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SUMMARY

Congenital disorders characterized by the quantitative and qualitative reduction
in the number of functional nephrons are the primary cause of chronic kidney dis-
ease (CKD) in children. We aimed to describe the alteration of urinary extracel-
lular vesicles (UEVs) associated with decreased renal function during childhood.
By nanoparticle tracking analysis and quantitative proteomics, we identified
differentially expressed proteins in uEVs in bilateral renal hypoplasia, which is
characterized by a congenitally reduced number of nephrons. This expression
signature of uEVs reflected decreased renal function in CKD patients by congen-
ital anomalies of the kidney and urinary tract or ciliopathy. As a proof-of-concept,
we constructed a prototype ELISA system that enabled the isolation of uEVs and
quantitation of expression of molecules representing the signature. The system
identified decreased renal function even in its early stage. The uEVs signature
could pave the way for non-invasive methods that can complement existing
testing methods for diagnosing kidney diseases.

INTRODUCTION

Although diverse pathological conditions lead to chronic kidney disease (CKD) (Webster et al., 2017), irre-
versible loss of functional nephrons underlies its development and progression, irrespective of the cause
(Fattah et al., 2019; Ruiz-Ortega et al., 2020). Recently, CKD in childhood has been the focus of research
because it leads to substantial morbidity and mortality and also results in diverse medical issues beyond
childhood (Ingelfinger et al., 2016; Stern-Zimmer et al., 2020). Unlike adult CKD, nonglomerular kidney
diseases, including congenital anomalies of the kidney and urinary tract (CAKUT) and genetic disorders,
account for most cases of CKD in children (Fathallah-Shaykh et al., 2015; Harambat et al., 2012). Early recog-
nition in conjunction with a therapeutic intervention provides significant benefits for both childhood and
adult CKD patients (Wihl et al., 2009). However, blood or urine tests may miss the early stages of nephron
loss because of compensatory growth and hyperfunction of remaining nephrons (Fattah et al., 2019;
Schnaper, 2014). Identifying novel urinary biomarkers that may predict disease progression has become
an area of intense research (Good et al., 2010; Pontillo et al., 2017; Sandilands et al., 2013; Watson
et al., 2019).

Extracellular vesicles (EVs) are particles naturally released from the cell delimited by a lipid bilayer and
cannot replicate (Jeppesen et al., 2019; Théry et al., 2018; Tkach and Théry, 2016; van Niel et al., 2018). Uri-
nary EVs (UEVs) or exosomes form a highly concentrated fraction containing cell-specific proteins from
every nephron segment. uEVs can be a source of potentially valuable urinary biomarkers mirroring molec-
ular processes in physiological and pathological conditions in the kidney and urinary tract (Erdbrigger
etal., 2021; Pisitkun et al., 2004). UEV based search for biomarkers for various diseases, including acute kid-
ney injury, glomerular diseases, renal tubular disorders, polycystic kidney disease, and transplanted kid-
neys, have been reported (Erdbrigger et al., 2021; Erdbrigger and Le, 2016).

This study aims to unravel the uEVs signature associated with CKD in childhood, which is less susceptible to
acquired or secondary factors than kidney diseases in adults. These results offer proof of concept for the
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Figure 1. Characterization of uEVs from healthy controls
A) A schematic of the study outlining the discovery and validation cohort.
B) Negative stain transmission electron microscopy of uEVs. Scale bars, 200 nm.

(

(

(C) Nanoparticle tracking analysis of uEVs isolated from healthy controls.

(D) Venn diagram of total proteins detected in uEVs isolated from healthy controls.

(E) Bar plot representing the abundance of common classical exosomal markers (CD63, CD9) and markers for classical microvesicles (Annexin A1) and
arrestin-domain-containing protein 1-mediated microvesicles (TSG101) in healthy controls. The yaxis represents log10 relative abundance.

(F) KEGG/Wiki pathway analysis (g:profiler) of the 1,298 common proteins in UEVs from healthy controls. The top five terms with the lowest adjusted p values
were extracted.

(G) Intrarenal expression of top 50 molecules in uEVs from healthy controls visualized using kidney cell explorer (Ransick et al., 2019) in order of relative
abundance and immunofluorescence of human kidney specimens of 5 out of 50 molecules. Glutathione hydrolase 1 proenzyme (GGT1), phosphoglycerate
kinase 1 (PGK1), uromodulin (UMOD), annexin A11 (ANXA11), keratin, and type | cytoskeletal 14 (KRT14) are expressed in the proximal tubule, loop of Henle,
the distal tubule, collecting duct, and deep medullary epithelium of pelvis, respectively. The numbers above the figure represent each nephron segment: 1,
podocytes; 2, parietal epithelium; 3, proximal tubule; 4, the loop of Henle; 5, distal tubule; 6, nephron connecting tubule; 7, cortical collecting duct; 8,
medullary collecting duct; 9, deep medullary epithelium of pelvis. Scale bars, 200 pm.

RESULTS

Overview of human uEVs isolated using Tim4 beads

The study design is depicted in Figure 1A. Regarding the method to isolate uEVs, differential ultracentri-
fugation (Théry et al., 2018), the most commonly used technique, has several limitations (Dhondt et al.,
2020; Merchant et al., 2017). It requires technical expertise that is prone to replication bias and can poten-
tially damage EVs during the purification process (Dhondt et al., 2020). There are also problems with the
affinity purification methods using exosome markers. The majority of uEVs do not express CDé3 or CD9
(Blijdorp et al., 2021), suggesting that the methods using these molecules may lead to bias in the vesicles
purified from urine. Here, we employed a Tim4-based purification system (Figure S1). The extracellular IgV-
like domain of Tim4 binds phosphatidylserine on the surfaces of EVs, including exosomes and microve-
sicles (Nakai et al., 2016). Because the binding is Ca2+—dependent, intact EVs can be easily released
from Tim4-bound beads by adding Ca®* chelators (Nakai et al., 2016). The morphology of uEVs purified
from healthy controls by transmission electron microscopy matched with the typical saucer-like shape of
EVs (Figure 1B) (Erdbrigger et al., 2021).

The number and size distribution of uEVs in the liquid suspension were analyzed by nanoparticle tracking
analysis (NTA). The mean number (£SD) of uEVs isolated from three control samples was 19.19 (£7.19)
x 107 particles/mL. The mean size (£ SD) of UEVs was 137.9 (£2.5) nm, with a peak at 117.4 nm (£ 1.0) (Fig-
ure 1C). The result was compatible with the size of UEVs in previous studies (Barreiro et al., 2020,2021).

