involved in graft rejec-
tion, which is associated with a more severe loss of renal
function and also of Treg cell function.* Our data indi-
cate that a further reduction in the ratios of ICOS'/
ICOS™ Treg cells to ICOS/ICOS™ Tresp cells could be
involved in graft rejection. In view of the fact that the
ICOS molecule is highly expressed on follicular helper T

Transplantation
< 2years

Transplantation
> 2 years

(a) (b)

Ratio of
ICOS* Treg (@)

() (d)

to ICOS* Tresp (0) & A & 4 A = _.W _?_]\@
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Figure 7. Effect of inducible T-cell co-stimulator-positive (ICOS*) and ICOS™ recent thymic emigrant (RTE) regulatory T (Treg)/ responder T

(Tresp) cell differentiation on the ratios of total ICOS" Treg/ICOS" Tresp cells and of ICOS™ Treg/ICOS™ Tresp cells within total CD4" T helper
cells. Premature aging of both Treg and Tresp cells in end-stage renal disease (ESRD) patients is expected to affect the success of later kidney

transplantation. Changing differentiation pathways of inducible co-stimulatory ICOS" and ICOS™ RTE Treg/Tresp cells in ESRD (a) dialysis (b)

short-term (c) and long-term (d) transplant patients are responsible for changes in the ratios of total ICOS" Treg/ICOS" Tresp cells and of

ICOS ™ Treg/ICOS™ Tresp cells within total CD4" T helper cells. These ratios were found to influence the suppressive activity of autologous ICOS*

and ICOS™ Treg cells in these patients.
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cells and follicular regulatory T cells, which control the
germinal centre B-cell response to antigens,” it might be
assumed that the balance between ICOS* Treg cells and
ICOS" Tresp cells could be particularly involved in
humoral rejection processes. Of course, a clear limitation
to our approach is that only ICOS was used to distin-
guish Treg/Tresp subsets, whereas further characterization
by the expression of the transcription factor Bcl-6 or che-
mokine receptor CXCR5 for Tth cells was not performed.
Nevertheless, our data suggest that unfavourable ratios of
ICOS" Treg/ICOS" Tresp cells or ICOS™ Treg/ICOS™
Tresp cells may represent potential indicators for
impaired immune homeostasis after transplantation. Fur-
ther studies also confirm that especially the balance
between Treg and Tresp cells is essential for maintaining
immune homeostasis and that it is disturbed in diseases
with involvement of the immune system, such as autoim-
munity and cancer.’®?’

Meanwhile, it is widely accepted that renal insufficiency
is closely related to premature T-cell senescence, even in
children.”® Recent studies also confirmed that neither fre-
quencies nor the suppressive function of Treg cells were
impaired in ESRD patients before and after the initiation
of dialysis.”> However, similar to our studies, Treg fre-
quencies and Treg function were shown to be reduced in
long-term kidney transplant patients.* Our findings indi-
cate that, similar to aging*' or pregnancy,”**® renal insuf-
ficiency may provoke diminished thymic output of RTE
Treg/Tresp cells and therefore accelerated peripheral dif-
ferentiation of these cells. The increased peripheral Treg
cell differentiation via initially tolerance-inducing path-
ways preserves the Treg function, as for example in old
age,” during pregnancy’***** and presumably also in
ESRD patients. However, in patients who had been
exposed to renal replacement therapies for many years,
these conditions cannot be sustained. In these patients,
the switching in the differentiation of ICOS™ RTE Treg
cells via ICOS™ MN Treg cells produces ICOS™ memory
Treg cells with diminished functional activity. Further
studies may be necessary to clarify whether the differenti-
ation of previously accumulated MN Treg cells ensures
the maintenance of the memory Treg pool, or whether a
different population of RTE Treg cells with greater prolif-
eration capacity is released from the thymus or produced
in the bone marrow. In addition, the most poorly
matured PTK7" RTE Tresp cells, which normally decrease
with age, may accumulate with age as so-called old-aged
‘veteran PTK7" RTE Tresp cells’ in conditions of dimin-
ished thymic output and therefore may also have an
influence on Treg cell function.*>** Further interesting T-
cell populations, such as stem memory T cells, central
memory T cells, effector memory T cells and terminally
differentiated effector T cells were not the subject of our
research and therefore may limit the informative value of
our investigations.*> Further studies, detecting the

© 2018 John Wiley & Sons Ltd, Immunology, 155, 211-224
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characteristic markers of stem memory T cells and central
memory T cells, on MN and CD31" memory cells may
be necessary to identify preferred differentiation pathways
of such cells under special clinical conditions.

In summary, our data show for the first time how the
CD4" T helper cell pool changes over the years of renal
replacement therapy and propose that timely transplanta-
tion of ESRD patients may significantly reduce the risk of
rejection (Fig. 7). Possibly, CD8" T cells may also be
affected by years of kidney failure. Further investigations
regarding the differentiation of CD8" RTE Treg/Tresp
cels may be necessary to assess the influence of
immunosenescence on the responsiveness of the entire T-
cell system. From a clinical perspective, there are now
numerous indications that the waiting time on dialysis is
the strongest risk factor for poor renal transplant out-
come, and that pre-emptive transplantation is associated
with superior graft survival compared with pre-transplant
dialysis.***
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Figure S1. Differentiation of inducible T-cell co-stimu-

latory-positive (ICOS") and ICOS™ regulatory T (Treg)/
responder T (Tresp) cells in healthy volunteers and
patients with end-stage renal disease (ESRD), separately
for men and women.
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