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Early detection of kidney transplant (KT) rejection remains a challenge in patient

care. Non-invasive biomarkers hold high potential to detect rejection, adjust

immunosuppression, and monitor KT patients. So far, no approach has fully satisfied

requirements to innovate routine monitoring of KT patients. In this two-center study

we analyzed a total of 380 urine samples. T cells and tubular epithelial cells were

quantified in KT patients with graft deterioration using flow cytometry. Epigenetic urine

cell quantification was used to confirm flow cytometric results. Moreover, a cohort of

KT patients was followed up during the first year after transplantation, tracking cell

subsets over time. Abundance of urinary cell counts differed in patients with and without

rejection. Most strikingly, various T cell subsets were enriched in patients with T cell-

mediated rejection (TCMR) compared to patients without TCMR. Among T cell subsets,

CD8+HLA-DR+ T cells were most distinctive (AUC = 0.91, Spec.: 95.9%, Sens.:

76.5%). Epigenetic analysis confirmed T cell and tubular epithelial cell quantities as

determined by flow cytometry. Urinary T cell abundance in new KT patients decreased

during their first year after transplantation. In conclusion urinary T cells reflect intrarenal

inflammation in TCMR. T cell subsets yield high potential to monitor KT patients

and detect rejection. Hereby we present a promising biomarker to non-invasively

diagnose TCMR.

Keywords: transplantation, kidney, urine, T cell, biomarker, CD8+HLA-DR+, allograft acute rejection, tubular
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INTRODUCTION

With a global prevalence of 9–15%, and rising, chronic kidney
disease is a major contributor to morbidity and mortality
worldwide (1, 2). Kidney transplantation is the therapy of choice
in end stage kidney disease (3). However, allograft rejection (AR)
leading to reduced allograft function or even graft loss remains
a major challenge affecting more than 10 % of patients within
the first year after transplantation (4). Established parameters
like serum creatinine and proteinuria do not provide definite
information about graft pathology and only increase once
allograft function is already impaired (5). Transplant biopsy, the
diagnostic gold standard to detect rejection, is limited by its
invasive nature.

Previous studies discovered that non-invasive
biomarkers hold high potential to detect rejection, adjust
immunosuppression and monitor kidney transplant (KT)
patients (6, 7). Various omics-based urinary biomarkers
correlated with kidney inflammation and rejection (8–10). Apart
from soluble factors, urine samples serve as non-invasive source
for cellular components derived from the allograft. Such urinary
cells hold potential as AR biomarkers since they may reflect
detrimental processes in the transplant. Our group previously
demonstrated that urinary cells can be used to monitor
kidney damage and kidney inflammation precisely (11, 12).
Other groups linked urine-derived cells to AR (13–15). More
specifically, urinary HLA-DR+ cells and CD8+ T cells analyzed
by flow cytometry (FC) have been suggested as promising
biomarkers to detect rejection (13, 15–18). Previous trials also
reported tubular epithelial cells (TEC) to represent damage in AR
(19–21). Our group recently developed a biomarker combination
involving urinary T cells and TEC detected by FC to identify
patients with kidney transplant rejection (22).

However, many of the proposed biomarkers showed
insufficient sensitivity and specificity, and were often only
analyzed in small and single-centered explorative trials.
Accordingly, diagnostic yield of promising biomarkers
could not be proven in confirmatory trials if they had been
done at all.

The current study extends previous research by (a) validating
our previous findings in a multi-center setting, (b) adding
an additional method (epigenetic qPCR analysis) proving
the concept of urinary cells as non-invasive biomarker of
rejection, (c) performing deeper phenotyping of urinary T
cells and (d) describing urinary cell population trajectories
during the first year after kidney transplantation to determine
biomarker applicability.

Abbreviations:ABMR, antibody mediated rejection; AR, allograft rejection; AUC,

area under the curve; BR, borderline rejection; BSA, bovine serum albumin;

DMSO, dimethylsulfoxide; EDTA, Ethylenediaminetetraacetic acid; FC, flow

cytometry; FCS, fetal calve serum; FSC, forward scatter; IU, imidazolidinyl urea;

KT, kidney transplant; MOPS, 3-(N-morpholino)propanesulfonic acid; noRX, no

rejection; PBE, bovine serum albumin and 2mM Ethylenediaminetetraacetic acid;

PBS, phosphate-buffered saline; ROC, receiver operating characteristic; SSC, side

scatter; TCM, central memory T cell; TCMR, T cell-mediated rejection; TEC,

tubular epithelial cell; TEM, effector memory T cell; TEMRA, effector memory T

cell re-expressing CD45RA; THFA, tetrahydrofurfuryl alcohol; TNV, naïve T cell.

