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Abstract

Aims/hypothesis Diabetic kidney disease (DKD) is the leading cause of chronic and end-stage kidney disease in the USA
and worldwide. Animal models have taught us much about DKD mechanisms, but translation of this knowledge into treat-
ments for human disease has been slowed by the lag in our molecular understanding of human DKD.

Methods Using our Spatial TissuE Proteomics (STEP) pipeline (comprising curated human kidney tissues, multiplexed immuno-
fluorescence and powerful analysis tools), we imaged and analysed the expression of 21 proteins in 23 tissue sections from indi-
viduals with diabetes and healthy kidneys (n=5), compared to those with DKDIIA, IIA-B and IIB (n=2 each) and DKDIII (n=1).
Results These analyses revealed the existence of 11 cellular clusters (kidney compartments/cell types): podocytes, glomeru-
lar endothelial cells, proximal tubules, distal nephron, peritubular capillaries, blood vessels (endothelial cells and vascular
smooth muscle cells), macrophages, myeloid cells, other CD45* inflammatory cells, basement membrane and the inter-
stitium. DKD progression was associated with co-localised increases in inflammatory cells and collagen IV deposition, with
concomitant loss of native proteins of each nephron segment. Cell-type frequency and neighbourhood analyses highlighted
a significant increase in inflammatory cells and their adjacency to tubular and aSMA™* (a-smooth muscle actin-positive)
cells in DKD. Finally, DKD progression showed marked regional variability within single tissue sections, as well as inter-
individual variability within each DKD class.

Conclusions/interpretation Using the STEP pipeline, we found alterations in protein expression, cellular phenotypic com-
position and microenvironment structure with DKD progression, demonstrating the power of this pipeline to reveal the
pathophysiology of human DKD.
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What is already known about this subject?

e Diabetic kidney disease (DKD) is the leading cause of chronic and end-stage kidney disease

e Thereisalag in translating our findings from animal models to human disease due to limited molecular

understanding of human DKD

What is the key question?

e  What are the molecular spatial changes in human DKD?

What are the new findings?

e  Using a Spatial TissuE Proteomics (STEP) pipeline, we quantified 21 proteins, and identified 11 cell types, in 23
tissue sections from individuals with diabetes and healthy kidneys vs those with diabetes and DKDIIA, [IA-B, IIB

and lll

e  DKD progression was associated with co-localised increases in inflammatory cells and deposition of collagen 1V,

and concomitant loss of native nephron proteins

e  DKD progression showed marked regional variability within single tissue sections, as well as inter-individual

variability within each DKD class

How might this impact on clinical practice in the foreseeable future?

e This study demonstrates the power of this spatial proteomics pipeline to reveal human DKD pathophysiology with
the aim of developing novel diagnostic and therapeutic methods

Introduction
Diabetic kidney disease (DKD) remains a significant cause
of morbidity and mortality in people with diabetes world-
wide [1]. Current diagnostic tests are limited, especially
for detection of early disease. Despite recent advances,
effective tools for management of advanced disease are
also lacking. Expanding our diagnostic and therapeutic
tools for DKD requires a detailed understanding of the
molecular mechanisms underlying disease progression in
humans. Historically, research on DKD molecular patho-
biology largely fell into two categories: (1) dissection
of DKD pathophysiology in experimental models; and
(2) examination of human biofluids to identify putative
disease markers. Generation of data to bridge the gap
between understanding of human disease and the detailed
experimental molecular mechanisms that are available has
been a more recent endeavour. The resulting paucity of
such data has slowed translation of insights gleaned from
experimental DKD studies into clinical interventions. Bulk
and single-cell RNA sequencing of human kidneys has
begun to fill this gap, allowing researchers to compare
how DKD changes gene expression in animal models vs
human patients.

More recently, commercialisation of high-parameter in situ
molecular profiling technologies [2], such as mass cytometry,
multiplexed immunofluorescence and spatial transcriptomics,
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has made it possible to draw connections between disease pro-
gression, in the context of pathological classes, and molecu-
lar and cellular states defined by spatially resolved RNA
or protein expression in human kidneys. A comprehensive
multi-omics examination of human kidney tissue has gener-
ated data for a reference atlas for healthy kidneys [3]. One
study reported on expression of 23 proteins in kidney tissues
from three individuals with DKD [4]. However, it included
minimal clinical information or pathological classification.
Furthermore, the comparison of DKD kidneys to those from
healthy (non-diabetic) individuals left unresolved the ques-
tion of whether the observed changes were due to diabetes
or kidney disease. We report on expression of a 21-protein
panel in 23 regions of interest [5] from 12 individuals with
diabetes and histologically normal kidneys vs those with DKD
classes IIA to III. The results of this study are the first step
in generating a molecular companion to clinicopathological
DKD classes, preferentially targeting proteins to address our
resources to areas with lower data density.

Methods

The objective of this study was to examine changes in pro-
tein expression in relevant cell types in human kidneys, as
they progressed from healthy to class III DKD. Patients
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donating tissue samples signed an informed consent allow-
ing use of their deidentified samples for research. Collection
and storage of tissue and data were conducted under the
regulatory processes of the University of California Institu-
tional Review Board. The relevant sections in the electronic
supplementary material (ESM) Methods give full details on
the study design, tissue repository and tissue preparation.