The protein composition of uEVs isolated from control samples was analyzed using liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Subsequent Sequest database search identified 1,298 non-redun-
dant proteins in all the three control samples (Figure 1D and Table S4). The list included most non-tissue-
specific EV proteins (Category 1a) and cytosolic proteins recovered in EVs (Category 2) (Table S1) (Théry
et al, 2018). As expected, common markers for exosome (CD63 and CD9), classical microvesicles
(ANXAT), and arrestin domain-containing protein 1-mediated microvesicles (ARMM) (Tumor susceptibility
gene 101 protein (TSG101)) (Jeppesen et al., 2019) were detected in all samples (Figure 1E). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) and WikiPathways (Martens et al., 2021) analyses revealed several
pathways enriched in the uEV proteome, including lysosomes, metabolic pathways, and endocytosis and
proximal tubule transport (Figure 1F and Tables S5 and Sé). Heterogeneity of cellular origins of purified
vesicles was demonstrated by Kidney cell explorer (Ransick et al., 2019), which enables to visualize gene
expression patterns across nephrons and ureteric epithelium cells, and also by immunofluorescence of hu-
man kidney specimens (Figure 1G).

Alteration of uEVs in renal hypoplasia

Next, we focused on uEVs isolated from patients with bilateral renal hypoplasia. Renal hypoplasia is char-
acterized by congenitally small kidneys with fewer nephrons (Murugapoopathy and Gupta, 2020), and
defined as a reduction of kidney size by two standard deviations from the mean size for the age (Rose-
nbaum et al., 1984). Renal scarring or renal atrophy secondary to acquired diseases was excluded. The pa-
tient characteristics are shown in Table 1. The protein composition of uEVs isolated from patients with renal
hypoplasia was compared to that of uEVs isolated from the control samples after normalizing for the total
protein in each uEV sample. Total protein amount is commonly used as a normalizing variable in calculating
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Table 1. Baseline characteristics of participants in discovery cohort

Healthy Patients with renal Other CKD
Parameters controls (n = 3) hypoplasia (n = 8) patients (n = 19)
Age (year) 6.3+ 25 95+ 44 7.2+ 45
Sex (male/female) Y2 4/4 12/7
eGFR (mL/min/1.73m?) ND 29.4 +£ 113 89.5 £+ 35.9
Serum BUN (mg/L) ND 45.1 £19.9 184 £ 11.4
Proteinuria (g/gCr) ND 2.49 + 4.49 0.22 + 0.39
Urine creatinine (mg/dL) 84.8 + 44.1 41.7 + 21.8 59.7 + 38.2

Plus-minus values are the mean + SD.
ND, not done.

relative excretion rate for EVs (Erdbrugger et al., 2021; Théry et al., 2018). The uEVs from all the patients with
renal hypoplasia contained marker proteins for classical exosomes (CD63 and CD9), classical microvesicles
(ANXA1), and ARMM (TSG101) (Figure 2A). We applied differential enrichment analysis by protein-wise
linear models combined with empirical Bayesian statistics to identify the proteins that best-distinguished
samples from patients with renal hypoplasia and healthy controls. It revealed a total of 135 discriminatory
proteins, among which 35 and 100 proteins were increased and decreased, respectively, in renal hypoplasia
(Figure 2B and Table S7). Multidimensional scaling (MDS) analysis using the expression levels of these 135
proteins in uEVs distinguished healthy controls from patients with renal hypoplasia (Figure 2C). Gene
ontology analysis revealed that proteins upregulated in renal hypoplasia are associated with immune-
mediated pathways (Figure 2D), suggesting possible chronic inflammation in the kidneys of patients
with CKD (Akchurin and Kaskel, 2015). On the contrary, proteins with decreased levels in renal hypoplasia
were associated with electrolyte transfer in the tubules, such as in chloride ion homeostasis and monova-
lent inorganic anion homeostasis (Figure 2D). These molecules were not expressed exclusively in any
nephron segments (Figures 2E and 2F).

The expression signatures and characteristics of uEVs in CKD patients

Next, we analyzed samples from patients with CKD presenting with various kidney functions by congenital
anomalies of the kidney and urinary tract (vesicoureteral reflux, solitary kidney, or unilateral renal hypopla-
sia with compensatory contralateral renal hypertrophy) or ciliopathies (nephronophthisis or polycystic kid-
ney) (Table 1). These data were combined with the data of uEVs from control and bilateral renal hypoplasia.
Unsupervised consensus clustering of 30 uEVs samples was performed using quantitative expression data
for 135 proteins distinguishing bilateral renal hypoplasia from control (Figure 2B). It revealed that these
uEVs samples were classified into two major clusters (Cluster 1 and 2) (Figure 3A). The mean eGFR of
patients in Cluster 1 was 99.2 mL/min/1.73m?, and that in Cluster 2 was significantly decreased, being
46.0 mL/min/1.73m? (Table S2). The abundance of representative proteins assessed by LC-MS/MS analysis
in patients with eGFR 90 mL/min/1.73m? or higher (N) and those with eGFR lower than 90 mL/min/1.73m?
(D) is shown in Figure 3B. MDS analysis using quantitative proteome data demonstrated that the uEV pro-
teome could distinguish patients with decreased renal function (Figure 3C). The results suggested that the
expression of these proteins could potentially be used for screening urine from patients with decreased
renal function.

The characteristics of uEVs in CKD patients

Next, we examined whether the physical characteristics of UEVs is altered in CKD. NTA was performed on
20 samples that were available in the quantity required for the study. As previously reported (Blijdorp et al.,
2021), the number of particles is positively correlated with urine creatinine (Figure 4A), and both are nega-
tively correlated with the mean size of uEVs (Figures 4B and 4C). Although the number of particles and
mean size of UEVs from patients with CKD and controls was not statistically different, the relative density
of peak size was significantly lower in patients with CKD than in controls (p = 0.007) (Figures 4D-4G).

We examined whether the morphology of uEVs is altered by urine creatinine. In samples with low urine

creatinine (uCr: <50 mg/dL), the ratio of larger vesicles (150-1000 nm) was more prominent than those
with high creatinine (uCr: >50 mg/dL) (Figure S2).

4 iScience 25, 105416, November 18, 2022



iScience ¢? CellPress
OPEN ACCESS

10

Healthy Renal

B CD63 controls hypoplasia
fe}

B cpo :

0 ANXA1

0 15G101

Log10 relative abundance

-log10 (q value)

1 2 3 4 5 6 7 8

Patients with renal hypoplasia Log2-fold change
Cc D

Immune response

Transport

Immune system process
Leukocyte mediated immunity
Immune effector process
Establishment of localizaion
Localization

Secretion by cell
Vesicle-mediated transport
Export from cell

1.0

Renal hypoplasia

0.5
\
]

P \ ‘\ T T T T T 1
,/.') \ ' 0o 1 2 3 4 5

-log10(adjusted P value)

Dimension 2
0.0

Biological adhesion

Cell adhesion

Glycosaminoglycan biosynthetic process

Aminoglycan biosynthetic process .

