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Endothelial Cell-Specific Molecule-1 Inhibits
Albuminuria in Diabetic Mice
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Key Points

o Circulating endothelial cell-specific molecule-1 (Esm-1) inversely correlates with diabetic kidney disease.

o Addition of Esm-1 in susceptible mice reduces albuminuria, and deletion of Esm-1 in resistant mice mildly wor-
sens albuminuria.

e Esm-1 attenuates podocyte injury and select IFN signaling, highlighting innate immunity as a potential mecha-
nism of kidney disease.

Abstract

Background Diabetic kidney disease (DKD) is the most common cause of kidney failure in the world, and novel
predictive biomarkers and molecular mechanisms of disease are needed. Endothelial cell-specific molecule-1
(Esm-1) is a secreted proteoglycan that attenuates inflammation. We previously identified that a glomerular
deficiency of Esm-1 associates with more pronounced albuminuria and glomerular inflammation in DKD-
susceptible relative to DKD-resistant mice, but its contribution to DKD remains unexplored.

Methods Using hydrodynamic tail-vein injection, we overexpress Esm-1 in DKD-susceptible DBA/2 mice and
delete Esm-1 in DKD-resistant C57BL /6 mice to study the contribution of Esm-1 to DKD. We analyze clinical
indices of DKD, leukocyte infiltration, podocytopenia, and extracellular matrix production. We also study
transcriptomic changes to assess potential mechanisms of Esm-1 in glomeruli.

Results In DKD-susceptible mice, Esm-1 inversely correlates with albuminuria and glomerular leukocyte
infiltration. We show that overexpression of Esm-1 reduces albuminuria and diabetes-induced podocyte injury,
independent of changes in leukocyte infiltration. Using a complementary approach, we find that constitutive
deletion of Esm-1 in DKD-resistant mice modestly increases the degree of diabetes-induced albuminuria versus
wild-type controls. By glomerular RNAseq, we identify that Esm-1 attenuates expression of kidney
disease-promoting and interferon (IFN)-related genes, including Ackr2 and Cxcl11.

Conclusions We demonstrate that, in DKD-susceptible mice, Esm-1 protects against diabetes-induced
albuminuria and podocytopathy, possibly through select IFN signaling. Companion studies in patients with
diabetes suggest a role of Esm-1 in human DKD.
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Introduction defined as macroalbuminuria and/or impaired kidney
Among complications of diabetes mellitus, kidney dis-  function, is only 15%-30%, and few demographic or
ease has the highest morbidity and mortality (1-3). clinical features reliably predict which patients with
The prevalence of diabetic kidney disease (DKD), diabetes (type 1 or type 2) will develop DKD (4-7).
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A better understanding of the molecular determinants of
DKD could yield meaningful implications for human
health.

Investigators of the Animal Models of Diabetic Complica-
tions Consortium have phenotypically characterized the clini-
cal response to hyperglycemia among genetically distinct
mouse strains (8, 9). One of these strains (DBA /2, DKD-sus-
ceptible) develops significant nephropathy compared with
the more widely used strain (C57BL/6, DKD-resistant) (10).
We previously compared glomerular transcriptome profiles
from these two strains and, in DKD-susceptible mice, we
found significantly higher expression of proinflammatory
genes (11) and of genes related to endothelial dysfunction
(12) and to immune-mediated vascular injury (13, 14). Among
differentially regulated genes, we showed a glomerular-
specific deficiency of endothelial cell-specific molecule-1
(Esm-1) in DKD-susceptible mice, and that Esm-1 acutely
inhibits leukocyte infiltration (11, 15).

Esm-1 is a glomerular-enriched, secreted glycoprotein
with putative functions in inflammation and developing
vasculature, although its effects on the kidney are
unknown. Esm-1 transcription is modulated by proinflam-
matory cytokines, including interferon(IFN)-y (16). One
putative function of Esm-1 is to inhibit the interaction of
lymphocyte function-associated antigen-1 (LFA-1) with
intercellular adhesion molecule-1 (ICAM-1) (15, 17), a well-
recognized step of leukocyte infiltration. During develop-
ment, Esm-1, regulated by vascular endothelial growth
factor, is also expressed in tip cells at the leading edge of
vascular outgrowths (18). In samples from healthy volun-
teers, we showed that Esm-1 is enriched in kidney com-
pared with other tissues and, within the kidney, is highest
in glomeruli (11). However, this glomerular-enriched Esm-
1 is relatively deficient in patients with DKD versus healthy
volunteers (11, 19, 20). We and others have shown that
Esm-1 reduces leukocyte transmigration in vitro (11, 15),
and Esm-1 glomerular mRNA and protein are decreased in
DKD-susceptible versus DKD-resistant mice and demon-
strate an attenuated increase with hyperglycemia (11).
Whether circulating Esm-1 ameliorates DKD has not been
previously studied.

We hypothesize that Esm-1 deficiency contributes to kid-
ney injury in DKD-susceptible mice. Further, we posit that
addition of Esm-1 in DKD-susceptible mice would attenu-
ate kidney injury, and Esm-1 deletion in DKD-resistant
mice would promote kidney injury. In this study, using
complementary approaches, we determine the in vivo con-
tribution of Esm-1 to albuminuria and glomerular and/or
tubulointerstitial inflammation in murine DKD and analyze
the histologic and transcriptomic response to Esm-1 rescue
in DKD-susceptible mice. We also explore the association
between circulating Esm-1 and albuminuria in patients
with DKD.

Materials and Methods
Induction of Diabetes

We injected 8-week-old male DKD-susceptible (DBA /2])
or DKD-resistant (C57BL/6]) mice (Jackson Laboratories,
Bay Harbor, ME) intraperitoneally with 40 mg/kg body wt
of streptozotocin (STZ; Sigma-Aldrich, St. Louis, MO) ver-
sus vehicle (sodium citrate [pH 4.5]) daily for five

consecutive days. We then supplemented mice with 10%
sucrose water to prevent hypoglycemia. Four weeks after
the injection, we fed diabetic mice with a high-fat diet
(Research Diets, New Brunswick, NJ) for five additional
weeks until euthanasia (21, 22). We measured body weight
once per week. We quantified fasting blood glucose with a
Bayer Contour glucometer at 4 weeks post-STZ injection to
verify hyperglycemia. We collected urine samples at 9
weeks post-STZ injection and euthanized mice at 10 weeks
post-STZ injection. We prepared plasma samples from
retro-orbital blood and stored them at —80°C. We then pre-
pared glomerular and tubulointerstitial single cells for flow
cytometry analysis.

