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ABSTRACT

Background In ADPKD, there is an unmet need for early markers of rapid disease progression to facilitate
counseling and selection for kidney-protective therapy. Our aim was to identify markers for rapid disease
progression in uEVs.

Methods Six paired case—control groups (n=10-59/group) of cases with rapid disease progression and
controls with stable disease were formed from two independent ADPKD cohorts, with matching by age,
sex, total kidney volume, and genetic variant. Candidate uEV biomarkers were identified by mass
spectrometry and further analyzed using immunoblotting and an ELISA. Single-nucleus RNA sequencing
of healthy and ADPKD tissue was used to identify the cellular origin of the uEV biomarker.

Results In the discovery proteomics experiments, the protein abundance of MMP-7 was significantly
higher in UEVs of patients with rapid disease progression compared with stable disease. In the validation
groups, a significant >2-fold increase in uEV-MMP-7 in patients with rapid disease progression was
confirmed using immunoblotting. By contrast, no significant difference in MMP-7 was found in whole urine
using ELISA. Compared with healthy kidney tissue, ADPKD tissue had significantly higher MMP-7
expression in proximal tubule and thick ascending limb cells with a profibrotic phenotype.

Conclusions Among patients with ADPKD, rapid disease progressors have higher uEV-associated MMP-7.
Our findings also suggest that MMP-7 is a biologically plausible biomarker for more rapid disease
progression.
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is
the most common inherited kidney disease and is primarily
caused by pathogenic variants of the PKDI1 or PKD2 gene.'?
The disease is characterized by the development of multiple
bilateral kidney cysts frequently leading to kidney failure. The
rate of disease progression in ADPKD is highly variable, even
within families that share the same genetic variant, but tends
to be most severe in those with a PKDI variant.> Several
prognostic classifications have been developed to predict
disease progression, of which the Mayo classification and
the Predicting Renal Outcomes in ADPKD (PRO-PKD) score
are most commonly used.#=® These prognostic models rely on
height-adjusted total kidney volume (htTKV) or PKD gene
analysis. Actual disease progression still varies considerably
within predicted categories, limiting the value of these models
at an individual patient level.#¢ Therefore, there is an unmet
need for novel biomarkers that can identify patients with
rapid disease progression. The advent of tolvaptan as a treat-
ment option for patients with ADPKD further highlights this
need. A well-performing prognostic biomarker could avoid
unnecessary treatment and potential side effects in patients
with a favorable kidney prognosis.

Urinary extracellular vesicles (uEVs) represent an attractive
source of kidney biomarkers that contain proteins and RNAs
from their parent cells. uEVs are nanoparticles that bud and
release from plasma cell membranes (microvesicles and apo-
ptotic bodies) or are released from multivesicular bodies (exo-
somes). uEV analysis allows for the noninvasive assessment of
both physiological and pathophysiological processes in the
epithelial cells lining the nephron and urinary tract.”® The
isolation and characterization of uEVs has, therefore, become a
powerful approach to identify biomarkers for kidney diseases,
including ADPKD.%? Several groups, including ours, have pre-
viously performed proteomic studies of uEVs to identify pro-
teins unique to ADPKD and its severity.>-1> These studies,
however, did not yet address whether uEVs can be used to
differentiate patients with ADPKD on the basis of their rate of
disease progression. Here, we present the results of a shotgun
proteomics study aimed at identifying uEV proteins that dis-
tinguish patients with ADPKD who subsequently developed
rapid disease progression from those who had stable disease.
Our findings suggest that uEV-associated matrix metallopro-
teinase 7 (MMP-7) discriminates rapid disease progres-
sion from stable disease in patients with ADPKD.