Tissue characterisation

Tissues were characterised by: (1) evaluation of existing
donor clinical data by a nephrologist experienced in DKD
care (MA); and (2) histopathological examination by an
expert renal pathologist (K-YJ) by microscopic examina-
tion of the periodic acid Schiff (PAS)-stained sections (ESM
Fig. 1a—d) [6]. The tissue microarray used here included 23
tissue sections from 12 individuals with diabetes. Ten kid-
ney tissue sections were from five diabetic individuals with
histologically intact kidneys with no evidence of kidney dis-
ease, 12 tissue sections were from two individuals each with
DKDIIA, ITA-B or IIB, and one tissue biopsy was obtained
from an individual with DKDIII (ESM Fig. le,f). Further
details are given in ESM Methods.

Tissue staining and data acquisition

Antibody conjugation, tissue staining and data acquisi-
tion followed the protocols supplied by Akoya Biosciences
(USA). Further details are given in ESM Methods.

CODEX data analysis

Biomarker expression masks for compartment-based analy-
sis Six kidney compartments were outlined for region of
interest analysis using the Enable Medicine visualiser (ESM
Fig. 2): glomeruli, blood vessels, distal tubules, all tubules,
collagen IV* areas and the interstitium. Manual outlines
of glomeruli and blood vessels were used to create binary
masks for these two compartments. Three compartments
were isolated by creation of binary masks based on thresh-
olding the expression of relevant proteins (mucin 1 [MUCI]
for the distal nephron, CXC motif chemokine receptor 3
[CXCR3] for all tubules, and collagen IV for the basement
membrane) and morphological fill operations. The proximal
tubule compartment was determined by subtracting the dis-
tal nephron compartment from the all-tubules compartment.
The interstitial compartment was marked by a mask that was
created by subtracting the masks of the other five compart-
ments from a mask of the entire tissue region. The masks
were used to label the cells by compartment.

Cell proportion analysis Cell proportions were determined
across all cell-type clusters and summarised by sample,

disease stage and tissue compartment; values were also
summarised across disease stage for individual cell types.
These data were visualised using stacked bar plots and
boxplots (“ggplot2::geom_bar” with ‘pos = “fill”’ and
“ggplot2::geom_boxplot”, respectively).

Compartment protein expression Protein expression in
glomeruli was calculated by summing signals over the cor-
responding regions in the images. For each single channel
image, lower and upper intensity thresholds were determined
based on the histogram of pixel intensities. Next, the image
was min—max-normalised according to these thresholds. The
normalisation process was performed to ensure that images
from different regions/acquisitions would have the same
dynamic range. Further details on co-detection by indexing
(CODEX) data analysis are given in ESM Methods.

Results
Patient characteristics

The majority of the 12 donors were self-reported non-His-
panic white individuals with type 2 diabetes (Table 1). All
classes, except DKDIIB and III, included kidney tissue from
self-reported women and men. Hypertension was present in
four of the five donors with diabetes mellitus and healthy
kidneys and in all donors with DKD. Nephrectomies were
performed between 2010 and 2019, with storage durations
as specified in Table 1. eGFR, measured by CKD-EPI [7]
from available serum creatinine values, and urine protein
(urinalysis) were obtained before nephrectomy if possible
or afterwards if not.

Visualising spatial distribution of 21 proteins
in human kidneys

Tissue expression of 21 proteins (ESM Table 1) was
measured in 23 regions of interest from 12 individuals
(ESM Fig. 3), using CODEX (Fig. 1a and ESM Fig. 3).
These proteins were selected because of their expres-
sion in human kidney based on prior data (Table 2) and
relevance to kidney function or DKD pathophysiology.
CD45, CD68 and CD11b staining identifies immune cells
infiltrating the kidney or resident within it (Fig. 1b,d,f,i),
nestin and CC motif chemokine receptor 6 (CCR6) dis-
tinguish podocytes and endothelial cells (Fig. 1c and d),
and aSMA (a-smooth muscle actin), CXCR3, MUCI1
and collagen IV identify blood vessels, all tubules, the
distal nephron and the basement membrane, respectively
(Fig. le,g,h). ESM Table 1 lists commercial antibody
clones, sources, dilutions and the CODEX barcode and
fluorophore used for each monoclonal antibody.
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Summary of data on expression of the targeted (ESM Fig. 4). For 16 of the 21 proteins, protein expression in
proteins in human kidneys our samples was consistent with reported expression in prior

literature and/or the Human Protein Atlas. For RAR-related
Expression of the targeted proteins in our human kidney sam-  orphan receptor C (RORY), there was no prior data on expres-
ples was compared with prior data for each protein, includ-  sion in human kidneys. Our data diverged from prior reports

ing the Human Protein Atlas (https://www.proteinatlas.org/)  for nestin, CXCR3 (CD183) and osteopontin (SPP1) (Table 2).
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«Fig. 1 Representative multiplexed immunofluorescence image show-
ing protein expression in a kidney section with DKD. (a) A human
kidney cortical tissue section from a patient with DKDIIB, showing
the basement membrane (collagen IV, white), macrophages (CD68,
purple), broad immune cells (CD45, yellow), smooth muscle and
interstitial cells (aSMA, red), glomerular endothelial and peritubular
capillary cells (CCR6, orange), all tubules (CXCR3, turquoise) and
the distal nephron (MUCI, green). The scale bar below the image
represents 500 pm. (b, ¢) Two zoomed-in regions from this sample
show areas with increased immune cells and fibrosis (b), and a blood
vessel and glomerular compartments (c). The scale bars below the
images in (b) and (c) represent 100 pm. (d—-i) Nestin (red), CCR6
(orange) (d), aSMA (red) (e), CD45 (yellow) (f), CXCR3 (turquoise),
MUCI (green) (g), collagen IV (white) (h) and CD68 (purple) (i)
highlight podocytes, GEC, blood vessels, inflammatory cells, all
tubules, the distal nephron, basement membrane and macrophages,
respectively. COL4, collagen 1V; C1QC, complement Clq C chain;
EpCAM, epithelial cell adhesion molecule; MUCI, mucin 1, also
known as CD227; SPP1, secreted phosphoprotein 1, also known as
osteopontin (OPN); TFAM, transcription factor A, mitochondrial;
vWEF, von Willebrand factor