TABLE 1 | Patient characteristics.

Characteristic Cohort 1 Cohort 2 Cohort 3

Mean age in years ± SD 55 (± 14) 51 (± 16) 54 (± 13)

Male/Female 54/36 100/41 19/17

Mean years post KT ± SD 6 (± 7) 5 (± 6) First year follow-up

KT donor

Living related 20 21 6

Living unrelated 13 28 5

Cadaveric 57 92 25

Demographic details of patients included in statistical analysis. Patients who failed quality

control for epigenetic analysis are not show.

This unique design allowed us to comprehensively investigate
urinary cells as biomarkers in KT monitoring. To find the
putatively best biomarker among T cell subsets, we investigated
CD4+, CD8+, effector memory, central memory, effector
memory T cells re-expressing CD45RA (termed TEMRA), and
HLA-DR+ T cells. Additionally, as a surrogate for intrarenal
tissue damage urinary proximal and distal TEC were quantified.

METHODS

Patients
380 urine samples of KT patients were analyzed in three different
cohorts. Detailed patient characteristics are shown in Table 1,
schematic illustration of cohorts is presented in Figure 1.

For cohort 1, we collected 90 urine samples between 2019
and 2021 for flow cytometric analysis from patients with
graft deterioration and diagnostic biopsy of the Department of
Nephrology, Charité University Hospital, Berlin and from Carl
Gustav Carus University Hospital, Dresden, Germany.

For cohort 2, between 2010 and 2018, 218 urine samples
were collected from patients at the Department of Nephrology,
Charité University Hospital, Berlin and were subject to epigenetic
analysis. Among these samples, 164 were collected from patients
with graft deterioration and, as control group, 54 from patients
with stable graft function, defined as no fluctuation of more
than +/– 0.3 mg/dl creatinine compared to the prior visit.
Professional diagnoses by board certified nephropathologists
from renal biopsies served to uniquely group graft deterioration
into borderline rejection (BR), T cell mediated rejection
(TCMR), and antibody mediated rejection (ABMR), other
specific pathohistological diagnosis (other), or no rejection
(noRX). Children, patients on menstruation, patients with overt
causes for transplant deterioration other than rejection, such as
urinary tract infections or postrenal causes of acute kidney injury,
and patients with already commenced rejection therapy were
excluded from the study.

For cohort 3, 72 samples from newly transplanted patients
were collected as follow-up during the first year after
transplantation. Differences in urinary cell trajectories during
that period may prospectively identify patients developing
rejection. Planned urine sample acquisitions at one, 3 and
12 months after transplantation were subject to variation in
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FIGURE 1 | A total of three different cohorts were analyzed in this trial. Cohort 1 included 90 kidney transplant (KT) patients from two hospitals (Charité University

Hospital, Berlin, Germany and Carl Gustav Carus University Hospital, Dresden, Germany) who underwent kidney biopsy due to graft deterioration. Patients were

categorized by histopathological diagnosis and urine samples were analyzed by flow cytometry. In cohort 2, urine samples of 218 KT patients were subject to

epigenetic qPCR analysis. 164 patients of cohort 2 underwent kidney biopsy because of graft deterioration, 54 stable KT patients served as a control group. Cohort 3

included 36 KT patients. Urine samples were analyzed on three scheduled visits by flow cytometry in a follow-up setting during the first year after transplantation.

schedule due to the COVID-19 pandemic. Sample collection
was done at the Department of Nephrology, Charité University
Hospital, Berlin.

Sample Preparation
For cohort 1 and 2, we collected urine samples up to 72 h
prior to transplant biopsy. Samples from prospective cohort
(cohort 3) were collected on scheduled follow-up visits. We used
spontaneously voided urine. We developed a urine-cup-based
fixation system with imidazolidinyl urea (IU, Sigma-Aldrich)
and 3-(N-morpholino)propanesulfonic acid (MOPS, Carl Roth
GmbH+Co. KG) to preserve urine samples (23). Specimen were
stored at 4◦C for up to 7 days, centrifuged (600 g, 6min) and
frozen in 90% fetal calve serum (FCS) and 10% dimethylsulfoxide
(DMSO) (cohort 1 and 3). Preparing samples for epigenetic qPCR
analysis (cohort 2), urine specimen was centrifuged immediately
(1,500 g, 10min) and frozen at−80◦C. All samples were stored at
−80◦C for a median of 3 years.