METHODS

Setting and Patients

Patients with rapid disease progression and stable disease were
selected from two independent cohorts, including the Devel-
oping Intervention Strategies to Halt Progression of Autosomal
Dominant Polycystic Kidney Disease (DIPAK) cohort from the
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Significance Statement

There is an unmet need for biomarkers of disease progression in
autosomal dominant polycystic kidney disease (ADPKD). This study
investigated urinary extracellular vesicles (UEVs) as a source of such
biomarkers. Proteomic analysis of uEVs identified matrix metal-
loproteinase 7 (MMP-7) as a biomarker predictive of rapid disease
progression. In validation studies, MMP-7 was predictive in uEVs
but not in whole urine, possibly because uEVs are primarily se-
creted by tubular epithelial cells. Indeed, single-nucleus RNA se-
quencing showed that MMP-7 was especially increased in proximal
tubule and thick ascending limb cells, which were further charac-
terized by a profibrotic phenotype. Together, these data suggest
that MMP-7 is a biologically plausible and promising uEV biomarker

for rapid disease progression in ADPKD.

Netherlands and the Cologne cohort from Germany (Figure 1).
The discovery proteomics experiments and internal validation
experiments were performed in patients selected from the
DIPAK cohort while the external validation experiments
were performed in patients selected from the Cologne cohort.
Six case—control groups were formed, including patients with
rapid disease progression (eGFR decline =4 ml/min per
1.73 m® per year) and patients with stable disease (eGFR
decline =2 ml/min per 1.73 m” per year). All cases and controls
were matched 1:1 by age, sex, baseline eGFR, htTKV, and
genetic variant. From the DIPAK cohort two case—control
groups (groups 1 and 2) were formed for the discovery pro-
teomics experiments, and two additional groups were formed
for the internal validation experiments using immunoblotting
and whole-urine ELISA (groups 3 and 4). The reason to use
two groups for discovery was that we used a tandem mass tag
(TMT) labeling approach that at the time restricted group size
to ten patients. From the Cologne cohort, two case—control
groups (groups 5 and 6) were formed for external validation,
including one with baseline eGFR 30-60 ml/min per 1.73 m”
(group 5) and one with baseline eGFR 60-90 ml/min per
1.73 m* (group 6). The DIPAK cohort was established from an
open-label randomized clinical trial designed to examine the
effect of lanreotide on disease progression in patients with
ADPKD with an eGFR of 30-60 ml/min per 1.73 m?.16 Base-
line and follow-up measurements of this study, including
BP, body weight, magnetic resonance imaging-based htTKV,
and kidney function, have been described previously.!” The
Cologne cohort enrolls patients with ADPKD not requiring
kidney replacement therapy (trial registration numbers
NCT02497521 and DRKS00008910). Both the DIPAK and
Cologne cohorts were approved by the institutional review
boards, and informed consent was obtained from all
participants.

Sample Collection and uEV Isolation

Fifty milliliter spot urine samples that had been stored
at —80°C after addition of a protease inhibitor were used
for uEV isolation. uEVs were isolated using a differential
ultracentrifugation protocols that were essentially the same
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Figure 1. Study design showing the two ADPKD cohorts from
DIPAK and Cologne and the six case-control groups that
were formed for the individual studies. In the discovery ex-
periments (gray shading), uEVs were analyzed using MS/MS
quantitative proteomics with TMT labeling (groups 1 and 2). In
the validation experiments (blue shading) immunoblotting and/
or an ELISA on whole urine were used (groups 3-6). ADPKD,
autosomal dominant polycystic kidney disease; TMT, tandem
mass tag; uEV, urinary extracellular vesicle.

for the two cohorts with minor differences.!8-20 In brief, both
protocols used low-speed centrifugation steps before and after
freezing. The ultracentrifugation steps to pellet the uEVs were
120 minutes at 200,000Xg (group 1), 160 minutes at
150,000Xg (groups 2 and 3, because of a restriction of the
maximum revolutions per minute of the rotor), and 60
minutes at 200,000Xg (groups 5 and 6). Dithiothreitol
(200 mg/ml) was used to dissociate uromodulin polymers
in the DIPAK cohort but not in the Cologne cohort. The final
supernatant was discarded, and the uEV pellet was dissolved
in 150 ul PBS (DIPAK cohort) or 40 ul 8 M urea buffer
(Cologne cohort) and stored at —80°C until analysis.

