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Abstract

Kidney fibrosis constitutes the shared final pathway of nearly all chronic nephropathies, but
biomarkers for the non-invasive assessment of kidney fibrosis are currently not available. To
address this, we characterize five candidate biomarkers of kidney fibrosis: Cadherin-11 (CDH11),
Sparc-related modular calcium binding protein-2 (SMOC?2), Pigment epithelium-derived factor
(PEDF), Matrix-gla protein, and Thrombospondin-2. Gene expression profiles in single-cell

and single-nucleus RNA-sequencing (sc/snRNA-seq) datasets from rodent models of fibrosis

and human chronic kidney disease (CKD) were explored, and Luminex-based assays for each
biomarker were developed. Plasma and urine biomarker levels were measured using independent
prospective cohorts of CKD: the Boston Kidney Biopsy Cohort, a cohort of individuals with
biopsy-confirmed semiquantitative assessment of kidney fibrosis, and the Seattle Kidney Study, a
cohort of patients with common forms of CKD. Ordinal logistic regression and Cox proportional
hazards regression models were used to test associations of biomarkers with interstitial fibrosis
and tubular atrophy and progression to end-stage kidney disease and death, respectively. Sc/
snRNA-seq data confirmed cell-specific expression of biomarker genes in fibroblasts. After
multivariable adjustment, higher levels of plasma CDH11, SMOC?2, and PEDF and urinary
CDH11 and PEDF were significantly associated with increasing severity of interstitial fibrosis and
tubular atrophy in the Boston Kidney Biopsy Cohort. In both cohorts, higher levels of plasma and
urinary SMOC?2 and urinary CDH11 were independently associated with progression to end-stage
kidney disease. Higher levels of urinary PEDF associated with end-stage kidney disease in the
Seattle Kidney Study, with a similar signal in the Boston Kidney Biopsy Cohort, although the
latter narrowly missed statistical significance. Thus, we identified CDH11, SMOC2, and PEDF as
promising non-invasive biomarkers of kidney fibrosis.

Keywords
Kidney disease; fibrosis; histopathology; biopsy; biomarker

INTRODUCTION

Fibrosis is a hallmark of chronic kidney disease (CKD) which affects around 10% of the
world’s population.l-2 Fibrosis is attributed to the pathologic deposition of extracellular
matrix components in response to chronic injury and inflammation, 3 which can be

induced by a variety of stimuli, including autoimmune reactions, infections, or ischemic

and toxic insults. In the setting of acute and chronic kidney diseases, sustained injury

leads to uncontrolled accumulation of fibrotic matrix, thereby making kidney fibrosis the
shared final pathway of almost all progressive and chronic nephropathies.1 Interstitial
fibrosis / tubular atrophy (IFTA) is among the best histologic predictors for CKD
progression irrespective of disease etiology.>~’ Kidney fibrosis is characterized by interstitial
expansion through accumulation of proliferating myofibroblasts. Under conditions of
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chronic injury, myofibroblasts secrete matrix proteins that disrupt kidney architecture and
lead to parenchymal loss.8-10 Myofibroblasts are therefore an important therapeutic target
in fibrosis and CKD. Antifibrotic agents targeting myofibroblasts are being developed,

but a major roadblock to successful translation of these therapies is the current lack of
non-invasive measures of kidney fibrosis. The traditional biomarkers of CKD—estimated
glomerular filtration rate (eGFR) and albuminuria—are not direct measures of fibrosis and
therefore ill-suited for clinical trials of novel antifibrotic agents. New biomarkers that can
serve as surrogate markers and capture the degree and evolution of fibrosis are critically
required to facilitate trial design in nephrology.

We hypothesized that the ideal kidney fibrosis biomarkers would be expressed specifically in
myofibroblasts or would be extracellular matrix proteins, since both accumulate in fibrotic
disease. To develop and validate promising biomarkers of fibrosis, we chose five candidate
proteins from published preclinical models and clinical studies of kidney fibrosis. Sparc-
related modular calcium binding protein-2 (SMOC2), cadherin-11 (CDH11), and matrix-
gla protein (MGP) were selected from bulk RNA sequencing findings that demonstrated
significantly higher gene expression of these three candidates in kidney fibrosis.11

Pigment epithelium-derived factor (PEDF, also called SERPINF1) and thrombospondin-2
(THBS2) were selected as myofibroblast-specific genes identified in translational profiling
experiments of fibrotic mouse kidney.12

To determine cell-specific gene expression profiles and to confirm the initial findings

from preclinical experiments, we analyzed a publicly available single-cell RNA sequencing
(scRNA-seq) dataset of murine unilateral ureteral obstruction (UUO) kidney,13 a well-
established rodent model of renal fibrosis, a single-nucleus RNA sequencing (SnRNA-seq)
dataset of healthy human kidneys,14 and an snRNA-seq dataset from 8 individuals with
chronic kidney disease (CKD). We then developed microbead-based ELISA (Luminex)
assays and measured each biomarker in plasma and urine samples of patients enrolled in two
independent CKD cohort studies. We tested each biomarker’s association with the degree of
kidney fibrosis and the risks of progression to end-stage kidney disease (ESKD) and death.