Identification of the known cell types and tissue
compartments in the kidney

Unsupervised clustering from the 21-protein expression
profiles was used to assign cell types to all segmented cells,
leading to identification of 11 clusters. The clusters were
classified into 11 distinct cell populations based on the bulk
expression profiles of each cluster (Fig. 2a,b). The identi-
fied cell populations were proximal tubules (CXCR3**/
MUCI17), the distal nephron (CXCR3'°/MUC1™), glo-
merular endothelial cells (GEC) and peritubular capillar-
ies (CCR67/CD317), vascular endothelial cells (CCR6'%/
CD31%), vascular smooth muscle cells (aSMA™), glo-
merular podocytes (nestin™), macrophages (CD68™), cells
of the myeloid lineage (CD11b") and other immune cells
(CD45*/CD687/CD11b). Segments that were positive for
collagen I'V/heparan sulphate proteoglycan (HSPG) were
categorised as ‘basement membrane’. Cells exhibiting
low expression of all proteins were categorised as ‘low-
expressing’ cells.

Because the initial cell classification results were
generated algorithmically and without supervision, we
validated these classification results using several meth-
ods: first, we verified that each identified cell popula-
tion expressed the expected combination of proteins
(Fig. 2a,b). Second, we determined that minimal batch
effects from unsupervised clustering were observed (ESM
Fig. 5). Third, we confirmed that the Voronoi representa-
tions of the samples showed the expected spatial localisa-
tion of the identified cell populations (Fig. 2c). Finally,
we confirmed the results by overlaying cell annotations
with CODEX image channels of cell-type specific bio-
markers (Fig. 2d).

Global and compartment-wise changes in protein
expression from health to DKDIII

We then used unsupervised clustering in entire sections to
quantitatively compare the cellular composition of the kid-
ney samples across DKD classes (Fig. 3a). Transition from
diabetes mellitus to progressive DKD was associated with
an increase in inflammatory cells (macrophages, inflamma-
tory cells of the myeloid lineage and CD687/Cd11b~/CD45*
cells), as well as decrease in proximal tubular cells (Fig. 3a).
In addition to global cell-type identification, we used unsuper-
vised clustering of protein expression to determine cell-type
frequencies in six distinct tissue compartments (glomeruli,
blood vessels, distal tubules, all tubules, collagen IV* areas,
and the interstitium), determined as described in Methods
(Fig. 3b). The glomerular compartment showed a decrease
in podocytes (nestin™ cells) and CCR6/CD31% GEC with
progression from diabetes mellitus to DKDIII, and an increase
in XSMA™ cells and the collagen IV*/HSPG™" basement mem-
brane. The proximal tubule compartment showed a decrease
in proximal tubular cells and an increase in CD45% immune
cells and macrophages, while the cellular composition of the
distal nephron compartment, marked by MUCI1 expression,
was grossly unchanged. Blood vessels showed a reduction in
aSMA™ cells and a mild reduction in CCR6'°/CD317" endothe-
lial cells, and the interstitium had a subtle decrease in CCR6"/
CD31" endothelial cells and an increase in CD45% immune
cells and low-expressing interstitial cells. Finally, the base-
ment membrane showed an increase in collagen IV*/HSPG™*
regions and CD45™" inflammatory cells (Fig. 3b).
Hierarchical clustering based on cell frequencies in the cor-
tical tissue sections reiterated the higher abundance of immune
cells, collagen IV*/HSPG* and aSMA™ cells in DKD tissues
vs those from participants with diabetes mellitus and healthy
kidneys (Fig. 3c, red-bordered box), while sections from the
participants with diabetes mellitus and healthy kidneys had
more cells from proximal tubules and the distal nephron, as
well as glomerular nestin* and CCR6* cells (Fig. 3¢, green-
bordered box). Individuals within each DKD class showed sig-
nificant variation in these findings (Fig. 3c). Overall, however,
the increase in inflammatory cells was statistically significant
and continuous from the participants with diabetes mellitus
and healthy kidneys to those with DKDIII (Fig. 3d,e). The
increases in these inflammatory cell groups retained signifi-
cance after Bonferroni-adjusted correction for multiple testing,
even when the DKDIII sample was excluded (ESM Fig. 6a,b).

Visual examination of protein changes from health
to DKDIII

Visual examination reiterated the data obtained from bio-
informatic analysis in the preceding sections, i.e. there
was an increase in fibrosis and inflammatory cells with

@ Springer



Diabetologia

so[nqn) [eISIp << 3onp Sunod[0)

so[nqgn) [eISIp << 3onp SundR[0)

sjonp Sunoa[[od
‘s9TNQN) PAINOAUOD [ISIP PUL [EWTXOIJ

[¢€] 3onp 3uno9[[od [eo1I0D
[z€l smnqm

PaINOAUOD [BISIP < 31oNp FUIJ[[0D
[1€]3onp

3uno9[[00 < 9[nNgn) PIANJOAUOD [RISIJ
[0€] 1onp Sunoorods <

so[nqgn) [eISIp << 3onp Sunod[[o) [uay jo doo] x 9[nqn) PIINJOAUOD [BISIT

Pa19939p uoIssaIdxa ou :pasn qyw UQ

[82] sire0
IR[NISWO[S [9A[-MO] ‘Q[OLIS}IE JUSIOYY
[62] s1193 retoyIOpUy
[6T ‘821 DINSA