Quantification of Albuminuria

We collected urine from mice, singly housed in metabolic
cages (Tecniplast, Buguggiate, Italy). We quantified urine
albumin by ELISA and creatinine by a Creatinine Companion
kit (Exocell, Philadelphia, PA), following the manufacturer’s
instructions. For quantification of albumin, we diluted urine
samples at 1:10 to 1:15 for vehicle-treated mice and at 1:100 to
1:300 for polyuric, diabetic mice. For quantification of creati-
nine, we diluted urine samples 1:13 for vehicle-treated mice.

Single-Cell Preparation of Glomerular and
Tubulointerstitial Tissue

We anesthetized mice with isoflurane and euthanized
them after cardiac perfusion. We isolated mice kidneys and
dissociated tissue by forceps, and then by gentleMACS tis-
sue homogenizer with the program h_cord 01.01 (Miltenyi
Biotec, San Diego, CA) in 5-ml Hepes Ringer buffer (118-
mM sodium chloride, 17-mM H-Hepes, 16-mM Na-Hepes,
14-mM glucose, 3.2-mM potassium chloride, 2.5-mM cal-
cium chloride dihydrate, 1.8-mM magnesium sulfate hepta-
hydrate, 1.8-mM potassium dihydrogen phosphate). After
centrifugation (200X g for 10 minutes), we resuspended the
kidney tissue in Hepes Ringer buffer containing 0.2% colla-
genase I (Worthington Biochemical, Lakewood, NJ) and
0.2% hyaluronidase (Sigma-Aldrich), 90 ml/g kidney
weight, and rotated at 37°C for 2 hours. We washed the
digested tissue multiple times with Hepes Ringer and cen-
trifuged at 259Xg for 2 minutes, until the supernatant
became clear. We resuspended the tissue in 13 ml Hepes
Ringer buffer and passed tissue through a 40-um cell
strainer (Corning, Corning, NY) twice and a 100-um
strainer (Thermo Fisher Scientific, Waltham, MA) once to
isolate glomeruli. The flow through from the 40-um strainer
contained tubulointerstitial cells. The flow through from
the 100-pum strainer contained glomeruli. We centrifuged
both glomerular and tubulointerstitial fractions at 4000 rpm
for 10 minutes. We resuspended the tubulointerstitial sin-
gle cells with 1 ml 4% neutral buffered formalin (Thermo
Fisher Scientific) and fixed for 20 minutes at room tempera-
ture, then stored in PEB buffer (1X PBS, 2 mM EDTA, 0.5%
BSA) at 4°C. We resuspended the glomerular fraction in 1
ml HBSS buffer with calcium and magnesium ions
(Hyclone, Logan, UT) containing 0.1-0.2 mg/ml Liberase
Research Grade (Roche, Mannheim, Germany), and incu-
bated glomeruli in 24-well tissue culture plates at 37°C for
24 hours. The next day, we broke the glomeruli by pipet-
ting up and down 10 times and then centrifuged the
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glomerular single cells at 8000 rpm for 10 minutes, fixed
cells with 4% neutral buffered formalin (Thermo Fisher Sci-
entific) for 20 minutes at room temperature, and then
stored cells in PEB buffer at 4°C.

Flow Cytometry

We permeabilized formalin-fixed glomerular and tubu-
lointerstitial single cells with 0.25% Tween-20 in PEB buffer
at room temperature for 30 minutes and blocked cells with
Fc Block (clone 2.4G2; BD Biosciences, San Jose, CA)
diluted in 0.25% Tween-20 on ice for 10 minutes. We
stained cells with fluorescent-conjugated antibodies
(Supplemental Table 1) on ice for 30 minutes. After wash-
ing, we resuspended cells in 200 pl PEB buffer for flow
cytometry analysis on a Scanford Flow Cytometer in the
Stanford Shared FACS Facility. We used Flowjo 10 soft-
ware (Becton Dickinson, Ashland, OR) to analyze data. For
CD45(+) cells, we classified CD68(+)Ly6G(—) cells as mac-
rophages, CD68(—)Ly6G(+) cells as neutrophils, and
CD68(—)Ly6G(—) cells as others (likely lymphocytes).

Esm-1 ELISA

We quantified human serum Esm-1 by ELISA (Lungin-
nov, Lille, France) and mouse plasma Esm-1 by ELISA
(Aviscera Biosciences, Santa Clara, CA), following the man-
ufacturer’s instructions.

Hydrodynamic Injection to Overexpress Circulating Esm-1

Dr. Justin Annes (Stanford University) kindly provided
pT3-hEsm-1-V5 and pT3-GLuc (Gaussia Luciferase). The
Emory University Integrated Genomics Core facility
(Atlanta, GA) subcloned mouse or human Esm-1 ¢cDNA
from pCMV6 (Origene, Rockville, MD) into pT3. We pre-
pared plasmids using an EndoFree Plasmid Maxi Kit (Qia-
gen, Germantown, MD). One week before the induction of
diabetes, we performed hydrodynamic injection to overex-
press Esm-1. We diluted three plasmids: pT3-mEsm-1-V5
(25 pg), pT3-GLuc (25 pg), and pCMV(CAT)T7-SB100
Sleeping Beauty transposase (2.5 pug; Addgene, Cambridge,
MA) (23) in endotoxin-free saline (Teknova, Hollister, CA).
We injected the plasmid solution through the mouse tail
vein at 0.1 ml/g body weight with a 27G needle in 6-8 sec-
onds. Saline injection serves as the negative control. At the
time of euthanasia, we collected retro-orbital blood, pre-
pared plasma samples, and quantified Esm-1 and luciferase
activity. To validate the uptake of plasmids by hepatocytes,
we performed hydrodynamic injection to express green
fluorescent protein. We then euthanized these mice and
verified green fluorescence protein expression using a Leica
DM5000 (Leica, South San Francisco, CA).

Gaussia Luciferase Assay

We quantified plasma luciferase activity by a BioLux
Gaussia Luciferase Assay Kit (NEB, Ipswich, MA) from 10
pul plasma acquired by retro-orbital bleeding, following the
manufacturer’s instructions.