METHODS

scRNA and snRNA-sequencing and bioinformatic analysis

To map biomarker-associated genes to gene expression data, we explored four different
datasets: (1) an SCRNA-seq dataset and (2) a bulk-RNA seq dataset derived from mice that
underwent sham surgery or UUO with kidneys harvested at day 2 and day 7 post UUO

or ureteral reimplantation to reverse obstruction before euthanasia at 7 days, 14 days, or
28 days post UUO (R-UUO) (n=4/timepoint).13 (3) A human snRNA-seq dataset derived
from 3 healthy adult kidneys,4 and (4) a human snRNA-seq dataset derived from 8 kidney
biopsy specimens of patients with CKD. The mouse UUQ datasets were acquired from

the Gene Expression Omnibus (GEO) database under accession numbers GSE 145053.

In the reversible unilateral-ureteric-obstruction (R-UUQO) model, ureteric obstruction was
surgically reversed by anastomosis of the previously obstructed ureter to the bladder.1> The
subsequent decompression of the kidney and restoration of urinary flow has been shown to
induce a regression of established fibrosis, which allows to investigate immune processes
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and subsequent tissue remodeling following the removal of an injurious stimulus.1315.16 The
healthy human kidney snRNA-seq dataset was obtained from the GEO database accession
number GSE131882. Details on these datasets have been previously described.13:14 The
human CKD snRNA-seq dataset was derived from 8 individuals with CKD who underwent
research biopsies as part of the Kidney Precision Medicine Project (KPMP). Details on the
KPMP snRNA-seq protocol are described at kpmp.org. Data were acquired from the KPMP
Atlas data repository (https://atlas.kpmp.org/repository).

Unigue molecule index (UMI) count matrices were uploaded into the R package Seurat.
For normalization, the digital gene expression (DGE) matrix was scaled by total UMI
counts, multiplied by 10,000 and transformed to log space. Only genes found to be
expressed in >10 cells were retained and cells with a relatively high percentage of UMIs
mapped to mitochondrial genes (>=0.5 for the UUO scRNA-seq and >=0.3 for the human
snRNA-seq) were discarded. Batch effect was corrected by the integration analysis from
Seurat 3.0 (https://satijalab.org/seurat/v3.2/integration.html). Linear dimensional reduction
was performed by using principal component (PC) analysis. For data exploration and
visualization, the first 20 PCs were selected for two-dimensional uniform manifold
approximation and projection (UMAP) implemented by the Seurat software in R Version
3.6.2 (R Foundation for Statistical Computing, Vienna, Austria). Biomarker gene expression
was visualized by feature plot, dot plot, or violin plot with the internal plotting functions in
Seurat.

Study populations

The BKBC is a prospective, observational cohort study of individuals undergoing native
kidney biopsy at three tertiary care hospitals in Boston, MA. Details of the study design
have been previously described.® The study includes adults =18 years of age who underwent
a clinically indicated native kidney biopsy between September 2006 and October 2018.
Exclusion criteria were the inability to provide written consent, severe anemia, pregnancy,
or enrollment in competing studies. Participants provided blood and urine samples on

the day of kidney biopsy. For this study, we evaluated a subset of 721 participants

with available baseline urine samples and 514 participants with available baseline plasma
samples. Baseline samples were collected at the day of native kidney biopsy and progression
to ESKD and death was defined from that date.