[LT—62] suoN
[$2] (Anstuayoo)srgounuruut

je1 pue) so[nqny [ewrxold uewny
PJOISSIP-OIOTW UT PIssaIdxa YN YW

[€2] 1onp Sunoo[(0d
‘so[nqn) PAIN[OAUOD [eISIp ‘squur] uT

WVDda

(€81AD) £4DXD

erpoylido rengm [y erpoyiida rengm v erpoylido Je[ngny,  -puodse YOI} pue UIY) ‘Sa[Nqn) [BWIX0I] Jutuale)-¢g
(V) somnqm
rewrxoxd ‘S[[ed [RISUBSOW JE[NISWO[D) [zz]l (1vY) INg Teinqmy
INE Te[nqn) “o[ns NG Te[nqm ‘a[nsded (T Ivy) Wa Feqm “(SV¥ ‘€VY) INED ‘(SV¥ ‘TVP) dInsded
-deo s ueimog ‘NGO XLnew [BISUBSIIN s,uewmog ‘NGO ‘XLIeW [RISUBSIIA ‘9nsded s,uewimog XInew [BISUBSI s,uewmog ‘(1) XLnew [eI3uesajy Al uadejon
(12n9MOYy
S91A00[NURIS puE SAIAIOUON s9jAo0[nueId pue SAIAIOUON “QIqISTA S[[9D [ENPIAIPUI) P)I)AP JON [12] seSeydoxoew pue []71] S9IA00UOIA 890D
SANKD S91K001 $91K001 [0Z] sa1ko
-o1y)A19 1daoxa s[[9o onerodojewdey [y 3419 1dooxa s[[9o onerodojewaey [y -3A19 1dooxa s[[e0 onarodojewrsry [y -013A19 3dooxa s[[eo onarodojewory [V SyaD
[61]sa1
soLre[[1ded SOLIO)IR ‘SO[NUAA ‘I[NISWO[D)  SOLIR[[IdeD ‘SOLIALIE ‘SO[NUAA ‘I[NISWO[D) sotre[[ides ‘sopnuoa ‘Inowo}  -Ie[[ided < SALISMIE ‘SI[NUAA ‘I[NISWIO[D) 1€dd
sornqny Tewrxoxd ur uorssardxa [9A9] MO
$91A00[NURIS puE SAIAIOUOIA s9jAo0[nueI3 pue SAIAI0UOA S[[90 JUSPISAI ANSST) [ENPIATPU] [81 £1] s@1Aoo[nueId pue SAIAI0UOTA q11dD
sqyut oy jo
QWIOS [IIM S[BNPIAIPUL SWIOS UI sa[nqn],
D1d DdD D1d DaD D1d Ddo [91]1 D1d pue DED (961aD) 990D
[G1] so[oLId)IR “T[NISWOD)
[1—C1] suoN
[11] s[[oo sunwiw/[ennsIAuL
7 uoxydau [eIsSIp < s9[nqn) [eWIXoid 7 uoydau [eIsIp < S9[nqn) [ewIxoid SUONBLIBA [)IM S9[NqQN) [[Y :DO1D 10U ‘O1D 10} A[UQ 201D
uress
Tepnqny [ewirxoid Qwos [sqQywW ¢ Jo |
WNNNSIAUI ‘S[ISSIA Poo[g WNNNSIAUI ‘S[ISSIA POO[g S[9SSA POO[Q ‘[BNNSIAUI :SqYW € JO ¢ [01 ‘6] wnnnsIAUI ‘S[aSSIA poo[g VINSO
N Yy opdoad BJRp
Jo sAoupry ur uoissaldxa 10} uorsnouo)) Byep Qo Se[}y uldj01d Uewny Jouid uo paseq uoIssardxa jo uoneso uraj01d

sAoupny uewny ur surdjoid pajagie; ay) Jo uoissaidxa uo ejep jo Arewwng g a|qel

pringer

AQs



Diabetologia

10)0B PUBIQI[[IA UOA ‘JAA ‘UINPOWOQUIOIY]) ‘JALL, {[BLIPUOYI0)IW Y I0JoR]
uondrosuen ‘AL ¢ urejoxd pojeroosse [ewososAT ‘T JINVT ([0 9[osnu YIoows Je[ndseA ‘DINSA € 103dooar aunjowrayd jnow DX ‘CYIXD (OUBIQUIAW JUIWASE] ‘A ‘QUBRIqUISUW JUSUWISEq
Teniowo[3 ‘INgD ‘Areqides rengmuad Q1d 9 103dadar sunjowayd jnouw DD ‘9¥DD DO usuodwod waweidwos OO Apoqnue [BUO[OOUOW ‘qyW Unoe d[osnw yroows eyde NSO

rwAyouared
ur Surure)s 9peIS-morT "SoLId)Ie Pue SI[0

SO[OLIS)IE PUB SO[NUQA

sorre[[Ided ‘SO[OLISNIE ‘SO[NUIA  -LID)IE ‘SO[NUIA UT Surure)s AJSudui-y3Iyg Ul 9[qISIA ST INg ‘pajd)ap jou se pajroday]

sojdures Ino ug A 03 anp paonpal
91od re[nosea IenIswWol3 ur Jururel§

's[essaA pooiq ‘sorre[[ides rernqmreg S[essoA poo[q ‘sarre[[ides Ienqnireg

sjonp Sur3od[0d
‘$9[NQN) PAINJOAUOD [RISIP PUB [BUWIX0IJ

uorssaxdxa res[onu snojbiqn uorssaxdxa 1es[onu snojmbiqn

S[ossaA ATe[[npaw
S[9SSOA ATR[[Npawl [[ewWsS ‘s9)Ao0pod [rews ‘saynqn} [ewrxolid ‘s91A00pod