Mass Spectrometry

uEV isolates from our first two groups were lyzed in 100 mM
triethylammonium bicarbonate buffer containing 1% sodium
deoxycholate, 1% SDS, and 2% Triton X100 by sonication for
10 minutes using a bioruptor (Diagenode). Proteins were
quantified using the bicinchoninic acid assay protein kit (Ther-
moFisher Scientific/Pierce, catalog 23225). Twenty microgram
of protein was digested using the SP3 protocol,?! and individual
peptide samples were isobarically labeled using the TMT

JASN 35: 321-334, 2023
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10-plex isobaric reagent kit (ThermoFisher Scientific, A34808)
according to the supplier’s instructions. TMT-labeled samples
were then combined for each group and analyzed using
nanoflow liquid chromatography tandem mass spectrometry
on an EASY-nLC coupled to an Orbitrap Lumos Tribid mass
spectrometer (ThermoFisher Scientific) operating in positive
mode. Peptides were separated on a ReproSil-C18 reversed
phase column (Dr. Maisch; 25 cmX75 um) using a linear
gradient of 0%—80% acetonitrile (in 0.1% formic acid) during
90 minutes at a flow rate of 250 nl/min. Spectra were acquired
according to a data-dependent acquisition regimen in con-
tinuum mode; fragmentation of the peptides was performed
by higher-energy collision dissociation using the multinotch
synchronous precursor selection MS3 reporter ion-based
quantification method. Peptide spectra were analyzed using
Proteome Discoverer 2.5 (ThermoFisher, Scientific), and
total peptide abundances were normalized for all TMT
channels before protein abundance computation and further
statistical processing in R. Groups 1 and 2 were both quan-
tified in their own pooled TMT analysis, maximizing sample
comparability within experiments. Identified proteins were
compared with the Vesiclepedia uEV proteome database.??

Immunoblotting

To validate the mass spectrometry findings, we performed
immunoblots using primary antibodies against MMP-7
(1:100, Santa Cruz, SC-515703; 1:200, Santa Cruz, SC-
80205), charged multivesicular body protein 4a (CHMP4A)
(1:100, Santa Cruz, SC-514869), and secondary horseradish
peroxidase-conjugated goat anti-mouse IgG antibodies
(1:3000, Biorad, L005680). uEV isolates from groups 3, 5,
and 6 were mixed with Laemmli buffer for immunoblot
analysis, and samples were loaded relative to urine creati-
nine.?3> We used Criterion tris-glycine extended precast poly-
acrylamide midi gels (Biorad), and proteins were transferred
to membranes using a Trans-Blot Turbo (Biorad). Membranes
were blocked using 5% bovine serum albumin in tris-buffered
saline with 0.1% Tween 20 (Sigma-Aldrich) for 1 hour and
visualized using an Amersham AI600 Chemiluminescent
imager (GE Healthcare) and Clarity Western enhanced
chemiluminescence substrate (Biorad). Acquisition images
were processed using Image Studio version 5.2 (LI-COR
Biotechnology), and background normalized values were ex-
ported to R for statistical analysis. Densitometry values of
MMP-7 and CHMP4A from group 3 were also extrapolated to
24-hour protein excretion by correcting for the individual’s
24-hour creatinine excretion.??

Whole-Urine ELISA

To compare the performance of uEV-specific MMP-7 to un-
processed urine, we measured whole-urine MMP-7 in groups
3, 4, and 6 using the commercial Human Total MMP-7
DuoSet ELISA (DY907, R&D Systems) according to the ven-
dor’s instructions. In brief, plates were coated using 100 ul of
180 wg/ml capture antibody and incubated overnight at room
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temperature. Plates were then washed and blocked, and sam-
ples were thawed at room temperature, vortexed, and diluted
ten times in reagent buffer before 100 ul of diluted sample
was loaded per well in duplicate and incubated for 2 hours at
room temperature. After sample removal and washing, 100 ul
of detection antibody solution was added and incubated at
room temperature for 2 hours. The detection antibody solu-
tion was removed and plates were washed before 100 ul of
working dilution streptavidin-HRP was added and incubated
at room temperature for 20 minutes in the dark. Plates were
again aspirated and washed before 100 ul of substrate solution
was added, incubated for 20 minutes at room temperature in
the dark, and finally 50 ul of stop solution was added, and
optical density measured at 450 nm with the absorption at
540 nm subtracted.

