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Introduction: Tubular injury is one of the main mechanisms driving acute kidney injury (AKI); however,
clinicians still have a limited diagnostic repertoire to precisely monitor damage to tubular epithelial cells
(TECs). In our previous study, we used single-cell sequencing to identify TEC subsets as the main compo-
nents of the urine signature of AKI. This study aimed to establish TECs as clinical markers of tubular damage.

Methods: A total of 243 patients were analyzed. For sequencing, we collected 8 urine samples from pa-
tients with AKI and glomerular disease. We developed a protocol for the flow cytometric quantification of
CD10/CD13" proximal TECs (PTECs) and CD227/CD326™" distal TECs (DTECs) in urine by aligning urinary
single-cell transcriptomes and TEC surface proteins using Cellular Indexing of Transcriptome and Epitope
Sequencing (CITE-Seq). Marker combinations were confirmed in kidney biopsies. We validated our
approach in 4 cohorts of 235 patients as follows: patients with AKI (n = 63), COVID-19 infection (n = 47),
antineutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV) with active disease or stable

remission (n = 110), and healthy controls (n = 15).

Results: Our findings demonstrated that CD10/CD13 and CD227/CD326 adequately identified PTECs and
DTECs, respectively. Distal urinary TEC counts correlate with the severity of AKI based on Kidney Disease:
Improving Global Outcomes (KDIGO) stage and acute estimated glomerular filtration rate (GFR) loss in 2
separate cohorts and can successfully discriminate AKI from healthy controls and glomerular disease.

Conclusion: We propose that urinary CD227/CD326" TEC count is a specific, noninvasive marker for
tubular injury in AKI. Our protocol provides a basis for a deeper phenotypic analysis of urinary TECs.

Kidney Int Rep (2025) 10, 1260-1273; https://doi.org/10.1016/j.ekir.2025.01.037
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A KI affects up to 20 % of hospitalized patients and
is associated with increased morbidity and
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mortality.l'2 Damage to kidney TECs is a key feature of
AKI, and the most prominent histopathological and
transcriptional changes because of AKI are found in the
TEC—compartment.B'4 However, damage and loss of
TECs are not unique features of AKI, but also occur in
other kidney diseases, albeit to a lesser extent.

To date, clinicians have a limited diagnostic reper-
toire to monitor damage to the kidney tubular epithe-
lium. Traditionally, functional tests such as fractional
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excretion of sodium or urea have been employed,
despite being of limited use.” Several novel biomarkers
for AKI have been developed that reflect tubular stress
(TIMP-2 and IGFBP-7 [Nephrocheck]),”” tubular dam-
age or injury (neutrophil gelatinase—associated lip-
ocalin,”” and kidney injury molecule 1'°) or activation
of a local immune reaction (IL—18,8 CCL—14M); however,
wide application of these new markers in clinical
routine is pending.

An alternative and potentially more direct approach
to measure stress and damage to the kidney tubular
epithelium is the quantification of TECs in urine.
Detection of TECs and cell casts via urine microscopy is
a well-established marker for AKI and “acute tubular
necrosis”.'”'” Moreover, high amounts of renal TECs
or cell casts in urine have been associated with the need
for dialysis,'* probability of nonrecovery,'’ and
adjusted odds of worsening AKI and sepsis.'* The use
of microscopy is impaired by a lack of objectivity
because of low interobserver reliability, lack of clini-
cian experience, and time constraints in modern clin-
ical practice.'’

We recently used single-cell sequencing to demon-
strate that TEC subtypes originating from different
parts of the nephron can be found in the urine,
alongside other kidney and immune cells.'® Here, we
translated these findings and developed a flow cytom-
etry (FC)-based quantification of PTECs and DTECs,
based on a detection protocol derived from single-cell
gene and protein expression data via CITE-seq. FC-
based analysis of urinary TECs offers the advantages of
precise quantification, cost-effectiveness, and the op-
portunity to easily extend the analysis to other TEC
subtypes to monitor AKI and predict its outcome. Us-
ing our FC-based analysis of urinary TECs, we analyzed
patients with AKI, COVID-19, AAV, and healthy co-
horts to demonstrate its clinical utility.

