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ABSTRACT

Background Microscopic analysis of urine sediment is probably the most commonly used diagnostic pro-
cedure in nephrology. The urinary cells, however, have not yet undergone careful unbiased
characterization.

Methods Single-cell transcriptomic analysis was performed on 17 urine samples obtained from five sub-
jects at two different occasions, using both spot and 24-hour urine collection. A pooled urine sample from
multiple healthy individuals served as a reference control. In total 23,082 cells were analyzed. Urinary cells
were compared with human kidney and human bladder datasets to understand similarities and differences
among the observed cell types.

Results Almost all kidney cell types can be identified in urine, such as podocyte, proximal tubule, loop of
Henle, and collecting duct, in addition to macrophages, lymphocytes, and bladder cells. The urinary
cell-type composition was subject specific and reasonably stable using different collection methods
and over time. Urinary cells clustered with kidney and bladder cells, such as urinary podocytes with
kidney podocytes, and principal cells of the kidney and urine, indicating their similarities in gene
expression.

Conclusions A reference dataset for cells in human urine was generated. Single-cell transcriptomics en-
ables detection and quantification of almost all types of cells in the kidney and urinary tract.
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Microscopic analysis of the cells of the urinary sed-
iment is one of the oldest diagnostic tools used in
nephrology. The urine of almost every patient re-
ferred to the renal clinic is examined under a mi-
croscope.! In the past, a variety of cells has been
described in the urine of patients with CKD.?
Several early studies indicated that tubule cells
are shed into the urine. Extensive studies by Racu-
sen et al.3 in the early 1990s characterized these cells
as proximal tubule (PT) cells, on the basis of their
morphologic characteristics and expression of
gamma glutamyl transferase,*-1° but in their study
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urinary PT cell numbers did not correlate with kid-
ney disease severity.? Some urinary cells stain pos-
itive for nephrin, indicating that viable podocytes
are also shed into the urine. Recently it has also
been proposed that undifferentiated kidney pro-
genitor cells can also be found in the urine.!0-13
Although these studies indicate the feasibility of
capturing kidney cells from the human urine, the
methods used have several limitations. Impor-
tantly, most studies only analyzed a limited number
of markers, therefore it remains unclear how well
urinary cells globally resemble kidney cells.?-14
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Second, not all cells can be cultured using standard conditions,
resulting in a potential detection bias. Finally, cells in culture
transdifferentiate or dedifferentiate, and often fail to express
their cell type of original markers.

Single-cell RNA sequencing (RNA-seq) is a revolutionary
new method for an unbiased genome-wide characterization of
individual cells at scale.!> Single-cell analysis of the mouse and
human kidneys has generated an initial map of gene expres-
sion for most cells in the kidney, and allowed us to move from
a morphotype-based cell characterization (such as shape,
color, and location) to a more objective transcriptome-based
cell-type definition.'®17 Single-cell sequencing of the kidney
has helped define cell type—specific changes, cell fractions and
cell-cell interactions in kidney disease conditions, thus allow-
ing us to develop new diagnostics and therapeutics. In a recent
study, Arazi et al.'4 was able to capture 577 immune cells from
the urine of patients with lupus nephritis. Similarly, in a recent
paper by Menon et al.'8 the authors were able to identify ep-
ithelial cells, immune cells, and kidney cells in the urine, but
not specific cell types.

Here we used single-cell RNA-seq to generate a reference
expression map for cells in the human urine. We show that
most kidney cells, not just podocytes and PT cells, can be
identified in the urine. The urinary cell-type composition
was subject specific and reasonably stable in different collec-
tion methods and over time. Urinary cells clustered together
with kidney and bladder cells, such as urinary podocytes clus-
tered with kidney podocytes, and principal cells of the kidney
and urine clustered together.

METHODS

Study Design

Transformative Research in Diabetic Nephropathy (TRI-
DENT) is a multicenter observational cohort study that en-
rolls, follows, and performs multiomics characterization of

Received May 29, 2020. Accepted November 24, 2020.