The Seattle Kidney Study (SKS) is a prospective, nephrology clinic-based, observational
cohort study of individuals with CKD.17:18 Since 2004, the SKS has enrolled 691
participants >18 years of age with non-dialysis CKD (defined as eGFR <90 ml/min/

1.73m?2 or UACR =30 mg/g) from outpatient nephrology clinics at three University of
Washington—affiliated hospitals in Seattle, WA. Exclusion criteria were prior or current
kidney transplantation, dementia, non-English speaking or the expectation to start renal
replacement therapy within 3 months. For this study, we evaluated a subset of 236
participants with available baseline urine samples and 252 participants with available
baseline plasma samples who were enrolled between 2006 and 2013. Baseline samples were
collected at the study enrollment date and progression to ESKD was defined from that date.
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Biomarker assay development and measurements

Multiplex microbead-based ELISA (Luminex) assays were developed for each biomarker
including assay and antibody evaluation for cross-reactivity and non-specificity, pairing,
tuning, and determination of lower limits of blank and detection. Recombinant proteins
were generated for standard curves using a mammalian expression vector. After collection,
plasma and urine samples were aliquoted and immediately stored at ~80°C until analysis.
Biomarkers were measured in triplicates at 1:10 dilution and blind split replicates were
included to assess coefficients of variation (CV). CVs across blind split replicates

were <20% for each plasma and urine biomarker. Assay development and biomarker
measurements were performed at ProtAtOnce Ltd, Athens, Greece as previously described!?
and amended according to the EMEA/CHMP/EWP/192217/2009, CLSI EP17-A Vol. 24 No.
34, and CKD BioCon Il Quality Control Committee Version 11.0 5/2/16 guidelines. Details
on the final selection of antibodies can be found in Supplemental Table 1. Capture antibodies
were coupled to Luminex magnetic beads and detection antibodies were biotinylated. 2500
coupled beads per analyte were incubated with the samples using a flat bottom 96-well

plate on a shaker at 900 revolutions per minute (rpm) for 90 minutes at room temperature
followed by addition of the detection mix and incubation for another 60 minutes on a shaker
at 900 rpm at room temperature. For signal detection, samples were then incubated with
SAPE solution (Streptavidin, R-Phycoerythrin conjugate, Cat Nr: SAPE-001, Moss Inc.) for
15 minutes and the signal was measured with the Luminex FlexMAP 3D instrument.

Evaluation of histopathology

Kidney biopsy specimens of BKBC participants were adjudicated under light microscopy by
two experienced renal pathologists who provided semiquantitative scores for histopathologic
lesions. Lesions were jointly graded by the two pathologists for this study without
knowledge of the suspected clinical diagnosis or the final pathology report. IFTA was
graded as involvement of <10%, 11-25%, 26-50%, or > 50% of total cortical volume. The
weighted kappa statistic from 26 randomly selected biopsies for repeat review months after
the initial scoring was 0.72 (95% CI, 0.52-0.93) for IFTA scores.> We limited statistical
analyses on histopathologic lesions to cases with adjudicated biopsies (n=602 (84%) for
urine biomarkers/cr and n= 438 (85%) for plasma biomarkers).

Clinical outcomes and covariates

The primary outcome was progression to ESKD defined as receiving dialysis or kidney
transplantation. The secondary endpoint was all-cause mortality. In the BKBC, eGFR during
follow-up was obtained from the electronic medical record (EMR) and ESKD status was
confirmed by reviewing the EMR and linkage with the United States Renal Data System
(USRDS) database. Mortality status was confirmed with the Social Security Death Index
(SSDI). Participants were followed up until the occurrence of death, voluntary study
withdrawal, loss to follow-up, or February 1, 2020. Participant information was collected

at the biopsy visit, including demographics, medical history, medication lists, and laboratory
data. We obtained serum creatinine from the EMR on the day of biopsy. In participants

for whom this was unavailable, we measured serum creatinine in blood samples collected

on the day of biopsy. We obtained spot urine protein-to-creatinine ratio from the date of
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kidney biopsy up to 3 months before biopsy from the EMR. We used the creatinine-based
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation to calculate the
eGFR.2021

In the SKS, information on the initiation of dialysis, kidney transplantation, and mortality
status were ascertained via in-person examinations, telephone contacts, and medical chart
review. Information on procedures and events were verified using the EMR and linkage to
the USRDS and the SSDI. Annual, in-person SKS exams included health questionnaires,
measurements of physical performance, and collection of blood and urine specimens.
Baseline laboratory values including serum creatinine and UACR were measured at the
Kidney Research Institute, Seattle, WA using an in-house Beckman Coulter DXC600
chemistry analyzer. We used the CKD-EPI equation to calculate the eGFR.20.21