To conduct flow cytometry analysis, we defrosted samples
in phosphate-buffered saline (PBS), pH 7.2 with 0.2 % bovine
serum albumin (BSA) and 2mM Ethylenediaminetetraacetic
acid (EDTA) (PBE) and strained through a 30µm cell strainer
(Miltenyi Biotech). PermWash 10X Solution (BD) was used
to permeabilize cells for intracellular staining of TEC. Fc
receptors were blocked with FcR Blocking Reagent (human)
(Miltenyi Biotech) to reduce unspecific binding and labeled
for 15min on ice with fluorochrome-conjugated monoclonal
antibodies in the dark. The following antibodies were used:

for T cells anti-CD3-APCeF780 (eBioscience, SK7, mo IgG1k),
-CD4-PEVio770 (Miltenyi Biotec, REA623, REA) -CD8-APC
(Biolegend, SK1, mo IgG1k) -CD45RO-PE (Biolegend, UCHL1,
mo IgG1k2), -CD45-BUV805 (BD, 3D12, rat IgG1ak), -
CCR7-BV421 (Biolegend, G043H7, mo IgG2ak), -HLA-DR-
BUV395 (BD, G46-6, mo IgG2ak), -CD28-FITC (Biolegend,
CD28.2, mo IgG1k) and for tubular epithelial cells anti-
Cytokeratin-FITC (Miltenyi Biotec, CK3-6H5, mo IgG1k),
-Vimentin-APC (Miltenyi Biotec, REA409, REA), -CD10-
PeVio770 (Miltenyi Biotec, REA877, REA), -CD13-APCVio770
(Miltenyi Biotec, REA263, REA), -CD227-PE (Miltenyi Biotec,
REA448, REA), -CD326-BV711 (Biolegend, 9C4, mo IgG2b).
Samples were analyzed on a BD FACSymphonyTM A5 Cell
Analyzer. Gating strategies are depicted in Figures 2A,B.
Acquired cell numbers were normalized to a volume of
100mL urine. FC data was analyzed with FlowJo 10.7
(BD Biosciences).

For epigenetic analysis, DNA from urine was obtained,
processed, and analyzed using the method published by Pradhan
et al. with some modifications (24). Workflow for epigenetic
analysis of urine samples is depicted in Figure 2D. In short,
urine sediment (∼75 µl) was lysed by adding 67 µl lysis buffer
[54.25µl ATL buffer (Qiagen), 9µl Proteinase K (30 mg/ml, CAS
39450-01-6)], and 3.75 µl spiking plasmid essential for absolute
quantification (400.000 copies/µl, Genscript) to urine sediment
followed by an incubation step (56◦C for 1.5 h, 900 rpm) to make
genomic DNA of urinary nucleated cells accessible for bisulfite-
treatment. Bisulfite-conversion was performed by adding 270
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FIGURE 2 | Gating strategies for T cell subsets (A) and tubular epithelial cells (TEC) (B). Isotype controls are displayed as blue, while full stains are represented in red.

(C.1) Schematic overview of investigated subsets. Proximal TECs were defined CD10+ and CD13+, while distal TECs were characterized being CD227+ and

CD326(EpCAM)+. (C.2) Maturation of naïve T cells into memory T cells. (D) Workflow for epigenetic analysis of urine samples. SSC, side scatter; FSC, forward

scatter; TNV, naïve T cells; TEM, T effector memory cells; TCM, T central memory cells; TEMRA, T effector memory cells re-expressing CD45RA.

µl ammonium bisulfite [65–75% (w/w), CAS-No.: 10192-30-
0] and 90 µL of tetrahydrofurfuryl alcohol (THFA, purity
≥ 98%, CAS No.: 97-99-4). After bead-based purification
(Dynabeads My Silane Genomic DNA Kit, Invitrogen), a
qPCR-based approach (demethyl-specific primers and probes)
was used to determine CD3+ and CD3+CD8+ T cells and
proximal TEC based on cell type-specific demethylated genomic
regions. Cell type-specific epigenetic markers were identified by
bisulfite-sequencing and cell counts were calculated according to
Baron et al. (25) (Supplementary Figure 1). Oligonucleotides for
bisulfite-sequencing and for demethyl-specific qPCR are listed in
Supplementary Table 1.