*The TRIDENT Study Investigators are Katalin Susztak, Raymond Townsend,
Shira Blady, Matthew Palmer, Carine Boustany, Richard Urquhart, Paolo
Guarnieri, Lea Sarov-Blat, Erding Hu, Lori Morton, Kishor Devalaraja, Uptal
Patel, Shawn Badal, John Liles, Jonathan Rosen, Anil Karihaloo, Randy Luciano,
Jonathan Hogan, Amy Mottl, Shweta Bansal, Salem Almaani, Christos Argyr-
opoulos, Kirk Campbell, Tamara Isakova, Oliver Lenz, Harold Szerlip, Matthias
Kretzler, Pietro Canetta, Jeffery Schelling, Rupali Avasare, Frank Brosius, Mi-
chael Ross, Nelson Kopyt, James Tumlin, Julia Scialla, Richard Lafayette,
Manisha Singh, and Yan Zhong.

AA.,Y.0.Z, and S.C. contributed equally to this work.
Published online ahead of print. Publication date available at www.jasn.org.

Correspondence: Katalin Susztak, Professor of Medicine, University of Penn-
sylvania, Perelman School of Medicine, 3400 Civic Center Boulevard, Smilow
Translational building 12-123, Philadelphia, PA 19104. Email: ksusztak@
pennmedicine.upenn.edu

Copyright © 2021 by the American Society of Nephrology

JASN 32: 614-627, 2021

www.jasn.org | BASIC RESEARCH

Significance Statement

Microscopic analysis of urinary sediment is one of the most funda-
mental tests in nephrology. Urinary cells, however, have not been
characterized in a standardized, unbiased manner. Single-cell
transcriptomics of urine, of subjects with diabetic kidney disease
and controls, were used to characterize 23,082 urinary cells in an
unbiased manner. Combined analysis of urinary, kidney, and blad-
der cells indicated the technique can detect almost all kidney cell
types and a variety of bladder cell types in human urine. This pilot
study provides a reference dataset for future urinary single-cell
characterization.

subjects with diabetic kidney disease (DKD).!® This urinary
single-cell study is an ancillary study of TRIDENT, which was
approved by the University of Pennsylvania Institutional Re-
view Board and by the TRIDENT Steering Committee. In-
formed consent was obtained from each participant.

Due to the time sensitivity of the sample processing, five
patients at the University of Pennsylvania were approached to
participate in this ancillary study. As part of TRIDENT, all
participants underwent a diagnostic kidney biopsy. Kidney
biopsies were processed and changes in the glomerulus, tu-
bules, interstitium, and vasculature were scored by light, elec-
tron, and immunofluorescence microscopic evaluations
(Figure 1A). We collected clinical and demographic informa-
tion on patients at enrollment. All patients were followed for
18 montbhs after their kidney biopsy and their kidney function
was monitored. They provided spot and 24-hour urine sam-
ples, then returned 1 month later and provided a second set of
spots and 24-hour urine samples. Once the samples were ob-
tained, they were immediately transported on ice to the labo-
ratory for processing. Freshly voided control samples were
pooled from ten anonymous healthy individuals.

Urine Collection

All steps were performed on ice or at 4°C. Once the urine
volume was measured, the sample was transferred into a
50 ml conical tube and centrifuged at 1000 rpm for 5 minutes.
The supernatant was carefully removed, leaving about 1 ml
volume in the tube. Cells then were suspended in 1X Dulbec-
co’s PBS (DPBS) and centrifuged at 1000 rpm for 5 minutes.
This process was repeated twice. The pelleted cells were sus-
pended in 1 ml of 1X DPBS and passed through a 40 wm cell
strainer. After centrifugation at 1000 RPM for 5 minutes, the
cell pellet was resuspended in the appropriate volume of 1X
DPBS (resuspension volume was approximated on the basis of
the pellet size). Cell number and viability were analyzed using
Countess Auto Counter (C10227; Invitrogen). Due to the low
cell number in the control urine samples, the control samples
were combined, and the subsequent steps were performed on a
single pooled control urine sample.
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Figure 1. Study design and urine characteristics. (A) Subjects with diabetes underwent diagnostic kidney biopsy. Tissue samples
analyzed and scored by light and electron microscopy and immunofluorescence. Subjects were followed for 18 months. Spot and 24-
hour urine samples were collected 1 month apart and analyzed. Ten spot urine samples from ten healthy individuals as control were
obtained and pooled for the single-cell RNA-seq study. (B) Sample level, urinary cell number per ml urine (y-axis), x-axis is each patient,
collection method, and time. (C) Sample level, urinary cell viability (y-axis), x-axis is each patient, collection method, and time. (D) Total
captured cell number per sample, each column represents one sample, lighter and darker shades of the same color represent spot
urine sample and the darker color shows the 24-hour urine collection. V1 and V2 represent visit 1 and visit 2, respectively, for each
subject. (E) Images of periodic acid-Schiff-stained kidney section of each kidney biopsy. Scale bars are shown at the left bottom of each
image represent 200 um. DM, diabetes mellitus; F/U, follow up.