Homophilic cell adhesion via plasma membrane adhesion molecules
Transmembrane receptor protein tyrosine kinase signaling pathway
Enzyme linked receptor protein signaling pathway

Chloride ion homeostasis K

Monovalent inorganic anion homeostasis

Vacuolar transport

-0.5

Healthy controls

-1.0

’ ' T v ¥ ¥ T T 1 1T 1T T 1
-15 -1.0 -05 00 05 1.0 01 2 3 4 5 6 7

Dimension 1 -log10(adjusted P value)

12 3 4 56 7 8 9 12 3 4 56 7 8 9
T ]

Average expression (rescaled)‘
0 0.25 0.5 0.751

Average expression (rescaled) E - Average expression (rescaled) i
0 0.25 0.5 0.751 0 0.25 0.5 0.751

Figure 2. Alteration of uEVs in renal hypoplasia

(A) Bar plot representing the abundance of common classical exosomal markers (CD63, CD9) and markers for classical microvesicles (Annexin A1) and
arrestin-domain-containing protein 1-mediated microvesicles (TSG101) in patients with renal hypoplasia. The yaxis represents log10 relative abundance.
(B) Volcano plot displaying uEV proteins that are differentially expressed between healthy controls and patients with renal hypoplasia. One hundred proteins
highly expressed in healthy children are shown in blue, and 35 proteins highly expressed in patients with renal hypoplasia are shown in red.

(C) Multidimensional scaling (MDS) analysis based on quantitative profiles of 135 differentially expressed proteins.
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Figure 2. Continued

(D) Biological process by gene ontology (GO) analysis (g:profiler) of 35 upregulated (red) and 100 downregulated (blue) proteins in uEVs from patients with
renal hypoplasia.

(E and F) Expression of the downregulated (E) and upregulated (F) molecules in the kidney as visualized using kidney cell explorer. The numbers above the
figure are the same as in Figure 1G.

Construction of an ELISA platform for the detection of uEVs signature

For proof of concept that the uEVs signature is associated with CKD, we aimed to establish an ELISA plat-
form using Tim4 as an EV-capture substance and biotinylated antibodies as detection antibodies
(Figures 5A andS3). The system quantifies the protein content of candidate biomarkers in UEVs in simple
steps. Among the molecules commonly increased in uEVs in bilateral renal hypoplasia or CKD, MGAM
was the only transmembrane protein for which antibodies to the extracellular region were available (Fig-
ure 3B). To narrow the list of molecules that are decreased in CKD, we used the following criteria: a mem-
brane protein that is localized on the cell surface of renal cells, for which antibodies against the extracellular
region are available, and whose signal is stably detected in the proteome of normal urine. Five molecules
(MUC1, PVR, PKD2, PROM1, and THY1) met the criteria (Figure 3B). Finally, we examined whether commer-
cially available antibodies can be used to evaluate their expression in Tim4-purified uEVs. Through this
analysis, we finally succeeded in constructing a quantitative system for MUC1 and MGAM (Figures S3
and S4). MUC1 is a transmembrane glycoprotein, the expression of which is limited to the apical surface
of distal convoluted tubules and collecting ducts. MGAM, an alpha-glucosidase, is exclusively expressed
in proximal tubular cells in the kidney (Figure 5B). In addition, because the size of decreased particles in
patients with CKD corresponds to the size of the classical or nonclassical exosome (Figure 4D) (Jeppesen
et al., 2019), we also included CD9 and CD63 as markers for these small EVs (Figure S4) (Jeppesen et al.,
2019). CD9 is expressed along the basal membrane of the distal convoluted tubule and the collecting
duct (Figure 5B) (Blijdorp et al., 2021).

We examined whether the number of freeze-thaw cycles of urine samples and the presence or
absence of protease inhibitors affects these assays’ results. As shown in Figures SSA-S5D, the number
of freeze-thaw cycles up to three or the absence of protease inhibitors did not affect the results. We
also analyzed whether the vesicles are stable for prolonged periods in urine. One month of frozen urine
storage did not interfere with the detection of CD9, indicating that uEVs is stable in frozen urine
(Figure S5E).

The utility of uEVs for detection of CKD

We examined MUC1 concentrations by ELISA using discovery cohort. The sample size required for identi-
fication of decreased renal function eGFR <60 or <90 by MUC1 was calculated as 10.8 or 23.9, respectively.

We collected urine samples from 26 controls and 94 pediatric patients with CKD (validation cohort; Table 2).
Reflecting the etiology of childhood CKD (Harada et al., 2022), patients suffer mainly CAKUT, and none
have diabetes or diabetic kidney disease. We quantified MUC1, MGAM, CD9, and CDé3 levels in uEVs
by ELISA (Figures 6A and S6). The expression levels of MUC1, MGAM, CD9, and CDé63 in uEVs did not corre-
late with the urine albumin (Figure S7). Noticeably, the expression level of CD9 is highly correlated with that
of MUC1 in both discovery and validation cohorts (Figure S8), and they were significantly decreased in CKD
(Figures 6A and Sé).

Receiver operating characteristic (ROC) curve analysis was performed to assess the discriminatory perfor-
mance in identifying patients with decreased renal function. The univariate analysis using MUC1 level in
uEVs showed high diagnostic performance for discriminating patients with eGFR<60 (Figure 6B) or
<90 mL/min/1.73m? (Figure 6C). The AUC values increased further in bivariate analysis with MUC1 and
MGAM. In the tri-variate analysis using MUC1, MGAM and CD9, achieved the highest AUC values of
1.000 (eGFR<60) (Figures 6B) and 0.953 (eGFR<90) (Figure 6C). We also examined whether this method
could differentiate patients with CKD having normal eGFR (eGFR >90) from healthy controls. AUC values
of bivariate or tri-variate analysis exceeded 0.75 (Figure 4D), suggesting that uEVs signature may detect
changes in kidneys even in CKD patients with normal eGFR.