Generation of Esm-1 Knockout Mice

We inserted loxP recognition sites to flank exons 1
and 2 of the mouse Esm-1 gene (Ensembl identifier
ENSMUSG00000042379). In collaboration with the Institut
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Clinique de la Souris (Strasbourg, France), we transfected a
targeting cDNA fragment containing a neomycin resistance
cassette surrounded by loxP sites into mouse embryonic
stem cells by electroporation, allowing replacement of exons
1 and 2 of Esm-1 by the neomycin resistance cassette
through homologous recombination. After transfection, we
selected embryonic stem cells for recombination of Esm-1
with G418-containing medium, validated these clones by
Southern blot, and injected clones into blastocysts and then
into pseudopregnant female mice. We then crossbred the
offspring to generate mice that lack Esm-1 exons 1 and 2 on
homologous chromosomes. We then crossbred these mice
with Cre deleter mice to remove the neomycin resistant cas-
sette. For genotyping, we extracted genomic DNA from
mouse tails and performed PCR with the REDExtract-N-
Amp Tissue PCR Kit (Sigma-Aldrich) following the manu-
facturer’s instructions and analyzed samples on agarose gel.
We used 1f and 1r primer pairs to generate a 310-bp frag-
ment for the wild-type allele, and 1f and 2r primer pairs to
generate a 442-bp fragment, indicative of the knockout
allele. Primer sequences are in Supplemental Table 2.

Podocyte Staining

We stained 3- and 9-um paraffin kidney sections with
anti-WT-1 antibody (ab15249; Abcam, Cambridge, MA)
according to published protocols (24). Briefly, we per-
formed antigen retrieval on rehydrated sections in sodium
citrate buffer, pH 6.0, at 95°C for 1 hour. After blocking
with 20% goat serum, we incubated sections with 1:400
diluted anti-WT-1 antibody at 4°C overnight. We then
blocked sections with a Biotin/Avidin blocking kit, incu-
bated with biotinylated goat anti-rabbit secondary anti-
body, and developed with ABC and DAB kits (Vector Lab,
Burlingame, CA). We further stained sections with Periodic
acid—-Schiff reagent (Sigma-Aldrich), without hematoxylin
counterstain. After dehydration, we mounted sections with
EUKITT mounting medium (Thermo Fisher Scientific). We
captured images of stained sections with the Nanozoomer
Digital Scanner (Stanford Canary Center Imaging Core
Facility). We then exported images containing 50 glomeruli
per mouse and analyzed with machine learning tools
developed using the Cord online platform (https://app.
cord.tech/login). We used approximately 40 images to
train models to initiate the recognition of glomerular tuft
area. We used a confidence of 0.4 to recognize podocytes
and 0.6 to recognize the glomerular tuft area. We then
quantified podocyte per glomerular volume according to
the Animal Models of Diabetic Complications Consortium
protocol.

RNA Sequencing

We extracted kidney glomeruli from control mice, dia-
betic mice, and diabetic mice with overexpression of mouse
Esm-1. We isolated glomerular RNA using the Zymo
Research RNA preparation micro kit (Zymo Research,
Irvine, CA). We removed genomic DNA using RNase-free
DNase I (Fermentas, Waltham, MA). We then reversed
transcribed RNA into cDNA by using Improm II reverse
transcriptase (Promega, Madison, WI) and random hex-
amer primers (Genelink, Elmsford, NY). We submitted
c¢DNA samples to CD Genomics (New York, NY) for DNA
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quality control, library preparation, and sequencing (Illu-
mina Novaseq PE150 sequencing, 20M read pairs).

We then trimmed raw paired-end FASTQ files using
Trimmomatic version 0.36. We performed RNA-sequencing
(RNAseq) alignment to the reference mm9 using STAR ver-
sion 2.5.3a and default conditions. We filtered gene counts
for low expressing genes and performed differential expres-
sion analyses using the DESeq2 version 1.28.1 R package
installed in R version 4.0.2, with default settings. We sub-
mitted the data to Geobank with the accession number
GSE175449.

Quantitative RT-PCR

We prepared cDNA as described above. We then used
Fast Syber Green Master Mix (Applied Biosystems, Foster
City, CA) to quantify cDNA samples (1:5 to 1:25 diluted)
with the primers listed in Supplemental Table 3 at a melt-
ing temperature of 60°C. We used the StepOne PCR
machine (Applied Biosystems) provided by the Stanford
Protein and Nucleic Acid (PAN) Facility.

Biorepository

We collected serum samples from patients in two sepa-
rate cohorts: (1) patients who self-identified with diabetes
mellitus at the Palo Alto Medical Foundation from 2011 to
2012 (N= 250), and (2) patients who were consented for the
Stanford Precision Biobank regardless of status of diabetes
mellitus or kidney disease (N=2579). From these cohorts,
we extracted data from the electronic health record and
maintained a deidentified, secure database. We verified
patients with type 2 diabetes using physician-recorded
diagnosis (International Classification of Diseases, Ninth
Edition codes 250.X0, 250.X2), abnormal laboratory values
according to American Diabetes Association guidelines
(two of any hemoglobin Alc =6.5%, fasting blood glucose
=126 mg/dl, random blood glucose =200 mg/dl, or oral
glucose tolerance test =200 mg/dl) (25), or use of any anti-
diabetic medications. Among patients with at least one
recorded urine albumin or protein and one serum creati-
nine measurement (N=143 samples), after verification of
diabetes mellitus, we classified these patients with (1) nor-
moalbuminuria (<30-mg urine albumin per gram of creati-
nine), (2) microalbuminuria (30-300-mg urine albumin per
gram of creatinine), or (3) macroalbuminuria (=300-mg
urine albumin per gram of creatinine). We retained patients
in the cohort with a stable classification of albuminuria
within the months immediately preceding and after the
biospecimen collection date. In total, we studied 99 patients
with sufficient and stable baseline characteristics. Among
patients with normo- or microalbuminuria with a baseline
eGFR =30 ml/min per 1.73 m? using the Chronic Kidney
Disease Epidemiology Collaboration equation (26), we clas-
sified patients as progressors if longitudinal data showed a
persistent transition from normo- to micro- or macroalbu-
minuria, or micro- to macroalbuminuria. The median
(interquartile range) time between baseline urine measure-
ment and serum sample collection was 6 (13.5) months,
and follow-up data was available for 1.75 (3.0) years. Years
of available follow-up data did not significantly differ
between groups. We processed samples by centrifugation
and stored aliquots at —80°C.

Study Approval

The Palo Alto Medical Foundation Institutional Review
Board (IRB) approved the collection and storage of human
samples and deidentified clinical data. The Stanford Uni-
versity School of Medicine IRB approved the collection and
storage of human samples and deidentified clinical data
from the Stanford Precision Biobank. The Stanford
Research Compliance Office Administrative Panel for the
Protection of Human Subjects-IRB approved the use of
stored human sera. The Stanford Institutional Animal Care
and Use Committee approved the experiments in mice.
The animal protocol adheres to the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory
Animals.