Small Nuclear Ribonucleic Acid Sequencing

Small nuclear ribonucleic acid sequencing data from one of
our recent studies?* were analyzed for MMP-7. In this pre-
vious study, healthy kidney tissue from kidney donor biopsies
(n=2) and ADPKD kidney tissue acquired after nephrectomy
in preparation for kidney transplantation (n=3) was homog-
enized using nuclei isolation buffer (EZ lysis buffer, NUC101,
Sigma-Aldrich) to form single-cell suspension as previously
described.?4-2¢ Free nuclei suspensions were enriched using a
SH800 cell sorter (Sony Biotechnology) before nuclei in
suspension were loaded into the chromium controller
(10X, Genomics, PN-120223") on a Single Cell B chip
(10X Genomics, PN-120262) and processed following the
manufacturer’s instructions to produce single-cell gel beads.
The sequencing library was generated using the Chromium
Single cell 3’ reagent Kit v3 (10X Genomics, PN-120262)
and Chromium i7 Multiplex Kit (10X Genomics, PN-
1000092). Libraries were sequenced on NovaSeq targeting
50,000 reads per cell as described previously.2>2¢ Cells were
annotated using previously reported marker genes of the
kidney precision medicine project.?” For each cell type, we
calculated the percentage of MMP-7-expressing cells and
the average expression for each cell type. Finally, we com-
pared MMP-7—positive and MMP-7-negative cells for gene

expression of selected profibrotic genes (using a cutoff of
0 transcripts).?8

Statistical Analysis

Patient baseline characteristics other than variables used for
matching were compared using the Student ¢ tests and chi-
square tests, as appropriate. For all groups, the eGFR slope
was calculated using univariable linear regression. Tandem
mass spectrometry-identified and TMT-normalized proteins
were only used for statistical analysis when they were reliably
quantified for all cases. Protein abundances were normalized
using the Bioconductor vsn-package for R to address the
observed dependence of variance on protein abundance
means.?®30 Protein abundances were compared between
groups using two-tailed independent samples Student ¢ tests,
and protein fold changes were calculated dividing the mean
difference in abundance by the mean of the stable disease as
the reference group. Pathway analysis was performed in group
1 using the ReactomePA package for R using the Reactome
pathway database (version 1.34.0) and the Vesiclepedia uEV
proteome as background.>!>3?2 Immunoblot optical densities
of MMP-7 and CHMP4A of group 3 were compared using
an independent samples ¢ test, with values for groups 5 and 6
compared using the Wilcoxon rank sum test because of the
non-normal distribution of the data. The ELISA MMP-7
abundance of groups 3, 4, and 6 was divided by urinary
creatinine concentration and compared between rapid pro-
gressive and stable cases using an independent samples ¢ test.
The ELISA MMP-7 abundance of group 4 was further
explored using linear regression, correlating the individual
eGFR slope to the creatinine-corrected urinary MMP-7
abundance. In addition to the univariable model, a multi-
variable analysis adding a plate-specific factor, patient sex,
age, baseline eGFR, and truncating or nontruncating PKDI
variant was performed. To compare the associations of uEV
MMP-7 and whole-urine MMP-7 with eGFR loss over time,
the uEV immunoblot and whole-urine ELISA measure-
ments in groups 3 and 6 were used to calculate receiver
operating characteristic curves and compared using the
pROC package in R.33

Table 1. Selected baseline characteristics

. Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Characteristic n=10 n=10 n=24 n=59 n=24 n=24