We also investigated whether the expression value of MGAM divided by that of MUCT (MGAM/MUC1),
instead of a combined multivariate analysis, could be used as an index for declined renal function. The

6 iScience 25, 105416, November 18, 2022



iScience

A
Cluster 1 Cluster 2
Cluster A
- = — 0
Lo
== E} { — "
Cluster B = = EE=—B-
=t =
‘ A
=+ Sox
=== =S==S /- BUN

Proteinuria

Hematuria

eGFR Age Sex BUN
(mL/min/1.73m?) (year) (mg/L)
>90 <6 Female <20
60-89 6-10 HMale 20-40
30-59 11-15 > 40
<30 >15 NA
Proteinuria Hematuria Urine creatinine
(9/9Cr) (mg/dL)
<0.15 Negative <50
0.15-0.5 Positive 50-100
0.6-10 NA >100
>10 NA
NA

Figure 3. Altered uEVs signature in CKD

AMBP

PKD2

SLC12A3

C

Urine creatinine

¢? CellPress

OPEN ACCESS

Cluster A
P<0.01 P<0.01 P<0.01
20 19
9]
19 o™ 818
z @
18 =16 =17
17 16
14
16 N D N D N D
P<0.05 ns P<0.05
19
. s18 016
I
8 G17 Z »
17 o
16
16 12
N D N D N D
Cluster B
P<0.01 P<0.01 P<0.01
18 20 19
= 18
16 g1 3 17 ’
< 18 %)
9 X 46
14 el 15
16
15 14
N D N D N D
P<0.01 P<0.01 P<0.01
20 -
D6 = '
18 2 g8
0 14 =17
E
16 < 16
12
15
14
N D N D N D
eGFR
EJ N:200 [ p:<90
2+ eGFR
@A 290
,B,——\\ @ B 60-89
- e 30-59
37 ‘4 -G :g<30
//0'(\ e e "ol
A 4 .\‘\T’/ ‘e N
o P \ N L
2 o /® e ! N @~
c o ! @ ©% : N | Y
Fo) | e \ '\ \
1S e ® | ~e (Y
a @ h \\\\‘o ) \l
o| | e |/ e
<1 b N
° / -
N
2 |
T
-1.0 -05 00 05 10 15
Dimension 1

(A) Heatmap of the expression of 135 proteins and clinical information of 30 patients. The expression level was log-transformed and z-normalized to zero

mean and unit standard deviation for each protein.
(B) Violin plot showing the examples of expression of proteins in UEVs from individuals with normal renal function (N: eGFR >90 mL/min/1.73m?) or patients

with decreased renal function (D: eGFR <90 mL/min/1.73m?). Data were compared using the two-tailed Mann-Whitney U test. ns = not significant.
(C) MDS analysis based on quantitative profiles of 135 differentially expressed proteins.

iScience 25, 105416, November 18, 2022 7



¢? CellPress

OPEN ACCESS

iScience

A - B Cc
R =0.521 ° R =-0.586 R =-0.456
o ® °
2 - 8
= ° E 4 o < °
3 g g
jo2] © o j=2]
£ ° g o o° £ o
oS & S £
[0} Q. L o
£ ° ° 2 £2] o o
£ ° . =) ol e° £ °
© ° RO ©
[ . .o [ e,
G o . ° 2 o® o o
0 Q3 0. e 2 o - I N
c ° s v o £ 21e .
= o o c = 0 o o0
=) © ° o ] ..
ooo o o B o ° N °
°°% e ks °° o. % °
o o o ° o Teo o
0 5 10 15 20 25 30 130 140 150 160 170 180 130 140 150 160 170 180
Particle number (x10° particles/mL) Particle size (nm) Particle size (nm)
. . __E F G
Density of peak size Mean size
of particles _
I D Healthy controls TE' @ _ P=0.305 0.0105 P=10.007
I [] Patients with CKD 2 g E g _ 0.0100 —
0.0075 c g " 5
s & < ° 2 0.0095
2 o £ 8 3
= > o T =
2 0.0050 i g <« 2 & 0.0000
@ 1 x 5] b o
o I 5 2 2 o > 0.0085
! £ 5 e k2
o
0.0025 : E -~ § 8 0.0080
: E‘_: 0 = g $ 0.0075
0.0000 1 o o 0.0070
0 100 200 300 400 500 Healthy  Patients Healthy  Patients Healthy  Patients
Particle size (nm) controls  with CKD controls  with CKD controls  with CKD

Figure 4. Morphological characteristics of uEVs in CKD

(A-C) Correlation plot of particle number and urine creatinine (A), of particle size and particle number (B), and of particle size and urine creatinine (C).

Correlation coefficients are expressed as Pearson’s R.

(D) Density plot showing the size distribution of particles in healthy controls and patients with CKD. The dotted line shows the mean size of particles in each

group.

(E-G) Boxplots comparing particle number (E), mean size of particles (F) and density of peak size (G) between samples of healthy controls and patients with
CKD. Boxes in boxplots indicate the 25th and 75th percentiles, and the horizontal lines inside the boxes indicate the median. Bars indicate the 10th and 90th

percentiles. Data were compared using the two-tailed Welch's t test.
See also Figure S2.

MGAM/MUC1 value increased as renal function decreased in the discovery and validation cohorts (Fig-
ure 6E). The MGAM/MUCT value yielded an AUC of 0.922 for separating patients with decreased renal
function (eGFR <90) (Figure 6F). The sensitivity and specificity of MGAM/MUC1 for the diagnosis of
decreased eGFR were 88.5 and 87.5%, respectively, based on the ROC curve-derived optimal cutoff value.
It achieves significantly higher accuracy than urine creatinine, albumin, or L-FABP, suggesting that the new
method captures changes that existing urine biomarkers cannot detect (Figure 6F).

Finally, we analyzed the association between MGAM/MUC1 and renal prognosis. Among the patients in
the discovery and validation cohorts, follow-up data more than six months after the initial analysis were
available on 35 patients (Table S3). According to the MGAM/MUC1 values in the initial analysis, these pa-
tients were classified into two groups. The threshold (0.35) was set to include the maximum value (0.330) of
the healthy control's MGAM/MUC1 value. The mean period from the initial analysis to the follow-up anal-
ysis was 25.8 (+14.4) months. In patients with MGAM/MUCT less than 0.35 (<0.35; 6 patients), the mean
eGFR at onset was 86.7 (+26.7) mL/min/1.73m?. In this group, eGFR did not change significantly during
the follow-up period. The mean eGFR at onset of the patients with MGAM/MUC1 above 0.35 (>0.35; 29
patients) was lower than MGAM/MUC1 < 0.35 group (65.4 + 36.2 mL/min/1.73m?), and some experienced
a significant further decline in eGFR (Figure 6G).

Recently it has been reported that adult women excrete fewer uEVs than men (Blijdorp et al., 2022). We

performed separate analyses for male and female controls or patients in validation cohort. A gender effect
was not clearly demonstrated in this study (Figures S9 and S10).
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Figure 5. ELISA platform for assessment of uEVs

(A) Schematic illustration of sandwich ELISA using Tim4.

