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Hypefrfiltration is a state of high glomerular filtration rate
(GFR) observed in early diabetes that damages glomeruli,
resulting in an iterative process of increasing filtration load
on fewer and fewer remaining functional glomeruli. To
delineate underlying cellular mechanisms of damage
associated with hyperfiltration, transcriptional profiles of
kidney biopsies from Pima Indians with type 2 diabetes
with or without early-stage diabetic kidney disease were
grouped into two hyperfiltration categories based on
annual iothalamate GFR measurements. Twenty-six
participants with a peak GFR measurement within two
years of biopsy were categorized as the hyperfiltration
group, and 26 in whom biopsy preceded peak GFR by over
two years were considered pre-hyperfiltration. The
hyperfiltration group had higher hemoglobin A1c, higher
urine albumin-to-creatinine ratio, increased glomerular
basement membrane width and lower podocyte density
compared to the pre-hyperfiltration group. A glomerular
1240-gene transcriptional signature identified in the
hyperfiltration group was enriched for endothelial stress
response signaling genes, including endothelin-1, tec-
kinase and transforming growth factor-f1 pathways, with
the majority of the transcripts mapped to endothelial and
inflammatory cell clusters in kidney single cell
transcriptional data. Thus, our analysis reveals molecular
pathomechanisms associated with hyperfiltration in early
diabetic kidney disease involving putative ligand-receptor
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pairs with downstream intracellular targets linked to
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kidney failure with increasing prevalence world-

wide.”” Alterations in glomerular hemodynamic
function at the onset of diabetes often lead to sustained in-
creases in the glomerular filtration rate (GFR), commonly
referred to as hyperfiltration (HF). The presence of HF is
considered a key early driver of DKD as HF is associated with
development and progression of DKD’ and with increased
mortality” and is considered a prime therapeutic target in
DKD. HF may also be part of the etiology of some nondia-
betic chronic kidney diseases, including obesity-related glo-
merulopathy.”® The pathomechanisms triggered in HF are
not fully understood. Proposed mechanisms include
increased nitric oxide signaling, tubular sodium and glucose
reabsorption, and intraglomerular mechanical stress in kid-
neys from glomerular hypertension.”” ' However compel-
ling evidence on how these and other pathways are regulated
in the kidneys in HF is yet to be established.

We explored pathomechanisms associated with HF in Pima
Indians from the Gila River Indian Community in Arizona
who have a high prevalence of obesity, type 2 diabetes (T2D),
and DKD. Individuals from this community have participated
in decades-long prospective studies of early DKD that included
clinical data and serial measurements of GFR by iothalamate
clearance. A subset of these participants also underwent
research kidney biopsies. The structural lesions observed in

D iabetic kidney disease (DKD) is a common cause of

1345



https://www.kidney-international.org/article/S0085-2538(22)00740-2/fulltext
https://doi.org/10.1016/j.kint.2022.07.033
https://doi.org/10.1016/j.kint.2022.07.033
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kretzler@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.kint.2022.07.033&domain=pdf
http://www.kidney-international.org

clinical investigation

VTN Stefansson et al.: Cellular crosstalk in hyperfiltrating kidneys

kidney biopsies in the Pima Indians are attributable to diabetes,
without evidence of obesity-related or hypertensive glomer-
ulopa‘[hy,13 which could also induce HE. Previous studies in
this cohort documented the presence of HF and established a
temporal link to the onset of diabetes.”'* Although the diag-
nosis of HF typically relies on measures of whole kidney GFR,
without accounting for individual differences in nephron
numbers,' ' a previous study of kidney donors found similar
levels of single-nephron GFR across a range of whole-kidney
GFR, underlining the problem with absolute whole-kidney
GFR HF thresholds.'” To more accurately reflect HF at a sin-
gle nephron level, we defined HF as peak GFR within each
individual based on observed trends during long-term follow-
up. We then examined transcriptional differences in kidney
tissue obtained from individuals who reached peak GFR
around the time of kidney biopsy and in those who reached
peak GFR well after biopsy to identify signatures associated
with HF that may contribute to progression of DKD. The aim
of the present study was to integrate clinical measurements,
structural morphometry, and gene expression analyses of
kidney tissue, including single-cell RNA-sequencing (scRNA-
seq) analyses, to identify pathways associated with HF that
may promote progressive DKD and be amenable to targeted
therapies. An overview of the analytical strategy used in this
study is shown in Figure 1.