Statistical Analysis
Mann-Whitney test was used to test for significantly different
cell counts between groups with p < 0.05 being considered as
significant. Friedman and Wilcoxon test were used to detect
differences in the longitudinal cohort. Bonferroni correction
was used to correct for multiple testing. Medians, means,
Mann-Whitney, Friedman, and Wilcoxon tests, Bonferroni
correction and receiver operating characteristic (ROC) curves
were calculated using R version 4.1.0. (26).

RESULTS

Urinary T Cell Abundance Is Enriched in
TCMR
To study populations of T cells and TEC derived from urine in
patients with kidney graft deterioration, we grouped participants
based on the results of their KT biopsy. In cohort 1, 17 patients
were diagnosed with TCMR, 24 patients with BR, 6 patients
showed ABMR, 21 patients were grouped as noRX and 22
patients presented with other specific pathologies on their biopsy
results. All 90 urine samples of this cohort were analyzed by
FC. Patients with inconclusive biopsy results were excluded
from statistical analysis. Stack plots shown in Figure 3A give an
overview of cell counts per population in each group. Patients
with TCMR presented with the most urinary cells in total
(26,061 cells/100ml urine on average). Together with ABMR
patients, they also had the highest fraction of urinary immune
cells (combined CD4+ and CD8+ fraction: 40–46%, Figure 3B).
In contrast, patients with BR, noRX or other graft pathologies
presented predominantly with distal TEC (Fraction: 80–88%,
Figure 3B). The fewest urinary cells were found in patients
with noRX (2,743 cells/100ml urine on average). Patients with
TCMR presented with significantly increased urinary CD8+ T
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FIGURE 3 | Absolute cell counts recorded by flow cytometry in patients undergoing renal biopsy due to graft deterioration. Patients are subdivided into five groups

based on histopathological results from biopsy. (A) Stack plot for population proportions. Each stack illustrates the mean absolute cell count per population in each

group. (B) Pie charts representing composition of urinary cells (selected populations) per group. (C) CD4+ and CD8+ T cell counts per 100ml urine shown for

different biopsy groups. (D) Proximal and distal TEC counts per 100ml urine shown for different biopsy groups. Significance levels indicate comparison with TCMR;

ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. TCMR, T cell-mediated rejection; BR, Borderline rejection; ABMR, antibody-mediated

rejection; noRX, no rejection; other, other pathologies; TEC, tubular epithelial cell.

cell counts per 100ml urine compared to patients with other
biopsy results (TCMR vs. BR: p < 0.0001; TCMR vs. ABMR: p
< 0.05; TCMR vs. noRX: p < 0.0001, TCMR vs. other: p < 0.01).
CD4+ T cells showed a likewise tendency (TCMR vs. BR: p <

0.0001; TCMR vs. ABMR: p< 0.05; TCMR vs. noRX: p< 0.0001,
TCMR vs. other: p < 0.001; Figure 3C).

In addition to T cells, we quantified subsets of urinary TEC
(Figure 3D). Schematic overview of analyzed TEC populations is
depicted in Figure 2C.1. Proximal TEC, defined as Cytokeratin+,
CD10+ and CD13+, did not differ significantly between patient
groups. In contrast, cell counts of distal TEC (Cytokeratin+,
CD227+, CD326+) were higher in patients with TCMR than in
patients with noRX (p < 0.05). The ratio of T cells and TEC did
not improve discrimination between groups.

Epigenetic Analyses Qualitatively Confirm
T Cell and TEC Quantities as Determined
by Flow Cytometry
For validation purposes, we assessed urinary cells by epigenetic
qPCR analysis. In 218 urine samples from kidney transplant
patients, we quantified T cells and TEC. The cohort consisted
of 164 KT patients with graft deterioration and suspected
rejection undergoing transplant biopsy and 54 KT patients
with stable kidney function without biopsy as control

group. Patients undergoing biopsy were grouped based on
histological results. One hundred forty-one samples passed
quality control for epigenetic qPCR analysis. They were
included in statistical analysis and are depicted in Figure 4.
Patients with TCMR showed significantly more CD3+ T
cells and CD8+ T cells than patients with noRX or than
the control group. Quantity of CD3+ or CD8+ T cells
did not discriminate between patients with TCMR and
patients with BR or other diagnoses. Epigenetic quantification
of proximal TEC showed no difference between disease
groups. Therefore, epigenetic qPCR analyses confirmed FC
findings showing significantly different amounts of urinary
T cells in TCMR, with however imperfect delineation from
other patients.