(B) Expression of MGAM, MUC1, and CD9 in nephron segments. The expression pattern was visualized by kidney cell
explorer and by fluorescent immunohistochemistry using human kidney tissue. The numbers above the figure are the
same as in Figure 1G. Scale bars, 100 pm.

See also Figures S4 and S5.

Urinary concentrations of MUC1 have been reported to be potentially associated with renal disease. Pa-
tients with hypercalciuric nephrolithiasis had significantly decreased levels of urinary MUC1 (Nie et al.,
2016). Furthermore, urinary MUC1 fragment that is shed from renal tubular epithelium is reported as a
biomarker associated with renal dysfunction (Zhang et al., 2017). We examined the correlation between
the concentration of MUC1 in urine and in uEVs. As shown in Figure S11, no correlation between these
two values was found. This result suggested that the change in MUC1 in uEVs captures factors in kidney
tissue, independent of the urinary concentration of soluble MUC1 fragment.

DISCUSSION

In diagnosing kidney disease, urine tests for hematuria or proteinuria are crucial. However, conventional
urine tests may miss certain forms of diseases which do not accompany hematuria or proteinuria or reduce
the ability to concentrate urine. Here, we examined the usefulness of uEVs for CKD diagnosis. The affinity
method using Tim4-coupled beads (Figure S1) allows for the rapid and simple purification of UEVs, ensuring
their diversity (Figure 1). This method is suitable for analyzing samples with diverse clinical backgrounds.

The proteomic analysis identified a list of proteins, the contents of which in uEVs were distinctly altered in
patients with bilateral renal hypoplasia (Figure 2 and Table S7). This uEV signature helped distinguish CKD
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Table 2. Characteristics of 120 participants in validation cohort

Parameters CKD patients (n = 94) Healthy controls (n = 26)
Age (year) 7.8 + 6.1 51+ 3.6
Gender n (%)

Female 27 (29) 13 (50)

Male 67 (71) 13 (50)
Disease n (%)

Renal hypoplasia 26 (27.7) NA

Ciliopathy 5(5.3)

Polycystic kidney disease 4 (4.3)

Multicystic dysplastic kidney 9 (9.6)

Solitary kidney 8 (8.5)

Vesicoureteral reflux 12 (12.8)

Hydronephrosis 9 (9.6)

Others® 21 (22.3)
Examination results

eGFR (mL/min/1.73m?) 80.6 + 39.6 ND

Serum BUN (mg/L) 21.4 £17.9

Proteinuria (g/gCr) 0.57 £ 1.35

iScience

Plus-minus values are the mean + SD.

NA, not applicable; ND, not done.

®Horseshoe kidney, renal tubular dysgenesis, posterior urethral valve, ureteral aneurysm, henoch-schénlein purpura
nephritis, nephrotic syndrome, asymptomatic proteinuria, obesity-related glomerulopathy, Epstein syndrome, nephrogenic
diabetes insipidus, chronic kidney disease because of DOHaD, megaloureter, dysplastic kidney, nephrocalcinosis, renal
injury due to severe neonatal asphyxia.

patients with a decreased renal function (Figure 3). To validate the changes in UEVs expression pattern in
CKD, we performed an independent validation study on samples from patients with diverse renal functions
using an ELISA-based quantification system, which quantifies the expression levels of several proteins on
the membrane surface of uEVs (Figures 5 and 6). The prototype discriminated CKD in its early stage or even
with normal kidney function (Figure 6).

Distal tubule/collecting duct-specific MUC1 was among the molecules decreased in uEVs in renal
hypodysplasia. MUC1 has numerous functions in the normal and injured kidney. Mutations in the
MUCT gene cause slowly progressive tubulointerstitial disease that leads to kidney failure (Dvela-Levitt
et al., 2019; Kirby et al., 2013), and aberrant activation of MUC1 signaling is associated with the devel-
opment of CKD (Al-Bataineh et al., 2017). Decreased expression of MUC1 in uEVs implies decreased
excretion of classical exosome because of functional nephron loss. Indeed, we do show that (1) the cells
expressing MUC1 is largely overlapped with those expressing CD? (Figure 5B) (2) The expression levels
of MUC1 and CD9 in uEVs were highly correlated (Figure S8) and significantly decreased in CKD
(Figures 6A and S6). This is in agreement with previous work showing the alteration of the expressional
pattern of CD9 in uEVs by chronic nephron loss. Salih et al. found that abundance of CD9 was signifi-
cantly reduced in patients with progressive autosomal dominant polycystic kidney disease (Salih et al.,
2016). Recently, Blijdorp et al. demonstrated that donor nephrectomy reduced eGFR and CD9" uEVs
(presumably derived from distal nephron), whereas the excretion of CD9 uEVs was not altered (Blijdorp
et al., 2022).

Another example of EV signature is proximal tubule-specific MGAM, which was increased in uEVs in renal
hypodysplasia. Although the validation cohort did not show a statistically predominant increase of MGAM
in CKD (Figure 6A), itis thought to capture different aspect of uEVs from decreased MUC1 expression as it
improves diagnostic ability when combined with MUC1 (Figures 6B-6D). MGAM was previously reported to
be the top discriminating protein for acute kidney injury in patients with cirrhosis (Awdishu et al., 2019). The
present results suggest that MGAM is also involved in changes in the chronic phase. The relative increase in
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Figure 6. Application of expression signature of uEVs for diagnosis of CKD

(A) Comparison of MUC1 and MGAM levels (absorbance at 450 nm) measured by customized ELISA in samples from
healthy controls and patients with CKD. G1 indicates CKD patients with eGFR >90 and G2-5 with <90 mL/min/1.73m?.
(B and C) ROC curve for distinguishing patients with decreased renal function (eGFR <60 (B), eGFR <90 (C)) from healthy
controls by logistic regression.

(D) ROC curve for distinguishing patients with CKD having normal eGFR (>90) from healthy controls by logistic
regression.

(E) Box and beeswarm plot of the assay value of MGAM/MUCT (the expression of MGAM divided by that of MUC1) in
patients with CKD having each renal function and healthy controls in the discovery and validation cohorts.

(F) ROC curve for distinguishing patients with decreased renal function (eGFR <90) from healthy controls by logistic
regression using combinations of MGAM/MUC1, urine creatinine (uCr), urine albumin (uAlb), and L-FABP.

(G) The change in eGFR in follow-up period in two groups (MGAM/MUC1 below 0.35 and the others). Boxes in boxplots
indicate the 25th and 75th percentiles, and the horizontal lines inside the boxes indicate the median. Bars indicate the
10th and 90th percentiles. The data were compared using the two-tailed Mann-Whitney U test.