Statistical Analyses

For statistical comparisons with normal data distribution,
we used the unpaired ¢ test as appropriate for two columns,
parametric one-way ANOVA as appropriate for more than
two columns, and two-way ANOVA for grouped tables. We
used Bonferroni correction to adjust for multiple comparisons,
as indicated, and used Dunnett T3 correction in one-way
ANOVA assuming different SDs. For non-normal data distri-
bution, we used the Mann-Whitney test for two columns,
and the Kruskal-Wallis test for more than two columns. For
inference testing, we examined log urinary albumin-
creatinine ratio to accommodate model assumptions. For
podometrics, we analyzed data using Minitab Statistical Soft-
ware version 19 (Minitab 17 Statistical Software [2010]; Mini-
tab, State College, PA). We assessed differences between two
groups with the unpaired, two-sample ¢ test. We adjusted by
Welch correction for unequal variances when necessary. For
RNAseq analysis, we compared DESeq2-normalized, log-
transformed gene counts (log2[normalized counts+]) for
comparisons, as indicated, and used the g-value function
from the g-value R package with default settings to run
adjustment for multiple comparisons. We used the online
software Metascape (http://metascape.org/) tool to perform
Gene Ontology analysis (27) using genes with g-values <0.05
as inputs. We ran this analysis with default parameters to
infer a hierarchic clusterization of significant ontology terms
into a tree on the basis of k-statistical similarities among gene
memberships. We selected the term with the best g-value
within each cluster as its representative term. We retained
ontology clusters with a g-value of <0.05 as significantly
enriched. In analyses restricted to specific gene sets, we gener-
ated g-values to run adjustment for multiple comparisons as
indicated. We designated statistical significance at a two-sided
P value of <0.05 for all biologically meaningful comparisons.
For each experiment, we note the number of samples in the
corresponding figure legend. We represent data per mouse
when indicated and include mean+SEM.

Results

Circulating Esm-1 Inversely Correlates with Albuminuria

and Glomerular Leukocyte Infiltration in Mice with DKD
We induced diabetes in DKD-susceptible mice, as indi-

cated in Figure 1A. Compared with nondiabetic controls,

diabetic DKD-susceptible mice show similar plasma Esm-1

concentrations, and significantly higher albuminuria
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Figure 1. | Plasma Esm-1, albuminuria, and glomerular leukocytes vary in DKD-susceptible mice. (A) Timeline of experimental design.
We treated mice with vehicle versus STZ and high-fat feeding, followed by euthanasia at 17 weeks of age. We quantified (B) plasma Esm-
1, (C) urine albumin-creatinine ratio (ACR), and (D) glomerular leukocytes. Open circles, control mice; closed circles, diabetic (DM) mice.
Results are presented per mouse and include mean=SEM. R? for nonlinear regression (solid line) is shown. n=27-29 per group. *P<0.05

versus control mice by unpaired ¢ test.

(Figure 1, B and C). We quantified mouse kidney leukocyte
infiltration in both glomeruli and tubulointerstitium
(Supplemental Figure 1A). We show that 1.1%*0.1% and 2.
8%*0.7% of cells are CD45(+)-positive leukocytes in healthy
mice glomeruli and tubulointerstitium (17=29-30 mice per
group), respectively, and the predominant leukocyte subtype
are macrophages (Supplemental Figure 1, B and C). Diabetic
mice have more pronounced glomerular infiltration com-
pared with control mice (Figure 1D). However, on the basis
of the wide range of albuminuria and leukocyte infiltration
in diabetic mice, we next compared the association of plasma
Esm-1 concentration with albuminuria and glomerular leu-
kocytes. Albuminuria inversely correlates with plasma Esm-1
concentration (R*=0.77) with an inflection at plasma Esm-1
of approximately 3 ng/ml (Figure 2A). Diabetic mice with
low plasma Esm-1 (<3 ng/ml) have significantly higher
albuminuria compared with nondiabetic controls, whereas
diabetic mice with higher plasma Esm-1 have no change in
albuminuria (Figure 2B). Plasma Esm-1 also inversely corre-
lates with levels of glomerular leukocyte infiltration (R*=0.
49) and, for mice with plasma Esm-1 >3 ng/ml, diabetes has
virtually no effect on leukocyte infiltration (Figure 2, C and
D). To assess causality, we used overexpression and knock-
out of Esm-1.

Hydrodynamic Injection Stably Increases Circulating Esm-
1 in Mice

Intraperitoneally injected Esm-1 protein only transiently
increases plasma Esm-1 (Supplemental Figure 2, Supplemental

Appendix 1). Therefore, we used hydrodynamic tail-vein
injection for stable overexpression and secretion of Esm-
1 into the systemic circulation (Supplemental Figure 3,
A and B) (28). Plasma luciferase significantly increases
and correlates with plasma Esm-1 1 week after coinjec-
tion (Supplemental Figure 3C).

Mouse and Human Esm-1 Decrease the Degree of Albu-
minuria in Diabetic Mice, Independent of Leukocyte
Infiltration

We performed hydrodynamic injection of a mouse or
human Esm-1-expressing plasmid 1 week before the induc-
tion of diabetes (Figure 3A). Hydrodynamic injection in
diabetic mice significantly increases circulating plasma
Esm-1 approximately ten-fold (mouse: 1.3+0.2 versus
12715 ng/ml, P<0.001, n=10-13 mice per group;
human: 0.03+0.03 versus 5.61x1.41 ng/ml, P=0.02,
n==8-11 mice per group; Figure 3, B and C). Overexpression
of mouse Esm-1 does not appreciably alter the incidence of
hyperglycemia or alter body weight (Figure 3, D and E).
Esm-1 attenuates the induction of albuminuria in diabetic
mice (mouse: 220.2+42.2 versus 1193.1+396.3 mg/g,
P=0.54; n=10-15 mice per group; human: 103.0+23.4 ver-
sus 118.0+57.3 mg/g, P>0.99, n=6-8 mice per group) com-
pared with saline-injected controls (180.1+43.5 versus
2028.1£676.9 mg/g, P=0.002, n=23-24 mice per group;
Figure 3F). Overexpression of mouse, but not human, Esm-
1 significantly reduces total glomerular leukocytes (Figure
3G) but not tubulointerstitial leukocytes or specific
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Figure 2. | Esm-1 inversely correlates with albuminuria in diabetic, DKD-susceptible mice. (A) We correlated urine albumin-creatinine
ratio (ACR; n=27-29 mice per group) and (C) glomerular leukocytes (1=27-29 mice per group) with plasma Esm-1. Dotted lines represent
plasma Esm-1 of 3 ng/ml. We quantified (B) urine ACR and (D) glomerular leukocytes in control and diabetic mice, segregated by low or
high Esm-1 groups. Low Esm-1 refers to plasma Esm-1 <3 ng/ml. Open circles, control mice; closed circles, diabetic (DM) mice. Results
are presented per mouse and include mean+SEM. R? for nonlinear regression (solid line) is shown. *P<0.05 versus control mice by

unpaired t test.

leukocyte subsets in either kidney compartment (Supple-
mental Figure 4). Moreover, albuminuria and glomerular
leukocytes do not correlate in this model (Supplemental
Figure 5). Taken together, overexpression of Esm-1 reduces
albuminuria, and the glomerular response is consistent
across species.