METHODS

Study population

Pima Indians from the Gila River Indian Community participated in
a longitudinal study of diabetes and its complications between 1965
and 2007. In 1996, 169 Pima adults with T2D participated in a
prospective, randomized, placebo-controlled, double-blinded inter-
vention trial (Renoprotection in Early Diabetic Nephropathy in Pima
Indians trial; clinicaltrials.gov, NCT00340678)."® At the end of the 6-
year trial, 111 of the participants underwent a kidney biopsy. Sub-
sequently, all trial participants were followed up annually. In 2015,
first-degree relatives of clinical trial participants (N = 42) enrolled in
the follow-up study, and clinical trial participants not previously
biopsied (N = 2), provided kidney biopsies that were used for the
scRNAseq analysis described below. Follow-up continued through
2019. All participants provided informed consent. Because of privacy
protection concerns, individual-level genotype and gene expression
data from this study cannot be made publicly available.

Peak GFR categorization

Individuals who had a mean GFR <60 ml/min and/or a mean urine
albumin—to—creatinine ratio (ACR) >300 mg/g within 1 year of their
kidney biopsy were considered to have advanced DKD and were
excluded, leaving 84 participants considered for the present study.
GFR measurements performed in all kidney study protocols were
reviewed, and these participants were classified into 3 groups based
on the date they had their highest recorded GFR measurement (peak
GFR), regardless of its absolute value. The absolute GFR was used
because the study involved overweight and obese participants and
indexing for body surface area may significantly underestimate their
actual GFR and mask HE.'” Those who achieved peak GFR <2 years
from the time of biopsy (N = 26) were categorized as the “HF
group.” The remaining 58 participants were split into 2 groups based
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on whether their peak was >2 years before (N = 32) or >2 years
after (N = 26) the biopsy. Those whose GFR peak was >2 years
before the biopsy were considered likely to have more advanced
DKD because of their declining GFR and were excluded from sub-
sequent analysis, whereas the 26 participants with a peak >2 years
after biopsy were included in the analyses and were referred to as the
“pre-HF group.” A flowchart of participant selection for this study is
summarized in Figure 2. Seven participants reached the identical
GFR peak twice. Of these, 2 had their peaks within the same time
interval category, whereas 3 participants had their initial peak >2
years before biopsy and the second peak within 2 years of biopsy, and
2 had their first peak within 2 years of biopsy and then a second peak
>2 years after biopsy. In these cases, the first GFR peak was used for
the purpose of categorization. Individual time-course plots of GFR
for study participants by timing of peak GFR are provided in
Supplementary Figure S1. As a sensitivity analysis, peak GFR was also
categorized on the basis of creatinine-based estimated GFR
computed using the Chronic Kidney Disease (CKD) Epidemiology
Collaboration equation.”

Quantitative morphometry

Structural parameters were measured by unbiased random sampling.
Biopsy tissue was processed and embedded in epoxy resin (LX112;
Ladd Research Industries). Measurements were made from digital
micrographs, and stereological methods were used to account for 2-
dimensional sampling of 3-dimensional objects.'® Tissue was pre-
pared for light and electron microscopy studies, according to stan-
dard procedures.” > The following glomerular structural
parameters were measured on electron microscopy images, as
described  elsewhere”****:  glomerular basement membrane
width,”>*® mesangial fractional volume (including mesangial cell
and mesangial matrix fractional volumes),”>** glomerular filtration
surface density,”>”° foot process width,”” percentage of endothelial
fenestrations,”” and the glomerular podocyte fractional volume per
glomerulus.”® Cortical interstitial fractional volume™ and mean
glomerular volume®”*° were estimated using light microscopy.

Gene coexpression analyses

RNA sequencing data obtained from microdissected glomerular and
tubulointerstitial compartments from kidney biopsy tissue were
analyzed (Supplementary Methods). Eigengene-based weighted gene
coexpression network analysis modules were constructed using
Weighted Gene Co-Expression Network Analysis’' (Supplementary
Methods). Eigen genes were then correlated (Pearson correlation)
with the HF categories and the morphometric parameters. Tran-
scripts contained in modules with statistically significant (P < 0.05)
associations to these traits were used for downstream functional
analysis. All statistical analysis were done in R statistical software
(www.r-project.org) and Stata MP 15 (Stata Corp.; www.stata.com).
Ingenuity Pathway System (Qiagen) was used to reveal associated
functional pathways. Statistical significance was set at a Bonferroni-
adjusted P < 0.05.

Pathway analysis

Pathway analysis was performed using the Ingenuity Pathway System
software querying the HF-associated transcripts. Cytoscape’” visu-
alization platform and ggplot2 package in R statistical platform were
used to render the network images from the pathway network. An
in-house custom python script was used to parse the Ingenuity
Pathway System output for the Cytoscape subnetwork generations.
Pathways with <5 shared genes were filtered out to reduce the
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Figure 1| Explanatory figure describing the analytical approach of the study. Participants were clustered on the basis of peak measured
glomerular filtration rate (GFR), and their kidney biopsy transcriptional profiles were compared to identify hyperfiltration (HF)-related
pathways and the specific cells in the kidney involved in HF-related glomerular injury pathways. scRNAseq, single-cell RNA sequencing.

number of nodes in the pathway network. Major cancer pathways
were also removed. The resulting network yielded 175 nodes and
5288 edges. Default parameters in the Cytoscape plugin, MCODE,”
were used to construct subnetworks.

scRNAseq data generation and analysis
scRNAseq data were generated from CryoStor (Stemcell Technolo-
gies) preserved DKD (N = 44) and control (living donor; N = 18)
biopsies,”* as previously published,”*”” Individual cell barcoding,
reverse RNA transcription, library generation, and single-cell
sequencing using Illumina were all performed using the 10X
Genomics protocol.”* The output from the sequencer was first
processed by CellRanger (https://support.10xgenomics.com/single-
cell-gene-expression/software/pipelines/latest/what-is-cell-ranger).
CellRanger output data files were analyzed using the Seurat 3
R package (https://cran.r-project.org/web/packages/Seurat/index.
html).**

Hub genes from the HF signature modules were compared with
an external scRNAseq data set obtained from protocol biopsies of
patients with youth onset T2D.’® This data set included healthy
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controls (n = 6) and participants ranging from 12 to 21 years with
T2D (n = 6) from the Renal Hemodynamics, Energetics and Insulin
Resistance in Youth Onset Type 2 Diabetes Study (NCT03584217)
and the Impact of Metabolic Surgery on Pancreatic, Renal and
Cardiovascular Health in Youth With Type 2 Diabetes
(NCT03620773). Participants with T2D were obese (body mass in-
dex, 38.0 + 4.9 kg/mz) and had elevated measured iohexol GFR (208
+ 53 ml/min), but normal to borderline elevated ACR (10 £ 10 mg/
g). Morphometric evaluation of the kidney biopsies showed higher
mesangial and glomerular volumes in participants with T2D
compared with healthy controls, consistent with early kidney
dysfunction, but no features indicative of advanced DKD.*®
scRNAseq followed the same protocol described above.

Cell-cell crosstalk analysis

NicheNetR"  (https://github.com/saeyslab/nichenetr) was used to
identify ligand-receptor (LR) interactions that drive the observed
expression changes in the target cell population in the single-cell
transcriptome. NichNetR compiles literature-based LR interactions,
signal transductions, and regulatory networks to prioritize the LR—
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Figure 2| Flowchart describing participant selection. Participants,
26 each, in the hypefrfiltration (HF) group and pre-HF group

were identified from those in the study cohort with a kidney biopsy
(N=111), based on their peak glomerular filtration rate, and in a subset
with expression profiles. ACR, albumin-to-creatinine ratio; mGFR,
measured glomerular filtration rate.

target gene identification. On the basis of cell type enrichment of HF
genes, the LR interactions and downstream target genes were iden-
tified from the cell-cell communication between endothelial and
mesangial cells.

RESULTS

Participant characteristics

Clinical and demographic characteristics for the HF and
pre-HF groups (Table 1) showed a mean GFR in the HF
group of 173 £ 48 ml/min, 21 ml/min higher, on average,
than in the pre-HF group (152 £ 38 ml/min; P = 0.08).
The HF group also had higher mean hemoglobin Alc (P =
0.03) and median ACR (P = 0.007). Although not statis-
tically significant, there was also a trend toward longer
duration of diabetes. There were no statistically significant
differences in the initial study GFR or the maximal GFR
between groups. Comparison of histopathologic structural
parameters from the kidney biopsies (Table 2) showed
wider glomerular basement membrane (P = 0.02) and
higher mesangial fractional volume (P = 0.004) among
those in the HF group, reflecting greater structural changes
near peak GFR, compared with pre-HFE. The difference in
mesangial fractional volume was due predominantly to
differences in the mesangial matrix fractional volume (P =
0.0001) and not to differences in mesangial cell fractional
volume (P = 0.25). Podocyte density (P = 0.03) was also
slightly lower among those in the HF group, but podocyte
fractional volume of the glomerulus was maintained, indi-
cating that podocytes were fewer in number but larger.
Clinical characteristics and structural parameters in the 32
participants not included in the primary analyses, because
their peak GFR occurred >2 years before the kidney biopsy,
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compared with the 52 participants included in the study are
provided in Supplementary Table S1. These patients had
longer diabetes duration (P < 0.001), lower GFR (P =
0.007), and tissue morphometric measurements, including
increased cortical interstitial fractional volume and
decreased glomerular podocyte fractional volume (P =
0.032), reflective of their more advanced stage of DKD.

To determine whether HF categorization based on
measured GFR could be replicated using estimated GFR
(eGFR), we repeated the analyses using the serum creatinine—
based CKD Epidemiology Collaboration equation”
(Supplementary Table S2). eGFR trajectories resulted in sig-
nificant misclassification, with the vast majority (71/84; 85%)
of study participants being classified as reaching peak eGFR
>2 years before biopsy. Only 4 participants (5%) had a peak
eGFR within 2 years of biopsy, with the remaining 9 partic-
ipants (11%) reaching peak eGFR >2 years after biopsy. Thus,
eGFR was not a useful proxy for measured GFR in deter-
mining the timing of peak GFR. Accordingly, all gene
expression analyses described below were based on measured
GER trajectories.

Of the 52 participants, 29 had sufficient tissue available
from kidney biopsies for Affymetrix-based glomerular
gene expression analyses (14 in the peak HF group and 15
in the HF after biopsy group). The clinical and
morphometric characteristics of this subset with expres-
sion data were similar to those without expression data,
except that those with expression data were younger (P =
0.005), had shorter diabetes duration (P = 0.02), had
lower glomerular filtration surface density (P = 0.02), and
had more fenestrated endothelium (P = 0.005)
(Supplementary Table S3). Just as in the full cohort, the
HF group in the subset of participants with expression
data had higher hemoglobin Alc (P = 0.006) and ACR
(P = 0.05) than those in the pre-HF group. Unlike the full
cohort, there was significantly lower use of renin-
angiotensin system inhibitors among the HF group
compared with the pre-HF group (57.1% vs. 93.3%; P =
0.04). Glomerular basement membrane width and
mesangial fractional volume, again driven by mesangial
matrix fractional volume, remained higher in the HF
group, although only the difference in mesangial matrix
fractional volume was statistically significant, and podo-
cyte density per glomerulus was significantly lower. As
with the full cohort, statistically significant differences in
the other podocyte parameters were not observed in the
subset of participants with expression data (Supplementary
Table S4).

Glomerular compartment gene expression associations and
HF gene modules

Gene expression profiles were first analyzed using data-driven
Weighted Gene Co-Expression Network Analysis, resulting in
22 coexpression gene clusters (modules) from the glomerular
compartment (Figure 3a). Three of the glomerular modules
were significantly associated with HE Of the 1240
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Table 1] Clinical characteristics at time of kidney biopsy by
peak mGFR group

Pre-HF HF

Characteristic (n = 26) (n = 26) P value®
Male sex 7 (26.9) 3(11.5) 0.16
Age, yr 448 + 86 446 + 120 0.95
Diabetes duration, yr 124+ 34 144 +43 0.07
BMI, kg/m2 370+ 80 372492 0.91
Systolic blood pressure, mm Hg 120 + 8 121+ 8 0.70
Diastolic blood pressure, mm Hg 75+ 5 77 £ 5 0.41
HbA1c, % 87 + 20 99 + 1.8 0.03
mGFR, ml/min 152 + 38 173 + 48 0.08
Mean mGFR, ml/min® 154 £+ 30 149 + 38 0.57
Peak mGFR, ml/min°© 221 + 48 236 + 47 0.25
ACR, mg/g° 18 (13-31) 58 (34-74)  0.007
RAS blocker use 21 (80.8) 17 (65.4) 0.21

ACR, albumin-to-creatinine ratio; BMI, body mass index; HbA1c, hemoglobin Alc; HF,
hyperfiltration; mGFR, measured glomerular filtration rate; RAS, renin-angiotensin
system.

2p value for male sex is from a 7 test; P values for continuous variables are based on
t tests.

PMean mGFR is the mean of all available mGFRs.

“Peak mGFR indicates the highest mGFR.

9ACR was log transformed before analysis.

Values are mean =+ SD, n (%), or median (interquartile range).

differentially expressed genes represented in these modules,
95% were upregulated in the HF compared with pre-HF
group (Figure 3b and Supplementary Table S5). These
modules correlated (Figure 3b) positively with peak GFR at
time of biopsy and negatively with mesangial cell volume,
consistent with observed associations at the cohort level.
However, none of these 3 modules showed strong association
with GFR and ACR when analyzed as continuous variables.
Similar analysis of the tubulointerstitial compartment from
22 participants, with 7 reaching peak GFR at the time of bi-
opsy, resulted in 18 modules. None of these modules showed
any association with HF status.