jonp Suno9[0d ‘9[nNqn) PIINJOAUOD [BISI]  JONP SUINDA[[0d ‘d[NqN} PAIN[OAUOD [RISI(]

so[nqm v se[nqm v
snojbiqn snojmbiqn
NG Ter XIIjew [erSuesowr pue g Je[niouw

-NISWO[3 Yeam ‘] Je[nqny ‘S[aSSA poolg -0[3 Yeom ‘N g Je[nqnj ‘S[assaA poolg

S[9ssaA poo[q ‘ofod Te[Nno
-seA Je[niowo[3 ‘soLre[[ides renqmirog

So[NQN) PIINJOAUOD [BISIP PUE [EWIXOI]

uorssardxe oN

(sqyuw 4 jo 1) se[nqn) Tewrxoid

Ul [9AQ] MO[ ‘wnIfaylopu? ‘sarre[fides
rernqmirad ‘sejkoopod re[nioworn)

Jonp Suno9[[od ‘a[ngny pAIN[OAUO0D [BISI(T
so[nqm vV
snojnbiqn

(sqvu ¢ jo
¢€) uorssardxa snojmbiqn wnIpaw-mo ]

(sqvw ¢ jo €) 9jod
Ie[NOSEA JR[NISWO[3 ‘SO[OLIdNIR ‘SILIANIY

([61] ou <[16] sok) 1nrow
-0[S ur passardxa SI J1 IOYoYM Jea[ou)
[61] sevre[[ides ‘so[OLIA)IER ‘SO[NUIA
[0g] sorreryides
repnqmuied ‘ojod Ie[noseA Je[nioworn
[6¥] INa Wi ordoad jo rnrowror3
ur paonpar ‘snniowo[3 jo ajod Ie[noseA
[8y]
sorreqides reinqnitrad ur 1a3uomns ‘s[os
-SOA JR[NISWO[S UI [BJUSWTIS PUB YBIAN
[9%] sornqn) [ewrxoxd owog
[Lt ‘9] 1onp Sunosjo)
[L¥—=6t] sanqm paInjoauoo feIsiq
[St] e[uay jo dooj Surpudose oIy ],
urojoId Uo ejep ON "S[[90 dunuII
ur wojost ATuo 9y} SI Jey) asnesaq
IV OY SuIAJrIuapr se pauyep A[[erorouwr
-wo9 ST INQ SWLIOJOSI Y30q $ASTUT09a1
pasn qyu YL, [t skoupry ur
passaidxa st YNJW ([AYOY) | WwIojos]

[1+ ‘O] sa1ko0pod re[nioworn

[6€ “8€l
Jonp Suno9[[od Dngn) pANJOAUOD [RISI
[£€] swol3 ur auou ‘sa[nqmy [y
[9¢] snoymbiqn
[Se] NED
[S€ ‘P€] NG Tenqny,
[€] satny
[+€] sajoanry

dMma

(I¥1a2) WL

(unuodo)so) 14dS

Aoy

unsaN

(Lzzad) 10NN
VAL
(eL01dD) 1dINV'T

(ueospad) ZOASH

N Yy opdoad

Jo sAoupry ur uorssaidxe 10} uorsnouo)) Byep InQ

SE[}y UIdJ01q Uewny

BIRp
Jouid uo paseq uoIssardxa jo uoneso

[IEITNE |

(ponunuod) z3jqer

pringer

As



Diabetologia

a
! ImmuneCells | ! GEC/ | o\~
DN | PT io5iibs coesr coasrn | B¢ prc (o8 | BM Low
O
I

o [

=

ey o

Proximal tubule (CXCR3++/MUC1-)
Distal nephron (CXCR3+/MUC1+)
I Nestin+ cells

Endothelial cells (CCR6°/CD31+)
GECs, PTCs (CCR6+/CD31+)

[l Basement membrane (COL IV+/HSPG+)

6
Protein Panel
oSMA
CollagenlV
3
E -
09
=)
CD107a (LAMP) 39 t i
RORy {
OPN "~ 4 %
B-catenin L P
TFAM 0
c1Qc 2 -6
CXCR3 i_4 T T T
-5 0 5
UMAP2
Low-expression cells Myeloid cells (CD45+/Cd11b+)
. aSMA+ cells . Immune cells (CD45+/CD68-/CD11b-)
[ Macrophages (CD45+/CD68+)

DKDIIA/B (8-R2)

= MUCH
W CXCR3
CCR6
gcoLiv
HaSMA

Fig.2 Classification of kidney cell types and tissue compartments.
(a) Heatmap of protein expression by phenotype showing unique
expression profiles for the cell populations identified in this study,
as well as the low-expressing cells. (b) A uniform manifold approxi-
mation and projection (UMAP) representation of all cells in the
study, coloured by cell type. (¢) A Voronoi representation of corti-
cal sections from a healthy kidney sample and one from a donor
with DKDITA-B, coloured by cell type (top panels), compared with
expression of compartment-identifying proteins in the same tissue
sections (bottom panels). ‘R’ denotes the region number, e.g. 1-R1

DKD progression (Fig. 4a) and a progressive loss of
proteins marking tubular and glomerular compartments
(Fig. 4b). Also notable was a difference in the trajectory
of change in expression of the segment marker proteins.
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aSMA