Single Cell Barcoding, Library Preparation, and transcribed within the droplets at 53°C for 45 minutes.
Sequencing c¢DNA was amplified for 12 cycles total on a BioRad C1000
cDNA libraries were prepared according to the manufacturer’s  Touch thermocycler. The cDNA was size selected using Spri-
protocol (Single Cell 3" Reagent Kits v3; 10X Genomics).!®17  Select beads (Beckman Coulter) with a ratio of SpriSelect re-
In brief, cell suspensions, reverse transcription master mix,  agent volume to sample volume of 0.6.

and partitioning oil were loaded on a single-cell “B” chip, c¢DNA quality was examined on an Agilent Bioanalyzer
then run on the Chromium Controller. mRNA was reverse  High Sensitivity DNA chip. cDNA was fragmented using the
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proprietary fragmentation enzyme blend for 5 minutes at 32°
C, followed by end repair and A-tailing at 65°C for 30 minutes.
c¢DNA was double-sided size selected using SpriSelect beads.
Sequencing adaptors were ligated to the cDNA at 20°C for
15 minutes. cDNA was amplified using a sample-specific index
oligo as primer, followed by another round of double-sided
size selection using SpriSelect beads. Final library quality was
analyzed on an Agilent Bioanalyzer High Sensitivity DNA
chip. ¢cDNA libraries were sequenced on a HiSeq4000
platform.

Primary Single-Cell Data Processing

FASTQ files from each 10X single-cell run were processed by
Cell Ranger v3.0.2 (10X Genomics). Human genome refer-
ence Ensembl 93 (GRCh38.p12) and a custom gene model on
the basis of UCSC genes were used to generate gene expression
matrix for each cell.

Data Processing and Computational Analyses

Seurat objects from the aligned outputs (from multiple sam-
ples) were created, where genes expressed in more than three
cells and cells with at least 300 genes were retained. A merged
Seurat object was obtained using “MergeSeurat” function of
Seurat v (3.1.4).20 Filtering of cells on the basis of quality
control metrics was implemented. Cells with >15% mito-
chondrial counts were filtered out.

Data Normalization and Cell Population Identification
Raw unique molecular identifier (UMI) counts were normal-
ized with a scale factor of 10,000 UMIs per cell and subse-
quently natural log transformed with a pseudocount of 1. The
top 3000 highly variable genes were identified using the
method “vst,” then data were scaled and the total number of
UMI and the percentage of UMI arising from mitochondrial
genes were regressed out. The scaled values were then subjec-
ted to principle component (PC) analysis and dimension
reduction. Then, we used the Harmony package and “Run-
Harmony” function to integrate the samples.?! A shared
nearest-neighbor network was created on the basis of the Eu-
clidean distances between cells in a multidimensional PC
space (the first 30 PC were used) and a fixed number of neigh-
bors per cell, which was used to generate a two-dimensional
Uniform Manifold Approximation and Projection for visual-
ization. To identify cell-type markers, we used Seurat’s “Fin-
dAllMarkers” function, which calculates log-fold changes,
percentages of expression within and outside a group, and P
values of Wilcoxon-Rank sum test, comparing a group to all
cells outside that specific group including adjustments for
multiple testing.

Ambient RNA Contamination Removal and Doublet
Finder

To determine the fraction of ambient RNA in each single cell,
the SoupX package was used.?>? The RNA expression in each
cell was then corrected using the ambient mRNA expression
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profile and estimated contamination. After this correction, we
reran the Seurat clustering pipeline as previously described. In
addition, we identified probable doublets in our cells using the
DoubletFinder function.2? To understand the contribution of
cell doublets, we repeated our original clustering.

Integration of Urine Single-Cell Data with Kidney
Single Nucleus and Bladder Single-Cell RNA-Seq

To understand similarities between urine, kidney, and bladder
cells, our urine single-cell dataset was integrated with a pre-
viously published kidney single-nucleus dataset and a bladder
single-cell dataset.242> Two approaches were used for the in-
tegration: (1) the Harmony method,?! (2) and the anchor
strategy.?® The Harmony method, as previously described,
first places cells into multiple subset clusters then projects cells
to a shared embedding, in which cells are grouped by cell type
rather than origins of the datasets. The anchor strategy first
identifies shared genes, called anchors, between datasets and
then datasets are combined using these anchors.2¢ In the an-
chor method, after splitting the datasets on the basis of their
origin, steps of normalization and highly variable gene iden-
tification was performed. Using the “FindIntegrationAn-
chors” function, anchors that could connect two datasets
were determined. The two datasets were integrated using the
“IntegrateData” function. This was followed by scaling dimen-
sion reduction, clustering, and Uniform Manifold Approxi-
mation and Projection visualization.