METHODS

Urine Single-Cell Sequencing and Data Analysis
For scRNA-seq, urine samples were collected from 8
patients with kidney disease. Five patients had
impaired kidney perfusion or tubular necrosis because
of myocardial infarction (n = 2), successful resuscita-
tion (n = 2), or septic shock (7 = 1). Samples were
taken 2 to 10 days after the hit. To guarantee the
necessary viable cell counts, these AKI samples were
pooled into groups of 3 and measured in 2 rounds. One
patient was included in both pools (days 2 and 10 after
hit). Two patients with primary glomerular diseases,
refractory membranous nephropathy (7 = 1) and active
proliferative lupus nephritis (class IV) (n = 1), were
also included. For more detailed information (Table 1).
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Table 1. Characteristics of single cell analysis cohort

Characteristics sc
n 8
Age, yr

Mean 62.38
SD 18.88
Range 29-81
Sex, n (%)

Male 6
Female 2
Baseline SCr (mg/dl)

Mean 0.8
SD 0.12
Range 0.7-1.1
SCr on day of measurement (mg/dl)

Mean 1.8
SD 0.69
Range 0.9-3.0
AKI

STEMI 2

PE + ROSC 2
ARDS 1
MGN 1

LN 1

No AKI 1
Chronic kidney disease, n (%)

Yes 3
No 5

AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; KDIGO, Kidney
Disease: Improving Global Outcomes; LN, lupus nephritis; MGN, membranous glomer-
ular nephritis; PE, pulmonary embolism; ROSC, return of spontaneous circulation; Sc,
single cell; SCr, serum creatinine; STEMI, ST-Elevation myocardial infarction.

Values are mean (range).

Samples were processed and analyzed as described
previously'® and incubated with Totalseq B hashtag
antibodies for CD10, CD13, and CD326 (BioLegend).
Hashtag oligo libraries were added to the Seurat object
as an independent assay and normalized (“Normal-
izeData [SO, assay = "HTO, “normalization.method =
"CLR"]”). To ensure a high cluster resolution and
detection of low abundant cell types, datasets were
integrated with our urine AKI single-cell transcriptome
dataset published previously'® after quality control for
downstream  analysis  [“SCTransform()”,  “Run-
PCA(dims=1:45)", “RunHarmony()”, “RunUMAP()”,
“FindNeighbors()”, “FindClusters()”]. Single-cell data
were a subset of the newly acquired dataset.

Patients

A total of 243 patients were included as follows: 8
patients for single-cell sequencing and 235 patients for
FC analysis. For FC, we collected and analyzed urine
samples from 63 patients with AKI, 47 with COVID-19,
110 with AAV, and 15 controls for urine FC analysis.
Causes of AKI were adjudicated based on available re-
cords (sepsis, n = 15; cardiac event, n = 22; post-
surgery, n = 11; other, n = 15) and patients with
suspected glomerulonephritis or acute interstitial
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Table 2. Characteristics of AKI cohort
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Table 3. Characteristics of COVID-19 cohort

AKI group

Characteristics Control group 1 2 3
n 15 35 13 16
Age, yr
Mean 58.5 70.3 68.9 65.8
SD 19.0 11.9 156.7 11.4
Range 24-89 40-86 34-84 36-80
Sex, n (%)
Male 7 (47%) 26 (74%) 10 (77%) 7 (47%)
Female 8 (53%) 9 (26%) 3 (23%) 8 (53%)
Baseline SCr (mg/dl) -
Mean 0.94 0.91 0.68
SD 0.20 0.23 0.22
Range 0.55-1.38 0.563-1.42  0.33-1.31
SCr on day of -

measurement

(mg/dl)
Mean 1.30 1.67 2.53
SD 0.29 0.56 1.93
Range 0.78-2.02 0.53-2.62 0.75-7.72
Etiology of AKI, n (%) -
Cardiac event 16 (46%) 2 (15%) 4 (27%)
Septic 2 (6%) 6 (46%) 7 (46%)
Multifactorial 17 (48%) 5 (38%) 4 (27%)
Chronic kidney =

disease, n (%)
Yes 10 (29%) 2 (15%) 1 (7%)
No 25 (711%) 11 (85%) 14 (93%)
MAKE-30 -
Yes 6 (17%) 3 (23%) 7 (47%)
No 29 (83%) 10 (77%) 8 (63%)

AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; MAKE-30,
major adverse kidney events within 30 days of AKI onset.; SCr, serum creatinine.
Values are mean (range).

nephritis were excluded. We refer to this cohort as the
AKI cohort throughout the paper, and patients with
ANCA-associated AKI are discussed separately. Pa-
tients with urinary tract infections or postrenal AKI, as
well as children and kidney transplant patients, were
excluded from the analysis. All samples were collected
within 72 hours of the onset of kidney damage and
examined using FC. All patients were classified ac-
cording to their maximum KDIGO stage within 72
hours after AKI onset (referred to as KDIGO groups
“1,” “2,” or “3”). Whenever available, urine output
was used along with serum creatinine (SCr) values for
AKI classification. All SCr values, including follow-up
data, were retrieved from the electronic medical re-
cords. SCr levels were measured using the Jaffé
method. Renal recovery was defined according to the
definition of AKI as renormalization of the SCr below a
value 1.5 times the baseline value or below the baseline
value plus 0.3 mg/dl, depending on the AKI sub-
definition used for study subject inclusion. Major
adverse kidney events, MAKE-30, were defined as
persistently impaired kidney function, need for new
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AKI group

