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Introduction

Diabetic kidney disease (DKD) is a major complication of 
diabetes mellitus and the leading cause of chronic kidney 
disease (CKD) and kidney failure [1]. The pathogenesis of 
DKD is complex with multifactorial involvement of meta-
bolic, inflammatory, oxidative stress, hemodynamic, genetic 
and environmental factors [2]. The histopathologic changes 
in the kidney associated with diabetes include glomerular 
basement membrane thickening and mesangial expansion 
in early DKD and nodular sclerosis (Kimmelstiel-Wilson 
lesions) in advanced disease [3–5]. The histopathologic clas-
sification for DKD (Renal Pathology Society classification) 
categorizes DKD into four classes according to glomerular 
lesions: class I, glomerular basement membrane thickening; 
class II, mesangial expansion; class III, nodular sclerosis; 
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Abstract
Background  Diabetic kidney disease (DKD) is a severe complication of diabetes mellitus and the leading cause of chronic 
kidney disease worldwide. Among the many drivers of tubular injury, lipid accumulation and inflammation are emerging as 
major contributors to kidney disease progression, but the molecular link between lipid metabolism and inflammatory signal-
ing remains to be determined.
Methods  Kidney biopsies from patients with DKD across pathologic classes were labelled for lipid droplets and analyzed by 
Nile Red spectroscopy. Digital spatial profiling and single-cell spatial transcriptomics were performed on samples from 14 
patients representing different DKD classes. RNA scope and immunofluorescence microscopy were used for data validation 
and characterization.
Results  Lipid droplets (LD) were increasingly abundant in advanced stages of DKD, primarily accumulating in the proximal 
tubules. Single-cell spatial transcriptomics identified several genes—DUSP5, AZU1, COL9A1, HSPB1, and IGFBP7—as 
highly upregulated in DKD. Remarkably, IL32, which encodes a LD-associated cytokine, was highly enriched in injured 
proximal tubules. Immunofluorescence confirmed IL-32 localization to LDs predominantly within KIM1 positive tubules in 
moderate to advanced DKD. Furthermore, injured IL-32 expressing tubules were in close proximity to infiltrating neutro-
phils and macrophages, immune effectors of non-resolving inflammation and kidney disease progression.
Conclusion  IL-32 is a LD-associated cytokine upregulated during tubular injury that represents a potential link between lipid 
dysregulation, inflammation and progression in human DKD.
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and class IV, advanced diabetic glomerulosclerosis with 
more than 50% global glomerulosclerosis [6]. Although 
injury to glomerular endothelial cells and podocytes is asso-
ciated with albuminuria and reduced glomerular filtration 
rate [7], there is growing evidence that metabolic, oxidative 
and pro-inflammatory mediators in proximal tubular cells 
play important roles in DKD progression [8].

Cellular lipid accumulation has been described in kidney 
biopsies of DKD patients and is associated with altered lipid 
metabolism, inflammation and disease severity in DKD, a 
spectrum referred to as lipotoxicity [9–12].  However, the 
mechanisms by which lipotoxicity contributes to tubular cell 
injury, inflammation and kidney disease progression remain 
poorly understood [13]. Lipid droplets (LD), historically 
thought to be inert cytoplasmic structures for lipid storage, 
accumulate in podocytes, mesangial cells and tubular epi-
thelial cells in DKD [10, 14]. More recently, LD are being 
recognized as important compartments that alleviate cel-
lular stress and regulate energy homeostasis [15]. Tubular 
epithelial cells, for example, rely on fatty acids as a primary 
energy source for mitochondrial function, which is essen-
tial for fatty acid oxidation [16, 17]. By contrast, excessive 
buildup of free fatty acids, which can be stored as neutral 
LD, is associated with cellular dysfunction and lipotoxicity 
[18]. In experimental diabetes models, renal accumulation 
of triglycerides and cholesterol contributes to the expression 
of profibrotic growth factors and pro-inflammatory cyto-
kines, increases oxidative stress, and promotes key features 
of diabetic kidney disease (DKD), including glomeruloscle-
rosis, tubulointerstitial fibrosis, and proteinuria [19–21]. 
In podocytes, both lipid accumulation and the species of 
lipids, such as sphingomyelin phosphodiesterase acid-like 
3b, cholesterol, or palmitic acid, correlate with or induce 
inflammatory gene expression, oxidative stress, endoplas-
mic reticulum stress, and/or mitochondrial dysregulation in 
vitro, pathways that contribute to the pathogenesis of DKD 
[22–24]. ATP-binding cassette transporter 1 (ABCA1) and 
vascular endothelial growth factor B (VEGF-B) have been 
found to be associated with lipid droplet accumulation, renal 
lipotoxicity, and impaired kidney function [25–28]. In the 
tubular epithelium, lipotoxicity can drive cellular injury that 
includes mitochondrial dysfunction, apoptosis, tubular atro-
phy, and tubulointerstitial fibrosis [29]. In this regard, Mori 
et al. demonstrated that targeting kidney injury molecule 1 
(KIM-1) mediated tubular cell uptake of fatty acids could 
ameliorate inflammation and fibrosis and delay experimen-
tal DKD progression [30]. Therefore, while there appears to 
be a clear association between lipid accumulation, lipotox-
icity and DKD pathogenesis, the molecular pathways link-
ing lipids to cellular injury and dysfunction in the kidney 
have been largely unexplored.

In this study, we used a combination of Nile Red spec-
troscopy, immunofluorescence microscopy, digital spatial 
profiling and single-cell spatial transcriptomics of kidney 
biopsies to characterize lipid accumulation and its asso-
ciated molecular signature in human DKD. We identified 
IL-32 as a human-specific, pro-inflammatory cytokine that 
is upregulated in DKD and localized specifically to LD pri-
marily in injured proximal tubular cells. Injured proximal 
tubules expressing HAVCR1 (encoding KIM-1) and IL32 
were found in close proximity to infiltrating macrophages 
and neutrophils that are known to drive chronic non-resolv-
ing renal inflammation and disease progression [31]. Col-
lectively, these data suggest that LD-associated IL-32 may 
represent an important mediator of lipotoxicity linking lipid 
accumulation, tubular injury and inflammation in the patho-
genesis of human DKD.

Methods

Human nephrectomy and kidney biopsy samples

All experiments involving human samples were approved 
by the Conjoint Health Research Ethics Board at the Uni-
versity of Calgary. Human kidney biopsies from control and 
patients with diabetic kidney diseases were obtained from 
the Biobank for the Molecular Classification of Kidney Dis-
ease, Calgary, AB, Canada (REB20-1999). Non-diseased 
segments of nephrectomy samples were obtained from 
patients with renal cell carcinoma (REB15-1158). Demo-
graphic and clinical data for patients are summarized in 
Supplementary Tables 1 and 2.

Nile red staining and fluorescence spectroscopy of 
kidney biopsy samples

Frozen control or DKD patient kidney biopsies were cryo-
sectioned at 40 μm thickness on a glass slide and fixed in 
4% paraformaldehyde (PFA). Sections with stained with 
14 μM Nile Red (Sigma, #72485). A LSM 880 microscope 
(Zeiss) was used to capture fluorescence spectral data with 
488 nm laser to acquire spectral fluorescence images rang-
ing from 494 to 691 nm for three to five fields of view that 
include glomeruli or tubules.

Immunofluorescence of formalin-fixed paraffin-
embedded kidney sections

Standard deparaffinization and immunofluorescence proce-
dures were performed on formalin-fixed paraffin-embedded 
(FFPE) tissue sections from control and DKD patients. 
After deparaffinization and rehydration through a graded 
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EtOH series, antigen retrieval was performed using boiling 
citrate buffer solution (pH = 6.0) from DAKO (#S169984-2) 
in a steamer for 20 min. Tissue sections were then blocked 
in blocking buffer (1% BSA, 2% donkey serum in PBS) 
for 1 h at room temperature, followed by incubation with 
primary antibodies including anti-PLIN2 (1:200, R&D Sys-
tems, #MAB76341), anti-KIM-1/HAVCR1 (1:100, R&D 
Systems, #MAB1750), anti-NPHS1 (1:100, R&D Systems, 
#AF4269), anti-ACE-2 (1:200, R&D Systems, AF933), 
anti-IL-32 (1:200, Proteintech, # 11079–1-AP), and anti-
CD68 (1:100, Invitrogen, MA5-13324) in blocking buffer 
at 4 °C overnight. After three PBS washes for 5 min each, 
tissue sections were incubated with fluorescent-dye-conju-
gated secondary antibodies and fluorescein-conjugated lotus 
tetragonolobus lectin (LTL-FITC; 1:100, Vector Laborato-
ries, Cat. #FL-1321–2) in blocking buffer for 1 h at room 
temperature. After three PBS washes, tissue sections were 
mounted with ProLong Gold antifade mounting medium 
with or without Hoescht 33342 (1:1000, Sigma, #14,533). 
Confocal images were acquired using an LSM 880 (Zeiss) 
or a FV4000 (Olympus) confocal microscope.

GeoMx digital spatial profiling

Two sets of slides containing 5 μm serially sectioned tissue 
samples from 2 FFPE transplant control pre-implantation 
biopsies and 3 DKD (class III) biopsies were prepared. Dig-
ital spatial RNA profiling was performed on one set using 
the NanoString GeoMx Digital Spatial Profiler (DSP) [32] 
following the NanoString GeoMx DSP slide preparation 
(MAN-10150) and NGS readout (MAN-10153) manual. 
The slides for GeoMx were prepared by baking in a dry-
ing oven at 60  °C for 1  h and processed using the Leica 
BOND platform (Leica Biosystems). Briefly, deparaffiniza-
tion was performed with CitriSolv, followed by rehydration 
through a graded ethanol series. Targets were exposed by 
incubating with 1X Tris–EDTA buffer (pH 9), followed by 
1 μg/ml proteinase K digestion. Next, Human Whole Tran-
scriptome Atlas (WTA) Probes (NanoString Technologies) 
were hybridized to the tissues at 37°C overnight. Excess and 
off-target probes were removed by 2 × saline sodium citrate 
(2 × SSC)/50% formamide. After washing, the slides were 
blocked in Buffer W and stained with morphological markers 
for 1 h at room temperature. The fluorescent conjugated mor-
phology markers used are CD10 (1:10, Abcam, #ab261729), 
PanCK (1:10, NanoString, #121301310) and SYTO 13 
nucleic acid stain (1:10, NanoString, #121300310). Excess 
markers were removed with two washes in 2 × SSC. Stained 
slides were loaded onto a GeoMx Digital Spatial Profiler, 
and the entire core biopsies were scanned. The other FFPE 
serially sectioned biopsy tissue samples underwent deparaf-
finization, antigen retrieval and immunostaining with KIM1 

antibody and LTL-FITC using a standard immunofluores-
cence protocol. Subsequently, confocal images were taken 
to identify non-injured (LTL+ , KIM1-) vs injured (KIM1+) 
proximal tubules in each biopsy sample. 6–14 areas of inter-
est (AOI) were selected from each biopsy, including 3–8 
glomeruli and 3–6 proximal tubules (KIM1- or KIM1+), 
guided with the morphological markers (CD10, PanCK) 
and the serially sectioned tissues stained with KIM1 and 
LTL-FITC (Supplementary Fig.  1). RNA-ID and UMI-
containing oligonucleotide tags were UV-cleaved from the 
WTA panel within the chosen ROIs collected in a 96-well 
collection plate. For library preparation, Illumina i5 and i7 
dual indexing primers were added to the oligonucleotide 
tags during PCR to index each area of illumination (AOI) 
uniquely. AMPure XP beads (Beckman Coulter) were used 
for PCR purification. Library concentration was measured 
using a Qubit fluorometer (Thermo Fisher Scientific), and 
quality was assessed using a Bioanalyzer (Agilent Technol-
ogies). Sequencing was performed on an Illumina NextSeq 
2000 (Illumina Inc.), and FASTQ files were processed into 
gene count data for each sample using the GeoMx® NGS 
Pipeline. Read depth was performed with total transcripts 
identified across nuclei, corresponding to an average of 
transcripts per nucleus.

RNAscope-IHC

In situ Hybridization was performed to detect IL32 mRNA 
in control and DKD patient kidney FFPE tissue sections 
using IL-32 RNAscope probe and multiplex fluorescent V2 
assay kit (Advanced Cell Diagnostics, #323100) accord-
ing to the manufacturer’s protocol. Briefly, tissue sections 
of 4 µm thickness were deparaffinized, washed with EtOH 
and peroxidase-blocked. Antigen retrieval was performed 
for 15  min in a steamer, followed by protease digestion 
using reagents provided by the kit. The IL-32 (Advanced 
Cell Diagnostics, #541431-C2) or negative control DapB 
(Advanced Cell Diagnostics, #310,043) RNAscope probe 
was incubated with the tissue at 40°C in a HybEZ hybrid-
ization oven (Advanced Cell Diagnostics) for 2 h, followed 
by Opal 570 dye (Akoya Biosciences, #FP1488001KT) 
incubation for 30 min. Subsequently, a standard immuno-
fluorescence procedure was performed to label proximal 
tubular cells with anti-SGLT2 antibody (1:100, Protein-
Tech, #24654–1-AP). Tissue sections were mounted with 
Prolong Gold antifade mounting medium containing DAPI 
(Invitrogen, #P36931).
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Fig. 1  Upregulation of lipid droplets in DKD kidney biopsies. A Exper-
imental design for Nile Red staining of frozen kidney biopsies from 
control and patients with class I-IV DKD, B Nile Red fluorescence 
images showing lipid droplets (LDs) in kidney biopsies of control and 
DKD patients. Scale bar, 1 mm, C Periodic Acid- Schiff (PAS) stained 
kidney biopsies from control and patients with classes I-IV DKD, D 
Nile Red-stained kidney biopsies from control and patient with classes 
I-IV DKD. Lower panels: magnified views of boxed areas with LDs in 
tubules; yellow lines mark glomeruli. Scale bar, 20 μm, E Automated 

segmentation of glomeruli (yellow), tubules (blue), and interstitium 
(green) in Nile red-stained images from control and DKD biopsies. 
Scale bar, 20 μm, F Quantification of LDs in segmented glomeruli, 
tubules, and interstitium from control (n = 5) and DKD (class I, n = 3; 
class II, III, IV, n = 10 each) biopsies. Data are mean ± SD; unpaired 
Student’s t-test at the indicated p-values, G LD size distribution in 
glomeruli and tubules in control (n = 5) and DKD (class III, n = 10) 
biopsies.
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pixels) and then rescaled by multiplying by the mean area 
across all cells, thereby preserving the overall count magni-
tude. Finally, we applied a natural log-transformation to all 
expression values.

Batch correction across samples was performed using 
single-cell Variational Inference (SCVI) [34]. The SCVI 
latent embedding was used to construct a UMAP repre-
sentation (n_neighbors = 50) followed by Leiden clustering 
[35]. Clusters were manually assigned to known kidney 
cell types based on canonical marker gene expression. 
For neighborhood analysis, spatial coordinates were con-
verted into physical units (µm) by scaling pixel coordinates 
according to the FOV's actual dimensions (512 × 512 µm). 
For each cell, neighboring populations were defined within 
a radius of 100 µm, 70 µm, 50 µm, and 30 µm using Near-
estNeighbors from scikit-learn with the “kd_tree” algorithm 
[36]. Statistical comparisons between cell populations were 
conducted using the Wilcoxon rank-sum test. Analysis and 
figures were generated using the BioTuring Lens platform.

Active and chronic tissue scoring

Whole biopsy histology stain images were acquired for class 
II and class III DKD tissue. For active and chronic disease 
phenotypes, areas of interest were selected based on immune 
cell infiltration, collagen deposition, tubular atrophy, tubu-
lar injury marker expression (HAVCR1), and changes in the 
populations of fibroblasts and myofibroblasts. Immune cell 
infiltration was assessed using H&E staining, where regions 
of interest were thresholded and analyzed for increased 
nuclei density and size (Supplementary Fig.  3). Collagen 
deposition, assessed by Masson Trichrome staining, were 
thresholded and quantified for the percentage of the region 
of interest area that was positive for collagen deposition 
(Supplementary Fig. 3). The chronic disease phenotype was 
defined as tissue regions with more than 5 nuclei per 1000 
µm2 and greater than 10% area coverage of collagen depo-
sition. Active phenotype regions were defined by the pres-
ence of injured proximal tubular cells, while chronic regions 
showed a loss of organization, atrophy of proximal tubular 
cells and regions of increased fibroblast and myofibroblast 
cell types.

Quantification and statistical analyses

Data are presented as mean ± standard deviation (SD) unless 
stated otherwise in the legends. Unpaired Student’s t-test or 
one-way ANOVA with Tukey’s post hoc test were applied 
for pairwise comparisons or multiple comparison test, 
respectively. Graph Pad Prism v10 was used to perform sta-
tistical analyses. A p-value of less than 0.05 was considered 

Spatial transcriptome (pre)processing, DE analysis 
and enrichment test

NanoString GeoMx DSP (Digital Spatial Profiler) outputs a 
raw count matrix, and we followed the recommended filter-
ing and normalization steps, including upper-quartile (UQ) 
normalization using the R package GeomxTools (v3.4.0). 
Then, variance stabilization normalization (VSN) was 
applied to the UQ matrix using the R package vsn (v3.68.0) 
to stabilize the variance to make genes comparable. Dif-
ferential expression (DE) analysis between the groups of 
interest was carried out using the R (v4.3.1) t.test built-in 
function with the var.equal = FALSE parameter. DE genes 
were selected when the FDR value was less than 0.05 and 
the absolute value of the Log2 fold-change was greater than 
0.30. The volcano and box plots were generated using the 
R package ggplot2 (3.4.4), ggrepel (v0.9.4), and ggpubr 
(v0.6.0).

CosMx molecular spatial imaging processing

Formalin-fixed, paraffin-embedded samples were prepared 
according to the manufacturer’s specifications (NanoString 
Technologies). As we previously described [33], tissue 
sections were cut at 5 µm thickness using a Leica micro-
tome onto Leica BOND PLUS slides (Leica Biosystems, 
S21.2113.A). Through a collaboration with the NanoString 
CosMx spatial molecular imager (SMI) Technology Access 
Program, a 1000-plex CosMx Human Technology Access 
Program (TAP) RNA panel was performed with the addition 
of kidney-specific custom genes: APOL1, AQP1, AQP2, 
CLDN10, EMCN, HAVCR1, LRP2, NOS1, NPHS1, PALMD, 
PIEZO2, PLVAP, PROM1, PROX1, REN, SCN2A, SH3GL3, 
SLC12A1, SLC12A3, SLC14A2, SLC26A4, SLC26A7, 
SLC4A9, SLC5A12, SLC5A2, SLC7A13, SLC8A1, SYN1, 
UNC5D. Morphology visualization for upfront staining was 
performed using CD298, B2M, PanCK, CD45, and/or CD68 
and DAPI and post-staining with CD10 and podoplanin.

CosMx data preprocessing, cell type annotation, and 
neighborhood analysis

We followed the analytical workflow described in Vo et al. 
[33]. Briefly, we utilized the original cell segmentation pro-
vided by NanoString, which was subsequently dilated by 
10 pixels or until adjacent boundaries were reached. Tran-
scripts were then assigned to individual cells to generate 
a cell-by-gene expression matrix. Cells having fewer than 
20 total transcript counts were excluded from downstream 
analyses. CosMx quality control metrics are displayed in 
Supplementary Fig.  2. Transcript counts between cells 
were normalized by dividing by the segmented cell area (in 
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in class IV DKD (Fig. 1F). Moreover, while the distribution 
of LD size was similar in the glomeruli across the biopsies, 
there was a shift towards larger LD size (1.0 to > 2.0 μm) in 
the tubules of DKD patients compared to control kidneys 
(Fig. 1G). These results show that LD abundance correlates 
with pathologic severity of DKD, with most LD changes 
occurring in the tubular cell compartment.

Identification of IL-32, a lipid droplet-associated 
protein in DKD

The abundance of lipid droplets in advanced DKD led us to 
hypothesize that there may be lipid droplet-associated genes 
upregulated with tubular injury and involved in the patho-
genesis of DKD. To determine potential candidates, we used 
NanoString’s Digital Spatial Profiling GeoMx platform in 
healthy control tissue from pre-transplantation biopsies and 
kidney biopsies from patients with biopsy-proven DKD. 
In both control kidney and DKD biopsies, three glomeru-
lar regions of interest (ROI) and five proximal tubular ROI 
were selected to undergo transcriptomic analysis in ROIs 
using the NanoString Digital Space Profiling GeoMx plat-
form (Fig. 2A, Supplementary Fig. 1). Differential expres-
sion of genes was determined using a false discovery rate 
(FDR) threshold of < 0.05 and an absolute value of the Log2 
fold-change > 0.30. Amongst the highest upregulated genes, 
DKD kidney biopsies included H4C12, IGKC, IGHG4, 
IL32 and CLU (Fig. 2B). Among the candidate genes, we 
focused on IL32 (encoding interleukin 32), as it has been 
previously suggested as a potential lipid droplet-associated 
protein expressed in the serum of diabetic patients [39, 40]. 
We compared uninjured glomeruli with preserved archi-
tecture from control samples to sclerosed glomeruli from 
DKD tissue (Fig. 2C). Spatial analysis of glomeruli of DKD 
patients indeed showed upregulation of IL32 in the glomeruli 
(Fig. 2D). Next, we examined IL32 expression in proximal 
tubules that were either uninjured (as identified by kidney 
injury molecule negative; KIM1-) or injured (KIM1+). 
Compared to KIM1- tubules, injured KIM1+ tubules dem-
onstrated a significant upregulation of IL32 (Fig. 2F). Com-
parison of the top 25 genes per biological process between 
KIM1- tubules and injured KIM1+ tubules found significant 
downregulation of glucose and lipid metabolism, while lipid 
biosynthesis, oxidative stress and inflammation were signif-
icantly upregulated in injured tubules (Fig. 2G). RNA scope 
was used to confirm the IL32 expression in injured proximal 
tubules as identified by SGLT2, which showed significantly 
higher IL32 expression in DKD proximal tubules compared 
to control (3.74 vs 2.14, p-value = 0.0003) (Fig. 2H and I).

IL-32 protein expression was next explored in human 
kidney biopsies from the different classes of DKD and 
healthy controls. IL-32 expression was hardly detectable 

significant. The immunoblot, RNAscope and immunofluo-
rescence images are representative of multiple biopsies.

Data availability

GeoMx and CosMx datasets generated in this study will 
be made available at the NCBI’s Gene Expression Omni-
bus (GEO, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​m​​.​n​i​​h​.​g​​o​v​/​g​e​o​/) prior to 
publication. All analyses were performed using publicly 
available software or BioTuring Lens as described in the 
Methods section. Processed datasets will be made available 
for reanalysis upon request.

Results

Increased lipid droplets in diabetic kidney disease

In human diabetic kidney tissue, LD are found in abundance 
in podocytes, mesangial cells and proximal tubules [10]. To 
examine the correlation between LD and kidney injury, we 
first evaluated LD abundance in deidentified human kidney 
biopsies from controls (normal margins of nephrectomy tis-
sue, n = 5) and patients with diabetic kidney disease (total; 
n = 33; class I, n = 3 and classes II-IV, n = 10 for each) using 
fluorescence microscopy and Nile Red to label lipid drop-
lets [37] (Fig.  1A, B). LD size, distribution, and quantity 
were determined using a machine learning-based semi-auto 
segmentation algorithm as we previously described [38], 
and correlated with the Renal Pathology Society DKD 
classification based on conventional histopathology using 
Periodic Acid-Schiff (PAS) stain (Fig. 1C). The number of 
detectable LD increased from class I to III in glomeruli par-
allel with injury, followed by a decline in the number for 
class IV DKD, presumably due to advanced glomeruloscle-
rosis (Fig. 1D–F). Interestingly, LD accumulation in tubules 
peaked in class III DKD and remained persistently elevated 

Fig. 2  IL-32 is upregulated in glomeruli and proximal tubules of DKD. 
A Periodic Acid-Schiff (PAS) stained and immunofluorescence images 
from control or DKD biopsies for analysis by GeoMx. Scale bar, 
100 μm, B Volcano plot of differential gene expression between DKD 
(red) and control (blue) groups, C Immunofluorescence of control and 
DKD biopsies labelled with CD10 (red) and PanCK (green). Scale bar, 
100 μm, D Boxplots of IL-32 mRNA expression in glomeruli among 
control and DKD biopsies, E Immunofluorescence images of FFPE 
kidney tissues stained for CD10 (red), PanCK (green) or KIM1 (red) 
or LTL (green). Scale bar, 100 μm, F Boxplots of IL-32 mRNA expres-
sion in proximal tubules among control and DKD biopsies, G Boxplots 
of top 25 leading genes from GSEA in control proximal tubules (blue) 
and diabetic KIM1+ injured proximal tubules (red), H RNAscope for 
IL-32 mRNA (yellow) and co-immunofluorescence for SGLT2 (red) in 
control and DKD kidney biopsies; outlined glomerular regions shown. 
Scale bar, 20 μm, I Analysis of IL-32 mRNA puncta in tubular regions 
of kidney biopsies (n = 27-46). Data are mean ± SD; Student’s t-test, 
p = 0.0003.
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Spatial transcriptomics identifies IL32 as a DKD 
gene-of-interest

To further analyze the molecular signatures across a breadth 
of human DKD tissue samples, NanoString’s CosMx sin-
gle-cell digital spatial transcriptomics was employed on 
full-length kidney biopsy core tissues. Tissue samples from 
a total of 17 different patient biopsies, ranging from non-
DKD control to class IV DKD, were sectioned and analyzed 
(Fig. 4A). Cell typing was completed, resulting in the anno-
tation of 16 distinct cell clusters, including proximal tubule, 
podocyte, endothelial, distal tubule, and other resident kid-
ney populations, as well as macrophage, neutrophil, B cell, 
and T cell immune populations (Fig.  4B, C). By compar-
ing the cell compositions across DKD classes, a decrease in 
podocytes and healthy proximal tubules from 3.2% to 0.8% 
and 23.4% to as low as 11.5% can be seen, respectively, as 
well as an increase in T and B cells from 2.5% to 7.8% and 
2.1% up to 6.0% respectively (Fig. 4D). The injured proxi-
mal tubule population was distinguished from the healthy 
proximal tubule population by the expression of HAVCR1 
encoding for KIM1. Differential expression of genes was 
then computed between all cell populations in diabetic 
tissue compared to control for genes with an adjusted 
P-value < 0.05 (Fig. 4E). Amongst the highest upregulated 
genes identified by CosMx were DUSP5, NPPC, AZU1, 
COL9A2, HLA-DPA1, and VIM (Fig.  4E). By cross-refer-
encing the CosMx differential expression data with GeoMx, 
IGKC, IL32, and CLU were also identified (Fig. 4E). When 
comparing the differential expression of each DKD class to 
control, IL32 consistently appeared among the top 25 dif-
ferentially expressed genes (DEG) and was among the top 
10 genes found to be upregulated in each class (Supplemen-
tary Fig. 4). The top DEGs were visualized using a heatmap 
and dot plot to analyze cell type specificity (Fig.  4F, G). 
Genes such as DUSP5, NPPC, and VIM showed increased 
expression in the endothelial, proximal tubule, and podo-
cyte populations, while changes in IL32 expression were 
specific to the proximal tubule cells (Fig. 4F). Up to 50% 
of proximal tubular cells expressed IL32 with minimal dif-
ferences in IL32 expression occurring in endothelial and 
podocyte populations (Fig. 4G). These results are consistent 
with previous transcriptomic and immunofluorescence data, 
confirming that IL32 expression is primarily increased in 
the proximal tubules of human DKD.

Tubular injury correlates with IL32 expression in 
DKD

Given the predominant changes in IL32 expression observed 
in the proximal tubular cells in the kidney biopsies of DKD 
patients, single-cell digital spatial transcriptomic data were 

in control and class I DKD, but abundant in DKD classes 
II to IV (Fig.  3A). Interestingly the highest expression of 
IL-32 occurred in cells weakly positive for lotus tetragonol-
obus lectin (LTL), a phenotypic marker of proximal tubules 
(Fig.  3A). High resolution micrographs of glomeruli con-
firmed some IL-32 expression in nephrin-positive podo-
cytes but was not readily detectable in most patient biopsy 
samples (Fig. 3B). In contrast, we observed varying degrees 
of IL-32 expression in the proximal tubules of DKD patients 
(Fig. 3C). Healthy proximal tubules with high LTL signal 
(LTL+ /KIM1-) had minimal expression of IL-32, while 
regions of lower LTL expression had some expression of 
KIM1 (LTL+ /KIM1+) and high levels of IL-32 expression 
in a punctate pattern (Fig. 3C and D). In injured proximal 
tubules highly expressing KIM1 (LTL-/KIM1+), IL-32 
localization was more diffuse. Quantification of proxi-
mal tubules expressing punctate or diffuse IL-32 location 
showed 70% IL-32 puncta in LTL+ /KIM1-, 58% IL-32 
puncta in LTL+ /KIM1+ and 29% IL-32 puncta in LTL-/
KIM1+ (Fig. 3E). Interestingly, the fraction puncta pattern 
was highest in the LTL+ /KIM1- proximal tubules, suggest-
ing that the localization of IL-32 to lipid droplets precedes 
redistribution of IL-32 to more diffuse structures. To con-
firm that the punctate structures to which IL-32 was local-
ized were LDs, we co-stained IL-32 with the lipid droplet 
marker perilipin 2 (PLIN2) (Fig. 3F). Indeed, we observed a 
higher fraction of PLIN2 signal overlapping with IL-32 and 
increased LD size in DKD compared (mean Mander coeffi-
cient 0.28) to control tissue (mean 0.10; p = 0.0011) (Fig. 3F 
and 3G), suggesting a stronger association of IL-32 with 
enlarged lipid droplets in the disease state. Taken together, 
these show that IL-32 is an intracellular LD-associated cyto-
kine that increases primarily in injured proximal tubules in 
human DKD.

Fig. 3  IL-32 expression in proximal tubules at lipid droplets precedes 
injured proximal tubules highly expressing KIM1. A Confocal images 
from FFPE control and DKD (classes I- IV) kidney tissues showing 
IL-32 (red), NPHS1 (yellow), LTL (green) with Hoescht to label nuclei. 
Scale bar, 50 μm, B Representative glomeruli from DKD patient (class 
II from panel A) with magnified regions (white outline) and arrow-
heads showing regions of IL-32 colocalization with NPHS1, C Tubu-
lar regions outlined in green (LTL+ /KIM1-), red (LTL+ /KIM1+) and 
white (LTL-/KIM1+) for Class II DKD from panel 3A. Individual chan-
nels including KIM1 (white). Scale bars as indicated, D Quantification 
of tubules for IL-32 expression in control patients (n = 3) and DKD 
patients (n = 4) in LTL+ /KIM1- (green), LTL+ /KIM1+ (red) and LTL-/
KIM1+ (black outline) tubules, E Quantification of the proportion of 
tubular regions exhibiting a punctate (red) or diffuse (grey) pattern 
of IL-32 distribution, F Confocal images of healthy control or DKD 
(class III) showing colocalization of IL-32 (red) with PLIN2 (green) 
in proximal tubules labelled by ACE2. Arrowheads in inset shows 
regions of IL-32 colocalization with PLIN2., PLIN2 (green); Hoescht 
(blue) stains nuclei. Scale bar, 50 μm, G Quantification of IL-32 and 
PLIN2 colocalization in control and DKD tissues (n = 15-16). Data are 
mean ± SD; Student’s t-test, p = 0.0011.
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the premise that IL32 is a prominent cytokine expressed in 
injured proximal tubular epithelial cells in human DKD.

IL32-expressing proximal tubules exist in pro-
inflammatory cellular communities

The previous experiments consistently demonstrated the 
upregulation of IL32, an LD-associated cytokine, in injured 
proximal tubules at the mRNA and protein level in human 
DKD. To begin addressing the potential role of IL-32 in 
DKD pathogenesis, an evaluation of the spatial organiza-
tion of immune cells and proximal tubules in DKD kidney 
biopsies was performed. Compared to control biopsies, 
as expected, total immune cell populations were substan-
tially increased across all DKD classes (9.1% vs 19.9%) 
that included T-lymphocytes (2% vs 6.4%), B lymphocytes 
(1.7% vs 4.9%), macrophages (4.5% vs 8.7%), and neutro-
phils (0.9% vs 7.8%) (Fig. 6A). Due to the limited probe 
repertoire in the CosMx 1000-plex panel, a detailed inter-
rogation of immune cell subtypes was not possible. Never-
theless, annotated single-cell digital spatial transcriptomic 
data was segmented into injured and uninjured proximal 
tubule regions in control and DKD biopsies (Fig. 6B, C). 
Cells were then assigned a specific label based on their 
proximity to cell types annotated as proximal tubule and 
injured proximal tubule, defined as < 30  µm, 30–50  µm, 
50–100  µm, and > 100  µm calculated from cell center to 
the nearest uninjured proximal tubule and injured proximal 
tubule (Fig. 6D). Next, we compared the proportion of each 
cell type in proximity to injured proximal tubule labelled 
cells (Fig. 6E). From the composition plot, the T cell pro-
portion remained constant across the distance groups, while 
the B cells and neutrophils showed a trend of increas-
ing distance from injured proximal tubular cells (Fig. 6E, 
Supplementary Fig.  6). In contrast, macrophages were in 
closer proximity to injured proximal tubules (Fig. 6E, F). 
A significantly higher proportion of macrophages (13.1%) 
was found within 30 µm of injured proximal tubules com-
pared to the groups beyond 30  µm, while changes in the 
B cell, T cell, and neutrophil populations were not signifi-
cant (Fig. 6F, Supplementary Fig. 6). To validate the spatial 
transcriptomic findings, immunofluorescence microscopy 
was performed on DKD and control biopsies probing for 
LTL, IL-32, and the macrophage marker CD68 (Fig. 6G). 
Consistent with the prior observations, a higher density 
of CD68 + macrophages was seen in close proximity to 
IL32+ proximal tubules compared to uninjured LTL+ /IL32- 
proximal tubules (Fig. 6G). Quantification of the percent-
age of CD68 + macrophages within 30  µm of LTL+ and 
IL32+ proximal tubules was compared across four samples, 
and a significant increase in CD68 + macrophages was 
reported within 30 µm of IL32+ proximal tubules compared 

further interrogated to evaluate the relationship between 
IL32 and the expression of tubular injury-associated gene 
expression. HAVCR1 (encoding KIM1) was initially used as 
a proximal tubule injury marker, allowing for the annotation 
of injured and uninjured proximal tubule populations. By 
comparing HAVCR1 and IL32 expression on UMAPs split 
by DKD class, we observed increasing IL32 expression pri-
marily in the injured HAVCR1-expressing proximal tubule 
(iPT) population compared to uninjured HAVCR1-negative 
tubules (Fig. 5A). IL32 expression levels in healthy proxi-
mal tubule and injured proximal tubule cells were compared 
between DKD classes, and a significant increase in IL32 
expression was found in the injured population compared 
to healthy proximal tubules across all classes, with expres-
sion nearly doubling in diabetic tissue (Fig. 5B). To further 
corroborate this finding, spatial transcription of IL32 was 
visualized in relation to tissue cell typing (Fig. 5C). IL32 
expression in control samples was found to be scattered 
with low clustering, whereas the DKD classes, particularly 
class II, showed a strong correlation of IL32 expression 
with cells annotated as injured proximal tubules (Fig.  5C 
and Supplementary Fig.  5). Additionally, increased IL32 
expression was associated with a higher proportion of 
injured proximal tubule populations within the total tissue 
in DKD biopsies compared to control (Fig.  5D) and also 
in cells expressing VCAM1, another marker of maladaptive 
injured tubular cells [41, 42] (Fig. 5E). Notably, the expres-
sion of IL32 in injured proximal tubules was striking, as few 
other inflammatory cytokines, such as TNF, IL6, IL10, IL18, 
and IL33, changed substantially between healthy proximal 
tubules and injured proximal tubules across DKD classes 
(Fig. 5E). Furthermore, IL32 expression was not observed 
above the threshold of healthy proximal tubules in other cell 
types, particularly macrophages, T cells, B cells or neutro-
phils (Fig.  5F). Taken together, this data further supports 

Fig.  4  Cell annotation and differential gene expression analysis of 
human kidney biopsies analyzed using CosMx spatial transcriptomics. 
A Tissue samples analyzed using CosMx spatial transcriptomics imag-
ing clustered by diabetic kidney disease class, B UMAP cell type 
annotation of healthy control tissue. Fibroblast (Fb), myofibroblast 
(MyoFb), proximal tubule (PT), injured proximal tubule (iPT), princi-
pal cell (PC), intercalated cell (IC), distal tubule (DT), Loop of Henle 
cell (LoH), and unknown cell (Uk), C UMAP cell typing of DKD class 
I-IV tissue coloured by cell type, D Percentage population of annotated 
cell types present in tissue samples sorted by sample class, E Differ-
ential gene expression calculation of diabetic tissue compared to con-
trol across all cell clusters with key genes of interest cross-referenced 
with previously shown GeoMx data. DEGs were calculated using a 
Venice statistical analysis. FDR, false discovery rate, F Heatmap of 
differentially expressed genes split by cell type for endothelial (Endo), 
proximal tubule (PT), and podocyte (Podo) populations. Blue regions 
on the top axis denote DKD cells while orange regions denote control 
tissue, G Dotplots of relative changes in IL32 expression in endothe-
lial (Endo), proximal tubule (PT), and podocyte (Podo) populations, 
split by DKD class.
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(Fig.  7E). These data suggest that IL-32 is expressed in 
areas of active proximal tubular cell injury and inflamma-
tion during human DKD (Fig. 8).

Discussion

Using several complementary approaches, we identify 
IL-32 as an intracellular, lipid-droplet associated cytokine 
that is highly expressed in proximal tubular cells during 
active injury in human DKD. Not only did IL-32 expression 
increase in parallel with cellular lipid droplets, but IL-32 
expressing proximal tubules were in close proximity to 
infiltrating macrophages, suggesting that IL-32 may be an 
important cytokine that links lipotoxicity and renal inflam-
mation. Collectively, these data provide a strong rationale 
for future mechanistic studies to dissect IL-32 function and 
assess its suitability as a therapeutic target in DKD.

DKD is a severe manifestation of type 1 and type 2 dia-
betes and the leading cause of CKD [1]. Previous research 
has compiled substantial support for the hypothesis that 
excess lipid accumulation in the kidney triggers lipotoxic-
ity, driving DKD progression [6, 20]. In DKD, the accu-
mulation of lipids in the tubules and the glomeruli was 
identified as early as 1936 by Kimmelstiel and Wilson [11]. 
Using a combination of conventional and advanced tech-
niques including Nile Red spectroscopy, high resolution 
microscopy and spatial transcriptomics we identified IL-32 
as a lipid droplet associated cytokine primarily upregulated 
in the proximal tubules of DKD patients. In DKD kidney 
patient biopsies, IL-32 expression was highest in regions 
of high KIM-1 expression, which is a known early marker 
of kidney proximal tubular injury highly expressed in early 
diabetic disease [30, 43]. Our findings are supported by a 
recent study by Wilson et al. which used single-nucleus 
RNA sequencing to show IL32 expression in an injured 
population of VCAM1+ proximal tubular cells in DKD 
biopsies [44]. IL32 expression is highly increased in the 
proximal tubules of patient biopsies with active injury and 
inflammation, supporting our findings that IL32 is a media-
tor of proximal tubular injury in DKD [45]. IL32 was not 
previously reported in a transcriptome analysis of DKD 
of the microdissected tubular compartment of advanced 
DKD kidney biopsies using Affymetrix microarray assays 
[46]. This may be explained by the improvement of cur-
rent technologies with cellular resolution, including single-
cell RNA sequencing, single-nucleus RNA sequencing, and 
digital spatial transcriptomics, with improved sensitivity to 
identify previously unreported transcripts, including IL32. 
In agreement with our study, Abedini et al.’s recent study 
using CosMx in a DKD patient similarly found increased 

to LTL+ proximal tubules (1.25% vs 0.53%, p < 0.0001) 
(Fig. 6H). It is important to note that this analysis was lim-
ited to investigating the relationship in two dimensions. 
Taken together, this data supports the finding that macro-
phages preferentially co-localize to IL-32+ injured proximal 
tubules in human DKD.

Finally, to ascertain in which phase of injury IL32 may 
contribute to DKD pathogenesis, kidney tissue sections 
were categorized into active and chronic regions within the 
same biopsy based on histological appearance, cell compo-
sition and HAVCR1 expression (Fig. 7A, B). Active regions 
were defined by areas with less immune infiltration, as 
indicated by H&E/PAS staining, minimal collagen deposi-
tion, as shown by Masson trichrome staining, and HAVCR1 
expression, as determined from the single-cell digital spa-
tial transcriptomic dataset (Fig. 7A). Chronic regions were 
defined by high immune cell infiltration, increased collagen 
deposition and tubular atrophy, low HAVCR1 expression 
and an increase in fibroblast and myofibroblast cell types 
determined from the single-cell digital spatial transcrip-
tomic data (Fig. 7B). Macrophages and neutrophils showed 
higher expression of markers ITGAM and IL1B, indicating 
a potential pro-inflammatory phenotype, while T cells and 
B cells showed higher expression of resolution/repair genes 
IL10 and TGFB1 (Fig.  7C). However, the limited gene 
panel constrained further immune cell subtyping. In areas 
of the DKD biopsies defined as active, IL32 expression 
was greater compared to chronic regions and corresponded 
with HAVCR1 expression (Fig. 7D). Consistent with these 
observations, areas defined as chronic expressed higher 
levels of collagen genes, COL4A1 and COL4A2 (Fig. 7D). 
Immune cell populations also differed, with active regions 
harboring more macrophages and neutrophils, and chronic 
regions containing higher numbers of T and B lymphocytes 

Fig.  5  Injured proximal tubule populations express IL32 in diabetic 
kidney disease. A UMAP expression of HAVCR1 to mark injured 
proximal tubules (iPT) as well as IL32 expression split by DKD class. 
Proximal tubule (PT) and endothelial cell (EC) labelled, B Quantifica-
tion of IL32 expression in proximal tubule (PT) and injured proximal 
tubule (iPT) populations split by DKD class. One way ANOVA with 
Kruskal-Wallis correction for multiple testing, C Spatial transcription 
of IL32 in relation to cell typing annotation. Cell type annotation is 
shown in the left two panels and merge with the colour key to the right. 
IL32 transcripts shown in red and overlayed with cell typing. PanCK 
(white) structural post staining of tissue. Scale bars represent 100 µm, 
D Changes in percentage of healthy to injured proximal tubule cells to 
total cell type split by DKD class. Values are percentage of total cells 
between the PT and iPT populations, E Dot plot expression of canoni-
cal DKD cytokine expression compared in injured proximal tubule 
cell type split by disease class, F IL32 expression split by cell type 
in control and DKD tissue samples. Distal tubule (DT), endothelial 
cell (Endo), fibroblast (Fb), injured proximal tubule (iPT), intercalated 
cell (IC), Loop of Henle (LoH), myofibroblast (MyoFb), and healthy 
proximal tubule (PT) labels. Red dashed line indicates the peak IL32 
expression in healthy proximal tubule cells in DKD tissue used as a 
threshold for other cell types.
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actions. Consistent with this model, our GeoMx spatial 
transcriptomics data shows that IL-32high /KIM1high proxi-
mal tubules from DKD patients exhibit reduced expression 
of lipid metabolic pathways alongside increased lipid bio-
genesis and oxidative stress signatures, implicating IL-32 
in metabolic reprogramming and oxidative injury (Fig. 2G). 
Because IL-32 expression is itself induced by oxidative 
stress and diabetes-associated cytokines such as tumor 
necrosis factor-α (TNF-α) [57], these findings support the 
existence of a feed-forward loop in which lipid dysregula-
tion promotes IL-32 recruitment and concentration on LDs, 
thereby sustaining chronic inflammation, oxidative stress 
and progressive tubular injury (Fig.  8). