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Introduction: Individuals with focal segmental glomerular sclerosis (FSGS) typically undergo kidney bi-
opsy only once, which limits the ability to characterize kidney cell gene expression over time.

Methods: We used single-cell RNA sequencing (scRNA-seq) to explore disease-related molecular sig-
natures in urine cells from subjects with FSGS. We collected 17 urine samples from 12 FSGS subjects
and captured these as 23 urine cell samples. The inflammatory signatures from renal epithelial and
immune cells were evaluated in bulk gene expression data sets of FSGS and minimal change disease
(MCD) (The Nephrotic Syndrome Study Network [NEPTUNE] study) and an immune single-cell data set
from lupus nephritis (Accelerating Medicines Partnership).

Results: We identified immune cells, predominantly monocytes, and renal epithelial cells in the urine.
Further analysis revealed 2 monocyte subtypes consistent with M1 and M2 monocytes. Shed podo-
cytes in the urine had high expression of marker genes for epithelial-to-mesenchymal transition
(EMT). We selected the 16 most highly expressed genes from urine immune cells and 10 most highly
expressed EMT genes from urine podocytes as immune signatures and EMT signatures, respectively.
Using kidney biopsy transcriptomic data from NEPTUNE, we found that urine cell immune signature
and EMT signature genes were more highly expressed in FSGS biopsies compared with MCD
biopsies.
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Conclusion: The identification of monocyte subsets and podocyte expression signatures in the urine sam-
ples of subjects with FSGS suggests that urine cell profiling might serve as a diagnostic and prognostic tool
in nephrotic syndrome. Furthermore, this approach may aid in the development of novel biomarkers and
identifying personalized therapies targeting particular molecular pathways in immune cells and podocytes.
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F S G S and MCD are the major causes of pri-
mary nephrotic syndrome and mani-
fest similar clinical features. Establishing the correct
diagnosis of these diseases is important to initiate effective
treatments. Patients with MCD usually respond well to
glucocorticoid therapy and usually have excellent long-
term prognosis. In contrast, patients with FSGS are often
resistant to glucocorticoid therapy and have progressive
decline in glomerular filtration rate."” Currently, kidney
biopsy is the principal method for the histologic diagnosis
of nephrotic diseases. Nevertheless, biopsy is an invasive
procedure that is sometimes deferred, particularly in chil-
dren, and is typically performed only once in adults.
Owing to sampling limitations and the focal distribution
of lesions in FSGS, biopsy can also fail to distinguish
MCD from early FSGS. Moreover, the current approaches
to renal biopsy analysis provide limited information on
molecular mechanisms of complex diseases, such as FSGS.
In recent years, scRNA-seq has emerged as a powerful
tool to characterize single-cell transcriptomes from
various sources. Several reviews of this methodology, as
applied to kidney research, have been published
recently.” © These studies have applied single-cell or
nuclear RNA-seq approaches to kidney tissue. We hy-
pothesized that urine from patients with kidney diseases
could be a useful, noninvasive source of information on
the disease and that urine scRNA-seq could add valuable
transcriptional information on injured primary renal
parenchymal cells that appear in the urine, including
podocytes and tubular epithelial cells and reactive cells,
such as immune cells, and could distinguish these cells
from urothelial cells. This transcriptional information
might inform clinicians on mechanisms of injury and
suggest targeted therapies. To evaluate the urine cells for
potential application as a diagnostic tool for FSGS and to
uncover the molecular mechanisms of the disease at the
single-cell level, we performed scRNA-seq of urine
samples from subjects with FSGS.

METHODS

Study Design
We collected a total of 17 non—first-void morning urine
samples from 12 subjects and captured these as 23 cell
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samples using Chromium Single Cell 3" Library & Gel
Bead Kit, version 2 (10x Genomics, Pleasanton, CA).
Details of the clinical features of subjects and sample
preparation can be found in Table 1, Supplementary
Figure S12 and Supplementary Methods.

Urine Sample Processing and Single-Cell
Capture

Subjects were asked to collect second daily urine using
clean-catch practices 2 to 4 hours after the first morning
void. Whole urine samples (50—100 ml) were filtered (70
lm) and then sedimented for 10 to 15 minutes at 300 X g
at 4 °C. The sediment (cell pellet) was washed twice with
ice-cold 0.04% bovine serum albumin in Dulbecco’s
phosphate-buffered saline and then subjected either to
fluorescence-activated cell sorting (8 cell samples) or to
immediate cell capture using the 10x Genomics platform
(15 cell samples) (Supplementary Figure SI13 and
Supplementary Table S16).

For fluorescence-activated cell sorting, urine cells
were buffer-exchanged into Flow Cytometry Staining
Buffer (eBioscience, Invitrogen, Carlsbad, CA), passed
through a 40-um filter, and combined with 7-
aminoactinomycin D and fluorescence marker and
HOECHST DNA stain. Debris-free, nucleated live cells
were selected using a BDFASC Fusion device (BD Bio-
sciences, San Jose, CA) with a 70 [lm nozzle size at 70
psi  sheath  pressure. = HOECHST-positive,  7-
aminoactinomycin D-positive cells were sorted into
Dulbecco’s phosphate-buffered saline (Thermofisher,
Waltham, MA) with 10% fetal bovine serum (Neuro-
mics, Edina, MN) and then subjected to immediate cell
capture.

Urine cells were captured for scRNA-seq using
Chromium Single Cell 3’ Library & Gel Bead Kit,
version 2. Captured cells were processed following
exactly the supplier’s protocol. The resulting mRNA
libraries were sequenced on NextSeq 500 platform
(Ilumina, San Diego, CA) with typical setup as a 26
cycles + 57 cycles nonsymmetric run. Demultiplexing
was done, allowing 1 mismatch per barcode.
Sequencing data were analyzed with the Cell Ranger
version 2.2.0 software (10x Genomics) applying default
parameters. Results from the analysis are found in
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Table 1. Demographic characteristics of study participants

¥0€-68¢C ‘L (220z) suoday |euoneutsiu| Asupiy|

No. of cell UPCR (at urine UPCR (highest Glucocorticoid
Study participants  No. of urine samples samples Age  Sex Ethnicity collection) recorded) eGFR responsiveness APOL1 status Summary of biopsy findings
Subject 1¢ 5) 7 37 Male African American 4.56 (4.23-5.04) 7.74 86 (79-86) Resistant G162 FSGS, diffuse foot process effacement,
interstitial fibrosis, and tubular afrophy
156%-17%
Subject 2¢ 2 4 45 Female  African American 4.99 (4.08-5.9) 7.3 38 (38-38) Partial remission Not available FSGS, interstitial fibrosis, and tubular
atrophy 30%, moderate arteriosclerosis
Subject 3 1 2 69 Female  African American 0.22 10.3 28 Resistant G160 Arterio-nephrosclerosis
Subject 4° 1 2 37 Male Asian American 2.83 2.83 45 Not used GOGO FSGS, 60% segmentally sclerosed
glomeruli, moderate inferstitial fibrosis and
mild to moderate vascular sclerosis
Subject 5° 1 1 60 Female European American 4.84 19.6 25 Resistant GOGO FSGS, podocyte enlargement and extensive
effacement of foot processes, extensive
inferstitial fibrosis, and tubular atrophy
Subject 6 1 1 48 Female European American 0.39 1.6 85 Not used Not available  FSGS (early), minimal fubular afrophy and
interstitial fibrosis
Subject 7 1 1 26 Male Middle Eastern 0.17 0.303 54 Not used Not available  Single functfioning kidney with no biopsy
Subject 8 1 1 13 Male African American 3.47 3.47 119 Partial remission Not available MCD
Subject 9 1 1 18  Male African American Undetectable Undetectable 79 Not used Not available FSGS, 7 of 23 glomeruli had global
sclerosis, remaining glomeruli without
focal sclerosis or increased cellularity
Subject 10° 1 1 75  Male  European American 11.06 11.06 17 Resistant G0GO FSGS, perihilar type, moderate
arferiosclerosis with mild tubulointerstitial
scarring, early diabefic glomerulopathy
Subject 11° 1 1 63 Female  African American 0.77 3.0 30 Resistant G0GO FSGS, segmental increase in mesangial
matrix, moderate tubular atrophy and
inferstitial fibrosis, patchy dense
inflammatory infiltrate
Subject 12° 1 1 51 Male  European American 0.62 3.6 18 Not used Not available  FSGS with some global sclerosis, diffuse
fubular atrophy and interstitial fibrosis,
focal acute tubular atrophy, arteriosclerosis

and arteriolar hyalinosis

eGFR, estimated glomerular filtration rate; FSGS, focal segmental glomerular sclerosis; MCD, minimal change disease; UPCR, urine protein to creatinine ratio.
?Denotes the 7 biopsy-proven subjects with FSGS with urine protein-to-creatinine ratio > 0.5. The 7-sample analysis included 1 sample from each of these 7 subjects. The details of 3 subjects without biopsy evidence of FSGS (subjects 3, 7M and 8)
are presented in the Supplementary Methods section. The urine protein-to-creatinine ratio and eGFR values for subjects 1 and 2 are the median and the interquartile range calculated from 5 and 2 measurements, respectively.
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Supplementary
Table Sl16.

Figure Sl14 and Supplementary

Data Integration and Batch Correction

Single-cell gene expression data from all 23 cell samples
were merged into a single data set using Seurat (version
2.34, https://satijalab.org/seura‘[/).7 Cells with fewer
than 100 detected genes or more than 6000 detected
genes and cells with mitochondrial transcripts repre-
senting >10% of all transcripts were removed. After
filtering, there were 5551 cells remained for downstream
analysis. Data were batch-corrected by the sample
identities using the Harmony R package (version 0.1.0).°
Pseudotime analysis of monocytes was done by using
Monocle2 R package,g and cell-cell interaction analysis
was done by CellPhoneDB.'”"" Additional details of
scRNA-seq and bulk transcriptomic analysis can be
found in the Supplementary Methods.

Data Availability

The single-cell RNA-seq raw data have been deposited
in the National Center for Biotechnology Information
Gene Expression Omnibus database and are accessible
through Gene Expression Omnibus accession number,
GSE176465 at https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE176465.

Study Design for Single-Cell RNA Seq of FSGS
Urine Cells
To analyze gene expression signatures of single cells in
the urine, we performed scRNA-seq of 23 cell samples,
derived from 17 urine samples obtained from 12 sub-
jects with FSGS (Table 1). Using known canonical
marker genes, we identified clusters that are most
likely podocytes, tubular epithelial cells, and immune
cells (monocytes and lymphocytes). We evaluated
expression levels of immune cell-specific genes in
glomerular and tubulointerstitial expression data from
the NEPTUNE cohort. We were able to distinguish
subjects with FSGS and those with MCD based on the
expression of these genes in the NEPTUNE data set.
Most of the immune cells in the urine samples were
monocytes. We compared urine monocytes with
monocyte data from a healthy peripheral blood mono-
nuclear cell (PBMC) data set from 10x Genomics and
identified M1 and M2 monocyte subtypes with distinct
gene expression profiles. We also used in silico ap-
proaches to annotate M1 and M2 subtypes and to
reveal that their gene expression signatures were
similar to those in another inflammatory kidney dis-
ease, lupus nephritis, using single-cell immune data
from lupus nephritis biopsy samples from the Accel-
erating Medicines Partnership SLE consortium. Finally,
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we performed cell-cell interaction analysis and identi-
fied interactions of tumor necrosis factor (TNF) family
cytokines between immune and renal epithelial cells,
which could be potential targets for immunotherapy.

Identification of Different Cell Types in the Urine
of Patients With FSGS

Unsupervised clustering identified 15 cell clusters
(Figure la), with cells from multiple samples present in
most clusters (Figure 1b and Supplementary Figure S1
and Supplementary Table SI1). We confirmed that
there were no substantial batch effects at the gene
expression level among the samples (Supplementary
Note S2 and Supplementary Figures S5 and S6). We
used known canonical marker genes for kidney and
immune cells to identify the cell type of each cluster
(Supplementary Figure S2).

We identified a podocyte cluster that expressed the
podocyte marker genes WTI, PLA2RI, and SYNPO
(Supplementary Figure S2C) and parietal epithelial cell
(PEC) markers, such as PAX2, PAX8, and CLDNI
(Supplementary Figure S3). Other canonical podocyte
marker genes, such as PODXL and NPHSI, were not
strongly expressed in the urinary podocytes, which
may reflect an altered transcriptional state of podocytes
as a consequence of being shed into the urine. For the
podocyte cluster, the most highly expressed gene,
compared with all the remaining clusters, was IGFBP?7,
a marker that has also been reported for podocytes.'”
Among other top expressed genes were myofibroblast
markers (CTGF, MYLY9), mesenchymal markers (VIM,
THYI), extracellular matrix proteins (MMP7, CAVI),
markers for smooth muscle differentiation (CALDI,
TPMI1, and TAGLN), and CRYAB, which induces
epithelial-to-mesenchymal transition (EMT)
(Supplementary Table S2)."?

Tubular cell cluster expressed POU3F3, UMOD, and
FXYD2. This cluster also had high expression of TPM]1
and CRYAB, consistent with EMT. There were also a
small collecting ductal cell cluster, identified by high
expression of AQP2, and a myofibroblast cluster,
identified by high expression of TAGLN, MYL9, and
ACTA2. The remaining clusters were 7 epithelial cell
clusters expressing KRT6A, KRTI3, KRTI5 and
KRT17, and likely originated from different segments
of the male and female tracts
(Supplementary Figure S2).

We identified 3 monocyte clusters (MCs) (MC1, MC2,
and MC3), comprising a total of 1040 cells, which
expressed CDI4 and FCGR3A (CD16). The 3 MCs
shared some highly expressed genes, including
FCERIG, TYROBP, and HLA genes. The most highly
expressed genes for MC1 included TIMPI, CCL2, and
ILIB, and those for MC2 included APOE, C1QB, and

genitourinary
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Figure 1. Urine cell type clusters and gene expression profiles. (a) Batch-corrected t-SNE plot of urine single-cell aggregate data from all 23
cell samples derived from 17 urine samples revealing 15 individual cell clusters and cell types. (b) The same t-SNE plot with a different color for
each sample. (c) Principal component heatmap plot revealing 10 most highly expressed genes in each of 15 clusters (vertical columns), with
each row representing 1 gene, with high expression (yellow), intermediate expression (purple), and low expression (black). t-SNE, t-distributed

stochastic neighbor embedding.

APOCI. MC3 had strong expression of HLA class II
genes and CD74 (Figure 1c), suggesting the differenti-
ation toward dendritic cells and manifesting active
antigen presentation to T cells.'” This cluster also had
the highest expression of dendritic cell marker genes,
such as CDIC, CDIE, CCR7, FCERIA, and CLECIOA
(Supplementary Figure S4).

We observed a single lymphocyte cluster expressing
CD3G and GZMA. The lymphocyte cluster was mostly

Kidney International Reports (2022) 7, 289-304

composed of T lymphocytes with high expression of
cytotoxic genes, including GNLY, GZMA, and LTB,
and a smaller subgroup of B cells expressing CD19 and
MS4A1 (Figure lc and Supplementary Figures S2A and
S2E). Because there were several samples from some
subjects, we confirmed these results by repeating the
analysis using 1 sample from each of biopsy-proven
subjects with FSGS (Supplementary Note S3 and
Supplementary Tables S8-S10).
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Table 2. The most up-regulated genes in FSGS monocytes from all 23 cell samples (n = 1040 cells) compared with healthy peripheral blood
monocytes from 1 healthy subject (n = 1906 cells)

Top FSGS monocyte genes avg_logFC Fraction.1 (urine) Fraction.2 (PBMC) P_val_adj
APOE 4.14 0.644 0 0

SPP] 3.69 0.6 0 0

APOCI 3.48 0.612 0.003 0

MT1G 3.16 0.419 0.003 1.00E-195
MT2A 3.0 0.712 0.306 3.92E-158
Clborf48 2.98 0.769 0.021 0

MTIX 2.91 0.548 0.137 2.81E-144
CiQB 2.70 0.377 0.009 4.31E-163
HSPBI1 2.68 0.757 0.152 3.60E—284
CIQA 2.46 0.412 0.047 2.88E-139
MTIH 2.44 0212 0 5.17E-92
ceLz 2.40 0.352 0.004 8.20E—-157
TIMP1 2.38 0.866 0.625 1.37E-138
HLA-DRBS 2.35 0.856 0.185 0

G60S2 2.30 0.54 0.158 1.98E-114
ciqe 2.20 0.364 0.002 1.02E-166
MTIE 2.10 0.393 0.004 5.70E-179
HSPATA 2.06 0.652 0.24 1.18E—148
HSPATB 2.0 0.5633 0.022 4.02E—238

FC, fold change; FSGS, focal segmental glomerular sclerosis; P_val_adj, adjusted P value; PBMC, peripheral blood mononuclear cell.
The peripheral blood monocyte data are from 10x Genomics PBMC version 2 with approximately 8000 cells. Genes are ordered in descending expression levels, revealed as average log-
fold change (natural log) compared with healthy blood monocytes. Fraction.1 and fraction.2 are the fractions of monocytes in urine and peripheral blood, respectively, that express

mRNA for particular genes.

We performed gene ontology pathway analysis for
each cell cluster, and details can be found in
Supplementary Note S4 and Supplementary Tables S3—
S7.

Comparison of FSGS Monocytes With Healthy
PBMC Monocytes

Because monocytes were the major immune cell type in
FSGS urine, we compared all urine monocytes with
peripheral blood monocyte data available from 10x
Genomics (PBMC 8k data set in v2 chemistry). We
found that the most highly expressed genes in both
MCI1 and MC2 were up-regulated when compared with
PBMC monocytes, in which many of these genes were
expressed in only a small fraction of cells (Table 2 and
Figure 2a).

To further characterize the subpopulations of these
monocytes and their activated states, we performed
pseudotime analysis by combining FSGS monocytes
and PBMC monocytes. This analysis revealed 3
branches of cells (Figure 2b), with all PBMC monocytes
concentrated at the terminal of branch 2 and FSGS
diverging into branches 1 and 3
(Supplementary Figure S7). We evaluated the branch-
specific gene expression and found that FSGS mono-
cytes in branch 1 had up-regulation of the top genes in
MCI1 (TIMPI1, CCL2, IL1IB) and those in branch 3 dis-
played up-regulation of the top genes in MC2 (APOE,
APOCI, C1QB) (Figure 2c).

As the monocytes in branch 1 express ILIB and
CCL2, which are characteristic M1 genes, and those in

monocytes
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branch 3 express characteristic M2 genes, such as
CDI163, MRC1, and VSIG4 (Figures 2d and e), we hy-
pothesized that these 2 branches represent M1 and M2
monocyte populations. We confirmed the results from
pseudotime analysis using monocyte data from a
different healthy PBMC data set from 10x Genomics
(PBMC 4k v2 chemistry), with high rates of overlap in
MI1- and M2-specific gene lists (Supplementary
Figure S8 and Supplementary Table S11).

We also annotated the urine single-cell data with
Blueprint and Encode reference data. Using these data
sets, we found that MCI expression was more aligned
with an M1 signature and the MC2 expression was
more aligned with an M2 signature (Figure 2f). We also
evaluated the enrichment of different immune signa-
tures using the gene lists from Azizi et al.'” The MC2
cluster had the strongest enrichment for an M2 signa-
ture (Figure 2g). Consistent with the positivity of
dendritic cell marker genes, the MC3 cluster had den-
dritic cell signature enrichment with Blueprint and
Encode annotation and strong enrichment of M1 and
anti-inflammatory immune signatures (Figure 2f and g),
suggesting monocytes in these clusters were differen-
tiating into inflammatory dendritic cells.

We next evaluated the expression of PLAUR, which
encodes soluble urokinase plasminogen activator re-
ceptor, a circulating factor implicated in FSGS patho-
genesis,'” in the urine single-cell data. PLAUR
expression was the highest in the MCs, compared with
other urine cell clusters. We also evaluated PLAUR
expression in the single-cell data from the Humphreys

Kidney International Reports (2022) 7, 289-304
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Figure 2. Molecular characterization of urine monocytes from subjects with FSGS. (a) Volcano plot revealing the up-regulated and down-
regulated genes in FSGS monocytes compared with healthy PBMC monocytes. Red dots reveal genes with log fold change > 2. (b) Pseu-
dotime trajectory analysis of combined FSGS and peripheral blood monocytes from a healthy volunteer (10x PBMC 8k data set). Trajectory
analysis reveals a branching point, connecting 3 cell states. Healthy peripheral blood monocytes are all in state 2 (green) as illustrated in
Supplementary Figure S7. (c) Expression heatmap of these 3 states (branches), considering peripheral blood monocytes as the naive state
(prebranch). Each horizontal line represents 1 gene and the vertical lines represent all 2946 monocytes (1040 from urine of 12 subjects with FSGS
and 1904 from peripheral blood of 1 healthy donor). Expression level is color coded, from red (high) to blue (low). Only genes with P < 10~% are
illustrated. (d) Expression of canonical M1 monocyte marker genes in pseudotime branches. (e) Expression of canonical M2 monocyte marker
genes in pseudotime branches. (f) Urine single-cell data were annotated using the SingleR R-package and Blueprint and Encode reference data
(transcriptional data for various cell types). In this matrix, each vertical line represents 1 urine cell and the horizontal lines represent com-
parisons to signatures of 25 most closely matched cell types, as labelled on the right. Blue denotes low enrichment and red denotes high
enrichment for the characteristic cell signature as labelled. (g) We looked for enrichment of immune signatures using gene lists from Azizi
et al'® The X-axis illustrates 15 cell clusters and Y-axis illustrates 9 immune functions. Collective gene signatures are illustrated as colors
representing relative expressions, with red color representing the highest expression. The M1 cluster is modestly enriched for M1 polarization
and proinflammatory gene expression. The M2 cluster is strongly enriched for M2 polarization and the M3 cluster is enriched for M1 polari-
zation, and surprisingly, anti-inflammatory pathways. The lymphocyte cluster is enriched for CD8 T cell activation and cytolytic effector pathway
genes. FSGS, focal segmental glomerular sclerosis; k, thousand; PBMC, peripheral blood mononuclear cell.

Laboratory, Washington University. There, we TGFBI, including interleukin-1f signaling (Figure 3a),

observed that PLAUR was highly expressed only in the
MCs found in kidney allograft rejection data,'” and in
contrast, relatively low expression was observed in the
normal kidney tissue (Supplementary Figure $9)."°
Taken together, these data suggest that under these
conditions, kidney inflammation is characterized by
increased monocyte PLAUR expression.

Cell-to-Cell Interactions

To identify potential cell-cell interactions occurring
among the various immune and renal epithelial cell
types, we used CellPhoneDB,”” (www.cellphonedb.org)
which makes statistical inferences based on expression
of ligands and the cognate receptors (Figure 3a—c). There
were potential interactions between immune and renal
epithelial cells involving cytokines from TNF family and

Kidney International Reports (2022) 7, 289-304

and between lymphocytes and monocytes involving
CCL5 (Figure 3b), which is a chemokine secreted by
cytotoxic lymphocytes and plays an active role in
recruiting leukocytes into inflammatory sites.

Notably, of the TNF family cytokines, the most
prominent potential interaction was TNFSF12
(TWEAK) and TNFRSF12A (Fnl4) between the immune
cells and kidney epithelial cells. Other potential in-
teractions were TNFSF10 (TRAIL) with TNFRSF10B
(DR5) and with TNFRSF11B (osteoprotegerin) receptors
and TNF with TNFRSF1A and TNFRSF1B receptors.

Immune and EMT Gene Signature Differences
Between FSGS and MCD

As we detected immune cells in the urine of the sub-
jects with FSGS, we hypothesized that their infiltration
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Figure 3. Cell-cell interactions of ligands and receptors between different clusters of urine cells. (a) Dot plot revealing selected interactions
between immune cell clusters and renal epithelial cell clusters. (b) Dot plot revealing selected interactions between immune cell clusters (c)
Heatmap revealing the number of all the interactions between the urine single-cell clusters. IL, interleukin.

into the kidneys is important for the development and
progression of FSGS. Consequently, we sought to
evaluate whether the presence of these immune cells
would distinguish FSGS from MCD. To this end, we
selected the 16 most highly expressed genes identified
in the immune cells (8 from monocytes and 8 from
lymphocytes), based on their log-fold changes and
specificity of expression these cell types
(Supplementary Figure S10 and Supplementary
Table S12). We also confirmed the specificity of these
genes for immune cells in single-nuclear RNA-seq data
from human adult kidney tissue, as reported by Menon
et al.'’ (Supplementary Figure S11).

We compared expression of these 16 highly
expressed genes between FSGS and MCD cases in

in
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kidney transcriptomic data from the NEPTUNE
study.” Compared with MCD, FSGS samples had
higher expression levels of these 16 genes and the
difference was more profound in the tubulointerstitial
compartment (Wilcoxon P value, 1.37 x 10 °).
Importantly, this tubulointerstitial immune profile was
also more significant when distinguishing subjects
with nephrotic syndrome (FSGS, MCD, and membra-
nous nephropathy), with complete remission from
similar subjects without remission. Nonremitting sam-
ples had higher expression of these immune genes
(Wilcoxon P value = 1.52 x 10~ %) (Figure 4a—h).

We next evaluated whether the EMT signature was
different between FSGS and MCD samples. The
glomerular expression profile of the 10 most highly
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Figure 4. Heatmaps and box plots revealing the expression of the 16 most highly expressed genes from monocyte and lymphocyte clusters in
the transcriptomic data from NEPTUNE cohort. (a—d) Heatmaps revealing (a) glomerular expression of MCD (n = 47) and FSGS (n = 51) samples;
(b) glomerular expression of nephrotic syndrome samples (FSGS, MCD, and MN) with subsequent complete remission (n = 31) and samples
without subsequent remission (no response or progressive proteinuria) (n = 65); (c) tubulointerstitial expression of MCD (n = 55) and FSGS (n =
68) samples; (d) tubulointerstitial expression of nephrotic syndrome samples with complete remission (n = 30) and samples without remission
(n = 80). (e—h) Box plots revealing combined expression Z-scores of 16 genes in (e) glomerular expression data of MCD and FSGS samples; (f)
glomerular expression data of all nephrotic syndrome samples with complete remission and samples without remission; (g) tubulointerstitial
expression data of MCD and FSGS samples; (h) tubulointerstitial expression of all nephrotic syndrome samples with complete (continued)

Kidney International Reports (2022) 7, 289-304 297




TRANSLATIONAL RESEARCH

expressed ~ EMT-related genes in  podocytes
(Supplementary Table S13) revealed significant differ-
ence between the 2 diseases, with FSGS samples having
higher EMT signature. The Wilcoxon tests comparing
the combined EMT signature scores between these 2
diseases were significant in both the glomerular
compartment (Wilcoxon P value = 2.0 X 10 ") and the
tubulointerstitial compartment (Wilcoxon P value =
3.35 x 10 ) (Figure 5a—d).

Immune Signatures in Lupus Nephritis

To evaluate the commonality of immune marker gene
expression and their potential utility in other glomerular
diseases, we evaluated their expression in the immune
single-cell data from the subjects with lupus nephritis in
the Accelerating Medicines Partnership,”’ as reported
by Arazi et al.”> We observed that the top 16 immune
marker genes from FSGS monocytes and lymphocytes
were also highly expressed in the monocyte and
lymphocyte clusters, respectively, from subjects with
lupus nephritis (Figure 6a and b). We also evaluated the
expression of these immune genes in the bulk RNA-seq
data of urine samples from another multiethnic cohort of
subjects with lupus nephritis and found that subjects
with active disease (defined as wurine protein-to-
creatinine ratio > 0.5) had higher expression of these
genes than those with inactive disease (urine protein-to-
creatinine ratio = 0.5), reflecting the higher presence of
monocytes/lymphocytes in the urine of subjects with
active lupus nephritis (Figure 6g).

Finally, we investigated the gene expression related
to M1 and M2 signatures from the pseudotime heatmap
(Figure 2c) in the Accelerating Medicines Partnership
kidney immune single-cell data of lupus nephritis. The
M1 signature genes were enriched in the myeloid cell
heatmap clusters, especially in the inflammatory and
phagocytic CD16" macrophages (CMO and CM1), and
M2 signature genes were found to be more enriched in
tissue resident macrophages, conventional dendritic
cells, and M2-like CD16™ macrophages (CM2, CM3, and
CM4) (Figures 6¢—f).

DISCUSSION

In this study, we report scRNA-seq results of urine
cells from subjects with FSGS. Our findings revealed a
landscape of immune cells, podocytes, myofibroblasts,
and tubular cells with distinct expression profiles. We
used canonical marker genes to identify the major cell

KZ Latt et al.: FSGS Urine Single-Cell RNA Seq

types and confirmed those identifications by annotation
using Encode and Blueprint transcriptional reference
data.

Urine podocytes had loss of canonical podocyte
markers, such as NPHS1, NPHS2, and PODXL, and
high expression of EMT markers. The protein products
of these canonical podocyte genes are essential for the
proper podocyte function. In cell culture, human and
mouse podocytes also lose expression of NPHS1 and
NPHSZ,B’24 and this down-regulation or loss in FSGS
urinary podocytes could be due to podocyte injury or
dedifferentiation. EMT is important in cancer biology,
in which it contributes to increased mobility of cancer
cells. Podocytes may undergo a form of nonmalignant
EMT,””*° leading to loss of differentiated function and
possibly loss of cells in the urinary space.

The podocyte cluster was also positive for PEC
markers, and it is possible to assume that there were
some PECs in the podocyte cluster. Nevertheless, PECs
are also known to undergo EMT, and these markers are
reported to be involved in the EMT process,” ',
making it difficult to confirm the presence of PECs in
the current study.

The presence of myofibroblasts in the urine from
cases with FSGS suggests that the kidney cells are un-
dergoing EMT and that it may contribute to glomer-
ulosclerosis and tubulointerstitial fibrosis. This is in part
supported by annotation using Encode and Blueprint
reference transcriptomic data, in which the podocyte
and tubular cell clusters had transcriptional similarities
with myocytes and fibroblasts (Figure 2f) and the higher
EMT signature scores in samples with FSGS from the
NEPTUNE cohort. Tubular epithelial cell EMT has been
proposed to contribute to tubulointerstitial fibrosis in
chronic kidney disease,”” ** consistent with our finding
of higher EMT gene expression in the samples with
FSGS compared with those with MCD.

There were immune cells, predominantly mono-
cytes, in the FSGS urine samples, and we identified
monocyte subtypes and characterized their gene
expression profiles. Monocytes and/or macrophages
expressing APOE, APOCI, and SPPI1 have been re-
ported in single-cell studies of Alzheimer disease,35
atherosclerosis,”® and breast cancer.'” These cells
were considered to be foam cells owing to their high
expression of lipoproteins (APOE and APOCI). In
pseudotime analysis, we found that the FSGS mono-
cytes constituted 2 branches, one with Ml

<

Figure 4. (continued) remission and samples without remission. The P values for Z-score comparisons were by two-sided Wilcoxon tests. In the
box plots, center line is the median, box limits are upper and lower quartiles, whiskers are 1.5x interquartile range, and the points represent
outliers. FSGS, focal segmental glomerular sclerosis; MCD, minimal change disease; MN, membranous nephropathy; NEPTUNE, The Nephrotic

Syndrome Study Network.
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Figure 5. Heatmaps and box plots revealing the expression of the 10 selected EMT genes in the transcriptomic data from NEPTUNE cohort. (a)
Heatmap revealing glomerular expression of MCD (n = 47) and FSGS (n = 51) samples. (b) Heatmap revealing tubulointerstitial expression of
MCD (n = 55) and FSGS (n = 68) samples. (c) Box plot revealing combined Z-scores of 10 EMT genes in glomerular expression data of MCD and
FSGS samples. (d) Box plot revealing combined Z-scores of 10 EMT genes in tubulointerstitial expression data of MCD and FSGS samples. The P
values for Z-score comparisons were by two-sided Wilcoxon tests. In the box plots, center line is the median, box limits are upper and lower
quartiles, whiskers are 1.5x interquartile range, and the points represent outliers. EMT, epithelial-mesenchymal transition; FSGS, focal
segmental glomerular sclerosis; MCD, minimal change disease; NEPTUNE, The Nephrotic Syndrome Study Network.

characteristics (TIMPI1, IL1B expression) and the other
with M2 features (APOE, APOCI expression). The
urinary M1- and M2-related signature genes from the
pseudotime analysis were also highly expressed in
myeloid subpopulations of kidney immune cells from
lupus nephritis. This shared pattern across diverse
diseases reveals that these inflammatory macrophage
expression signatures are common across inflammatory

Kidney International Reports (2022) 7, 289-304

conditions. We also found MC with features of in-
flammatory dendritic cells. These cells are known to be
involved in the initiation and maintenance of TH17 cell
response, which has been implicated in several auto-
immune and inflammatory diseases.””

The inclusion in the present study of multiple
samples from the same subjects and subjects with
various levels of proteinuria revealed the
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Figure 6. Expression in lupus nephritis data of immune signature genes and monocyte M1 and M2 genes identified from FSGS urine single-cell
data. (a, b) Heatmaps revealing the expression of the 16 most highly expressed genes from FSGS monocyte and lymphocyte clusters in the AMP
single-cell RNA-seq data of immune cells in lupus nephritis from (a) urine samples and (b) kidney biopsy samples (c, d). Heatmaps revealing the
expression of (c) M1- and (d) M2-specific monocyte genes as illustrated in Figure 2c in the AMP single-cell RNA-seq data of immune cells from
lupus nephritis kidney biopsy samples. (e) Violin plot of M1 scores, calculated as the average-scaled expression of M1 genes in Figure 6c, in
myeloid cell clusters in AMP lupus nephritis data. (f) Violin plot of M2 scores from M2 genes in Figure 6d in the same lupus nephritis data. (g)
Heatmap revealing the expression of the most highly expressed monocyte and lymphocyte markers in the urine bulk RNA-seq data of patients
with lupus nephritis with active and inactive diseases. AMP, Accelerating Medicines Partnership; FSGS, focal segmental glomerular sclerosis;

RNA-seq, RNA sequencing.

reproducibility of the cell-capturing and analysis
pipelines. We looked for the variability in the cell
numbers of selected cell types among the samples from
subject 1 and found that 2 cell samples coming from 1
urine sample (US_03) to have relatively fewer cells
(Supplementary Table S14). Nevertheless, the protein-
uria level at the time of that urine sample collection for
this sample was not considerably different from values
at other times of sample collections (Supplementary
Table S15), and the low cell counts could possibly be
due to a smaller urine volume in that sample and/or a
likely increase in loss of cells during sample prepara-
tion and handling.

Expression of genes specifically enriched in urinary
MCs could contribute to podocyte injury and/or could
serve as biomarkers to detect ongoing podocyte injury.
We found that inflammatory monocytes expressed high
levels of PLAUR (encoding soluble urokinase plas-
minogen activator receptor). These monocytes could,
therefore, be a source of plasma and urinary soluble
urokinase plasminogen activator receptor, which has
been implicated in FSGS pathogenesis. APOE was the
most significantly up-regulated gene in FSGS mono-
cytes when compared with peripheral blood monocytes

300

from a healthy individual. Serum and urine levels of
APOE are elevated in FSGS and nephrotic syndrome."’
Other most highly up-regulated genes in FSGS mono-
cytes included SPPI (encoding the immune modulator,
osteopontin), APOCI, and several metallothionein
genes (MT]G, MT2A, MTIX, MTIH, MTIE, among
others). Osteopontin is up-regulated in several auto-
immune and inflammatory diseases, including rheu-
matoid arthritis, multiple sclerosis, Crohn’s disease,
cancers, and atherosclerosis; targeting osteopontin by
monoclonal antibodies in rheumatoid arthritis primate
models symptoms, suggesting a
possible role in pathogenesis.”’

On the basis of the FSGS single-cell data, we evalu-
ated expression of immune and EMT genes in the
NEPTUNE transcriptomic data. This analysis was
informative for 3 reasons. First, NEPTUNE provided
validation of the present findings in a larger cohort of
different sample type (kidney biopsy) and technology
(microarray data). Second, the NEPTUNE cohort con-
tains gene expression data from MCD biopsies, and this
served as a disease comparator for FSGS. Third, it
enabled us to correlate our gene expression data with
nephrotic disease remission in this cohort.

ameliorated the

Kidney International Reports (2022) 7, 289-304
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The expression levels of immune genes were higher in
ESGS than in MCD samples and was also higher in subjects
with nephrotic proteinuria without remission compared
with those in complete remission. Similarly, the higher
immune signature in the urine of subjects with active
lupus nephritis reflects the presence of higher number of
immune cells. These findings suggest the potential use of
these marker genes to monitor disease activity.

In the NEPTUNE data, both glomerular expression
and tubulointerstitial expression of the EMT genes
were also higher in FSGS compared with MCD samples,
likely reflecting the cell injury and fibrotic changes in
FSGS, which are typically absent in MCD. Because the
NEPTUNE EMT signature is from bulk expression data,
the glomerular EMT signature may also be contributed
by PECs, which can also undergo EMT, as found in the
setting of glomerulonephritis.”* ** The combined im-
mune and EMT signatures represent the profibrotic
expression profile that distinguishes FSGS from MCD
and could be associated with progressive fibrosis and
renal function decline.

EMT is known to be induced in part by M2 mono-
cytes through TGE-f signaling.””"® Cell-to-cell inter-
action analysis suggested TGFBI signaling between
kidney epithelial cells and all immune cell types. It also
revealed signaling of cytokines from the TNF family.
Recently, a study using the transcriptomic data from
NEPTUNE and the European Renal cDNA Bank iden-
tified high TNF activation signatures in a subset of
nephrotic syndrome samples with predominantly
(~80%) FSGS cases. These subjects had a higher risk of
disease progression compared with other groups with
low TNF signatures.”” Previously, treatment of patients
with therapy-resistant FSGS with adalimumab in the
FONT trial (novel therapies in resistant FSGS) was
unsuccessful, with only 2 patients having dramatic
improvement in proteinuria level (from 17 to 0.6 mg/
mg and from 3.6 to 0.6 mg/mg)."”"** Cell-cell interaction
results from the current study also revealed that
TNFSF12-TNFRSF12A (TWEAK/Fnl4) and TNESF10-
TNFRSF10B (TRAIL/DR5) interactions are stronger
than the TNF interactions. Both TWEAK and TRAIL
are known to induce apoptosis and are implicated in
chronic inflammation, organ remodeling, and fibrosis;
these could be potential therapeutic targets.”” *°

In a recent urine single-cell RNA-seq study of sub-
jects with diabetic kidney disease, Abedini et al.”” were
able to identify various immune and kidney epithelial
cells. In another single-cell study of lupus nephritis,
Arazi et al”’ also observed high correlation of
expression profiles between leukocytes in the urine
and those in the kidney biopsy, suggesting the po-
tential role of urinary cellular biomarkers in lupus
nephritis. In the present study, scRNA-seq captured

Kidney International Reports (2022) 7, 289-304
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the expression landscape of renal epithelial cells un-
dergoing EMT in the urine, which reflects the renal
pathology of patients with FSGS. Urothelial cells,
which are not known to be mechanistically involved in
the FSGS pathogenesis, were not analyzed in detail,
owing in part to the difficulties assigning tissue specific
markers to the relevant clusters.

This study has several limitations. Owing to the
limited number of urine single-cell samples and lack of
healthy or subjects with MCD, we could not evaluate
the diagnostic and prognostic potential of urine im-
mune cells for FSGS. Studies with larger sample sizes
will be needed to capture immune cells in the urine,
possibly by fluorescence-activated cell sorting to
determine the sensitivity and specificity of this
approach in distinguishing FSGS from MCD. Similarly,
in future studies, it might be possible to quantify the
protein products of some of the inflammatory genes
from monocytes in the serum and urine by enzyme-
linked immunosorbent assay or other approaches to
be evaluated for diagnostic and prognostic potential.

In summary, this study describes in detail the
transcriptional profile of various cell types that are
present in the urine of subjects with FSGS and provides
insights into relevant pathophysiologic processes.
These findings suggest the possibility of using urine as
liquid biopsy and propose potential biomarkers and
therapeutic targets for further exploration.
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single subject with urinary protein to creatinine ratio > 0.5.
Table S9. The most highly expressed genes in monocyte
cluster in the analysis of seven samples, each from a
single subject with urinary protein to creatinine ratio > 0.5.
Table S10. The most highly expressed genes in lymphocyte
cluster in the analysis of seven samples, each from a single
subject with urinary protein to creatinine ratio > 0.5.

Table S11. The overlap of M1- and M2-specific gene lists
from the pseudotime heatmaps using PBMC 8k and 4k
monocytes.

Table S12. The 16 most highly expressed genes from
monocyte and lymphocyte clusters selected to be
evaluated in the NEPTUNE kidney transcriptomic data.
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Table S13. Ten genes from the podocyte cluster reported
to be associated with EMT.

Table S14. The breakdown of the important cell types for
each of the cell samples from subject 1.

Table S15. Proteinuria, creatinine, and eGFR values measured
at the time of collection of urine samples for subject 1.

Table S16. Statistics of the cell counts, barcodes, reads,
genes, and UMIs for each sample.
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