Esm-1 Deletion in DKD-Resistant Mice Modestly Increases
Albuminuria, Independent of Leukocyte Infiltration

As a complementary approach, we engineered and vali-
dated a constitutive knockout of Esm-1 on a DKD-resistant
background (Supplemental Figure 6). Knockout mice have
no detectable circulating plasma Esm-1 and, with induction
of diabetes, have similar fasting blood glucose and body
weight compared with DKD-resistant wild-type littermate
controls (Figure 4, A-D). The degree of diabetes-induced
albuminuria is modestly, but significantly, higher in Esm-1
knockout mice (50.6+14.6 versus 296.8+65.8 mg/g, P=0.001,
n=8-11 mice per group) compared with DKD-resistant,

wild-type littermate controls (38.1+8.8 versus 207.0100.5
mg/g, P=0.06, n=6-9 mice per group; Figure 4E). In contrast
to the effects on albuminuria, Esm-1 knockout mice do not
exhibit diabetes-induced glomerular leukocyte infiltration
(Figure 4F). In fact, glomerular leukocytes (macrophages) are
modestly decreased in knockout mice in diabetics versus
controls. Tubulointerstitial leukocytes or leukocyte subsets
are not appreciably different in knockout mice or wild-type
littermate controls (Supplemental Figure 7).

Esm-1 Attenuates WT-1(+) Podocyte Injury

In histologic analysis, using WT-1 as a marker of both
parietal and visceral podocytes (29,30) (Supplemental
Figure 8, Supplemental Appendices 1 and 2), diabetes sig-
nificantly decreases the number of WT-1(+) podocytes
(Figure 5A), and addition of mouse Esm-1 prevents this
podocyte loss (Figure 5B). Using p57 as a marker primarily
of visceral podocytes, diabetes modestly increases the num-
ber of p57(+) podocytes with larger area (Supplemental
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Figure 3. | Systemic overexpression of Esm-1 reduces diabetes-induced albuminuria in DKD-susceptible mice. (A) Timeline of experimen-
tal design. We induced expression of mouse (m) or human (h) Esm-1 by hydrodynamic injection and treated mice with vehicle versus STZ
and high-fat feeding at indicated time points, followed by euthanasia at 17 weeks of age. We quantified (B) mouse and (C) human plasma
Esm-1, (D) fasting blood glucose, (E) body weight, (F) urine albumin-creatinine ratio (ACR), and (G) glomerular leukocytes in control and
diabetic mice. n=8-13 mice per group in (B) and (C); n=6-24 mice per group in (D-G). Open circles, control mice; closed circles, dia-
betic (DM) mice. In all panels except (E), results are presented per mouse and include mean=SEM. In (E), values for mice with overexpres-
sion of mouse Esm-1 are shown as squares and with overexpression of human Esm-1 are shown as triangles. Results are presented as
mean=+SEM. *P<0.05 compared across groups as indicated, “P<0.05 versus control mice, by one-way ANOVA (B-C) or two-way ANOVA

(D-G).

Figure 9B) and glomerular podocyte coverage (P=0.006;
Supplemental Figure 9C), which are markers of podocyte
hypertrophy/injury (29, 31) (Supplemental Appendices 1
and 2). Overexpression of mouse Esm-1 reduces the num-
ber of p57(+) podocytes with larger area (Supplemental
Figure 9B) and glomerular p57(+) podocyte coverage com-
pared with diabetes alone (P<0.001; Supplemental Figure

9C, Supplemental Table 4). In contrast to WT-1, we find
that the total number of p57(+) podocytes do not decrease
at this stage of diabetes (Supplemental Figure 9, D and E).
Diabetes increases the fractional glomerular area of fibro-
nectin and collagen type IV, which are sensitive markers of
mesangial matrix expansion (32); however, overexpression
of Esm-1 does not significantly reduce expression of these
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Figure 4. | Constitutive deletion of Esm-1 induces albuminuria in diabetic DKD-resistant mice. (A) Timeline of experimental design. We
treated wild-type and Esm-1 knockout mice with vehicle versus STZ and high-fat feeding, followed by euthanasia at 17-19 weeks of age.
We quantified (B) plasma Esm-1, (C) fasting blood glucose, (D) body weight, (E) urine albumin-creatinine ratio (ACR), and (F) glomerular
leukocytes in control and diabetic, wild-type and Esm-1 knockout mice. Open circles, control mice; closed circles, diabetic (DM) mice.
Black, wild-type (WT) littermate controls; gray, Esm-1 knockout (KO) mice. In all panels except (D), results are presented per mouse and
include mean=SEM. In panel (D), results are presented as mean=SEM. n= 6-11 mice per group. *P<0.05 compared across groups as

indicated, *P<0.05 versus control mice by two-way ANOVA.

matrix proteins at the time of euthanasia, as compared
with diabetes alone (Supplemental Figure 10, Supplemental
Appendix 1). Taken together, overexpression of Esm-1 pre-
serves podocyte health.