Subsets of Urinary CD8+ T Cells Enable
Improved Discrimination of TCMR
Since CD8+ T cell populations derived from urine showed
significant differences in patients with TCMR and patients with
other causes of graft deterioration, we further investigated their
subsets and activation to optimize their potential as biomarkers
to detect rejection. Subsets were quantified for naïve, TEMRA
effector memory and center memory T cells. Schematic overview
of T cell subsets is depicted in Figure 2C.2. Moreover, HLA-
DR+ and CD28+ expression as activation marker was analyzed
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FIGURE 4 | Epigenetic quantification of cell populations in patients with renal biopsy due to graft deterioration. Patients are subdivided into five groups based on

histopathological results from biopsy. The sixth group, Control, includes transplant patients with stable graft function. Counts per 100ml urine were analyzed in (A)

CD3+ T cells, (B) CD8+T cells, and (C) proximal TEC. Significance levels indicate comparison with TCMR; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001. TCMR, T cell-mediated rejection; BR, Borderline rejection; ABMR, antibody-mediated rejection; noRX, no rejection; other, other pathologies; TEC,

tubular epithelial cell.

(Supplementary Figure 2). Most strikingly among CD8+ T cells
were CD8+HLA-DR+ and CD8+CD45RO+CCR7- (T effector
memory cell, TEM) (Figure 5A, representative gating strategy
including isotype controls: Figures 5D,E). Next, we assessed if
our analyzed CD8+ subsets were able to distinguish patients
with TCMR from all patients without TCMR and found a
significant separation between these two groups (noTCMR =

BR + ABMR + noRX + others; n = 73, TCMR vs. no TCMR:
p < 0.0001; Figure 5B). To assess the diagnostic ability of
CD8+HLA-DR+ and CD8+CD45RO+CCR7-, we calculated
ROC curves (displayed in Figure 5C). The area under the
curve (AUC) to diagnose TCMR using CD8+TEM cells was
0.89. CD8+HLA-DR+ T cells yielded an even better AUC
value of 0.91, resulting in the most promising biomarker
to distinguish patients with TCMR from all other patients.
Setting a cut-off of 262.5 CD8+HLA-DR+ T cells/100ml urine
shows a sensitivity of 76.47 % and a specificity of 95.89 % to
diagnose TCMR.

Urinary T Cell and TEC Abundance Remain
Low Over Time in the First Year After
Kidney Transplantation
The first year after kidney transplantation is characterized by
a particular high risk for rejection. The intrarenal reorganizing
and adaptation processes in that time period after KT may
however affect the applicability of biomarkers to detect rejection.
In order to assess the applicability of our biomarkers in that
time period, we analyzed urine samples of 36 newly transplanted
patients. Our goal was to analyze three samples per patient,
obtained one, 3 and 12 months after transplantation. Due to
COVID19 regulations, clinic visits were canceled or changed
to telemedicine visits, resulting in 9 patients each donating
only one sample, while 18 other patients only provided two
samples during the first year after transplantation. Nine patients
fulfilled the initially planned regime of three visits including

sample collections (cell trajectories for each individual patient
are depicted in Supplementary Figure 3). Only two biopsy
proven rejections occurred, diagnosed 3 and 4 months after
the last visit and urine analysis in this trial. Therefore, no
meaningful comparison of urinary cell counts and rejection
was possible.

All included patients showed sufficient graft function 12
months after transplantation (creatinine mean 1.77 mg/dl,
range 0.9–4.05 mg/dl). Figures 6A–D shows the trajectory of
cell counts for CD4+ T cells, CD8+ T cells, proximal TEC,
and distal TEC within the first year post transplantation.
T cell counts in stable KT patients were low after first
month post transplantation (median CD4+: 277 cells/100ml
urine; median CD8+: 506 cells/100ml urine) and even
showed a tendency to decrease over the first year after KT.
The trajectories provide insights into regular development
of urinary cell counts in patients without complications
(defined as biopsy proven rejection, surgical complications
or transplant associated hospitalization). Figure 6E shows
progression of urinary CD8+ HLA-DR+ T cell populations.
Applying our prior calculated cut-off for diagnosing TCMR
(line), median cell counts were below cut-off level already 1
month after transplantation. These results suggest that our
urine FC biomarker can feasibly be used within the first year
after transplantation.