See also Figures S6-58.

excretion of some vesicles by nephron loss has been shown previously (Blijdorp et al., 2022). Nephrectomy
increased the proximal tubule markers NHE3, NaPi-lla, and cubilin in uEVs, which is presumably caused by
hypertrophy of the proximal tubules (Blijdorp et al., 2022). MGAM serves as an enzyme which functions in
the final step of digestion of linear regions of starch to glucose (Nichols et al., 2003). Like other proximal
tubule markers, increased expression of MGAM may be associated with compensatory response in prox-
imal tubular cells.

The morphology of vesicles in whole urine (Blijdorp et al., 2021) or of uEVs was characterized in previous
studies (Barreiro et al., 2020; Braun et al., 2020). The present study revealed that the variation in size in
CKD was more significant than in healthy children (Figures 4D-4G). In this regard, the large vesicles
increased in CKD were not supposed to be apoptotic bodies or autophagic extracellular vesicles
because their markers (Annexin V or LC3B-PE, p62) (Jeppesen et al., 2019) were not detected in any
of the samples. ARMMs were also excluded because their diameter is generally smaller than classic exo-
somes (Jeppesen et al.,, 2019). Therefore, from the aspect of size, the percentage of classical microve-
sicles, which is considered to be slightly larger in diameter than exosomes (Jeppesen et al., 2019),
may be increasing in CKD. Another possibility is that they are exosomes enlarged because of dilution
(Blijdorp et al., 2021). Dilution of urine is known to increase larger uEVs excreted (Blijdorp et al,,
2021). We found that uEVs from samples with low urine creatinine tend to be larger (Figure S2). However,
urine creatinine is affected by several factors in this cohort and cannot be used as a direct indicator of
dilution. Fluid restriction in patients and controls will clarify how particle size fluctuates by dilution or con-
centration of urine. Together, it is preliminary to draw definitive conclusions about the mechanism of the
difference in the size of uEVs in CKD.

The uEVs signature has significant potential as a non-invasive tool for diagnosing kidney diseases. Further
large-scale prospective studies with a broader range of diseases and age groups with a more robust
acquired component are warranted.

Limitation of the study

The present study is the first step in establishing the uEVs expression signature in childhood CKD, and
some limitations should be acknowledged. First, it remains unclear whether the signature using Tim4-pu-
rified samples, which contained uEVs with various sizes and properties, are equally applicable to uEVs pu-
rified by other methods. Second, there is no definitive normalization strategy for quantitative proteome
analysis for human body fluids (Erdbriigger et al., 2021; Théry et al., 2018). Previously proposed normalizing
strategies include uEV number, a protein or RNA marker, total protein, RNA or lipid amount (Erdbriigger
et al., 2021), or more recently, urine creatinine (Blijdorp et al., 2021). We applied total protein amount as
normalizing variable because it can be obtained biochemically from uEVs without using different types
of materials (i.e., whole urine) or experiments (i.e., NTA). Because it has been reported that there are a
non-negligible amount of UEVs that do not express classical exosome markers such as CD9 or CDé63 (Blij-
dorp et al., 2021), normalization using expression levels of one of these molecules might distort the results.
Analysis using other standardization methods, such as urine creatinine (Blijdorp et al., 2021), is a subject for
future study. Third, we could not clarify the correlation between the characteristics of uEVs and patholog-
ical changes. This is partly because most of the underlying diseases in this study, such as renal hypoplasia,
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are not histologically diagnosed, and kidney biopsy is even contraindicated in these cases (Murugapoop-
athy and Gupta, 2020). Fourth, as high MGAM/MUC1 separates severe CKD patients, the baseline eGFR of
the patients in MGAM/MUC1 > 0.35 group is decreased (Table S3), making it difficult to clarify whether the
index detects factors related to prognosis beyond severity at study onset. Fifth, due to the small sample
size of the discovery cohort, evaluation of AUC and a determination of optimal cut-off for sensitivity and
specificity was only performed in the validation cohort. Finally, this study mainly included patients with
congenital or inherited renal diseases involving the tubules in both cohorts, which is the major etiology
of childhood CKD.
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Antibodies

Rabbit polyclonal anti-MGAM

Mouse monoclonal anti-MUC1

Mouse monoclonal anti-CD9 (clone 12A12)
Mouse monoclonal anti-poliovirus receptor (PVR)
Mouse monoclonal anti-PKD2

Mouse monoclonal anti-CD133 (PROM1)
Rabbit monoclonal anti-CD90/Thy1

Mouse monoclonal anti-GGT1

Mouse monoclonal anti-THP

Rabbit polyclonal anti-PGK1

Rabbit polyclonal anti-Cytokeratin14(KRT14)
Rabbit polyclonal anti-AnnexinA11(ANXA11)

Proteintech

Santa Cruz Biotechnology
Shionogi & Co
Proteintech

Abnova

Proteintech

Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Proteintech

Proteintech

Proteintech

Cat# 22195-1-AP, RRID:AB_2879023
Cat# sc-7313, RRID:AB_626983
SHI-EXO-MO01

Cat# 66913-1-g, RRID:AB_2882240
Cat# HO0005311-MO1 RRID:AB_606781
Cat# 66666-1-lg, RRID:AB_2801586
Cat# ab92574, RRID:AB_10563647
Cat# sc-166908, RRID:AB_10608594
Cat# sc-271022, RRID:AB_10610634
Cat# 17811-1-AP, RRID:AB_2161218
Cat# 10143-1-AP, RRID:AB_2134831
Cat# 10479-2-AP, RRID:AB_2057171

Biological samples

Human adult normal kidney tissue BioChain Cati# T2234142
Critical commercial assays
Biotin labeling kit-NH2 Dojindo Molecular Technologies LK-03

PS Capture Exosome ELISA Kit
MagCapture Exosome Isolation Kit PS
Creatinine Companion kit

Albuwell Hu

High Sensitivity Human L-FABP ELISA Kit
Human MUCIN 1 (CA15-3) ELISA Kit

Wako Pure Chemical Industries
Wako Pure Chemical Industries
Exocell

Exocell

CMIC Coltd

Thermo Fisher Scientific

Cat# 298-80601
Cat# 293-77601
Cat# 1012

Cat# 1004
Cat# 006

Cat# EHMUC1

Deposited data

Kidney cell explorer

(Ransick et al., 2019)

https://cello.shinyapps.io/kidneycellexplorer/

Software and algorithms

R software version 3.5.1

GraphPad Prism software version 9.2.0

https://www.R-project.org/
https://www.graphpad.com/

scientific-software/prism

N/A
N/A

DEP (Zhang et al., 2018) https://bioconductor.org/packages/release/
bioc/html/DEP.html

g:Profiler https://biit.cs.ut.ee/gprofiler/gost N/A

Other

iMark™ Microplate Absorbance Reader
NanoSight LM10 system

Orbitrap Fusion Lumos mass spectrometer
UltiMate 3000 RSLC nano-flow HPLC
Transmission electron microscopy