Esm-1 Attenuates IFN Signaling in DKD

To understand the mechanism of how Esm-1 signifi-
cantly prevents diabetes-induced kidney injury, we
explored transcriptomic responses in glomeruli (Supple-
mental Figure 11). Using bulk RNAseq, diabetic mice

demonstrate several pathways that are up- and downregu-
lated (Figure 6A). Strikingly, of the top 11 highly enriched
and significantly upregulated pathways, seven of these
relate to IFN signaling. When we compare control versus
diabetic mice with overexpression of mouse Esm-1, the
majority of these pathways, except IFN-, are not enriched.
No pathways were significantly enriched in the direct com-
parison of diabetic mice with overexpression of Esm-1 versus
diabetes alone. However, when we analyze by individual
IFN-related genes from these significant pathways, of the 106
genes that are differentially expressed, 105 are upregulated in
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Figure 5. | Systemic overexpression of mouse Esm-1 restores podocyte loss induced by diabetes. (A) Representative images of mouse kid-
ney sections stained for WT-1 expression. Scale bars (black) as indicated. (B) WT-1(+) podocytes per glomerulus on larger cohort mice.
Open circles, control mice; closed circles, diabetic (DM) mice. n=5-18 mice per group. *P<0.05 compared across groups, as indicated

by one-way ANOVA. m, mouse.

diabetes versus control mice. Of these upregulated IFN-
related genes, 87 are modestly downregulated in samples
from diabetic mice with overexpression of Esm-1 versus
diabetes alone. Nineteen of these downregulated genes
have g-values <0.05 and, by fold change, the most signifi-
cantly downregulated gene with Esm-1 treatment is Cxcl11
(33,34) (Supplemental Figure 12). In an orthogonal analysis
of the most up- or downregulated genes between diabetes
with overexpression of Esm-1 versus diabetes alone, we
detect 41 significantly and differentially expressed genes
(Figure 6B). From this list, we note several solute carriers,
but also honed in on genes with known association with
kidney disease and IFN signaling: Ackr2 (35) and Cxcl11
(33, 34). Ackr2 and Cxcl11 are significantly downregulated
with overexpression of Esm-1 (Figure 6, C and D), and we
validate these findings by quantitative PCR in a larger
cohort of mice (2.17+0.36 versus 0.42+0.064, P<<0.001 for
Acrk2 and 9.2+1.3 versus 2.4+0.32, P<0.001 for Cxcl11; Fig-
ure 6, E and F).

Esm-1 Deficiency Predicts Progressive Stages of
Albuminuria in Patients with Diabetes

To determine whether our observations in mice extend
to humans, we measured circulating Esm-1 in patients with
and without DKD. Among patients with diabetes, those
with micro- or macroalbuminuria demonstrate significantly

lower eGFR than those with normoalbuminuria (Table 1,
Supplemental Figure 13). In a cross-sectional analysis, cir-
culating Esm-1 does not inversely correlate with kidney
injury, although the level of Esm-1 may be confounded by
stage of CKD (Figure 7). However, in a prospective study,
patients with normo- or microalbuminuria that progressed
to micro- or macroalbuminuria have significantly lower
baseline Esm-1 (median [interquartile range], 5.1 [1.3] ver-
sus 6.8 [3.7] ng/ml; P=0.007; Figure 7, Table 2).

Discussion
In DKD-susceptible mice, we found a wide range for

measures of kidney injury and that plasma Esm-1 modu-
lates this association. Plasma Esm-1 >3 ng/ml correlates
with protection from albuminuria and glomerular leuko-
cyte infiltration (Figures 1 and 2). These data suggest at
least two potential interpretations: (1) Esm-1 protects from
worsening DKD, or (2) Esm-1 is a marker but not a media-
tor of DKD. To distinguish between these possibilities and
to determine causality in vivo, we used overexpression and
knockout approaches. We demonstrate that circulating
Esm-1 is sufficient for renoprotection in DKD-susceptible
mice (Figures 3 and 8). Complementary knockout experi-
ments on a DKD-resistant background are congruent with
results from overexpression experiments; however, the
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Figure 6. (A) Heat maps of enrichment of ontology clusters,

showing the hypergeometric g-values of Gene Ontology (GO) terms falling into each term for the top 20 most significantly enriched ontol-
ogy clusters in each gene list. We performed a hierarchic clustering of significant ontology terms into a tree based on k-statistical similari-
ties among their gene memberships. We selected the term with the best g-value within each differentially expressed (DE) cluster as its
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effect of Esm-1 deletion is modest (Figures 4 and 8).
Although one may anticipate that Esm-1 deletion would
not reduce glomerular leukocyte infiltration, in constitutive
knockout mice, we must account for the role of Esm-1 in
vascular development (18). Indeed, Rocha et al. (18) showed
that constitutive Esm-1 knockout mice had a higher trans-
cellular resistance and, in an acute model of leukocyte infil-
tration, were also protected from inflammation.

As evidenced by in vitro and in vivo studies, the anti-
inflammatory mechanisms of Esm-1 are noted in other sys-
tems but have not been shown in glomeruli or in chronic
conditions, such as diabetes. Esm-1 treatment both in vitro
and in vivo reduces leukocyte infiltration acutely. Esm-1
binds to LFA-1 on Jurkat T cells, and blocks the LEA-1 and
intercellular adhesion molecule-1 interaction (17). We have
previously shown that Esm-1 inhibits human leukocyte
transmigration, but not adhesion, in a microfluidic flow
chamber assay ex vivo (11). Intraperitoneal injection of
human Esm-1 in Balb/c mice 1 hour after LPS administra-
tion mildly, but significantly, decreased lung neutrophil
infiltration in vivo (15). However, our results show that, in
mice, Esm-1 inversely correlates with, but does not consis-
tently inhibit, leukocyte infiltration in kidney tissue several
weeks after the onset of diabetes. Possible explanations for
this observation include: (1) Esm-1 has some differential
functions across species (e.g., due to differential rates of gly-
cosylation) (36); (2) constitutive Esm-1 may determine leuko-
cyte infiltration, and we overexpressed Esm-1 in adulthood;
(8) Esm-1 may reduce distinct subtypes of macrophages
(37) and further leukocyte phenotyping is needed; (4)
Esm-1 only alters the amount of resident leukocytes (e.g.,
macrophages); and/or (5) compensatory mechanisms
overcome acute effects of Esm-1, and chronic effects of
Esm-1 are on structural features of DKD downstream of
infiltrating leukocytes.

Endogenous Esm-1 is primarily localized to glomeruli,
and DKD-susceptible mice have a baseline deficiency of
Esm-1, specifically in glomeruli. Moreover, although hyper-
glycemia increases glomerular Esm-1 production, this
increase is markedly attenuated in DKD-susceptible mice
(11). Thus, our data on circulating Esm-1 are consistent
with previously published data on glomerular Esm-1.
Although specific overexpression from glomerular endo-
thelial cells was not technically feasible, in this study, we
used hydrodynamic injection to overexpress Esm-1
and increase circulating Esm-1. Esm-1 is a locally derived
inhibitor of inflammation and manipulating the level
of this inhibitor is an attractive candidate approach to
attenuate DKD, without the disadvantages of systemic
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immunosuppression. Our observation of different kidney
phenotypes and transcriptomic changes in glomeruli
implies direct effects of circulating Esm-1 on kidney, and
motivates future studies to overexpress Esm-1 specifically
in glomerular endothelial cells and across multiple mouse
models of DKD and possibly other podocytopathies.