Cohort DIPAK DIPAK DIPAK DIPAK Cologne Cologne
Baseline eGFR range, ml/min per 1.73 m? 30-60 30-60 30-60 30-60 30-60 60-90
Age, yr 50.1 (7.0) 43.3 (5.1) 48.6 (8.7) 48.7 (5.7) 51.0 (10.4) 44.4 (9.0)
Female sex, % 60 40 58 76 50 50
PKD1 variant, % 100 100 80 100 46 46
Truncating PKD1 variant, % 100 100 30 59 42 33
PRO-PKD score 4.8 (2.1) 6.2 (1.8) 3.8 (2.4) 4.4 (1.6) 3.9 (2.7) 3.8 (3.3)
Mayo classification score 3.1 (0.7) 3.6 (1.0) 3.2 (0.8) 3.1 (0.7) 3501.1) 3.4(1.2)
htTKV baseline, mL/m 857 (282) 1398 (875) 1069 (670) 916 (4.64) 1790 (1301) 1049 (580)

htTKV, height-adjusted total kidney volume.
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Figure 2. eGFR over time in the six groups. eGFR is depicted as mean*SEM with fitted linear regression including the 95%
confidence interval in gray. eGFR over 2.5 years of follow-up is shown for the discovery Groups 1 and 2 (panels A and B), internal
validation Groups 3 and 4 (panels C and D) and the external validation Groups 5 and 6 (panels E and F).
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A

Identified UEV proteins compared
with literature

Identified
proteins

Vesiclepedia

B

Identified UEV proteins in the
discovery experiments

Group 2
Group 1

Figure 3. Total number of proteins identified in the MS/MS experiments. (A) Venn diagram comparing the proteins identified in
isolated UEVs within the MS/MS experiments combined with the extracellular proteome reported on Vesiclepedia. (B) Venn diagram
comparing the proteins identified in isolated uEVs in the MS/MS experiments (rapid disease progression versus stable disease in

discovery groups 1 and 2).

RESULTS

Clinical Characteristics

The clinical characteristics of the six case—control groups are
shown in Table 1 and Supplemental Tables 1-4, and the eGFR
decline over time is shown in Figure 2. The four DIPAK
case—control groups included patients who primarily carried
the PKD]1 variant and who had an age between 42 and 51 years
and eGFR between 49 and 55 ml/min per 1.73 m” The two
case—control groups from the Cologne cohort were largely
similar, except for a lower percentage of patients with the
PKD]1 variant and one group with higher eGFR (between 60
and 90 ml/min per 1.73 m?). Other characteristics, including
Mayo classification score and the use of renin-angiotensin
inhibitors, were largely similar between groups (Supplemental
Tables 1-4).

Protein Identification and Pathway Analysis

uEV proteomic analysis of groups 1 and 2 identified 2780 and
1044 unique proteins. Of the 3079 unique uEV proteins
identified in both groups, the majority (87%) has been
reported previously in the Vesiclepedia proteome database
(Figure 3A). The overlap of identified uEV proteins in groups
1 and 2 is shown in Figure 3B. To determine if uEV proteins
with different abundances in patients with rapid disease pro-
gression compared with stable disease reflect altered biological
processes, we performed pathway analysis in group 1. In the
Reactome database, we identified 176 enriched pathways, in-
cluding nested pathways (Supplemental Data). These pathways
not only include protein folding and extracellular signal-
regulated kinase / mitogen-activated protein kinase functions
but also several signaling pathways, including Wnt-signaling,
insulin and glucagon signaling, fibroblast growth factor
receptor 2 and fibroblast growth factor receptor 4, and
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prostacyclin and thromboxane signaling. All of these path-
ways have previously been implicated in the pathophysiology
of ADPKD.?434-37 All MS data are available on ProteomeX-
change through the PRIDE database (identifier PXD042533).

