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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 αSMA+ (α-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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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, 

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, IIA-B or IIB, and one tissue biopsy was obtained 
from an individual with DKDIII (ESM Fig. 1e,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 [MUC1] 
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 αSMA (α-smooth muscle actin), CXCR3, MUC1 
and collagen IV identify blood vessels, all tubules, the 
distal nephron and the basement membrane, respectively 
(Fig. 1e,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 
proteins in human kidneys

Expression of the targeted proteins in our human kidney sam-
ples was compared with prior data for each protein, includ-
ing the Human Protein Atlas (https:// www. prote inatl as. org/) 

(ESM Fig. 4). For 16 of the 21 proteins, protein expression in 
our samples was consistent with reported expression in prior 
literature and/or the Human Protein Atlas. For RAR-related 
orphan receptor C (RORγ), there was no prior data on expres-
sion in human kidneys. Our data diverged from prior reports 
for nestin, CXCR3 (CD183) and osteopontin (SPP1) (Table 2).

https://www.proteinatlas.org/
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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++/
MUC1−), the distal nephron  (CXCR3lo/MUC1+), glo-
merular endothelial cells (GEC) and peritubular capillar-
ies  (CCR6+/CD31+), vascular endothelial cells  (CCR6lo/
CD31+), vascular smooth muscle cells (αSMA+), glo-
merular podocytes  (nestin+), macrophages  (CD68+), cells 
of the myeloid lineage  (CD11b+) and other immune cells 
 (CD45+/CD68−/CD11b). Segments that were positive for 
collagen IV/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  CD68−/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 αSMA+ 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 MUC1 expression, 
was grossly unchanged. Blood vessels showed a reduction in 
αSMA+ cells and a mild reduction in  CCR6lo/CD31+ endothe-
lial cells, and the interstitium had a subtle decrease in  CCR6lo/
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 αSMA+ 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. 3c, 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 

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 (αSMA, red), glomerular endothelial and peritubular 
capillary cells (CCR6, orange), all tubules (CXCR3, turquoise) and 
the distal nephron (MUC1, green). The scale bar below the image 
represents 500 μm. (b, c) 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 μm. (d–i) Nestin (red), CCR6 
(orange) (d), αSMA (red) (e), CD45 (yellow) (f), CXCR3 (turquoise), 
MUC1 (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 IV; C1QC, complement C1q C chain; 
EpCAM, epithelial cell adhesion molecule; MUC1, mucin 1, also 
known as CD227; SPP1, secreted phosphoprotein 1, also known as 
osteopontin (OPN); TFAM, transcription factor A, mitochondrial; 
vWF, von Willebrand factor

◂
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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. 

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 

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. (c) A Voronoi representation of corti-
cal sections from a healthy kidney sample and one from a donor 
with DKDIIA–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 

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; COLIV, collagen IV; C1QC, complement C1q C chain; 
DM, diabetes mellitus; DN, distal nephron; EC, endothelial cell; 
EpCAM, epithelial cell adhesion molecule; LAMP, lysosome-asso-
ciated membrane protein; MUC1, 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
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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 

sections from healthy kidneys, intermediate DKD (IIA to 
IIA–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, αSMA+ cells and the basement 
membrane (Fig. 6a, red-bordered box). Also consistently, 

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, 

inflammatory cells, including macrophages, coincide with areas of 
greater collagen IV deposition. (b) The expression of compartment-
identifying proteins (CXCR3, turquoise; CCR6, orange; MUC1, 
green; collagen IV, white; αSMA, red) differs between DKD classes. 
The scale bars represents 250 μm. DM, diabetes mellitus
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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 αSMA+ 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).

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 IIA 
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 

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 μm. 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 

outlined sub-regions. (c) 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 C1q 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; vWF, von Willebrand factor
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Fig. 6  Cell–cell proximities in diabetes mellitus vs DKDIIA–III. 
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 αSMA+ 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 αSMA, 
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. 
MUC1, 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 MUC1 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, αSMA+ cells were increased in glomeruli 
but reduced in blood vessels, suggesting an alteration not 
only in the quantity but also the site of αSMA 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 RORγ), 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, 

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 DKDIIA 
to III. This work adds to current efforts targeting greater 
understanding of the changes in protein expression and cell 
composition in human DKD.
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