A glomerular signature of IFN-inducible genes that we
observe in diabetic versus control mice is pathophysiologi-
cally relevant for DKD. Several cytokine cascades in the
pathogenesis of diabetic nephropathy (DN), including
TNF-a, IL-6, and IL-18 (38—40), implicate IFN signaling.
IL-18 is a predictor of albuminuria in type 2 diabetes melli-
tus and DN (41, 42), and higher IL-18 levels are associated
with more severe DN (43-45). The Nrlp3 inflammasome,
which increases mature IL-18, aggravates DN (46). IL-18 is
a prominent inducer of IFN-y via NF-«B (47, 48), and NF-
kB inhibition attenuates diabetic kidney injury (49). IFN-y
is upregulated in patients with diabetes and kidney disease
compared with diabetes alone (50), and IFN-vy also upregu-
lates the inflammasome (51). Toll-like receptors are acti-
vated in human kidney and mediate the pathogenesis in
rodent models of DN (52-54). When stimulated, these toll-
like receptors stimulate gene transcription via NF-kB, such
as the NF-«B target gene, type 1 IFN-f (55). Transcription
of IFN-inducible genes are then synergistically stimulated
by NF-«B and IFN signaling. Notably, genes upregulated
in progressive human DKD share a well-recognized
NF-«kB- and IFN-response element (NFKB_IRFF_01) (56,
57). Therefore, one role for Esm-1 to mitigate DKD may be
through its ability to attenuate the transcription of IFN-
inducible genes. Interestingly, Esm-1 transcription is stimu-
lated by several cytokines, but is inhibited by IFN-y (16).
On the basis of our data, one consequence of IFN-
y-mediated reduction of Esm-1 transcription may be more
effective propagation of IFN signaling.

Another aspect of inflammation in DKD is upregulation
of chemokines and adhesion molecules leading to leuko-
cyte recruitment (38, 54). However, direct effects on glo-
merular cell types (e.g., podocyte apoptosis, mesangial
matrix accumulation, and endothelial cell permeability) are
also well-known characteristics of an inflammatory pheno-
type (58, 59). For example, toll-like receptors and IFNs can
mediate podocyte apoptosis (60-62). Moreover, the chemo-
kine receptor CCR2, on macrophages, mediates leukocyte
infiltration, but the same gene activated specifically on
podocytes mediates podocytes apoptosis, independent of
macrophage infiltration (59). Chronic overexpression of
systemic Esm-1 inhibits albuminuria and structural features
of DKD, but not inflammatory cell infiltration. Thus, the

Figure 6. | Continued. representative term and display it in the heat maps with enrichment score and g-value. Gray heat map cells repre-
sent the nonsignificantly enriched ontology clusters in a given gene list. Light blue is lowest enrichment, dark blue is highest enrichment.
Light red is lowest g-value, dark red is highest g-value. Pathways upregulated with diabetes or diabetes plus mouse Esm-1, relative to con-
trol, are indicated by +; pathways downregulated with diabetes or diabetes plus mouse Esm-1, relative to control, are indicated by —.
(B) Left panel shows heat map with hierarchic clustering of glomerular genes significantly differentially regulated in diabetic (DM) mice
versus diabetic mice with overexpression of mouse Esm-1 (mEsm-1+DM,). Colors in cells from individual mice represent z-scores relative
to mean of DM group, scale on right. Right panel shows genes up- (green) or downregulated (red) in glomeruli from diabetes versus
mEsm-1+DM with log, fold change (FC), P values, and g-values. Arrows highlight chemokine/chemokine receptor genes, Ackr2 and
Cxcl11. (C-D) Validation by quantitative PCR of (C) Ackr2 and (D) Cxcl11 expression relative to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in samples used for glomerular RNA sequencing. Open circles, control mice; closed circles, diabetic mice. n=3-4 mice
per group. (E-F) Validation by quantitative PCR of (E) Ackr2 and (F) Cxc/11 expression relative to GAPDH in all samples from mouse over-
expression experiments, phenotyped for clinical and histologic characteristics. n=9-15 mice per group. *P<0.05 as indicated.
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Table 1. Baseline characteristics of patients with diabetes mellitus by albuminuria

Characteristic Normoalbuminuria Microalbuminuria Macroalbuminuria P Value
N 54 23 22

Men, 71 (%) 34 (63) 15 (65) 12 (55) 0.73
Age, yr 64 (14.8) 70 (16.7) 68 (20.2) 0.21
Hemoglobin Alc, % 6.5 (1.4) 6.7 (2.1) 6.9 (1.1) 0.38
eGFR, ml/min per 1.73 m? 78.6 (33.6) 52.8 (22.6)% 49.7 (30.7)% <0.001
Urine ACR, mg/g 21 (20.7) 89 (102.5)? 1256.5 (1863.6)"’b <0.001
Total Esm-1, ng/ml 6.2 (4.0) 6.3 (3.7) 5 (5.1) 0.39

Data reported as median (interquartile range). ACR, albumin-creatinine ratio; Esm-1, endothelial cell-specific molecule-1.
P<0.05 versus normoalbuminuria, Kruskal-Wallis test.
Pp<0.05 versus microalbuminuria, Kruskal-Wallis test.
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Figure 7. | Serum Esm-1 deficiency predicts progressive stages of albuminuria in patients with diabetes. (A) Level of circulating Esm-1 by
classification of albuminuria. (B) Correlation of circulating Esm-1 with stages of CKD. (C) Level of circulating Esm-1 in nonprogressors and
progressors. White circles, patients with diabetes with normoalbuminuria; gray circles, patients with microalbuminuria; black circles,
patients with macroalbuminuria. Results are presented per patient and include mean+SEM. n=22-54 patients per classification of albu-
minuria. *P<<0.05 versus nonprogressors by unpaired t test.