Data Access

The raw data and the count matrix for all genes and cells after
filtering the analyzed urine single-cell samples can be accessed
on the National Center for the Biotechnology Information
database (GSE157640).

RESULTS

Study Subject Characteristics

The clinical and demographics of the participants are shown
in Table 1. We enrolled three male and two female subjects,
with a relatively wide age range of 47-72 years. The eGFR
range among patients was 21-39 ml/min per 1.73 m’. One
patient (1013) had nephrotic range proteinuria on enrollment
(urine protein to creatinine ratio >3500 mg/g). Subjects do-
nated spot and 24-hour urine samples on two occasions, sep-
arated by 1 month. Most subjects (except 1013) had a stable
eGFR during the 18 months of follow-up. Three patients had
Renal Pathology Society classification III DKD lesions. We
used a single control urine sample pooled from ten anony-
mous volunteers.

Urinary Cell Number and Viability

Total urinary cell numbers showed relatively large variability.
The urinary cell number was higher in female urine samples
compared with males. Cell viability in the control urine sam-
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Table 1. The clinical and pathologic characteristics of the enrolled subjects

Patient
Characteristics
1006 1007 1008 1012 1013

Age, yr 72 48 50 68 47
Gender M M M F F
BMI, kg/m? 28 33 30 37 50
BP, mm Hg 188/70 144/77 129/61 101/60 176/81
eGFR, ml/min per 1.73 m? 22 39 22 23 21
AeGFR, ml/min per 1.73 m? 0.59 -2.3 12.01 4.76 —-12.7
UPCR, mg/g 1400 1100 800 1500 5000
AUPCR, mg/g —700 130 1140 320 900
UA

Epi 0-2 0-10 0 0-5 10-20

WBC 0-1 0-5 0-5 0-5 5-10

RBC 0-2 0-2 0-2 0 2-5
RPS class 2 3 2 3 3
Global sclerosis (%) 26-50 1-25 26-50 26-50 26-50
Interstitial fibrosis (%) 50 80 50 40 60
Mesangial matrix increase Mod Severe Mod Mod Severe
Interstitial lymphocytes Mod Mod Mild Mild Mod
Arterial sclerosis Severe Mild Mild Mod Severe
Foot process effacement (%) 30 70 30 30 50
Avg GBM thickness (nm) 431 491 722 785 1120

BMI, body mass index; UPCR, urine protein to creatinine ratio; UA, urinalysis; epi, epithelial cells; WBC, white blood cells; RBC, red blood cells; RPS class, Renal
Pathology Society classification; mod: moderate; GBM, glomerular basement membrane.

ple was 84% and ranged from 42% to 87% in the DKD sam-
ples. We did not observe important differences between spot
or 24-hour urine samples or between different subjects
(Figure 1C). We aimed for a cell capture rate of 10,000 cells
per sample; however, the cell capture rate showed significant
heterogeneity. It is possible the microfluidics device did not
capture the large squamous epithelial cells that are often pre-
sent in the female urine, as capture rate was lower in urine
samples obtained from women. It is also important to note
that one subject (1008) had a low urinary cell count, and
we were unable to capture cells in three out of the four
samples (Figure 1D). This patient had the lowest proteinuria
(800 mg/g) and the most preserved eGFR during follow-up.
The urinary cell number was also very low in our control
samples, even after pooling urine from multiple donors. The
final analysis included 18 samples, 17 DKD, and one pooled
control urine sample, indicating an overall 86% success rate
to generate single-cell libraries.

Urine Contains a Large Number of Epithelial Cells

In total, we sequenced 41,620 cells and after quality control,
such as setting the minimal number of detected genes and
mitochondrial read percentage, we only retained 23,082 for
further analysis (Supplemental Figure 1, Supplemental
Table 1). This was critical as we found that inclusion of
poor-quality cells (mitochondrial percentage of up to 50%)
interfered with clear clustering and cell-type identification
(Supplemental Figure 1F). The total number of reads did
not correlate with the captured versus filtered cell number
(Supplemental Figure 1G). Overall, the fraction of ambient
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RNA in urine samples ranged from 1% to 33%, with the
mean of 7.77% as estimated by SoupX?? (Supplemental
Figure 2A). The fraction of ambient RNA was much higher
in 24-hour urine samples than spot urine specimens, which
might be an indicator of an overall higher number of dead cells
and RNA release in the 24-hour collection. We found no major
differences when we clustered the data without batch correc-
tion (Supplemental Figure 2B) or Harmony-based integration
(Supplemental Figure 2C) (Figure 2A).

Our clustering indicated 23 discrete clusters separated into
three relatively distinct large groups (Figure 2A). The second
largest group contained cells positive for kidney epithelial
markers, such as EPCAM, OCIAD2, and CRYAB (Figure 2B).
We identified a distinct cluster that was highly positive for the
collecting duct marker AQP2 (cluster 17). There was a cluster
(cluster 6) highly positive for MMP7, which is mostly ex-
pressed by loop of Henle cells in the kidney. Another group
(cluster 13) of cells expressed GATM and EPCAM, markers of
PT cells. Another cluster (cluster 22) was positive for podocyte
markers, such as NPHSI and NPHS2'017:27(Figure 2B). In
addition, we also found a group of cells that was positive for
fibroblast markers, such as PTTG1, CENPF, UBE2C, and
TOP2A (cluster 21).

The smallest group contained immune cells. One of the
clusters (cluster 14) was positive for classic lymphocyte mark-
ers, such as CD79, and another (cluster 4) for classic macro-
phage markers, such as C1Q (Figure 2B). The complete list of
cell-type specific differentially expressed genes is available in
Supplemental Table 2.
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Figure 2. Single-cell survey of the human urine. (A) Uniform Manifold Approximation and Projection (UMAP) dimension reduction of
23,089 urinary cells identified in 17 DKD and one pooled control urine samples. Clusters O, 2, 8, 9, 10, 11, 15, 16, 19, and 20 were
called Epi. (B) Bubble dot plots of the top cluster specific genes. The size of the dot indicates expression percentage and the darkness
of the color indicates average expression. Epi, variety epithelial cells; Epi-PLAT™, PLAT-positive cells; Epi-KRT1", KRT1-positive cells;
umbrella, umbrella cells; endo, endothelial cells; podo, podocytes; LOH, loop of Henle; fibro, fibroblast; CD, collecting duct principal
cell; macro, macrophages; lympho, lymphocytes; mes, mesenchymal cells.

Group 1, the largest group, separated into several subclus- ~ SI00A9%8 (Supplemental Figure 2D). In our analysis it did
ters (Figure 2A). Multiple clusters were positive for KRT4,  not seem that the expression of epithelial (KRT) and myeloid
KRT13, and KRT17; these are known markers of renal pelvic ~ (S100) markers by the same cells was related to cell doublets
and bladder epithelial cells.?> Interestingly, KRT4-positive  (Supplemental Figure 1H) or to ambient RNA contamination
cells were also positive for myeloid markers SI00A8 and  (Figure 2A, Supplemental Figure 2, B and C). Cluster 3 was
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Figure 3. Distribution of cells in control and DKD samples. (A) Subject-level feature plot of cells over the Uniform Manifold Ap-
proximation and Projection (UMAP) of all cells (gray). All cells analyzed for a single subject (visit 1 [V1] and V2, spot and 24-hour) were
combined and shown in red. (B) The fractions of cells in each cell cluster in control and DKD urine samples. Darker color indicates
higher percentage of cells. (C) The fractions of cells in each cell cluster in each sample. Darker color indicates a higher percentage of
cells. (D) The stability of urinary cell number on the basis of the collection method. The collection method (spot versus 24-hour) level
feature models (colored red) over all cells in the UMAP (gray) (upper panel). Cumulative urine cell fractions of spot and 24-hour urine
samples (the two visits were combined) (lower panel). (E) The stability of urinary cell number on the basis of time. V1 or V2 level feature
models (colored red) over all cells in the UMAP (gray) (upper panel). Cumulative urine cell fractions of visits 1 and 2 samples (combined
spot and 24-hour collection) (lower panel). Epi, variety epithelial cells; Epi—PLAT*, PLAT-positive cells; Epi-KRT1 +, KRT1-positive cells;
LOH, loop of Henle; CD, collecting duct principal cell.
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positive for KRT1I, raising the possibility that these might be
skin or genital-related cells. We identified two clusters positive
for the bladder cell marker KRT19.2> This large group also
included cells from cluster, expressing MT1, which has been
previously identified as a marker of PT.2° Cluster 7 was posi-
tive for PLAT, FXYD3, and TSPANI potential markers of um-
brella cells of the bladder.?> It is interesting to note this cluster
also included cluster 12, cells expressing IFI44, IFIT1, IFIT3
markers of kidney endothelial cells.3°