Differential Expression of MMP-7 in Rapid Disease
Progression

In group 1, we identified 65 uEV proteins, and in group 2, we
identified 36 uEV proteins with significantly different abun-
dances between patients with rapid disease progression and
stable disease (Figure 4, A and B, Figure 1, and Supplemental
Tables 5 and 6). MMP-7 and CHMP4A were consistently
higher and lower in groups 1 and 2, respectively (Figure 4,
C-F and Supplemental Data). Internal validation of the
tandem mass spectrometry results by immunoblotting using
uEVs from group 3 confirmed a significantly higher abun-
dance of MMP-7 in patients with rapid disease progression
compared with patients with stable disease (Figure 5, A and
B). In contrast to the mass spectrometry data, however,
CHMP4A when analyzed with immunoblotting was higher
in patients with rapid disease progression than in patients
with stable disease (Figure 5, A and C). We hypothesized that
the normalization strategy by total protein for mass spec-
trometry and by urine creatinine for immunoblot could
explain the opposite direction of change in CHMP4A.
Indeed, when the immunoblots were loaded with normal-
ization for the uEV marker CD9, the higher abundance of
MMP-7 in patients with rapid disease progression persisted
(Supplemental Figure 2), whereas no difference in CHMP4A
was found (data not shown). We, therefore, concluded
that MMP-7 was the most robust and reproducible uEV-
biomarker, which was then further analyzed. We extrapolated
the MMP-7 abundance to 24-hour excretion and found that it
remained significantly higher in those with rapid disease

JASN 35: 321-334, 2023
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Figure 4. Identification of uEV-MMP-7. Volcano plots for the comparison of protein abundance in isolated uEVs of patients with
rapid disease progression versus stable disease in (A) group 1 and (B) group 2. X-axis depicts vsn-normalized abundance ratio (rapidly
progressive/stable), which includes a log transformation. Y-axis depicts naturally log-transformed P values of the Student t test, with
cutoff at —Ln(0.05). Significantly different proteins (P < 0.05) are marked in darker gray. Abundance of biomarker candidates (C and D)
MMP-7 and (E and F) CHMP4A in the MS/MS experiments of groups 1 and 2. Abundances were vsn-normalized, which includes log
transformation. *P < 0.05, **P < 0.01 by the Student t test. CHMP4A, charged multivesicular body protein 4a; MMP-7, matrix

metalloproteinase 7.

progression (Figure 5D). In the two external validation groups
(groups 5 and 6), uEV-MMP-7 was also significantly higher in
patients with rapid disease progression compared with stable
disease (Figure 5, E and F). We did see more variability in

JASN 35: 321-334, 2023

groups 5 and 6 than in group 3. Lower than expected MMP-7
abundance in patients with rapid disease progression may be
attributable to initiation of CKD progression at a later time
than the baseline collection or the presence of MMP-7
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Figure 5. Immunoblot analysis of MMP-7 and CHMP4A in uEVs. (A) Immunoblot analysis of MMP-7 and CHMP4A in internal
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328 JASN JASN 35: 321-334, 2023



www.jasn.org | CLINICAL RESEARCH

A B C
Group 3 Group 4 Group 6
Internal validation Internal validation External validation
4 4 A 1.5
=) =) =)
g 0.133 % %
=31 =3 0.069 2
g g — 2 1.0
IS IS = 0543
T 2 T 2 . © . *
o o Q
Q 2 : 2 05
N1 Nd . N
o o o
= u = =
= kA = =
0 0 . . 0.0
T

Rapid  Stable

Rapid

Stable Rapid  Stable
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MMP-7 in patients with rapid disease progression compared with patients with stable disease in (A and B) the two internal validation
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proteolytic fragments that were undetectable by immunoblot.
Conversely, higher MMP-7 abundance in patients with stable
disease may be attributable to an intercurrent episode of AKI.

MMP-7 Whole-Urine ELISA Does Not Distinguish Rapid
from Slow Disease Progression

We determined the utility of a whole-urine ELISA for the
high-throughput identification of patients with rapid disease
progression or stable disease. In spot urine samples from
case—control groups 3, 4, and 6, MMP-7 protein levels cor-
rected for urine creatinine (MMP-7/creatinine) were higher in
patients with rapid disease progression compared with pa-
tients with stable disease, but this difference did not reach
statistical significance (Figure 6, A—C). In a linear regression
analysis, MMP-7/creatinine did significantly correlate with the
decline in eGFR in all models, but with a low R? value of 0.01
(Table S7). Next, we compared the performance of uEV and
whole-urine MMP-7 and found that the area under the re-
ceiver operating characteristic curve of uEV-MMP-7 was
significantly greater than for the whole-urine MMP-7 (group
3: 0.77 versus 0.69, P = 0.05; group 6: 0.83 versus 0.56,
P = 0.01, Supplemental Figure 3). The correlation between
uEV and whole-urine MMP-7 was weak and not statistically
significant (Supplemental Figure 4).