Characteristics Control group 1 2 3
n 25 6 4 12
Age
Mean 56 72.7 62 63.5
SD 11.8 1.4 5.9 13.7
Range 34-80 55-86 54-67 33-78
Sex, n (%)
Male 17 (68%) 4 (67%) 4 (100%) 8 (67%)
Female 8 (32%) 2 (33%) 0 (0%) 4 (33%)
Baseline SCr (mg/dl)
Mean 0.73 1.27 0.84 0.99
SD 0.12 0.84 0.21 0.69
Range 0.5-0.9 0.68-2.88  0.71-1.15 0.50-3.0
SCr on day of

measurement

(mg/dl)
Mean 1.2 1.56 1.93 2.56
SD 0.14 1.2 0.36 1.41
Range 0.569-1.4 0.86-3.9 1.564-2.39  0.98-5.12
Chronic kidney

disease, n (%)
Yes 0 (0%) 2 (33%) 0 (0%) 1 (8%)
No 23 (92%) 4 (67%) 4 (100%) 11 (92%)
Na 2 (8%) 0 (0%) 0 (0%) 0 (0%)
Clinical deterioration
Yes 5 (20%) 2 (33%) 2 (50%) 10 (83%)
No 20 (80%) 4 (67%) 2 (560%) 2 (17%)

SCr, serum creatinine.
Values are mean (range).

renal replacement therapy, or in-hospital mortality
within 30 days of AKI onset. The characteristics of
patients with AKI are shown in Table 2.

In the COVID-19 cohort, 47 patients were included,
of whom 22 presented with AKI at the time of sampling
and 6 additional patients developed AKI in the
following week. Sixteen patients experienced clinical
deterioration, according to World Health Organization
guidelines.'” Clinical deterioration was defined as pro-
gression in disease severity, mainly the worsening of
respiratory symptoms or radiographic findings.”
Twenty-eight patients in this cohort were treated in
the intensive care unit at the time of sampling, with
continuous monitoring of urinary output. COVID-19
positive patients without AKI served as controls. The
patient characteristics are shown in Table 3.

For AAV, we included 3 cohorts consisting of pa-
tients with active disease (n = 20), inactive disease with
renal involvement (n = 74), and without renal
involvement (n = 16). Remission was defined as a Bir-
mingham Vasculitis Activity Score of 0, regardless of
prednisone use. The inclusion criteria were patients
diagnosed with AAV according to the Chapel-Hill
consensus definition, those who had been in remis-
sion (Birmingham Vasculitis Activity Score = 0) for a
minimum of 3 months and those aged 18 years or older.

Kidney International Reports (2025) 10, 1260-1273
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Table 4. Characteristics of AAV cohort

Stable disease

Stable disease

with renal without renal Active

Characteristics involvement involvement disease
n 74 16 20
Age, yrs
Mean 63.1 65.5 56.2
SD 12.4 15.4 14.5
Range 30-86 36-83 25-85
Sex, n (%)
Male 43 (568%) 5 (31%) 15 (75%)
Female 31 (42%) 11 (69%) 5 (256%)
Baseline SCr (mg/dl)
Mean 1.75 12 1.37
SD 0.87 0.08 0.81
Range 0.569-5.23 0.58-1.3 0.60-4.30
SCr on day of - -

measurement

(mg/dl)
Mean 2.26
SD 1.91
Range 0.70-8.40
Chronic kidney

disease, n (%)
yes 67 (91%) 7 (44%) 17 (85%)
no 7 (9%) 9 (66%) 3 (156%)
KDIGO stage of AKI
no AKI 74 (100%) 16 (100%) 9 (45%)
1 4 (20%)
2 1 (6%)
3 6 (30%)

AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; SCr,
serum creatinine.

Values are mean (range).

Patients exhibiting persistent proteinuria or hematuria
for more than 3 months before study enrollment were
classified as inactive based on the Birmingham Vascu-
litis Activity Score V3 definition.”' ™’ Active disease
was defined as a Birmingham Vasculitis Activity
Score = 1 point.”® Exclusion criteria encompassed
concurrent urinary tract infection or active menstrual
bleeding. The characteristics of patients with AAV are
shown in Table 4.

The control group consisted of 5 healthy individuals
without previous renal impairment and 10 in-patients
without current renal impairment. Because there was
no difference in urine cell counts between both groups,
they are presented jointly as “healthy controls.” More
information is presented in Table 2.

Written informed consent was obtained from all
patients before their participation in the study. Renal
and ureteral tissue samples were obtained from
deceased patients, and written consent was obtained
from their relatives. Ethical approval was obtained
from the Ethics Committee of Charité University Hos-
pital (Charité EA1/239/16, EA1/284/19, EA2/141/19,
and EA2/045/18). The study was conducted in accor-
dance with the ethical guidelines of the Declaration of
Helsinki and our institution.

Kidney International Reports (2025) 10, 1260-1273
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Tissue Staining

We established a staining protocol for urinary PTECs
and DTECs using human postmortem renal and ureteral
tissue samples. Four kidney samples and 1 ureter
sample were stored in Gibco Roswell Park Memorial
Institute 1640 Medium (Thermo Fisher Scientific,
Waltham, MA) containing 10% fetal calf serum and
1% penicillin/streptomycin and digested using colla-
genase VIII (1.5 mg/ml, Serva Electrophoresis GmbH,
Heidelberg, Germany) and DNAse I (50lg/ml, Roche,
Basel, Switzerland). The staining protocol and anti-
bodies used correspond to the urine staining protocol
described below.

Sample Preparation and FC

After collection, the urine samples were immediately
centrifuged and washed in phosphate-buffered saline
containing 0.5% bovine serum albumin and 2 mM
ethylenediaminetetraacetic acid (Thermo Fisher Scien-
tific, Waltham, MA). The approximate standing time
for the urine samples before preparation was 3 to 6
hours. First morning void urine samples were prefer-
entially used. In the handling of the AAV cohorts, a
urine-cup-based fixation system with imidazolidinyl
urea (Sigma-Aldrich) and 3-(N-morpholino) propane-
sulfonic acid (MOPS, Carl Roth GmbH + Co. KG) to
preserve urine samples’’ was used. Specimen were
stored at 4 °C for up to 7 days, centrifuged (600 g, 6
minutes) and frozen in 90% fetal calve serum and 10%
dimethylsulfoxide (cohort 1 and 3). Before conducting
our analysis, we defrosted samples in phosphate-
buffered saline, pH 7.2 with 0.2 % bovine serum al-
bumin and 2 mM ethylenediaminetetraacetic acid and
strained through a 30 [m cell strainer (Miltenyi
Biotech). For cytokeratin staining, the cells were fixed
using 4% paraformaldehyde and subsequently perfo-
rated using a perm/wash solution (confirmatory cohort;
BD Biosciences, Franklin Lakes, NJ). The cells were
resuspended in phosphate-buffered saline/bovine
serum albumin containing 10% human IgG (Flebo-
gamma; Grifols, Langen, Germany) to block nonspecific
binding. Afterward, staining with antibodies was car-
ried out by incubation for 20 minutes at 4 °C in the
dark. The complete staining protocol included pan-
cytokeratin-APC (clone: REAS831; isotype: recombi-
nant human IgGl) or, exclusively for fluorescence
microscopy, pan-cytokeratin-FITC (clone: CK3-6H5;
isotype: mouse IgGl), CD13-PE (clone: REA263; iso-
type: recombinant human IgGl), CDI10-PE-Vio770
(clone: 97C5; isotype: mouse IgGl), CD326-PE (clone:
HEA-125; isotype: mouse IgGl), and CD227-PE-Vio770
(clone: REA448; isotype: recombinant human IgG1) (all
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
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Samples were filtered immediately before anal-
ysis using MACS preseparation filters with a mesh
size of 70 Um. If cell sorting before microscopic
examination was performed, a mesh size of 30 [im
was used (Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany). Stained samples were processed
using a BD FACSCanto II and BD LSRFortessa flow
cytometer (BD Biosciences, Franklin Lakes, NJ).
Final analysis was performed using FlowJo Soft-
ware (Tree Star, Ashland, OR). The calculated cell
numbers were normalized to a volume of 100 ml
urine.

Microscopy

The samples were prepared as described above and
subsequently purified using a Sony MA900 multi-
application cell sorter (Sony Group Corporation, Min-
ato, Tokyo, Japan). The resulting cell suspension was
sorted directly on a polysine adhesion slide (Thermo
Fisher Scientific, Waltham, MA), dried at room tem-
perature in the dark, and mounted with ProLong Dia-
mond Antifade Mountant solution (Thermo Fisher
Scientific, Waltham MA). A Keyence BZ-9000 Biorevo
fluorescence microscope (Keyence, Osaka, Japan)
equipped with DAPI and GFP filters was used for
fluorescence imaging. No additional staining was
observed during this process. Basic image processing,
including cropping, brightness or contrast adjustment,
and gamma correction, was performed using ImageJ
1.53 k software.

For electron microscopic analysis, cells were fixed
with 2.5 % glutaraldehyde in 0.1 M sodium cacody-
late buffer for 30 minutes at room temperature and
stored at 4 °C. Before electron microscopic analysis,
the DTECs were isolated using FC-based sorting. As
CD326 was denatured during the fixation process, the
cells were stained only for cytokeratin, DAPI, and
CD227. Based on our FC data, the analyzed urine
samples almost never contained CD227+ cell pop-
ulations that stained negative for CD326. The samples
were postfixed with 1% osmium tetroxide (Electron
Microscopy Sciences, Hatfield, PA) and 0.8 % potas-
sium ferrocyanide II (Roth, Karlsruhe, Germany) in
0.1 M cacodylate buffer for 1.5 hours and pelleted in
agarose overnight. After dehydration in a graded
ethanol series, samples were embedded in Epon resin
(Roth, Karlsruhe, Germany). Finally, the ultrathin
sections (70 nm) were stained with uranyl acetate and
lead citrate. The examination was carried out using a
Zeiss 906 electron microscope (Carl Zeiss, Oberkochen,
Germany) at an acceleration voltage of 80 kV, equip-
ped with a slow-scan 2K CCD camera (TRS, Moor-
enweis, Germany).
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Statistical Analysis

Because the TEC counts were not normally distributed,
they were loglO transformed. Differences in TEC
counts between subgroups of the AKI cohort were
tested using analysis of variance or ¢ tests. For multiple
group comparisons, t tests were used as post hoc tests.
Differences in TEC counts between the subgroups of
the ANCA cohort were tested using Welch's ¢ test. For
comparison of TEC counts between different cohorts,
the Kruskal-Wallis test and Wilcoxon rank-sum test for
post hoc analysis were used. Assumptions were tested
statistically and visually using the Shapiro-Wilk test,
Levene’s test, QQ plots, and boxplots. Confidence in-
tervals for receiver operator characteristic curve ana-
lyses were calculated using bootstrapping with 2000
stratified bootstrap replicates.”® Cut-off values corre-
sponding to the optimal trade-off between sensitivity
and specificity were determined using Youden's index.
To test the influence of age, biological sex, and the
presence of chronic kidney disease on TEC count,
subgroup analyses were carried out for all patients in
the AKI and ANCA cohorts, using Spearman correla-
tion and ¢ tests. For all analyses, the significance level
was set to o = 0.05. Alpha error inflation was corrected
using the Bonferroni-Holm correction. All analyses
were performed using R Studio 2022.07.2,”" rstatix
package28 and the pROC package.zg

RESULTS

Singe-Cell Sequencing-Based Validation of
Markers to Detect Urinary TECs Using FC
Single-cell transcriptomes allow for unbiased detection
and clustering of urinary cells, and we previously re-
ported the detection of TECs of proximal and distal
origin by marker gene expression. To establish an FC-
based marker panel for the detection of defined uri-
nary cell populations, we first determined the surface
marker expression patterns of renal cells excreted in
the urine. We used a tandem approach to analyze
single-cell transcriptomes and surface antigen expres-
sion using barcode-tagged antibodies (CITE-seq) in 8
urine samples. We compared transcriptomic signatures
from tissue’ and urine,'® with urine cell surface sig-
natures for markers previously used in flow cytometric
detection of TECs as follows: CD1I0/MME and CD13/
ANPEP for PTECs and CD326/EpCAM for DTECs. """
A total of 7575 single-cell transcriptomes from 8
patient urine samples were analyzed after quality
control (Figure la and f). To ensure better identification
of low-abundance cell types, we integrated the data
with our previously published urine AKI single-cell
transcriptome dataset published previously.'® Cell
clusters were identified by marker gene expression; for

Kidney International Reports (2025) 10, 1260-1273
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Figure 1. CITEseq in urinary single-cell sequencing shows loss of CD10 in urine. (a) Uniform manifold approximation and projection (UMAP) of
7575 single-cell RNA-sequencing urine cells from 7 individuals with AKI (n = 5), MGN (n = 1) and LN (n = 1). Cellular composition is individually
diverse but can be broadly grouped into kidney cells (podocytes [PDCs] and distal and proximal tubular epithelial cells [DTECs or PTECs]),
urogenital epithelial cells (UGECs), myeloid cells (MYEL), B and T lymphocytes (B/T LYMPHs) and erythrocytes (ERYs). (b—d) Quality control:
Distribution of cells in UMAP by (b) genes per cell, (c) mitochondrial reads and (d) individual distribution. (e) Individual distribution of total
transcriptomes and urinary cluster proportions. Irrespective of disease, predominantly DTECS and myeloid cells are found. (f) Dot plot of marker
gene expression for each cell type. (g) RNA expression of CD10/MME, CD13/ANPEP, and CD326/EPCAM in tissue and urine and respective
hashtag oligos in urine. CD326 is exclusively expressed on DTECs, CD13 on PTECs and myeloid cells, and CD10 is continuously expressed on
podocytes. PTECs lose CD10 RNA expression in urine compared with tissue, while surface antigen markers stay positive. AKI, acute kidney
injury; LN, lupus nephritis; MGN, membranous glomerular nepbhritis.

example, the PTEC cluster of cells had high expression
of the marker gene, LRP2 (Figure la and f). The overall
sample quality was high, with a median of 1553 genes/
cell and 4283 reads/cell, and an even distribution of cell
types and clusters across the different samples
(Figure 1b—d).

As seen in our previous study, TEC clusters
comprised mostly distal and dedifferentiated pheno-
types, with only a small subset of PTECs (Figure le).
Further information regarding the DTEC subgroups is
available in our previous study.'®

Next, we compared the transcriptome and corre-
sponding protein signatures to validate the TEC
markers for FC, which showed that concerning PTEC
marker, CDI10 was detectable on the cell surface,

Kidney International Reports (2025) 10, 1260-1273

although transcription of the corresponding gene,
MME, was depleted in urine than in tissue (Figure 1g).
In addition to PTECs, podocytes were CD10", which
correlated with a high transcriptomic signature in both
tissue and urine podocytes. CD13/ANPEP was detect-
able mostly in PTECs but also in a subset of myeloid
cells. Coexpression of CD10 and CD13 was uniquely
found in PTECs, although these cells had very low
abundance in urine. DTEC clusters were considerably
more heterogeneous in terms of their transcriptomic
phenotype but exclusively transcribed EPCAM and
surface-expressed CD326 in our urine dataset
(Figure 1g).

To substantiate the use of these surface antigen
markers for FC, we validated our findings using
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postmortem kidney biopsies (7 = 4) as positive controls
and ureter tissue (n = 1) as a negative control.
Although CD10 and CD13 in combination adequately
identified proximal tubular cells, we found that the
DTEC marker CD326 was also expressed in ureter cells.
To increase specificity, we added CD227 to our DTEC
marker panel, which was not found in ureter cells
(Figure 2b and c). Using these marker combinations, we
sorted urine cells for fluorescence microscopic analysis.
Isolated CK/CD13/10" and CK/CD227/326" cells from
the urine of patients with AKI showed typical TEC
morphology on fluorescence microscopy (Figure 2e—f).
Electron microscopy of purified urinary CK/CD227"
cells from patients with AKI revealed a predominant
fraction of apoptotic and necrotic cells within the
sorted cell population, including morphological char-
acteristics such as chromatin condensation at the nu-
clear periphery, rounded cell shape, apoptotic bodies,
loss of cell membrane integrity, vacuolization, and
karyopyknosis. The TECs in unsorted urine samples
demonstrated similar features, ruling out the induction
of these changes during cell isolation (Figure 2g—j).

Urinary TECs Correlate With Severity of AKI

To establish urinary TECs as biomarkers in patients
with tubular injury, we recruited 235 patients from 4
separate cohorts. Patient details, including the clinical
etiology of AKI, are presented in Tables 2 to 4. The
samples were analyzed by FC and normalized to 100 ml
of urine. Exemplary dot plots illustrating distinct TEC
populations are shown in Figure 2a to d.

Our primary AKI cohort mainly consisted of patients
with prerenal, septic, and multifactorial AKI. Patients
with AKI stage 3 had the highest TEC counts (Figure 3a
and b). The increase in PTECs in the KDIGO stage 1, 2,
and 3 groups only reached significance when compared
with the control group (each P < 0.001, Figure 3a);
whereas for DTECs, all comparisons except for KDIGO
stages 2 and 3 were significant (P < 0.001, Figure 3b).
Accordingly, the maximum acute estimated GFR loss
correlated with the PTECs and DTECs counts (P <
0.001, Figure 3d and e).Patients with AKI with a major
adverse kidney event within 30 days after AKI onset
presented with significantly higher urinary DTEC
counts at the time of measurement (t = —2.27, P =
0.031, Supplementary Figure S1D). We found no in-
fluence of AKI etiology on the number of urinary TECs
(Supplementary Figure S1A—C). To assess the diag-
nostic ability of PTECs and DTECs in discriminating
patients with AKI from controls, we calculated receiver
operator characteristic curves (Figure 3c). The areas
under the curve for diagnosing AKI using PTEC and
DTEC counts were 0.91 and 0.93, respectively. The cut-
offs for PTEC and DTEC counts determined by
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Youden’s index and the corresponding sensitivity and
specificity are displayed in Figure 3c. Thus, cell counts
of both PTECs and DTECs were significantly correlated
with the severity of kidney injury.