HF pathways
Pathway analyses of the genes in these 3 modules yielded 194
significantly associated pathways (P = 0.05) (Supplementary

Table S6). Figure 4 lists the top 100 pathways associated
with the HF genes. Pathways included in this list were selected
on the basis of the adjusted P value and number of HF genes
in each pathway, presented alphabetically. Among these key
enriched pathways representing the HF milieu were known
growth factor signaling pathways, such as platelet-derived
growth factor, vascular endothelial growth factor, as well as
endothelin-1, transforming growth factor-B1 (TGFBI),
integrin, angiogenesis, and epithelial-mesenchymal transition
pathways. The network maps of the top 30 interconnected HF
genes (Supplementary Figure S2) and Cytoscape pathway
analysis (Supplementary Figure S3) identified many of the
same key pathways.

Kidney localization of HF activation signals using scRNAseq
analyses

To better elucidate the regulation of these pathways within the
kidney, the cellular localization of active HF-associated
pathways was determined using scRNAseq data. Kidney bi-
opsy samples from an independent group of 44 Pima Indians,
representing the same population pool with T2D, and 18
non-Pima controls were analyzed.” Clinical and morpho-
metric measures for this group are shown in Supplementary
Table S7. The 1240 genes from the 3 HF-associated mod-
ules (module eigen salmon, module eigen midnight blue, and
module eigen red) identified in the primary Pima cohort were
mapped onto the 20 cell clusters identified from this cohort
(Figure 5a). Mapping these modules associated with HF to the
single-cell signature enabled us to identify the representative
cell types responsible for the association. The highest
enrichment (28%) was to the endothelial clusters indicating
>350 of the HF genes were enriched (higher expression) in
endothelial cells, followed by fibroblasts and myeloid cells
(Figure 5b). Further subclustering of the endothelial cell
cluster and mapping of HF gene expression (Figure 5c)
revealed a clear pattern of enriched activation of HF genes in
intrinsic glomerular endothelial cells, where 30% of the HF

Table 2| Morphometric measures by peak measured GFR group

Structural parameter Pre-HF (n = 26) HF (n = 26) P value®
Mean glomerular volume, x10° um? 225 + 0.68° 251 + 0.75° 0.22
Glomerular basement membrane width, nm 428 + 75 484 + 88 0.02
Mesangial fractional volume per glomerulus 0.23 + 0.05 0.27 £+ 0.05 0.004
Mesangial cell fractional volume per glomerulus 0.08 + 0.02 0.09 + 0.02 0.25
Mesangial matrix fractional volume per glomerulus 0.11 + 0.03 0.14 + 0.04 0.0001
Cortical interstitial fractional volume 0.17 + 0.03¢ 0.19 £ 0.04° 0.06
Glomerular filtration surface density, pm?/pm? 0.12 + 0.04 0.10 + 0.04 0.21
Foot process width, nm*® 726 (637-952) 821 (631-1175) 0.53
Glomerular podocyte fractional volume 0.18 + 0.06 0.16 £+ 0.05 0.19
Podocyte number density per glomerulus, x10° pm? 161 + 81 116 + 54 0.03
Fenestrated endothelium, % 445 + 164 435 + 21.8 0.85
GFR, glomerular filtration rate; HF, hyperfiltration.

P values are based on t tests.

Pn = 22.

‘n = 24.

4n = 25.

€Foot process width was log transformed before analysis.

Values are mean + SD or median (interquartile range).
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Figure 3| Hyperfiltration (HF)-associated modules and their eigengenes’ association with duration of diabetic kidney disease. (a)
Cluster dendrogram of Weighted Gene Co-Expression Network Analysis—based gene modules from glomerular transcription data from 29
participants. (b) Three modules had =95% genes overexpressed in the HF group compared with pre-HF group. These modules were also
significantly (*P < 0.05, **P = 0.01) positively correlated with peak glomerular filtration rate (GFR) at time of biopsy and negatively with
mesangial cell volume (mesangial fractional volume per glomerulus [VVMC]). FPW, foot process width; HbA1c, hemoglobin A1c; ME, module;
mMGFR, measured glomerular filtration rate; uACR, urine albumin-to-creatinine ratio.

genes showed maximal expression compared with all other
cell clusters. The HF signature was evaluated in an indepen-
dent protocol biopsy cohort of healthy controls (n = 6) and
participants with T2D (n = 6). Even with the limited sample
size available, a subset (296 of 1240; 24%) of these HF genes
also showed differential regulation with significant enrich-
ment (adjusted P < 0.05) in the endothelial cluster of this
hyperfiltrating cohort compared with healthy controls. The
hub genes from the 3 modules also displayed endothelial cell-
specific expression differences (Supplementary Figure S4).

LR interactions during HF

Pathway and single-cell enrichment analysis of HF-associated
genes all indicate activation of transcription pathways in
endothelial cells (Figure 5, Supplementary Table S6, and
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Supplementary Figure S2). This activation was further
explored using a LR-target gene network approach.” In
addition to establishing the link between the ligand and re-
ceptors in the sender/receiver cells, NicheNetR also connects
the LR networks with upregulated downstream intracellular
signaling target transcripts in the receiver cells as a surrogate
for pathway activation, with significance defined by Niche-
NetR. The top 15 LR pairs, based on the NicheNetR, predicted
ligand activity in the endothelial cell cluster and corresponding
receptor activity in mesangial cells (Supplementary Figure S5).
Top ligands in endothelial cells include endothelin-1, TGFBI,
vascular endothelial growth factor A (VEGFA), and C-X-C motif
chemokine ligand 10. The corresponding receptors in mesangial
cells include endothelin receptors A and B, transforming growth
factor-P receptor 2/Erb-B2 receptor tyrosine kinase 2, and pro-
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Figure 4| Top 100 significantly enriched pathways represented in the hyperfiltration (HF) gene set, arranged alphabetically. The top
100 pathways encompassed by the HF genes were sorted on the basis of adjusted P values and plotted using the R package ggplot. The
pathways in the figure are ordered alphabetically. The dots (gene counts) are colored on the basis of the number of pathway genes (purple,
>70; red, <10) represented in the HF gene set, and the x axis describes membership of these genes in the corresponding pathway (adjusted P
values for all the genes in a dot). ARP, actin related protein; CCR, CC chemokine receptor; fMLP, N-formyl-Met-Leu-Phe; GM-CSF, granulocyte-
macrophage colony-stimulating factor; GP6, glycoprotein VI; HGF, hepatocyte growth factor; HMGB, high mobility group-B1; iCOS, inducible
costimulator; iCOSL, inducible costimulator ligand; IL, interleukin; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MAPK,
mitogen-activated protein kinase; MIF, macrophage migration inhibitory factor; NFAT, nuclear factor of activated T cells; NF-kB, nuclear factor-
KkB; PI3K, phosphatidylinositol-3’-kinase; PKC, protein kinase C; RXR, retinoid X receptor; STAT, signal transducer and activator of transcription;
Th, T-helper cell; TREM, triggering receptor expressed on myeloid cells 1; TSP, thrombospondin-1; UVC, ultraviolet C; VDR, vitamin D receptor;
VEGF, vascular endothelial growth factor; WASP, Wiskott-Aldrich syndrome.
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Figure 5| Single-cell RNA-sequencing (scRNAseq) analyses. (a) Heat map shows relative expression of hyperfiltration (HF) genes in each of
the cell type clusters derived from scRNAseq of kidney biopsies, with higher expression (red) of HF genes visualized in the endothelial cell (EC)
cluster. (b) Plot of the number of expressed HF genes in each scRNAseq cell type cluster also shows presence of more HF genes in the EC
cluster. (c) Heat map shows expression profiles of HF genes. (d) Number of HF genes expressed in each EC subcluster. Numbers of genes in (b)
and (d) were defined by their maximum average expression in each of the clusters. Each gene was assigned to only one cluster based on its
maximum expression. ATL, ascending thin loop of Henle; CNT, connecting tubule; DCT, distal connecting tubule; DKD, diabetic kidney disease;
DS, disease-specific; DTL, descending loop of Henle; FIB, fibroblast; IC, intercalated cell; MC, mesangial cell; PC, principal cell; PEC, parietal
epithelial cell; POD, podocyte; PTEC, proximal tubular cell; Stressed/Stressed 2, clusters showing ribosomal/stress genes/injury markers as top
marker genes (Stressed clusters were akin to stressed proximal or descending loop of Henle cells, whereas cells in the Stressed 2 cluster shared
similarities with distal nephron cells); TAL, thick ascending loop; vSMC, vascular smooth muscle cell.

tein tyrosine phosphatase receptor type B/neuropilin 1/platelet-
derived growth factor receptor-f3. Figure 6a shows the relative
enrichment of these ligands in endothelial cells versus other
kidney cell types, whereas Figure 6b shows an increase in relative
expression of ligands in endothelial cells in DKD versus living
donor controls.” By mapping the main ligands from endothelial
cells to the corresponding receptors in mesangial cells, we were
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able to identify primary activation cascades in the endothelial-
mesangial crosstalk in early DKD and by inference in HF
(Figure 6¢ and Supplementary Figure S5). These networks were
enriched for genes in the signaling pathways of Rho GTPase
small molecules, axon guidance, actin skeleton, VEGFA-
neuropilin 1-induced angiogenesis, and the endothelin-1
pathway.
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Figure 6 | NicheNet analysis of ligand-receptor (LR) crosstalk. NicheNetR (https://github.com/saeyslab/nichenetr) was used to identify LR