Statistical analyses

Descriptive statistics were summarized as count with percentages for categorical variables
and mean + standard deviation or median with interquartile range (IQR) for continuous
variables. For skewed data distributions, we performed logarithmic transformation as
appropriate. Urinary biomarkers were normalized to urinary creatinine (indicated as
biomarker/cr). Spearman correlation coefficients were used to determine associations
between eGFR and each biomarker and multivariable-adjusted linear regression models
were used to assess associations between biomarkers and demographic and clinical
characteristics. We used multivariable-adjusted ordinal logistic regression models, including
age, sex, race, and baseline eGFR, to evaluate associations of each urine and plasma
biomarker with the degree of IFTA. In these models, the ordinal IFTA score (<10%, 11—
25%, 26-50%, and > 50% of total cortical volume involved) was used as the dependent
variable and each biomarker as the independent variable. Conceptually, ordinal logistic
regression can be understood as fitting parallel logistic regression models with a common
odds ratio for the parameters at each IFTA threshold while still taking the ordinal scale

of IFTA into account.22:23 The Brant test? was used to confirm the assumption of
proportionality of the odds across response categories. We provided the pseudo-R squared?®
and the Akaike information criterion (AIC)26 as measures to compare the performance

of each ordinal logistic regression model. We first calculated both measures for the base
model that included age, sex, race, and eGFR and after the addition of plasma and urine
biomarkers. For the outcomes of progression to ESKD and all-cause-mortality, we fit Cox
proportional hazards regression models. Models were stratified by site with multivariable
adjustment for covariates, including age, sex, race, baseline eGFR/ log-transformed eGFR
(SKS), and baseline log-transformed proteinuria. We modeled each biomarker continuously
on a logy-scale and in tertiles. For urinary biomarkers, additional analyses were performed to
compare urinary creatinine normalization (i.e., expressing urine markers as a ratio to urinary
creatinine, as is done with albuminuria) to adjustment for urinary creatinine as a covariate in
multivariable models. We used complete case analysis since there was less than 5% missing
data. In the SKS, we only modeled biomarkers continuously because of the smaller sample
size and smaller number of events. We confirmed no violations of the proportional hazard
assumption through assessment of Schoenfeld residuals. All statistical tests were two-sided,
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and P-values <0.05 were considered significant. Statistical analyses were performed using
STATA 15.0 (STATACorp, College Station, TX).

Study approval

The Partners Human Research Committee (the Brigham and Women’s Hospital Institutional
Review Board, Boston, MA) approved the BKBC Study protocol for recruitment and plasma
and urine sample collection which was performed with written informed consent of the
participants. The SKS Study protocol was approved by the Institutional Review Board (IRB)
at the University of Washington Medical Center, the Harborview Medical Center, and the
Veterans Affairs Puget Sound Health Care Center in Seattle, WA. All SKS participants
provided informed consent. All mouse experiments carried out to generate the UUO snRNA-
seq dataset (GSE11953) were performed according to the animal experimental guidelines
issued by the Animal Care and Use Committee at Washington University. The KPMP

study is reviewed and approved through the central IRB process at The Human Research
Protection Office and Washington University in St. Louis.

RESULTS

scRNA-seq and snRNA-seq reveals biomarker gene expression in mouse and human
kidney fibroblasts

We analyzed an scRNA-seq dataset of murine kidneys at day 2 and day 7 after UUO and at
14 days after ureter reimplantation to reverse obstruction (R-UUOQ).13 The uniform manifold
approximation and projection (UMAP) plot shows 22 separate cell clusters (Figure 1A and
B), two of which represent distinct activated fibroblast populations (fibroblast cell clusters
type 1 and 2). All five biomarker genes were expressed in fibroblast cluster 1 (Figure 1C).
We observed strong expression of CDH11, SMOC2, MGP, and THBS2 7 days post UUO

as well as sustained expression after 14 days in the R-UUO model. Similar expression

post R-UUO was observed for a-smooth muscle actin (Acta2), an established myofibroblast
marker, as well as for the matrix proteins Collagen 12A1 (Co/12al) and Collagen 15A1 (Co/
15al) (Supplemental Figure 1).27 SERPINF1, the corresponding gene for PEDF, was most
strongly expressed 7 days post UUO, but expression attenuated after ureter reimplantation.
The increase of myofibroblasts at day 14 post R-UUO coincided with decreased expression
of Collagen 1A1 (Col/1al) and Collagen 5A2 (Col5a2) and increased expression in matrix
degrading genes such as matrix metalloproteinase-14 (MMP-14), consistent with the partial
regression of fibrosis seen in the R-UUO model (Supplemental Figure 1).13 Additional
analyses using bulk RNA-sequencing data confirmed results from scRNA-seq and showed
the strongest expression of all biomarker genes at 7 days post UUO and at 7 days post
R-UUO (Supplemental Figure 2).