Cell Fractions are Subject Specific and Reasonably
Stable over Time and Collection Method

As a first step, we have compared the distribution of cells in the
control and DKD urine samples. Although single-cell se-
quencing could be biased by batch effect, we found that all
DKD urine samples (Figure 3, A and C) contributed to the
kidney-specific and immune cell clusters, indicating a lesser
role of a technical batch effect (Supplemental Figure 11). There
were very few kidney and immune cells in the urine of control
subjects (Figure 3B). The differences of distribution of urinary
cells were significant between DKD and control samples mea-
sured by chi-squared test (X*=167.11, P<0.0001)
(Figure 3B).

Next, we examined the distribution of cell types in each
urine specimen to understand whether we can observe a spe-
cific pattern. We observed that cell fractions varied substan-
tially between patients (Figure 3C). For example, subjects 1006
and 1007 mostly had epithelial cells in their urine, whereas
1012 and 1013 had more kidney cells. Next, we analyzed the
stability of the cell fractions between collection method and
visits (Figure 3, D and E). There was no observable difference
in cell identification when spot and 24-hour urine samples
were compared, indicating cells remained viable in the 24-
hour collection (Figure 3D). Furthermore, we also found the
cell fractions were reasonably stable and remained subject spe-
cific when comparing cell fractions between the two different
collection time points (Figure 3E).

Cells in the Urine Cocluster with Kidney and Bladder
Cells

To understand the origin of the urinary cells and their relat-
edness to cells in the kidney and the urinary tract, we inte-
grated our urine single-cell dataset with published human
kidney single nucleus and bladder single-cell RNA-
sequencing datasets. Human kidney single-nucleus RNA-
sequencing datasets obtained from three control and three
patients with DKD were downloaded.?* We used two different
strategies to integrate the urine and kidney cells as implemen-
ted in Harmony?! and anchor packages?® (detailed in
Methods).

Using Harmony integration, we identified 23 discrete clus-
ters (Figure 4A). We plotted the source of cells in the inte-
grated clusters (kidney and urine) on the basis of the primary
clusters (Figure 4C). We observed a strong, almost one-on-
one, correlation between urinary and kidney cell clusters.
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Urinary cells showed strong similarities to kidney cells, such
as podocytes from the urine and kidney had formed a single,
discrete cluster. The principal and intercalated cells of the col-
lecting duct of the urine formed discrete clusters with corre-
sponding cell types from the kidney. We have identified four
distinct PT cell clusters. First, we note that control and dis-
eased PT cells already showed important diversity in the pub-
lished kidney dataset, such as cluster 20, which almost exclu-
sively contained cells from the control kidney, and cluster 5,
which contained cells both from diabetic and control kidneys.
The PT cluster 13 contained urinary, control, and DKD kidney
cells (Figure 4C). This cluster was positive with TPM1 and
OCIAD?2, and expressed only low levels of traditional PT
markers, such as CUBN or LRP2, indicating these cells might
be dedifferentiated PT cells. Cluster 16, which was located
close to the kidney PT cells, contained PT cells with high levels
of MTIH and MTI1G.?°

The loop of Henle cells separated into two clusters. Cluster
12 contained cells from DKD urine, and control and DKD
kidney samples. These cells were positive for MMP7, IGFBP7,
and EPCAM (Figure 4E). We identified both principal and
intercalated cells of the collecting duct in the urine sample.
Urinary lymphocytes clustered closely with kidney lympho-
cytes. It is interesting to note that cluster 12 of urine, which
was positive for the endothelial markers, IFI44, IFIT1, IFIT3,3°
clustered closely with kidney endothelial cells, suggesting even
endothelial cells are shed into the urine. We verified our in-
tegration analysis using the anchor method, and found con-
sistent results (Supplemental Figure 3).