COVID -19: AKI Validation Cohort

To validate our findings, we measured urinary TECs in
47 hospitalized patients with COVID-19, a collective
prone to AKI. PTECs demonstrated significantly poor
discrimination between the AKI and control groups
and no correlation with GFR loss (Figure 4a and d). In
contrast, DTECs continued to perform well in both
discrimination and correlation with GFR decline for all
KDIGO stages (P < 0.001, Figure 4b and e) and were
elevated in a small group of patients (7 = 6) that did not
meet the AKI criteria at the point of measurement but
developed AKI in the following week. Consistent with
the above results, the area under the receiver operator
characteristic curve for COVID-AKI were 0.606 for
PTECs and 0.855 for DTECs (Figure 4c). Both PTEC and
DTEC counts were significantly elevated in patients
who showed clinical deterioration in the next 7 days
according to the World Health Organization disease
stage (P = 0.025 / P < 0.001, Supplementary
Figure S2A and B). Importantly, there was no correla-
tion between diuresis and cell count, implying that the
abundance of cells was not related to urine concen-
tration (Supplementary Figure S2C and D).

Urinary TECs in Patients With AAV

Having demonstrated that urinary TECs reflect kidney
damage in AKI, we assessed urinary TECs in patients
with AAV. To this end, 3 cohorts of patients with AAV
were included as follows: 1 with active AAV and 2
cohorts of patients in stable remission, both with and
without renal involvement. We did not find a signifi-
cant difference in the number of TECs between active
AAV, inactive AAV with renal involvement, and
inactive AAV without renal involvement (Figure 5a
and c). A comparison with routine clinical data
revealed a correlation between albuminuria and the
number of TECs in active disease, although only PTECs
showed a significant increase (Figure 5b and d). Inter-
estingly, in patients with stable disease, no correlation
was observed between PTECs or DTECs and albumin-
uria (Figure 6b and d). Furthermore, urinary TECs did
not correlate with the current chronic kidney disease
stage in patients with stable AAV or with changes in
the GFR slope in the subsequent six months
(Supplementary Figure S3A and D). To rule out
different therapeutic regimens as confounding factors,
we integrated current immunosuppressive treatments
into our analysis. Compared with patients without
treatment, azathioprine and rituximab were associated

Kidney International Reports (2025) 10, 1260-1273
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with a significantly lower number of PTECs, whereas
for DTECs, only rituximab showed lower cell counts
(Supplementary Figure S3B and E).

Urinary TECs Discriminate AKI From
Glomerular Damage

To assess whether urinary TECs can be used as
discriminatory markers for different kidney damage
patterns, we directly compared patient cohorts. Pa-
tients with AKI, regardless of the underlying cause,
exhibited significantly higher DTEC counts than pa-
tients with AAV and controls(H[2] = 71.30, P < 0.001;
post hoc analysis: AKI vs. AAV, P < 0.001; AKI vs.
COVID controls, P < 0.001; AKI vs. healthy controls,
P < 0.001; AKI vs. COVID-AKI, not significant;
Figure 6a and b). Urinary DTEC counts effectively
identified patients from both AKI cohorts when
compared with controls and patients with AAV (the
area under the receiver operator characteristic curve:
0.83, Figure 6c). In the subgroup analyses of patients
from the AKI and AAV cohorts, no influence of age
(AKT cohort, P = 0.291; AAV cohort, P = 0.388) or the
presence of chronic kidney disease (AKI cohort,P =
0.570; AAV cohort, P = 0.445) on total urinary TEC
counts was observed. In contrast, TEC counts were
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higher in female patients with AAV (P = 0.003) than in
male patients with AAV. The sex of the patients had no
influence on the TEC counts in patients in the AKI
cohort (P = 0.110, data not shown).

Taken together, urine TEC quantity can discriminate
patients with nonautoimmune AKI from those with
AAV and no tubular damage. In all cohorts, DTEC
counts were significantly higher than PTEC counts.
Thus, urine DTECs are markers of tubular stress and
are correlated with the extent of kidney injury.

DISCUSSION

This study established the use of flow cytometric uri-
nalysis of CD326/CD227 TECs as a new marker of
tubular kidney damage.

Urine scRNA-seq expands the possibilities of urine
sediment analysis by providing very detailed infor-
mation about urinary cells, thereby amplifying its
diagnostic potential.”” Still, sequencing is cost- and
time-intensive, and the analysis remains demanding. FC
may be ideal for translating this standardized and
objective approach to urine cell analysis into a widely
available and scalable tool. In the current dataset,
CITEseq examination of urine cell clusters helped
define surface marker panels to be used in urine FC

Kidney International Reports (2025) 10, 1260-1273
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pTEC, proximal tubular epithelial cell.

analysis. We show that CD10/CD13 is a surface marker
combination specific for a low abundant urine TEC
subset of the proximal tubule. CD326, in combination
with CD227, can be used as a global TEC marker in
urine, encompassing the distal tubular segments and
dedifferentiated TECs.'®

Translating urine scRNA-seq findings to FC-based
analysis posed 2 major challenges. First, the inconsis-
tent correlation of gene transcription and protein
expression was addressed by CITEseq. Interestingly,
we found that the CD10 corresponding gene neprilysin
(MME), was not transcribed in urinary PTECs; how-
ever, CD10 was still expressed on the surface. In lung
and brain tissues, the protein expression of neprilysin
is diminished after episodes of hypoxia; however,
whether this concept is transferable to the kidney re-
33236 Second, in scRNA-seq, only
viable cells are captured and measured, whereas our
current flow cytometric approach does not distinguish
between cell states and viability. This leads to a
discrepancy between counts in both methods, with FC
being the gold standard for the quantification of cell
populations.”” Because urinary amounts of PTEC
counts determined by FC are higher than measured

mains to be elucidated.