CXCR3 aSMA CXCR3

Blood vessel

.CR6 CXCR3

Nestin

CCR6 CXCR3

Nestin+ cells  Endothelial cells (CD31+)

CXCR3 __CXCR3

Tubules
Distal tubules

for region (section) 1 from individual 1. (d) Cell types identified from
unsupervised clustering were validated by overlaying cell annotations
(white dots) with cell type-specific marker protein channels. BM,
bone marrow; COLIYV, collagen IV; C1QC, complement Clq C chain;
DM, diabetes mellitus; DN, distal nephron; EC, endothelial cell;
EpCAM, epithelial cell adhesion molecule; LAMP, lysosome-asso-
ciated membrane protein; MUCI, mucin 1, also known as CD227;
OPN, osteopontin; PT, proximal tubule; PTC, peritubular capillary
endothelial cell; TFAM, transcription factor A, mitochondrial; TM,
thrombomodulin; vWF, von Willebrand factor

For example, MUC1 was expressed through DKDIII, while
CCR6 and CXCR3 expression was reduced or lost in ear-
lier classes. In addition, co-staining for collagen IV, CD45
and CD68 showed that the increases in inflammatory cells
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DKDIIA

Fig.4 Representative multiplex immunofluorescence images show-
ing protein expression across the spectrum from healthy kidneys to
progressive DKD. (a) Staining for basement membrane (collagen IV,
red), broad inflammatory cells (CD45*, yellow) and macrophages
(CD68™, blue) shows that disease progression, manifested by base-
ment membrane (collagen IV) thickening, is patchy. In addition,

and fibrosis co-localised in the same areas, and that the
extent of tissue injury, as shown by increases in collagen
IV deposition and inflammatory cells, was regional and
patchy (Fig. 4a,b).

DKD is patchy: quantifying section-
and patient-level heterogeneity in cellular
composition and protein expression

Our visual observations suggested that DKD severity was
regional and progressed in patches (Figs 1 and 4). We used
several informatic tools to quantitatively assess this vis-
ual observation (Fig. 5). First, we mapped the correlation
between histopathological features/sub-regions of a single
tissue to the overall DKD class assigned to the individual.
Sub-regions with varying DKD severity were manually
outlined in a tissue section from a patient with DKDIIB
(individual 10) by a pathologist. Based on histopathological
severity, these areas were labelled as healthy (histologically
intact), moderately fibrotic or severely fibrotic (Fig. 5a). The
sub-regions were then projected as individual specimens
onto the principal component space defined by the 23 tis-
sue sections, classified as DKDIIA to III. Within this space,
healthy, moderately fibrotic and severely fibrotic sub-regions
from one individual tissue section co-localised with tissue

@ Springer

DKDIIA-B

DKDIIB DKDIll

inflammatory cells, including macrophages, coincide with areas of
greater collagen IV deposition. (b) The expression of compartment-
identifying proteins (CXCR3, turquoise; CCR6, orange; MUCI,
green; collagen IV, white; ®SMA, red) differs between DKD classes.
The scale bars represents 250 pm. DM, diabetes mellitus

sections from healthy kidneys, intermediate DKD (IIA to
ITA-B) and severe DKD. Thus, a single tissue section from
one individual displayed wide pathological variability, run-
ning the gamut from healthy kidneys to DKDIII (Fig. 5b).
Second, we examined intra- and inter-individual variability
in expression of the CCR6 protein, which marks the glomer-
ular compartment. This compartment was selected because
glomeruli were manually outlined and glomerular sclerosis
is a known feature of DKD progression. Normalised CCR6
expression in GEC was calculated in outlined glomeruli
from two individuals with DKDIIB (individuals 10 and 11).
We observed substantial variability in normalised glomeru-
lar CCR6 expression both within an individual participant
(e.g. individual 10, Fig. 5c,d) and between the two individu-
als with DKDIIB (individuals 10 and 11, Fig. 5c,d).

Hierarchical clustering of individual cortical tissue
sections based on adjacency between cell types

Heatmap dendrograms of cell-cell adjacency were used to
segregate histologically normal and DKD kidney tissues.
Consistent with the observed changes in cell types, DKD
tissues showed an increase in cell-cell adjacencies, includ-
ing inflammatory cells, xSMA™* cells and the basement
membrane (Fig. 6a, red-bordered box). Also consistently,
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Fig.5 DKD is patchy. (a) Representative multiplex immunofluores-
cence images showing DKD heterogeneity (sample 10-R1, right) in
terms of alteration of protein expression compared with normal tis-
sue (sample 4-R1, left); ‘R’ denotes the region number, e.g. 4-R1 for
region (section) 1 from individual 4; scale bar, 250 pm. Regions with
variable DKD severity are manually outlined. (b) Multidimensional
scaling (MDS) plot of 20 cortical sections (omitting the three medul-
lary sections), coloured by disease class, as well as the three manually

histologically normal tissues showed more frequent
cell—cell adjacencies involving cells of the proximal and
distal nephron, as well as nestin™ and GEC (Fig. 6a, green-
bordered box). As for other data, there was marked varia-
tion in these observations between individuals in the same
DKD class. Nonetheless, the increase in proximity between
CD45* immune cells and cells of the distal nephron, proxi-
mal tubules and aSMA™ cells was robust to Bonferroni
adjustment for multiple testing (Fig. 6a,b). These cell—cell
proximities remained significant and robust to Bonferroni-
adjusted correction for multiple testing even when the
DKDIII sample was excluded (ESM Fig. 7a,b).