Next, we wanted to understand whether we could identify
bladder cells in the urine by integrating our urine single-cell
RNA-seq data with single-cell RNA-seq dataset from the hu-
man bladder?>(Supplemental Figure 4). We found that urinary
cells expressing PLATand TSPANI clustered closely with blad-
der umbrella cells (cluster 20). It is interesting to note that
bladder and kidney fibroblasts clustered together (cluster 21).
In addition, the cluster we initially labeled mesenchymal cells
in the urine clustered with smooth muscle cells, indicating shared
gene markers expressed by those two clusters (cluster 12). It
should be noted that cells labeled as loop of Henle in the urine
clustered with intermediate cells of the bladder, mostly due to a
shared gene marker of MMP7 (cluster 11). We believe this cluster
likely contains multiple types of cells. Urinary endothelial and
bladder endothelial cells did not cocluster. We observed an im-
portant overlap between urine lymphocytes and bladder lympho-
cytes (clusters 16 and 19) and some between bladder macrophages
and urinary monocytes (cluster 8). We again validated our inte-
gration results using the anchor model (Supplemental Figure 5)
with minor differences. An important difference was the coclus-
tering of urinary clusters 0 and 8 with basal cells and TNNT1-
positive cells of the bladder, respectively (clusters 1 and 13).
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Combined Analysis of Human Urine, Bladder, and
Kidney Cells
Finally, we integrated the urine, bladder single-cell, and hu-
man kidney nucleus datasets to understand relatedness of the
analyzed cells (Figure 5, Supplemental Figure 6). We plotted
the source of cells in the integrated clusters (kidney, bladder,
and urine) on the basis of the primary clusters, and found a
strong almost one-to-one relationship (Figure 5, B and C).
As we observed earlier urine cells coclustered both with
kidney and bladder cells, indicating that we could potentially
ascertain their origin. Again, urinary and kidney podocytes
clustered well together (cluster 14). We observed multiple
PT clusters (4, 11, 13, and 23) (Figure 5D, Supplemental
Figure 6D). Again, the urine seemed to contain few
DCT cells, or these cells were so severely degenerated in the
urine that we could no longer identify them. Principal (cluster
5) and intercalated cells (cluster 22) of the collecting duct were
readily identifiable in the urine. We were able to identify a
variety of bladder cells in the urine such as basal cell, umbrella
cells, fibroblasts, and smooth muscle cells. Lymphocytes (clus-
ter 21) and macrophages (cluster 6) from the bladder, urine,
and kidney clustered together. In this analysis we found that
smooth muscle cells of the bladder coclustered with mesangial
cells of the kidney and mesenchymal cells in the urine, mostly
due to shared gene markers, especially MYL9 and TAGLN
(cluster 18). As mesangial cells and vascular smooth muscle
cells share multiple markers, it is possible the cell cluster orig-
inally labeled as mesangial cells in the kidney was a vascular
smooth muscle cell cluster.

Urinary Single-Cell Profiling Provides a Read-Out for
Kidney Disease Genes and Drug Targets

Next, we wanted to understand whether urinary single cell
profiling could potentially be used to make diagnostic or ther-
apeutic decisions.

First, we have analyzed the expression of genes known to
cause monogenic nephrotic syndrome. Figure 6A shows
strong enrichment of nephrotic syndrome genes in urinary po-
docytes. Next, we examined the expression of genes nominated
to mediate the effect of the polygenic eGFR GWAS.31:32 Similar
to our previous findings, these genes showed strong enrichment
for urinary PT expression (Figure 6B). Finally, we analyzed the
expression of genes that showed association with kidney stones.
We found enrichment for PT and collecting-duct cell expression
of kidney stone—associated genes (Figure 6C).

Finally, we analyzed the urine single cell-type expression of
genes targeted by commonly used Food and Drug
Administration—approved drugs (Figure 6D). We show that the
urinary loop of Henle cells are positive for the loop diuretic target
SLCI12A1. Urinary collecting tubule cells expressed AVPR2 as a
target gene for tolvaptan. Several Food and Drug Administration—
approved drugs showed podocyte-enriched expression, such as
BCL2, SOST, GHR, and VEGFA. PT cells were enriched for
SLC5A2, the target gene of SGLT2 inhibitors and angiotensinogen,
a key substrate in the renin angiotensin pathway.

624 JASN

Overall, our pilot study indicates that urine cells can be used
to read-out for monogenic and complex kidney disease genes
and targets of the most commonly used drugs, suggesting the
method might be of use for precision medicine approaches.