SnRNA-sequencing of three healthy human kidneys revealed expression of all five
biomarker genes in human fibroblasts, with highest expression levels for CDH11, MGP,
SMOC2, and THBS2 (Supplemental Figure 3). In snRNA-sequencing data analyses from 8
individuals with CKD (Supplemental Table 2), we found cell-specific expression of CDH11,
SMOC2, MGP, and THBS2 in type 1 and type 2 fibroblasts. Compared to healthy human
kidney, CDH11 and SMOC2 were strongly expressed in CKD kidney. PEDF expression was
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relatively weak in both CKD and healthy human kidney (Figure 2 and Supplemental Figure
3).

Baseline characteristics and correlations with eGFR

Clinical characteristics and median urinary and plasma biomarker levels of participants in
both cohorts are shown in Table 1. The mean age was 52.4 (+ 16.4) years and 53.4 (+ 14.2)
years in the BKBC and the SKS, respectively. The mean eGFR was 56.6 (+ 35.9) ml/min/
1.73m2 in BKBC and 53.4 ( 30.7) ml/min/1.73m? in SKS participants. Median proteinuria
[IQR] was 1.7 [0.4, 4.4] g/g creatinine in the BKBC and median urine albumin-to-creatinine
ratio (UACR) was 0.1 [0.01, 0.6] g/g in the SKS. Spearman pairwise correlations between
biomarkers, eGFR, and proteinuria are shown in Supplemental Table 4. In the BKBC and the
SKS, plasma CDH11, SMOC?2, and PEDF, and all urine biomarkers/cr correlated inversely
with eGFR (rho= -0.14 to —-0.53, all p<0.05 for plasma biomarkers and rho=-0.12, to
-0.46, all p<0.01 for urine biomarkers/cr). In both cohorts, plasma SMOC2 (BKBC: rho=
0.12, SKS: rho=0.18, p<0.01) and urine CDH11, SMOC2, and PEDF correlated positively
with proteinuria (rho= 0.16 to 0.41, all p<0.01, respectively). Factors associated with plasma
and urine CDH11, SMOC?2, and PEDF in the two cohorts are shown in Supplemental

Table 5. In multivariable-adjusted linear regression models, lower eGFR was consistently
associated with higher levels of each biomarker in both cohorts.

Associations of fibrosis biomarkers with interstitial fibrosis and tubular atrophy (IFTA)

Figure 3andSupplemental Table 6 show differences in plasma and urinary fibrosis biomarker
levels across categories of IFTA in the BKBC. Differences in diagnostic sub-groups
including glomerulopathies, diabetic nephropathy, and IgA-nephropathy are shown in
Supplemental Figures 4-6. In multivariable ordinal logistic regression models adjusted for
age, sex, race, and eGFR (Figure 4), each doubling of plasma SMOC2, CDH11, and PEDF
associated with increased odds of being in a higher IFTA category (OR=1.39, 95% CI 1.10
to 1.76; OR=1.20, 95% CI 1.02 to 1.41, and OR=1.27, 95% CI 1.01 to 1.60, respectively).
Across urinary biomarkers, each doubling of CDH11/cr and PEDF/cr was associated with
greater odds of being in a higher IFTA category (OR=1.24; 95% CI 1.12 to 1.38 and
OR=1.13; 95% CI 1.06 to 1.20, respectively). The association between urinary SMOC2/cr
and IFTA narrowly missed conventional levels of significance (OR=1.11; 95% CI1 0.99 to
1.24). The observed associations of urinary biomarkers with IFTA remained qualitatively
unchanged when adjusted for urinary creatinine as a covariate, rather than normalized for
urinary creatinine in the denominator (Supplemental Table 7). Addition of each biomarker to
the baseline model improved the model performance as shown by the increase in pseudo R?
and the decrease in the AIC (Supplemental Table 8).

Associations of fibrosis biomarkers with progression to ESKD

During a median follow-up time of 4.4 and 4.1 years, 182 BKBC participants with available
urine biomarker levels and 122 BKBC participants with available plasma biomarker levels
progressed to ESKD, respectively (Supplemental Table 9). Table 2 A and Supplemental
Figure 7 show multivariable-adjusted associations between each plasma and urinary
biomarker with ESKD. In fully adjusted models including age, sex, race, log(proteinuria),
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and eGFR, two plasma biomarkers associated with an increased risk of developing the
outcome: compared to tertile 1, individuals in tertile 3 of plasma SMOC?2 and plasma

PEDF had an increased risk of progression to ESKD. Across all urine fibrosis markers,
three biomarkers associated with higher risk of developing ESKD: compared to tertile 1,
individuals in tertile 3 of urinary CDH11/cr, SMOC2/cr, and THBS2/cr were at increased
risk of progressing to ESKD. We observed a similar trend for the association of higher
levels of urinary PEDF/cr with ESKD, but the latter was confounded by eGFR and narrowly
missed conventional levels of statistical significance. The associations of urinary CDH11
and THBS2 with ESKD were sensitive to normalization versus adjustment to urinary
creatinine which attenuated the effect (Supplemental Table 10).