All-in-One Fluorescence Microscope

Bio-Rad Laboratories
NanoSight Ltd

Thermo Fisher Scientific
Thermo Fisher Scientific
Hitachi Ltd

KEYENCE Japan

Cat# 168-1130J5

N/A

Cat# IQLAAEGAAPFADBMBHQ
Cat# ULTIM3000RSLCNANO
Hitachi H-7000

BZ-X810
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yutaka Harita (haritay-ped@h.u-tokyo.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper does not report original code.
Data reported in this paper will be shared by the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design

As a model of fewer nephrons, we focused on differences in molecular expression in uEVs between healthy
controls and patients with renal hypoplasia. Molecules differentially expressed in the two groups were used
for the subsequent analysis integrating other CKD patients (Discovery cohort). The physical characteristics
of uEVs in CKD were analyzed by nanoparticle tracking analysis (NTA). Next, we established a system to
quantify candidate biomarkers’ protein content in UEVs using enzyme-linked immunosorbent assay
(ELISA). Finally, we evaluated the diagnostic performance of the system using newly collected urine sam-
ples from healthy controls and CKD patients (Validation cohort).

Participants and samples

Subjects in the discovery cohort were recruited from 5 child hospitals or centers in Japan from June 2016 to
June 2018. Healthy controls and patients with CKD in the validation cohort were recruited from 8 centers in
Japan from June 2019 to June 2021. All cases were comprehensively diagnosed based on symptoms, blood
tests, urinalysis, kidney biopsy findings, ultrasound results, imaging tests, such as CT, MRI, voiding cystour-
ethrography, and scintigraphy, when available. Clinical data were registered in an electronic database. The
estimated glomerular filtration rate (eGFR) was calculated using the polynomial eGFR formula (Uemura
et al., 2014) for participants older than 2 years, the polynomial eGFR formula multiplied by a factor (Uemura
et al., 2018) for participants older than 3 months and younger than 2 years, and the Schwartz formula
(Schwartz et al., 2009) for participants younger than 3 months. The classification of patients with CKD by
eGFR was performed according to the Kidney Disease: Improving Global Outcomes guidelines for chronic
kidney disease stage classification (Levey et al., 2005). Details about patients’ characteristics in each cohort
are given in Tables 1 and 2. Written informed consent was obtained from all enrolled patients or their par-
ents. After urine samples were collected, they were frozen and transferred to our laboratory, where they
were thawed and aliquoted 200 uL in each case and frozen at —80°C. The samples were thawed before
the experiment.

Study approval
This study was approved by the ethics committee of the University of Tokyo (#11106-(3)).

METHOD DETAILS

Tim4-affinity purification of uEVs

Purification of EVs from urine with Tim4-affinity beads (Nakai et al., 2016) was performed using the
MagCapture Exosome lIsolation Kit PS (Cat# 293-77601 FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) following the manufacturer’s protocol. Urine samples were centrifuged at 1,200 x g for
20minat 4°C to remove cell debris and urine salts and then centrifuged at 10,000 x g for 30 min at 4°C
to remove the large EVs such as apoptotic bodies. Streptavidin magnetic beads, bound with biotinylated
Tim4, were added to 1 mL of the supernatant supplemented with 2 mM CaCl,, and the mixture was rotated
for That 20-25°C. The beads were washed three times with 1 mL washing buffer (20 mM Tris-HCI, pH 7.4,
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150 mM NaCl, 0.0005% Tween 20, 2 mM CaCl,), and the bound uEVs were eluted with an elution buffer
(20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA).

Nanoparticle tracking analysis

Purified uEVs were analyzed by nanoparticle tracking using a NanoSight LM10 system (NanoSight Ltd.,
Amesbury, UK) configured with a 405 nm laser and a high-sensitivity sCMOS camera (OrcaFlash2.8, Hama-
matsu C11440, NanoSight Ltd.). The measurements were performed as previously described (Akagi et al.,
2015). Prior to analysis, sample aliquots were diluted 20- to 40-fold in particle-free 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Thermo Fisher Scientific, MA, USA) buffer to achieve optimal
concentration for analysis; a diluted sample (1 mL) was used for each analysis. Light scattering of individual
particles in solution was digitally recorded, and particle trajectory and displacement were automatically
analyzed using an image analysis tracking software. The particle size distribution was determined from
the observed Brownian motion of individual particles according to the Stokes—Einstein relationship.

Transmission electron microscopy

Purified uEVs samples were placed on carbon-coated holey-film grids for 5minat 4°C. Following sample
adsorption, grids were quickly and gently blotted on filter paper and immediately floated for 5 min on
1 mL of 1% uranyl acetate at 4°C and dried on filter paper. Imaging was performed on electron microscopy
(Hitachi H-7000, Tokyo, Japan). Micrographs were captured with a 2k x 2k CCD camera.

Mass spectrometric analysis of uEVs

According to the manufacturer’s instruction, EVs were purified from 1 mL of urine samples using
MagCapture Exosome Isolation Kit PS (FUJIFILM Wako Pure Chemical Corporation), except for elution
with 30 puL of 1 X Laemmli’s sample buffer. After reduction with 10 mM TCEP at 100°C for 10 min and alkyl-
ation with 50 mM iodoacetamide at ambient temperature for 45 min, protein samples were subjected to
SDS-PAGE. The electrophoresis was stopped at the migration distance of 2 mm from the top edge of
the separation gel. After CBB-staining, protein bands were excised, destained, and cut finely prior to in-
gel digestion with Trypsin/Lys-C Mix (Promega) at 37°C for 12 hours. The resulting peptides were extracted
from gel fragments and analyzed with Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific)
combined with UltiMate 3000 RSLC nano-flow HPLC (Thermo Fisher Scientific). Peptides were enriched with
p-Precolumn (0.3 mm i.d. X 5 mm, 5 pm, Thermo Fisher Scientific) and separated on AURORA column
(0.075mmi.d. x 250 mm, 1.6 um, lon Opticks Pty Ltd, Australia) using the two-step gradient; 2-40% aceto-
nitrile for 110 min, followed by 40-95% acetonitrile for 5 min in the presence of 0.1% formic acid. The analyt-
ical parameters of Orbitrap Fusion Lumos were set as follows; Resolution of full scans = 50,000, Scan range
(m/z) = 350-1500, Maximum injection time of full scans = 50 msec, AGC target of full scans = 4 x 10°,
Dynamic exclusion duration = 30 sec, Cycle time of data-dependent MS/MS acquisition = 2 sec, Activation-
type = HCD, Detector of MS/MS = lon trap, Maximum injection time of MS/MS = 35 msec, AGC target of
MS/MS = 1 x 10% The MS/MS spectra were searched against the Homo sapiens protein sequence data-
base (20,366 entries) in SwissProt using Proteome Discoverer 2.4 software (Thermo Fisher Scientific), in
which peptide identification filters were set at “false discovery rate <1%". Label-free relative quantification
analysis for proteins was performed with the default parameters of Minora Feature Detector node, Feature
Mapper node, and Precursor lons Quantifier node in Proteome Discoverer 2.4 software.