DISCUSSION

Examination of the urine sediment is considered one of the
most basic diagnostic and prognostic procedures performed
by nephrologists.! Our study, is an important attempt to per-
form single-cell resolution profiling of all urinary cells of pa-
tients with diabetic kidney disease in a high throughput
manner. Single-cell RNA-seq has been explored for its poten-
tial in kidney disease investigations and earlier studies relied
on the use of kidney biopsy samples for sequencing.?433 Our
study set to establish the use of fresh urine as a biospecimen for
single-cell RNA-seq.

Here, we show a new method of analyzing urinary cells
using single-cell sequencing. We show that the method is tech-
nically feasible. Overall, both spot and 24-hour urine speci-
mens appeared suitable for the urinary single-cell RNA-seq.
The cellular diversity of the spot and 24-hour collecting was
similar. We found that the 24-hour urine samples might suffer
from greater ambient RNA contamination, which might be
related to increased cell death during the extended collection
time. We observed that healthy subjects and the patient with
DKD with the most preserved kidney function had very few
cells in their urine, potentially indicating that total urinary cell
numbers might also be an indicator of kidney function.

It is also important to note that our study used stringent
filtering and we were able to identify a variety of specific kid-
ney epithelial cells. Urinary podocytes and collecting duct cells
expressed the same marker genes observed in kidney single-
cell analysis.?* We observed multiple different PT subclusters,
with many showing signs of severe dedifferentiation. Indeed,
kidney PT cells clustered better with PT cells profiled from
patients with DKD and more distant from healthy PT cells.?4
Although prior studies have analyzed a small number of im-
mune,'4 kidney, and epithelial cells,!8 these studies were not
able to characterize specific kidney tubule cells, whereas our
work provides new gene expression marker data for urinary
podocytes, PT cells, loop of Henle, and collecting duct cells.

Our study shows that almost all kidney cells can be identi-
fied in the urine. Urinary podocytes and collecting duct cells
seemed to show the strongest and most consistent correlation
with kidney cells. We found very few distal convoluted tubule
cells in the urine, or these cells might have severely dediffer-
entiated limiting our ability to identify them. Consistent with
the observed plasticity of PT cells,>* we found that PT cells
were severely dedifferentiated in the urine samples. Urinary
PT cells coclustered better with PT cells identified in DKD
kidneys than those found in control healthy samples. We
also observed important differences in PT subtypes, which
will be important to follow.
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Figure 6. Urinary single-cell profiling provides a read-out for kidney disease genes and drug targets. (A) Urinary single cell-type
specific expression enrichment of monogenic nephrotic syndrome genes. (B) Urinary single cell-type-specific expression enrichment
of CKD-GWAS-nominated genes. (C) Urinary single cell-type-specific expression enrichment genes related to nephrolithiasis. (D)
Urinary single cell-type-specific expression enrichment of Food and Drug Administration-approved drug target genes. Mean gene
expression values were calculated in each cell type cluster. The color scheme of the heatmap is on the basis of z score distribution. In
each heatmap, x-axis represents the urinary cell clusters and y-axis shows the genes. Epi, variety epithelial cells; Epi-PLAT™, PLAT-
positive cells; Epi-KRT1", KRT1-positive cells; PT, proximal tubule; LOH, loop of Henle; CD, collecting duct principal cells.

Our study had several limitations; first, as a pilot study we
included few patients and controls. We collected urine at dif-
ferent time points and with different methods to confirm the
reproducibility and feasibility of this approach. Our study in-
dicates significant differences in capturing efficiency between
male and female urine samples. We have also observed that
ambient RNA contamination was significantly higher in
24-hour urine collections, likely indicating increased cellular
degradation during extended storage. Overall, our study op-
timistically indicates the cell composition of urine is stable
over time and between different collection methods. It is

JASN 32: 614-627, 2021

encouraging that our study and a previous publication found
correlation between urinary immune cells and immune cell frac-
tions in the kidney, although the sample size in the prior pub-
lication was modest (n=8 and 13 subjects).1*18 It seems that a
large prospective cohort study will be needed to establish the
diagnostic and prognostic utility of urinary single cell
sequencing.

In summary, in this study we present the clinical feasibility
of performing single-cell RNA-seq on human urine samples.
We generated a reference dataset and were able to identify
most kidney and many bladder cells in human urine. Our
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analysis indicates that urinary cell profiles show patient spec-
ificity and modest variability between collection method and
timing. Our study indicates the method should be further
pursued for diagnoses of diseases of the kidney and
genitourinary tract.
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