In the SKS, 59 participants suffered kidney disease progression to ESKD over a median
follow-up time of 4.6 years. Results from multivariable-adjusted analyses including age, sex,
race, log(UACR), and log(eGFR) are shown in Table 2 B. Higher levels of plasma SMOC?2
and CDH11 were independently associated with an increased risk of ESKD. Across all urine
biomarkers, higher levels of urinary CDH11/cr, SMOC2/cr, and PEDF/cr were associated
with an increased risk of progression to ESKD. In models adjusted for urinary creatinine

as a covariate, the association of urinary THBS2 with ESKD also became significant.

All other associations after urinary creatinine adjustment were qualitatively unchanged
(Supplementary Table 11).

Associations of fibrosis biomarkers with all-cause mortality

During a median follow-up time of 5.7 and 5.1 years, 134 BKBC participants with available
urine biomarker levels and 87 BKBC participants with available plasma biomarker levels
died, respectively (Supplemental Table 9). Across all plasma biomarkers, higher levels of
plasma SMOC2 were associated with all-cause-mortality after multivariable adjustment for
age, sex, race, log(proteinuria), and eGFR (Supplemental Table 12 and Supplemental Figure
8). Across all urinary biomarkers, individuals in tertile 3 of CDH11/cr had an increased

risk of death compared to individuals in tertile 1 after multivariable adjustment. These
associations did not remain statistically significant when adjusted for urinary creatinine as a
covariate (Supplemental Table 13).

DISCUSSION

The present study illustrates the sequential evaluation of candidate biomarkers of kidney
fibrosis, starting from initial selection based on rodent models, to exploration in SCRNA and
SnRNA-seq datasets, to assay development, and then finally to measurement in prospective
cohort studies. Of the five biomarkers we chose to study, the strongest signals were observed
with SMOC2, CDH11, and PEDF. Higher levels of plasma SMOC?2 and plasma and urinary
CDH11 and PEDF were independently associated with increasing severity of IFTA on
human kidney biopsies. In two independent cohort studies, plasma and urinary SMOC2

and urinary CDH11 associated with progression to ESKD after multivariable adjustment.
Higher levels of urinary PEDF were also associated with ESKD in the SKS with consistent
signals in the BKBC, although the latter narrowly missed conventional levels of statistical
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significance. These findings demonstrate that SMOC2, CDH11, and PEDF may have the
potential to serve as biomarkers for the non-invasive assessment of kidney fibrosis.

SMOC?2 is a member of the secreted protein acidic and rich in cysteine (SPARC) family

of matricellular proteins. We are not aware of prior studies of plasma or urine SMOC2

in prospective cohort studies of individuals with CKD. In preclinical models, SMOC2 is
upregulated upon kidney injury and activates fibroblast-to-myofibroblast transition, thereby
stimulating extracellular matrix production.#28.29 Targeting SMOC2 by siRNA attenuated
TGF-p1-mediated myofibroblast activation and protected from kidney fibrosis development
in mice.*

PEDF belongs to the serine protease inhibitor family and is a regulator of the Wnt-signaling
pathway.30 In rodent models of fibrotic kidney disease, decreased kidney PEDF expression
has been demonstrated in the diabetic mouse and rat kidney.30:31 Consistent with our
findings, studies in humans have shown that higher plasma PEDF is associated with CKD
progression in type 2 diabetes, suggesting it may represent a compensatory change in
diabetic patients with kidney disease and may have potential to serve as a prognostic
biomarker in diabetic nephropathy.32-34 We also found higher urinary and plasma PEDF
levels to be associated with higher degrees of IFTA and increased risk of ESKD. No
previous studies, to our knowledge, have examined urinary PEDF in prospective cohort
studies of individuals with diverse kidney diseases.

CDH11 is a transmembrane glycoprotein that mediates cell-cell adhesion and is involved

in the pathogenesis of lung fibrosis through regulation of TGF-B production.3> Studies in
mouse models of kidney fibrosis have shown that CDH11-mRNA expression increased with
greater severity of kidney fibrosis.}! In cross-sectional analyses of 53 individuals with and
without CKD, urinary CDH11 distinguished patients with CKD from healthy controls.11
Our findings are the first, to our knowledge, to investigate CDH11 as a biomarker for kidney
fibrosis and disease progression in prospective cohort studies.