Single-Nucleus RNA Sequencing

We analyzed snRNA sequencing of the human kidney in both
healthy controls and patients with ADPKD to identify the
cellular origin of uEV MMP-7 (Figure 7, A—C). We found a
markedly higher MMP-7 abundance in ADPKD kidney tissue
compared with healthy control tissue (Figure 7D). In the
human kidney, MMP-7 appears to be primarily expressed in
cells of the proximal tubule and thick ascending limb (TAL),
as well as a smaller proportion of connecting duct and
collecting duct cells (Figure 7, C and D). Comparing
healthy control with ADPKD tissue showed that in ADPKD
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proximal tubular and TAL cells MMP-7 expression was 1.5
and 2.0 times higher, respectively (adjusted P value < 0.01
for both, Figure 7, B and C). This was due to both an
increase in the proportion of MMP-7—expressing cells and
the expression of MMP-7 per positive cell (Figure 7D). We
also observed a higher expression of profibrotic genes in
MMP-7+ proximal tubular and TAL cells, especially dou-
blecortin domain containing 2 (DCDC2) and prominin-1
(PROM1) (Figure 8, A—C). To further analyze MMP-7 in
health and in kidney disease, we reanalyzed the uEV proteo-
mics data from one of our previous studies in which we
compared uEV protein abundances of patients with ADPKD
with healthy individuals and those with non-ADPKD CKD.?
In this previous data set, MMP-7 was undetectable in healthy
individuals, whereas it was detectable and 13-fold higher in
ADPKD compared with non-ADPKD CKD (Supplemental
Figure 5).

DISCUSSION

Here, we aimed to identify and validate novel uEV biomarkers
that may help to identify rapid disease progression in patients
with ADPKD. Using a step-wise approach with six matched
case—control groups, we identified MMP-7 as a promising new
uEV biomarker. MMP-7 performed better as a biomarker
when analyzed in uEVs compared with whole urine, which
may be due to the fact that uEVs are primarily secreted by
tubular epithelial cells. Using snRNA-sequencing data, we
show that MMP-7 is significantly higher expressed in ADPKD
kidney tissue than in healthy kidney tissue, especially in
proximal tubular and TAL cells with a profibrotic phenotype.

MMP-7 is an endopeptidase MMP with proteolytic activity
against a wide range of extracellular proteins that regulate
different biological processes such as apoptosis, fibrosis, and
inflammation.?8-4! MMP-7 was previously identified at the
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Figure 7. MMP-7 in human ADPKD kidney tissue. Single-nucleus RNA sequencing of human kidneys for 20 different recognized cell
types (A) identified MMP-7 for human control and ADPKD tissue when expression was projected on the cell type mapping (B) and
directly compared (C) between ADPKD patient kidneys and control tissue. (D) Both the percentage of PT-2 and TAL-2 cells expressing
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tubular level in different forms of AKI and CKD, including
ADPKD, progressive IgA nephropathy, and acute kidney
transplant rejection, but not in healthy kidney tissue.40-43
A recent kidney tissue proteomics study identified MMP-7
as a kidney disease biomarker that correlated with fibrosis and
predicted faster eGFR decline.** The role of MMP-7 in kidney
disease appears to be multifactorial. MMP-7 knockout mice
show reduced collagen deposition, reduced interstitial fibrosis,
but increased albuminuria.#’>45-4° During kidney injury,
MMP-7 is upregulated by B-catenin, the principal mediator
of canonical Wnt signaling, leading to apoptosis of interstitial
fibroblasts, thereby reducing the development of kidney
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fibrosis.*® Indeed, MMP-7 knockout mice were more suscep-
tible to ischemia/reperfusion injury and cisplatin, which
was reversible when MMP-7 was supplemented.*> We iden-
tified an increase in uEV MMP-7 in rapidly progressive
ADPKD in the context of a wider enrichment in Wnt sig-
naling in the pathway analysis of our proteomics data. Poly-
cystins 1 and 2 can both influence Wnt signaling through a
number of different intermediates, which in turn could reg-
ulate MMP-7. Moreover, in human cyst-lining cells wild-type
but not mutated Pkdl inhibited B-catenin-mediated Wnt
signaling.>® The interaction between polycystin 2 and the
Wnt pathway has been more extensively explored than for
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Figure 8. Profibrotic profile of MMP-7 expressing cells. Single-nucleus RNA sequencing of human kidneys recognizes a significantly
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polycystin 1.51->4 Loss of Pkd2 activates 3-catenin and stim-
ulates kidney epithelial cell proliferation and cystogenesis.
Moreover, inhibition of Wnt and B-catenin suppressed cyst
formation in Pkd2 transgenic mice.>> In mice, activation of
the planar cell polarity pathway, a noncanonical Wnt signaling
pathway, precedes cyst development and also includes MMP-7
as a downstream mediator.>*>> Whether MMP-7 has kidney-
protective or detrimental effects in patients with ADPKD
warrants further evaluation.