interactions that drive the observed

expression changes in the single-cell transcriptome. (a) Expression of the top 15 NicheNetR predicted

ligands was compared across cell types. (b) Several of these ligands are upregulated in diabetic kidney disease (DKD) endothelial cells
(EC_DKD) compared with endothelial cell of controls (EC_LD). The dot size represents the percentage of cells expressing the gene in the
respective clusters, and the color represents the intensity of the expression level from gray (low) to blue (high). (c) Predicted LR interaction for

the top 15 ligands in the endothelial

and mesangial cells. The interaction pairs are prioritized on the basis of the weights derived from the LR

network from NicheNet data sources. ATL, ascending thin loop of Henle; CNT, connecting tubule; DCT, distal connecting (continued)
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DISCUSSION
To our knowledge, this study is the first to report differences
in gene expression associated with HF in humans and to link
these differences to contemporaneous glomerular structural
lesions characteristic of HE*'””® These associations were
identified through the use of an individual’s peak measured
GFR to classify HF rather than an arbitrary, absolute HF
threshold not allowing for individual variations (e.g., in
nephron numbers'” and in the capacity of nephrons to handle
prolonged states of HF). Gene expression differences between
the HF groups suggest mechanisms associated with the zenith
of GFR in individuals with T2D as potential therapeutic tar-
gets. Mapping the differentially regulated HF genes onto
specific kidney cell populations allowed us to identify key
cellular mediators of HF and demonstrate that HF genes are
significantly enriched in endothelial cells, macrophages, and
fibroblasts relative to other kidney cell types. These observa-
tions provide unbiased evidence of endothelial stress in the
core regulation unit of glomerular hemodynamics.
Integration of kidney tissue-level and single-cell tran-
scriptional data revealed the main ligands (endothelin-1,
TGFBI1, VEGFA, growth arrest—specific gene 6, and delta-like
canonical notch ligand 4) were primarily produced by
endothelial cells in the HF state and enabled identification of
predicted downstream cellular targets with corresponding
overexpressed receptors in the mesangial cells using Niche-
Net’”>*** (Figure 7). Hyperglycemic conditions, angiotensin
II, and reactive oxygen species all activate TGFB1 signaling,
which then leads to inflammation and fibrosis in progressive
DKD.*' The receptors included multiple integrins in the cell
matrix signaling mechanisms. Mesangial cells targeted by this
receptor-ligand interaction showed enrichment of genes in
the signaling pathways of Rho GTPase small molecules, axon
guidance, actin skeleton, VEGFA-neuropilin 1-induced
angiogenesis, and the endothelin-1 pathway. Identification of
the endothlin-1** and TGFB1 pathways in our study is sup-
ported by prior literature on the role of these pathways in
DKD susceptibility.””* The growth arrest—specific gene 6—
AKT pathway was shown to be involved in mesangial hy-
pertrophy in rat models of DKD.”>*® Delta-like canonical
notch ligand 4-induced Notch signaling influences nephron
number and segmentation during kidney development, but in
DKD, it promotes glomerulopathy, tubulointerstitial fibrosis,
and possibly arteriopathy and inflammation, likely through
VEGFA-mediated signaling.”” *’ Several of these pathways
were identified and effectively targeted in established DKD."*
Our results extend the activation of these pathways into the
earliest stages of DKD, arguing for potential beneficial effects
of these treatment modalities over the entire course of DKD.
Furthermore, early detection of maximum GFR could provide
an opportunity for mitigating loss of kidney function. For

d

example, treatment with sodium-glucose cotransporter 2 in-
hibitors in early DKD attenuated GFR while reducing serum
glucose concentrations, likely through a reduction in HE"'
among other mechanisms.

The presence of an inflammatory signal derived from an
intraglomerular macrophage cell population suggests that HF
is linked to immigrating immune cells in the first steps of
glomerular  volume expansion.m_64 Indeed, increased
macrophage infiltration in glomeruli and increased expres-
sion of several genes related to inflammation, including
monocyte chemoattractant protein-1, were observed in
hyperfiltering mice with 5/6 nephrectomy.”” Furthermore,
increased excretion of cytokines in the urine was previously
reported during diabetes-related HF of measured GFR >135
ml/min per 1.73 m*.%!