The other biomarkers that we studied, THBS2 and MGP, did not demonstrate consistent
associations with IFTA and adverse clinical outcomes. THBS2 is a glycoprotein which is
synthesized and secreted by a variety of cells including fibroblasts, epithelial cells, and
immune cells.38:37 In our study, urinary THBS2 did appear to associate with greater risk of
ESKD but did not correlate with IFTA cross-sectionally. Neither plasma nor urinary MGP
appeared to be associated with fibrosis or kidney disease progression in this study.

Significant strengths of our study include the availability of biomarker measurements in both
urine and plasma in two independent cohort studies of individuals with CKD. Both studies
have a relatively long duration of follow-up and low rates of missing outcome data. Specific
strengths of the BKBC study include the availability of adjudicated histopathologic scores
on lesion severity for IFTA as well as the inclusion of individuals across a diverse spectrum
of kidney diseases.

Our study has several limitations that warrant consideration as well. Although we identified
statistically significant associations of protein biomarkers with interstitial fibrosis and
clinical outcomes, and demonstrated cell-specific expression in published datasets, we
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cannot determine whether the proteins studied here are kidney-specific fibrosis biomarkers
or synthesized by other organs or in other clinical conditions. We also had relatively limited
numbers of participants with specific clinical diagnoses, so the comparative performance

in different types of kidney diseases will require additional study. Because measured GFR
was not available for the two cohorts, we used eGFR for all analyses included in the

study. Lastly, whether these biomarkers can be used to monitor and are modulated by anti-
fibrotic treatments that are currently in development remains an important area for future
investigation. Further investigation in additional validation studies is needed to verify our
findings and pave the foundation for preclinical and clinical approval of the most promising
candidate biomarkers.

In conclusion, we identified SMOC2, PEDF, and CDH11 as promising biomarkers of kidney
fibrosis that carry prognostic value to estimate the risk of kidney disease progression in
individuals with CKD. These biomarkers may be used in studies to make non-invasive
estimates of the degree of fibrosis and could assist with estimating prognosis and clinical
decision-making. Additional studies are warranted to determine if these biomarkers track
over time with kidney disease progression, which could lead to their use as biomarkers of
therapeutic response, for example facilitating the investigation of anti-fibrotic therapies that
are under development for the treatment of commons forms of CKD.38
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Figure 1. Single-cell RNA-sequencing shows biomarker gene expression in mouse kidney

fibroblasts.

Biomarker gene expression in SCRNA-sequencing datasets from animals undergoing sham
surgery, or at UUO day 2 (UUO2d), UUO day 7 (UUO7d), or 14 days post R-UUO
(RUUO14d) were analyzed. (A) Uniform manifold approximation and projection (UMAP)

plot of mouse UUO kidneys reveals 22 separate cell clusters. (B) Biomarker gene expression
across cell clusters at different time points. (C) Quantification of differential gene expression

at different time points shows that fibrosis biomarkers are primarily expressed in kidney

fibroblasts.

UUO, unilateral ureteral obstruction; R-UUQ, ureter reimplantation to reverse obstruction;
PT1: proximal tubule S1 segment; PT2: proximal tubule S2 segment; PT3: proximal tubule

S3 segment; Prolif. PT, proliferating proximal tubule population; PEC, parietal epithelial

cells; TAL, thick ascending limb of Loop of Henle; DTL: descending limb of Loop of
Henle; DCT, distal convoluted tubule; PC, principal cells; IC, intercalated cells; Fib.,

fibroblasts type 1; Fib. 2, fibroblasts type 2; aEC, arterial endothelial cells; vEC, venous

endothelial cells; gEC, glomerular endothelial cells; Mg: macrophages; DC, dendritic cells;
NK cells, natural Killer cells. The SERPINF1 (Serine Proteinase Inhibitor-F1) gene encodes

PEDF.
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Figure 2. Single-nucleus RNA-sequencing analyses reveal biomarker gene expression in
individuals with chronic kidney disease (CKD).

(A) Uniform manifold approximation and projection (UMAP) plot of 8 human kidneys
from individuals with CKD reveals 16 separate cell clusters. (B) UMAP plot annotated
by cell type and individual. (C) Dot plots shows quantification of gene expression across
cell clusters. Podo, podocyte; PT, proximal tubule; Inj. PT, injured proximal tubule; DTL:
descending limb of Loop of Henle; cTAL, cortical thick ascending limb of Loop of
Henle; mTAL, medullary thick ascending limb of Loop of Henle; PC, principal cell;

IC, intercalated cell; aEC, arterial endothelial cells; vEC, venous endothelial cells; gEC,
glomerular endothelial cells; Fib., fibroblasts type 1; Fib. 2, fibroblasts type 2; Mono,
monocyte. The SERPINF1 (Serine Proteinase Inhibitor-F1) gene encodes PEDF.
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Figure 3. Differences in plasma (A) and urine (B) CDH11/cr, SMOC2/cr, and PEDF/cr levels by
grades of interstitial fibrosis and tubular atrophy (IFTA) in kidney biopsy specimens.