10-R1 and R2

DKDIIB

Q

g
&)

n
o

-
o

o
2

o
=)

©
o

Normalised CCR6 expression in
glomeruli from patients with DKDIIB
o

3 +..ar

1

outlined sub-regions. (¢) Representative images of manually outlined
glomeruli in two DKDIIB sections from patients 10 and 11. (d) Box-
plot comparing normalised CCR6 expression in glomeruli from the
two sections. Each dot represents CCR6 expression in a single out-
lined glomerulus. C1QC, complement Clq C chain; DM, diabetes
mellitus; EpCAM, epithelial cell adhesion molecule; SPP1, secreted
phosphoprotein 1, also known as osteopontin (OPN); TFAM, tran-
scription factor A, mitochondrial; vVWF, von Willebrand factor

Discussion

We developed Spatial TissuE Proteomics (STEP), a pipeline
that combines curated human kidney tissues, a multiplexed
immunofluorescence platform [8] and powerful analysis
tools to compare expression of 21 proteins in human kidneys
from people with diabetes and histologically normal kidneys
(10 sections, five individuals) to those with DKD classes ITA
to III (13 sections, seven individuals). Expression of these 21
proteins identified 11 functionally relevant kidney compart-
ments or cell types. The data from this spatial proteomics
pipeline reiterated the increases in the inflammatory cells

@ Springer
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Fig.6 Cell-cell proximities in diabetes mellitus vs DKDIIA-IIIL
Hierarchical clustering of cortical tissue sections based on cell-cell
adjacency between cell types. (a) Heatmap dendrogram of cell—cell
adjacency, segregating healthy kidneys from DKD. Cell—cell adjacen-
cies also show significant inter-individual heterogeneity within each
DKD class. Values are normalised per column using z scores; data

are clustered by rows. (b) Volcano plot of cell adjacencies showing
enrichment of proximity between immune cells, tubular cells (prox-
imal and distal) and ®SMA™ cells in DKD, compared with healthy
kidneys, after Bonferroni adjustment for multiple testing. BM, base-
ment membrane; DM, diabetes mellitus; PTC, peritubular capillary
endothelial cell
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and collagen IV, as well as the resultant reduction of native
proteins marking proximal tubules and glomeruli, in people
with DKD. In addition, the results highlighted several new
datapoints: first, the increase in inflammatory cells and fibro-
sis was strictly co-localised, suggesting concomitant occur-
rence rather than fibrosis occurring after inflammation, as
had been expected from animal studies. Second, these data
suggested that the expression of proteins marking different
nephron segments followed distinct trajectories: e.g. CCR6
reduction occurred by stage IIB, while MUC1 expression
persisted through to stage III. Finally, spatial proteomics
showed a marked patchiness in DKD severity, revealing size-
able intra- and inter-individual variability in the molecular
pathology of disease progression in the kidney tissue. This
finding underscores the limitations of kidney biopsies in
providing whole-kidney assessment of DKD severity. Clus-
tering based on cell type or cell-cell proximities confirmed
the increases in inflammatory cells in DKD, and, in addition,
showed proximity between inflammatory cells and proximal
and distal tubular cells, as well as those expressing aSMA,
with statistical significance, that was robust to adjustment for
multiple testing even in this limited sample set. These find-
ings displayed the power of spatial proteomics in identifying
significant changes in cell type and cell—cell interactions.
First, this report shows that a relatively small (21-protein)
panel may be used to segregate kidneys into 11 clusters,
corresponding to several of the known and functionally
important kidney compartments and cell types. Each clus-
ter is identifiable by its specific expression profile for the
21 proteins, including expression of marker proteins (e.g.
MUCI, identifying the distal nephron). Within each cluster/
compartment, quantification of all 21 proteins allowed char-
acterisation of disease-associated alterations in these pro-
teins from individuals with diabetes mellitus but no kidney
disease to those with DKDIII. Comparing cell types in corti-
cal sections from individuals with diabetes mellitus but no
kidney disease to those with DKD reiterated the themes of
co-localised fibrosis and inflammatory cell increase, as well
as a reduction in proteins marking proximal tubular and glo-
merular compartments. Compartment-wise examination of
these changes showed a reduction in proteins specific to the
compartment, but with trajectories that were distinct for each
protein and compartment. For example, CCR6" and nestin*
cells were reduced in glomeruli with DKD progression, and
distal tubules showed little to no change in MUCT stain-
ing. In addition, examining compartment-specific protein
alterations revealed compartment-specific nuances in DKD-
associated changes in protein expression. For example, with
DKD progression, xSMA™ cells were increased in glomeruli
but reduced in blood vessels, suggesting an alteration not
only in the quantity but also the site of xSMA expression,
away from its normal cell types in vessel walls and towards
abnormal sites such as glomeruli. This finding emphasises

the importance of using histological features to manually
outline compartments because the compartment/cell-type-
specific marker proteins may no longer be expressed with
DKD progression, or their pattern of expression may change.

Second, we present data on expression of these 21
proteins in human kidneys. To draw firm conclusions on
expression of the targeted proteins, our data were compared
with all existing expression data (to our knowledge) for each
protein, and critically analysed (Table 2). We included all
available data on potential sources of pre-analytic vari-
ability for our samples, including donor characteristics
(demographic, clinical, etc.), tissue source and processing
(Table 1), as well as the antibodies used (ESM Table 1), to
enable comparisons with studies by other authors. For 16
of the 21 proteins, the data reported here were supported
by prior literature, allowing determination of the sites of
protein expression in human kidneys from people with dia-
betes, with or without DKD. For four of identified proteins
(CXCR3, osteopontin, nestin and RORY), our data either
varied from prior data, or there was no prior data available
or no consensus on expression of the protein in human kid-
neys. For example, while we used CXCR3 as a pan-tubular
marker, its expression has not previously been reported in
tubules. Examining CXCR3 expression in healthy tumour
nephrectomies from people without diabetes also showed
pan-tubular CXCR3 expression (ESM Fig. 8), demonstrat-
ing that this pattern was not related to diabetes and was
most likely due to presence of the tumour, as suggested by
prior literature (see ESM Discussion).