Kidney International Reports (2025) 10, 1260-1273

with scRNAseq, we believe that most of the detected
PTECs in urine are already apoptotic or dead. Low
overall cell counts in single-cell samples and the un-
certainty of CDI10 expression, combined with the
inherent noisiness of urine FC data, make it difficult to
recommend urine CD10/CD13" PTECs as a reliable
marker for tubular damage, especially in our COVID-19
cohort. Because CD227/CD326" DTEC counts aligned
better between our methods and encompassed a large
fraction of urine-excreted TECs, we considered it to be
a more robust marker.

In our AKI cohort, we found PTECs as well as DTECs
to correlate well with the severity of AKI and conse-
quently with the occurrence of MAKE-30 events. The
extent of the injury appeared to be proportional to the
number of TECs. In COVID-19 AKI, the correlation
between TEC count and kidney injury prevails,
although it is less pronounced. The high number of
patients in the intensive care unit allowed us to
continuously measure urine output to validate our TEC
counts with respect to diuresis. Establishing urinary
biomarkers in AKI is challenging because of variable
urine creatinine excretion and fluctuating expression of
renal creatinine transporters, making it difficult to
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determine threshold values for mnormalized bio-
markers.***° To this extent, we could rule out a con-
centration effect in the direct measurement of TEC
counts by showing that there is no correlation between
urine output and TEC abundance.

In line with these findings, we found that TEC
counts were lower in the AAV cohorts and did not
correlate with creatinine levels, because the primary
injury mechanism was glomerular damage. Notably,
the number of PTECs was correlated with albuminuria
only in patients with active disease. This likely reflects
the tubular damage accompanying glomerular injury in
active AAV."' Patients with COVID-19 without AKI
and patients with inactive AAV showed elevated urine
TEC levels and stable proteinuria compared with
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healthy controls, suggesting ongoing tubular stress.
The number of TECs was independent of renal
involvement, implying that other factors contributed
to the intensified shedding of TECs. Although we
found a slight association between lower urine TEC
counts and immunosuppressive treatment in these pa-
tients, the cause of this constant urine TEC excretion in
patients with stable AAV remains unclear. Further
phenotyping of urine TEC subsets, focusing on
regenerative and maladaptive populations, may help to
understand the significance of the observed shedding
of TECs and further enhance the prediction of clinical
outcomes.

Currently, clinicians lack a standardized method for
detecting and quantifying the tubular effects in kidney

Kidney International Reports (2025) 10, 1260-1273
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diseases. Although tubular proteinuria and fractional
excretion of sodium or urea may indicate tubular
damage, their predictive value for AKI following an
insult is limited and restricted to the assessment of the
proximal tubule.”” We now report urinary TEC quan-
tification as a direct correlate of tubular damage.

Limitations

Although our data strongly suggest an association
between tubular damage and TEC quantity in the
urine, AKI remains a heterogeneous disease with
multiple pathomechanisms. Because definitive his-
tological evidence of tubular damage was not avail-
able in these cases, we cannot conclusively rule out
other potential disease triggers. By assessing our
biomarker in relation to SCr, its validity was
restricted to biases inherent in creatinine use. In
addition, other wvariables such as comorbidities,
intake of nephrotoxic drugs, and initiation of vol-
ume therapy need to be taken into consideration.
Therefore, a comprehensive kinetic characterization
of urine TEC is required.

As evidenced by scRNA-seq urine cell analysis,
urine TEC comprise multiple phenotypes, some of
which may indicate disease form and severity.
Although CD326/EpCAM is a global urine TEC marker
(except for low-abundance PTECs), a more nuanced
marker panel for distinguishing TEC phenotypes using
FC should be established in future studies. Further
phenotyping of urinary TECs by complementing the
established staining protocol with additional markers
of activation, proliferation, senescence, and cell death
would provide valuable insights for monitoring kidney
function.

Kidney International Reports (2025) 10, 1260-1273

CONCLUSION

Quantification of urinary kidney TECs using FC is
feasible and enables the direct measurement of tubular
damage in patients with AKI. Our findings extend
emerging evidence that FC-based urinalysis, especially
when combining TECs with markers of renal inflam-
mation such as T cells and monocytes,m’n’43 can be
developed into a standardized renal liquid biopsy.
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