To further analyze the potential role of MMP-7 in ADPKD,
we applied snRNA sequencing and found a significantly
higher MMP-7 expression in ADPKD tissue than in healthy
kidney tissue. Cells with strong MMP-7 expression in ADPKD
were located in the proximal tubule and TAL and had a
profibrotic phenotype characterized by a strong expression of
DCDC2 and PROM1. DCDC2 has previously been implicated
in ciliopathies and nephronophthisis and is associated with
kidney and liver fibrosis in a Wnt signaling and S-catenin
dependent manner.>>8 PROMI is increased in the kidney
injury response to various stressors and forms protein com-
plexes with E-cadherin and B-catenin.>® In aging kidneys, a
subset of PROM1-positive tubular epithelial cells has been
identified that are both functionally impaired and have a
distinct profibrotic phenotype.®®

Our biomarker discovery approach relied on the isolation
of uEVs using ultracentrifugation. Ultracentrifugation-based
uEV isolation for protein quantification is still the gold
standard in the field, but is time-consuming. For this
reason, we also tried a commercially available ELISA to
quantify MMP-7 in whole urine. Whole-urine MMP-7
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measured by ELISA did not show a significant difference
between patients with rapid disease progression and stable
disease. This implies that uEV-MMP-7 better reflects kidney
abundance than whole urine MMP-7, which fits with the
concept that EVs are primarily secreted by tubular epithelial
cells.®! Because our study was exploratory, we propose that
future studies should validate our findings in a larger
ADPKD cohort using a high-throughput platform that
does not require the isolation of EVs (e.g., by using fluo-
rescence labeling).23-¢2 An analysis of the proteolytic activity
of uEV-MMP-7 using zymography would further add to our
understanding of its role in ADPKD. Because we identified
multiple metalloproteinases in uEVs, this would require
MMP-7 purification or the use of a modified zymography
assay with MMP-7 specificity.®3

The strength of this study was the analysis of MMP-7 in
six case—control groups that were matched for currently used
prognostic markers. A number of limitations, however,
should also be mentioned. First, this was an explorative
study which was limited by a relatively low number of
included patients, which is inherent to the labor-intensive
isolation of uEVs using ultracentrifugation. Second, a num-
ber of ADPKD-related proteins, including PKD1, PKD2, and
hyaluronidase-2 (TMEM2), were either not identified or not
different. This is contrast with a previous uEV proteomics
study and may be related to differences in sample prepara-
tion for mass spectrometry.!! Third, it is not yet possible to
differentiate between normal tubular epithelial cells and
cyst-lining epithelial cells when using snRNA sequencing.
Finally, the majority of the patients included in this
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study had a genetic variant in PKDI, and therefore, it is
unclear to what degree our findings extend to patients with a
PKD?2 variant.

In conclusion, uEV-MMP-7 but not whole-urine MMP-7
is significantly higher in patients with ADPKD who have rapid
disease progression compared with those with stable disease.
Larger-scale studies using high-throughput, isolation-free
methods for uEV-associated MMP-7 are necessary to validate
MMP-7 for clinical application as a noninvasive disease pro-
gression biomarker in ADPKD.
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