Third, cell-frequency and neighbourhood (cell—cell adja-
cency) analyses provided other examples of how bioinfor-
matic analyses of spatial proteomics can shed light on disease
mechanisms. As proof of principle, we present an example
of these analyses, highlighting the increase in inflammatory
cells and their proximity to the cells of the nephron in DKD
tissues compared with healthy kidneys from people with dia-
betes. Interestingly, heterogeneity was again in evidence in
both cell-frequency and neighbourhood analyses.

Fourth, we observed striking patchiness in DKD severity.
These variations may be due to sampling bias, which may
cause the DKD class in the multiplex immunofluorescence-
stained section to differ from that of the section used for
pathological staging (a few microns apart). In addition, the
complexity of the underlying DKD mechanisms may lead to
intra-individual heterogeneity in protein expression within
one tissue section or between multiple tissue sections, or
between individuals within one DKD class. This marked
intra- and inter-individual variability was evaluated by visual
examination and quantified using bioinformatic analyses.
While use of visual examination is clearly limiting in terms
of the substantial number of sections needed to overcome
biological variability in human tissues, it was the impetus
and reason for quantitative assessment of this variability
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using the more powerful and far-reaching bioinformatic
tools. In this context, juxtaposition of one kidney biopsy
core with tissue sections obtained from partial nephrectomy
(Fig. 4) stressed the scale and probable impact of this limita-
tion in tissue sampling on our clinical assessment of DKD
severity in entire kidneys.

Finally, we describe a human kidney proteomics pipe-
line, comprising a human kidney biorepository, a multiplex
immunofluorescence platform and the combined expertise
in clinical nephrology, renal pathology, histotechnology,
epidemiology, biostatistics and bioinformatics required for
generation of reliable spatial proteomics data in human kid-
neys. This tissue repository includes the required controls
(e.g. histologically intact kidney tissue from donors with dia-
betes but not DKD) as well as tissues from donors with DKD
classes I to III, classified by an experienced renal patholo-
gist. Tissues from donors with DKD classes IV and V were
not included because the severity of scarring in these classes
significantly reduces their data content.

This study adds to the exciting body of work using spatial
proteomics in human kidneys, and expands our molecular
companion to DKD pathological classification. Not sur-
prisingly, this initial study has generated several new ques-
tions to be addressed in subsequent studies. For example,
performing protein staining in the same section as used for
pathological DKD classification would help to pair protein
expression and tissue pathology more closely, by reducing
the observed variation in DKD class from section to section
of the same tissue. In addition, while tissues from people
with diabetes are the appropriate controls for those with
DKD, a full understanding of changes in protein expression
requires inclusion of kidney tissues from people without dia-
betes or kidney disease, as well as those with non-diabetic
CKD. Furthermore, DKD almost always co-exists with other
comorbidities, such as hypertension or dyslipidaemia. There-
fore, another set of critical controls are histologically nor-
mal tissue sections from people with these comorbidities but
not diabetes. The most significant limitation of this study,
shared by many spatial omics data in human DKD, is reli-
ance on tumour nephrectomies as the tissue source. Unfor-
tunately, however, no current tissue source is free of caveats:
DKD clinical biopsies are usually from atypical cases, and
research-grade biopsies usually come from highly motivated
participants from higher socioeconomic classes, although
the disease burden is heaviest in patients in the lowest socio-
economic classes, who are least likely to participate. The key
may be to recognise, and remedy, these caveats, rather than
search for the perfect human tissue source, which, even if
possible, would significantly restrict the number of available
samples. For example, observations that are replicated in tis-
sues from a variety of sources are more reliable because dif-
fering biases from a variety of sources would be less likely
to point in the same direction: e.g. with DKD progression,
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we observed a monotonic increase in inflammatory cells in
DKDIIA to IIB kidneys from tumour nephrectomies, which
was continuous with that observed in the DKDIII tissue from
a clinical biopsy (individual 12). Another caveat to the use
of tumour nephrectomies as in the current study, albeit one
that can be remedied, is that data on two cardinal clinical
parameters of kidney function (eGFR and urine albumin or
protein) are often obtained after, not before, nephrectomy.

As with any other study in human participants, strength is
in numbers: of individuals, of tissue sections per individual
and of proteins assessed. This and other spatial proteomics
studies must expand to large and diverse patient populations
(including more individuals and more tissue sections per
individual) so that the observed molecular associations can
be statistically adjusted for potential confounding variables.
This throughput is currently limited by the scarcity and dif-
ficulty of access to tissue samples, and the cost of acquir-
ing and running the current spatial proteomics platforms,
a shortcoming that will hopefully improve with time. One
example of such improvements is the high-volume pipeline
of available tissues and use of a flexible, expandable multi-
plex immunofluorescence platform, as described here.

In conclusion, we present a spatially resolved proteom-
ics dataset comparing expression of 21 proteins in 23 tissue
sections from five individuals with diabetes and histologi-
cally normal kidneys vs seven individuals with DKDITA
to III. This work adds to current efforts targeting greater
understanding of the changes in protein expression and cell
composition in human DKD.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-024-06210-8) contains peer-reviewed but
unedited supplementary material.
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