Nitric oxide signaling pathways and tumor necrosis
factor-o. receptor 2 signaling pathways, which are associated
with HF in rats,'® are implicated in decline in eGFR,
incident CKD, and end-stage kidney disease in diabetes.”” *®
Indeed, associations were found with early glomerular le-
sions and end-stage kidney disease in a Pima Indian
cohort.”””" However, a study of the nondiabetic general
population using measured GFR found an opposite rela-
tionship between tumor necrosis factor-o. receptor 2 and
GFR decline, perhaps indicating a disease-specific role of
these pathways in diabetes, or alternatively an association of
tumor necrosis factor-o. receptor 2 with early HF (longi-
tudinal increase in GFR).71 More recently, the mineralo-
corticoid receptor antagonist finerenone was found to
reduce CKD progression (eGFR decline) and cardiovascular
events in patients with diabetes and CKD.** Mineralocor-
ticoid receptor blocking counters several overexpressed
pathways in the HF group in the present study, including
the profibrotic transforming growth factor-p signaling, the
vasoconstrictive  endothelin-1  signaling, and proin-
flammatory interleukin-6 signaling. Meanwhile, the
glucagon like peptide-1 receptor antagonist, Exendin-4,
ameliorates HE, glomerular hypertrophy, and albuminuria
in rats, likely through its anti-inflammatory action.””

The main strengths of this study are the repeated GFR
measurements using iothalamate clearance, providing GFR
trajectories for each participant through a substantial portion of
his/her adult life, and the research kidney biopsies not per-
formed for a clinical indication. The GFR measurements pre-
ceded and followed research kidney biopsies in the same
individuals, allowing an approach where the structural and gene
expression findings could be placed in the context of each in-
dividual’s historical GFR trajectory. Some participants may have
already been past their active HF stage before their GFR mea-
surements began or their kidney biopsy was performed, which is
why we excluded participants who had a low GFR and/or a high

|

Figure 6 | (continued) tubule; DS, disease-specific; DTL, descending loop of Henle; FIB, fibroblast; IC, intercalated cell; MC, mesangial cell; PC,

principal cell; PEC, parietal epithelial cell; POD, podocyte; PTEC, proximal tubular cell; Stressed/Stressed 2, clusters showing ribosomal/stress
genes/injury markers as top marker genes (Stressed clusters were akin to stressed proximal or descending loop of Henle cells, whereas cells in
the Stressed 2 cluster shared similarities with distal nephron cells); TAL, thick ascending loop; tPC, transitioning principal cell; vSMC, vascular

smooth muscle cell.
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ACR at the time of biopsy, and those who had their measured
GFR peak >2 years before their biopsy. To our knowledge, no
other study population has combined frequently repeated GFR
measurements in early diabetes with a kidney biopsy when
participants could still plausibly be in the HF stage.

Some of the study’s strengths are also its limitations, in that
replicating the study findings in other populations has not been
possible as there are no other studies collecting these compre-
hensive invasive measures across decades. A protocol biopsy
study in participants with youth onset T2D with significantly
elevated GFR and histologic features of early DKD, however,
allowed the replication of key molecular findings of endothelial
cell activation during the HF stage of T2D. The rates and
severity of obesity and DKD in Pima Indians are higher at a
younger age than in most White or ethnically diverse research
populations, and they also have a lower rate of concurrent
cardiovascular disease. However, this does not necessarily mean
the mechanisms of HF in this population are different from
those in other populations, and previous mechanistic insights
from gene expression findings in this population have been
replicated in unrelated populations.”” Other limitations may
include the effect of spontaneous variability of GFR measure-
ments on our definition of peak GFR, although the misclassi-
fication associated with estimated GFR appears to be much
greater. Moreover, the study population was reduced from 52 to
29 for gene expression analyses because of unavailability of
tissue for these studies. This might have adversely affected
statistical power, and the small clinical and morphometric
differences we reported when comparing those with and
without expression data could reduce the representativeness of
the subgroup with expression data. However, the results from
analyses were significant through Weighted Gene Co-
Expression Network Analysis—based dimensionality reduc-
tion. The scRNAseq data were generated from tissue samples
provided by a distinct set of study participants who did not
undergo long-term serial GFR measurements, but they were
part of the same population. Finally, effect of renin-angiotensin
system inhibitors on GFR trajectories could not be determined.

In conclusion, the integration of long-term GFR trajec-
tories with morphometric and molecular analyses of research
kidney biopsies enabled the identification of an endothelial
stress response with concomitant activation of downstream
mesangial cell pathways at peak HE. As these changes occur
early in the course of DKD, they may present an opportunity
to prevent the serious complications that may follow. Taken
together, this study provides a potential molecular link be-
tween HF in humans and molecular pathways in the kidneys
that may lead to structural injury and progressive GFR
decline, providing a framework to explore existing and new
therapeutic targets for HF in DKD.
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