Boxplots show median and interquartile range (IQR) of fibrosis biomarkers on a log scale.
Whiskers span data within 1.5 times of the IQR of the lower and upper quartile (25t and
75t percentile, respectively). P value from Kruskal Wallis test <0.001 for each biomarker,

n=438 and n=602 for plasma and urinary biomarkers/cr, respectively.
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Figure 4. Associations between fibrosis biomarkers and interstitial fibrosis and tubular atrophy
(IFTA) in kidney biopsy specimens.

Odds Ratios (OR) are obtained from ordinal logistic regression models using IFTA (graded
as involvement of <10%, 11-25%, 26-50%, or > 50% of total cortical volume) as the
dependent variable and logo-transformed plasma biomarkers (A) and logso-transformed
urinary biomarkers/cr (B) as predictor variables. OR are expressed per change in IFTA
score. Models are adjusted for age, sex, race, and eGFR. N=438 and n=602 for plasma and
urine biomarkers, respectively.
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Table 1.

Baseline characteristics of the Boston Kidney Biopsy Cohort (BKBC) and the Seattle

BKBC (Nyring=721, Npjagma=514%) SKS (n=252)

Plasma biomarker concentrations
CDH11, pg/ml 1818.8 [867.7, 3320.3] 906.2 [765.5, 1104.4]
SMOC?2, pg/ml 5093.9 [3381.8, 7441.8] 5460.9 [4047.1, 7190.1]
PEDF, pg/ml 24988.5 [18961.8, 32124.8] 18325.0 [14036.8, 22593.2]
MGP, pg/ml 268.8 [231.2, 424.2] 229.1[207.0, 265.5]
THBS2, pg/ml 190.8 [163.0, 249.3] 178.7 [153.2, 211.9]
Urine biomarker/cr concentrations
CDH11, pg/mg 4315.2 [1861.1, 10545.8] 3542.2 [1723.3, 8464.2]
SMOC?2, pg/mg 3779.5 [2152.9, 8288.9] 3649.9 [1554.0, 7980.3]
PEDF, pg/mg 1965.2 [717.4, 13849.9] 549.8 [291.3, 1992.4]
MGP, pg/mg 370.2 [217.2, 703.7] 458.2 [284.4, 839.0]
THBS2, pg/mg 145.4 [93.6, 245.2] 260.4 [158.5, 393.6]
Clinical characteristics
Age, years 52.4 (£ 16.4) 53.4 (+ 14.2)
Female 360 (49.9) 177 (70.2)
Race

White 452 (62.7) 148 (58.7)

Black 143 (19.8) 55 (21.8)

Other 125 (17.3) 49 (19.4)
eGFR, ml/min/1.73m? 56.6 (= 35.9) 53.4 (£ 30.7)
Proteinuria, UACR? 1.7 [0.4 - 4.4] 0.1[0.01-0.6]
Co-morbid conditions
Diabetes mellitus 153 (21.2) 95 (37.7)
Hypertension 359 (49.8) 214 (84.9)
Systemic lupus erythematosus 91 (12.6) 22 (8.7)
Malignancy 104 (14.4) 21 (8.3)
Medications
ACEi 232 (32.2) 114 (45.2)
ARB 106 (14.7) 72 (28.6)
Calcium channel blockers 162 (22.5) 77 (30.6)
Beta-blockers 213 (29.5) 88 (34.9)
Immunosuppression 124 (17.2) 0 (0)
Corticosteroids 125 (17.3) 26 (10.3)
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SKS (n=252
BKBC (Murine=72L, Npiasma=514) (n=252)
Clinical site
Site 1 441 (61.2) 252 (100.0)
Site 2 211 (29.3)
Site 3 69 (9.6)
Kidney Study (SKS).

Data presented as mean + standard deviation, median [interquartile range], and count with frequencies (%) for binary and categorical variables.
Data on race were missing for one individual.

a . - Lo . . . .
Baseline characteristics of n=514 individuals with available plasma biomarker measurements are shown in Supplemental Table 3.

BKBC: Proteinuria (g/g creatinine), SKS: UACR (g/g). ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor blocker;
eGFR, estimated glomerular filtration rate; UACR, urine albumin-to-creatinine ratio; cr, creatinine
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