Table 2. Baseline characteristics of patients with diabetes mellitus by progression status

Characteristic Nonprogressors Progressors P Value
N 62 9

Men, 1 (%) 41 (66) 4 (44) 0.30
Age, yr 64 (19.1) 66.0 (15.9) 0.28
Hemoglobin Alc, % 6.7 (1.7) 7.8 (1.9) 0.25
eGFR, ml/min per 1.73 m? 77.1 (31.8) 54.2 (15.8)* 0.007
Urine ACR, mg/g 29.9 (19.8) 45 (70.7)* 0.01
Total Esm-1, ng/ml 6.8 (3.8) 5.1 (1.3)° 0.01

Data for age, hemoglobin Alc, eGFR, urine ACR, and total Esm-1 are reported as median (interquartile range). ACR, albumin-
creatinine ratio; Esm-1, endothelial cell-specific molecule-1.
?P<0.05 versus nonprogressors, Mann-Whitney test.
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Figure 8. | Overview of results with overexpression and deletion of Esm-1 in diabetic mice. In DKD-susceptible mice (DBA/2), diabetes
induces albuminuria and glomerular leukocyte infiltration in contrast to DKD-resistant mice (C57BL/6), with minimal albuminuria or
infiltration. Induction of mouse or human Esm-1 in DKD-susceptible mice reduces albuminuria, independent of leukocyte infiltration.
In contrast, Esm-1 deletion from DKD-resistant mice modestly increases albuminuria but not leukocyte infiltration. Arrows or “X” symbols
indicate degree or absence of kidney injury, respectively, in diabetic mice relative to controls.

mechanisms of Esm-1 provide an example of separate but
related pathways in DKD. Albuminuria and glomerular
leukocyte infiltration do not correlate in our mouse model
(Supplemental Figure 5). In prior human studies, leukocyte
infiltration and albuminuria each correlate directly with
tubulointerstitial fibrosis, but do not correlate directly with
each other (63, 64), supporting the possibility that these
important sequelae of kidney injury, at least in early DKD,
may be, in part, due to separate mechanisms.

We validated selected target genes as potential mediators
of the effects of Esm-1 on glomeruli. Two genes, Ackr2 and
Cxcl11, belong to a family of chemokines and chemokine
receptors implicated in kidney disease and IFN signaling
(34, 65-68). Ackr2 can internalize chemokines for degrada-
tion, which reduces chemokine availability, inhibits leuko-
cyte infiltration, and promotes immune resolution and
adaptive immunity. However, the functions of Ackr2 may
be context dependent, and may be pathologic (35, 69, 70) or
protective (35) in different disease models (71). Genetic
deletion of Ackr2 attenuates albuminuria, leukocyte infiltra-
tion, and IFN-related pathways (e.g., NF-«kB and pattern
recognition receptors) in diabetic mice (35), suggesting loss
of function of Ackr2 is renoprotective in susceptible mice
models of DKD (35). We similarly show that overexpres-
sion of Esm-1 downregulates glomerular Ackr2 in diabetic
DKD-susceptible mice, with attenuated albuminuria and
attenuated IFN signaling. Cxcl1l and its receptor, Cxcr3,
mediate chemotaxis and proliferation of immune cells in
IFN-induced inflammation (34, 68, 72). In patients with
CKD, urine Cxcl11 is higher in later stages of DKD and cor-
relates with progression of disease (33). Additional ligands
for Cxcr3 are upregulated in sera from patients with DKD
versus those with diabetes alone (44). In patients with
high- versus low-risk variants of IFN-induced APOLI,
transcriptomic data show upregulation of glomerular
Cxcl11l (73, 74). In a mouse model of acute glomerular
inflammation, systemic genetic deletion of Cxcr3 attenuates

glomerulosclerosis and albuminuria (75). Notably, Cxcl11
is not functional in DKD-resistant mice (C57BL/6) (76) due
to insertion of two nucleotides and a resultant premature
stop codon and nonsense-mediated decay. Different mouse
strains susceptible to DKD, including DBA/2 and BALB/c
(8,9), produce a functional copy of Cxcl11. A nonfunctional
allele of Cxcl11 in C57BL/6 mice may be an explanation for
why Esm-1 deletion may only have a modest permissive
effect on albuminuria on this background strain because
deletion could not reciprocally increase Cxcl11. In future
studies to assess the protective role of Esm-1, we will char-
acterize the contribution of these chemokine-related genes
and other differentially regulated genes in IFN-dependent
and IFN-independent pathways.

Integration of our histologic and transcriptomic data sug-
gests Esm-1 may more potently attenuate the parietal ver-
sus visceral podocyte apoptosis of diabetes (77, 78). We
show that Esm-1 attenuates multiple IFN-stimulated glo-
merular genes, including Cxcl11, but fewer genes from the
IFN-B pathway (Figure 6, Supplemental Figure 12). IFN-a,
compared to IFN-B, markedly stimulates kidney Cxcl11
(62). IFN-q, in contrast to IFN-f, also induces apoptosis in
parietal versus visceral podocytes in vitro and in vivo (62).
In histologic studies, differences in the protective effect of
Esm-1 on WT-1(+) versus p57(+) podocytes may be driven
by effects on parietal podocytes, because WT-1 expression
is more pronounced in these cells compared with p57 (Fig-
ure 5, Supplemental Figures 8 and 9). Thus, Esm-
1-mediated attenuation of IFN-a and Cxcl/11 may be one
mechanism to preserve parietal podocyte integrity and to
reduce albuminuria.

Although others have reported correlations of Esm-1
with kidney diseases (79-82), cardiovascular diseases (79,
83-86), and cancer (87-91), data linking Esm-1 to DKD
have been mixed. For example, Ekiz-Bilir et al. (92) showed
a direct correlation between serum Esm-1 and the degree
of albuminuria in patients with type 2 diabetes mellitus,
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whereas Cikrikcioglu et al. (93) reported the opposite.
Using cross-sectional data, we do not observe a lower cir-
culating level of Esm-1 in patients with diabetes and
albuminuria. However, in longitudinal outcomes in
patients with minimal initial kidney injury, circulating
Esm-1 was lower in those patients that developed pro-
gressive stages of albuminuria (Figure 7). On the basis of
potential confounding, and short duration of follow-up,
these data require confirmation in a larger cohort with
longer follow-up.

In summary, Esm-1 inversely correlates with DKD in
mice and predicts protection from DKD in humans. We
determine that Esm-1 rescues DKD-susceptible mice from
podocyte injury and albuminuria, and Esm-1 deletion par-
tially reverses the protective background of DKD-resistant
mice. Esm-1 attenuates IFN-stimulated pathways and
downregulates chemokine signaling, e.g., glomerular Acrk2
and Cxcl11, that are part of a potential mechanism to atten-
uate DKD. Taken together, upregulation of Esm-1 should
be explored as a possible therapeutic strategy in DKD.
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