Mass spectrometry data processing

The LC-MS/MS dataset was loaded into the R package DEP (Zhang et al., 2018), which provides an inte-
grated analysis workflow for differential protein expression or differential enrichment analysis. This pack-
age is integrated within the Bioconductor project (Huber et al., 2015) and includes functionalities to filter
and normalize data, perform differential enrichment testing, and visualize the results. In the analysis, the
data are filtered for proteins with many missing values, after which variance-stabilizing transformation using
vsn (Huber et al., 2002) and data imputation using the methods from MSnbase (Gatto and Lilley, 2012) are
applied. Subsequently, differential enrichment analysis is performed by applying empirical Bayesian statis-
tics to protein-wise linear models using limma (Ritchie et al., 2015; Smyth, 2004). In addition, the results can
be explored using different visualizations, including a volcano plot (an adjusted p value <0.5 and Log2 fold
change >2.5) and MDS analysis. MDS analysis with Spearman'’s rank correlation and k-means was carried
out using the cmdscale package in R. Heatmap was plotted using the pheatmap R package (version
1.0.12). We used Euclidean as the popular clustering distance and method implemented in the dist and

18 iScience 25, 105416, November 18, 2022

iScience



iScience

helust functions in R. The gene ontology (GO) terms and KEGG/Wiki pathway terms enriched in the pre-
dicted target genes were determined using g:Profiler bioinformatics.

uEVs sandwich ELISA

Before ELISA, thawed urine samples were centrifuged at 1,200 X g for 20minat 4°C to remove cell debris
and urine salts. ELISA was performed using the PS Capture Exosome ELISA Kit (Cat# 298-80601 FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) according to the manufacturer’s instructions. Absor-
bance at 450 nm was measured using the iMark microplate Absorbance Spectrophotometer (Bio-Rad). An-
tibodies used as capture reagents were as follows: anti-CDé3 antibody contained in the abovementioned
kit, and mouse monoclonal anti-CD9 antibody (clone12A12, Shionogi, Osaka, Japan), rabbit polyclonal
anti-MGAM antibody (Cat# 22195-1-AP, Proteintech, Chicago, IL, USA), mouse monoclonal anti-MUC1
antibody (Cati# sc-7313, Santa Cruz, Dallas, TX, USA), mouse monoclonal anti-Poliovirus receptor (PVR) anti-
body (Cat# 66913-1-Ig, Proteintech), mouse monoclonal anti-PKD2 antibody (Cat# H00005311-M01, Ab-
nova, Taipei, Taiwan), mouse monoclonal anti-CD133 (PROM1) antibody (Cat# 66666-1-lg, Proteintech),
and rabbit monoclonal anti-CD90/Thy1 antibody (Cat# ab92574, Abcam, Cambridge, UK). For the latter
three antibodies, biotin was conjugated to them using the biotin labeling kit-NH2 (Dojindo, Kumamoto,
Japan), according to the manufacturer’s instructions.

Immunohistochemical analysis

Immunohistochemical analyses were performed as previously described (Udagawa et al., 2018). Paraffin-
embedded human adult normal kidney tissue (Cat# T2234142, Biochain, Newark, CA, USA) were deparaffi-
nized in xylene and rehydrated through a series of graded alcohols in H,O, followed by heat-induced
epitope retrieval by incubating in a target retrieval solution (51699; Dako, Carpinteria, CA, USA) for 20minat
121°C. Sections were cooled to room temperature and incubated with primary antibodies, followed by in-
cubation with Alexa Fluor conjugated secondary antibodies (Invitrogen). Mouse monoclonal anti-GGT1
antibody (Cat# sc-166908, Santa Cruz), mouse monoclonal anti-THP (UMOD) antibody (Cat# sc-271022,
Santa Cruz), rabbit polyclonal anti-PGK1 antibody (Cat# 17811-1-AP, Proteintech), rabbit polyclonal anti-
KRT14 antibody (Cat# 10143-1-AP, Proteintech), rabbit polyclonal anti-ANXA11 antibody (Cat# 10479-2-
AP, Proteintech) and above mentioned anti-CD9 antibody, anti-MGAM antibody, and anti-MUC1 antibody
were used as primary antibodies. Confocal fluorescent images were obtained using a KEYENCE Japan BZ-
X810 microscope.

Measurement of urine creatinine, albumin, liver-type fatty acid-binding protein (L-FABP) and
urinary concentration of MUC1

The urine creatinine, albumin, L-FABP or urinary concentration of MUC1 were measured using commer-
cially available enzyme-linked immunosorbent assay kits (The Creatinine Companion kit and Albuwell
Hu; Exocell, Philadelphia, PA; High Sensitivity Human L-FABP ELISA Kit; CMIC Coltd, Tokyo, Japan; Hu-
man MUCIN 1 (CA15-3) ELISA Kit; Thermo Fisher Scientific), according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as the mean + SD. Groups were compared using two-tailed Mann-Whitney test or
Welch's t test according to Gaussian distribution assessed by Shapiro-Wilk test. For correlation studies,
a Pearson coefficient was reported as R (confidence interval). p value was considered significant when
p< 0.05. Boxes in boxplots indicate the 25th and 75th percentiles, and the horizontal lines inside the boxes
indicate the median. Bars indicate the 10th and 90th percentiles. Statistical analyses were performed using
GraphPad Prism software version 9.2.0 or the R software version 3.5.1 (https://www.R-project.org/). DEP
package (version 1.14.0) was used for differential analyses between two conditions. Pwr.t.test from the
pwr package (version 1.3-0) was used to calculate sample size. ROC curves in logistic regression were adop-
ted to determine the diagnostic metrics of biomarkers. Optimal cutoff points were selected using the
maximum Youden's index to determine disease diagnostic sensitivity, specificity, and accuracy. For each
experiment, the samples were blinded for the person in charge of conducting the experiment and data pro-
cessing. All data excluding outliers are shown, and all experiments were performed in at least triplicate.
Technical replicates were not considered as independent samples; thus, multiple technical replicates of
the same one biological sample were counted as N = 1.
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