DISCUSSION

In this first multicenter study on FC urine analysis in KT
patients, we reveal CD8+HLA-DR+ T cells as a potential TCMR
biomarker with high precision. Urine FC findings were validated
via epigenetic analysis and longitudinal analysis of urinary cell
abundance over the first year after KT suggest that the biomarker
can be applied even in this early, AR-prone phase.
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FIGURE 5 | CD8+ T cell subsets as biomarker for detection of KT rejection. (A) Cell counts for CD8+HLA-DR+ and CD8+TEM per biopsy group. (B) Cell counts

from patients with TCMR compared to all other patients (= no TCMR). (C) ROC curves to distinguish TCMR from no TCMR. Representative FC gating for

CD8+HLA-DR+ and CD8+TEM in (D) TCMR patients and (E) noRX patients. Isotype controls are displayed as blue, while full stains are represented in red.

Significance levels indicate comparison with TCMR; ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. TCMR, T cell-mediated rejection; BR,

Borderline rejection; ABMR, antibody-mediated rejection; noRX, no rejection; other, other pathologies; no TCMR, no T cell-mediated rejection; AUC, area under the

curve; TNV, naïve T cells; TEM, T effector memory cells; TCM, T central memory cells; TEMRA, T effector memory cells re-expressing CD45RA.
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FIGURE 6 | Trajectory of cell counts in patients within the first year after kidney transplantation without rejection. Samples were collected 1, 3, and 12 months

post-surgery. Median cell count per time point displayed as line. Cell abundance at different time points was compared. (A,B) CD4+ and CD8+ T cell counts

decrease within the first year after transplantation. (C,D) Cell counts of TEC decrease during the first year after transplantation. (E) CD8+ HLA-DR+ T cell populations

decrease during the first year after transplantation. Dashed line marks CD8+HLA-DR+ T cell cut-off at 262.5 CD8+HLA-DR+/100ml urine that showed a sensitivity

of 76.47% and specificity of 95.89% to diagnose TCMR in cohort 1. *P < 0.05, ns, no significance; TEC, tubular epithelial cell.

The Amount of Urinary T Cells Differs
Significantly in Patients With and Without
TCMR
Urinary T cell counts are significantly increased in TCMR.
Our findings regarding CD8+ T cells distinguishing TCMR
from other groups are consistent with results of other prior
studies (16–18, 22). Abundance of T cells derived from urine
even correlated with histopathological findings like tubulitis and
interstitial inflammation. This underlines their ability to mirror
graft pathology (22). In line with previous research, our findings
emphasize the crucial role of CD8+ T cells in rejection. However,
while the vast majority of past studies analyzed very small
samples sizes, we propose our findings to be more robust due to
a larger patient group with rejection and a multicenter setting.

Urinary TEC are abundant in all patient groups with graft
deterioration. Contrary to our initial beliefs, we could not show
differences in patients with rejection and without rejection,
except for significantly more distal TEC in TCMR compared to
noRX. The reason for that might be TEC reflecting unspecific
kidney damage irrespective of the cause. Additionally, urinary
TEC may also reflect increased turnover of the renal epithelium.

Epigenetic qPCR Analyses Qualitatively
Confirmed T Cell and TEC Quantities as
Determined by Flow Cytometry
As predicted and assessed by FC, we found higher T
cell populations in patients with TCMR using epigenetic
qPCR. These findings are in line with abundant previous
research stressing T cells’ potential as diagnostic tool (13, 16,
17). Epigenetic analysis has been utilized in KT biomarker
development in regard to donor-derived cell-free DNA analysis
before (27). However, to our knowledge it has not been adapted
to analyze urinary cell populations in AR, making this the first
trial to apply epigenetic qPCR analysis of urinary cells in patients
with graft deterioration. The epigenetic qPCR is an established
method for quantifying immune cells in blood or tissues and
was used in different studies before (28, 29). Here, this method
was applied in addition to FC to validate our findings with a
complementary method. Epigenetic qPCR enabled us to analyze
samples frozen without any additives stabilizing the cellular
integrity as a prerequisite for FC. Using epigenetic qPCR we
were able to confirm significantly higher median T cell counts
in the TCMR group compared to noRX or Control group in an
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independent cohort. Due to its methodical robustness, epigenetic
qPCR could be an alternative to FC in samples stored without a
dedicated protocol for flow cytometric analysis of intact cells.

Subsets of Urinary CD8+ T Cells Enable
Improved Discrimination of TCMR
We found activated CD8+ TEM and CD8+ HLA-DR+ T cell
subsets to separate patients with TCMR best from all other
examined groups. Pathophysiologically, this makes a lot of sense,
since these subsets are suspected to drive tubulitis and interstitial
inflammation in AR. Our findings are also in line with previous
research, describing HLA-DR positive cells in urine samples
with AR (13, 15, 16). With CD8+ HLA-DR+ T cell counts as
TCMR biomarker, we surpassed the diagnostic ability of our
previously proposed FC TCMR biomarker (22). CD8+ HLA-
DR+ cells also show a better performance than transcriptomics
and sophisticated urinary protein analyses (9). We think, an
implementation of specific urinary cell populations, such as
CD8+ HLA-DR+ T cells, to other combined biomarker types,
such as Q Score/Qsant, could provide powerful precision to
diagnose AR (10). However, detection of patients with ABMR via
FC remains challenging.

Long-Term Follow-Up of KT Patients
Shows Low Amounts of Urinary T Cells and
TEC in the First Year in Patients Without
Rejection
When examining trajectories of urinary cells within the first year
after transplantation, we discovered, as predicted, only moderate
urinary cell counts which showed a tendency to decrease
over time in patients without rejection episodes. Existing trials
assessing prediction of rejection episodes by urine analysis in
follow-up settings focus on gross proteinuria (30, 31) or on
specific immune cell associated metabolites (32, 33). Our study
therefore extends previous findings, shifting its focus on cell
populations and their trajectories, which have not been described
in a longitudinal setting before. Plus, our results show that cut-off
levels for CD8+ HLA-DR+ T cells to diagnose rejection can be
applied within the first months after transplantation.

Practical Implications
Although further studies are needed to draw definitive
conclusions, results of our trial present evidence that detailed
phenotyping of urinary immune cells with FC provides a
promising approach to monitor KT patients and detect rejection.
With CD8+ HLA-DR+ T cells revealing the best performance
in diagnosing TCMR and the broad availability of FC in routine
laboratories, an implementation into clinical care could be
realized using existing infrastructure. As suggested by 1 year-
trajectories, our biomarker could also be applied within the
first year after transplantation and add value in monitoring
KT patients.

Limitations
First, although we conducted a multicentric approach to assess
diagnostic performance of urine FC, sample sizes are still

confined and rejection incidence (fortunately) is relatively low,
making a final evaluation of the diagnostic quality challenging.
However, we were able to include patients from two different
centers and achieve promising distinction of patients with TCMR
from others using FC. Future experimental studies are needed
to fully uncover the diagnostic ability of T cell subsets. Second,
predictive utility of our non-invasive biomarker candidates
remains inconclusive due to low rejection prevalence within the
first year in our cohort. Nevertheless, we were able to describe cell
population trajectories and share insights into processes within
the first year after transplantation. We propose a multicentric
longitudinal prospective trial including KT patients to analyze
urine samples by FC at regular clinic visits for a longer time
span. Lastly, urine FC comes along with certain challenges, such
as autofluorescence and issues in investigating rare cell subsets.
Therefore, an even deeper phenotyping of immune cells with
FC seems effortful. To gain deeper insights, other methods such
as mass cytometry or single cell sequencing could provide a
solution. More studies are needed to achieve a more fine-grained
understanding of “urine prints” among KT patients with graft
deterioration. These disease-specific cell patterns might mirror
intrarenal pathologies and provide innovative diagnostic tools.

CONCLUSION

The current study is a unique investigation phenotyping
urinary immune cells by FC as a biomarker to detect KT
rejection. We extend previous research by examining urinary
cell populations in a multicenter setting and by validating
findings conducting epigenetic qPCR analysis. Moreover, this
trial includes a longitudinal design to determine biomarker
applicability during the most prone timespan for rejection—
the first year after transplantation. Our data shows that urinary
CD8+ HLA-DR+ T cell have the highest potential to diagnose
TCMR, with a cut-off that can be implemented during the
first year after transplantation. This study lays the foundation
and might catalyze future research exploring urinary immune
cell signatures to non-invasively diagnose rejection and monitor
KT patients.
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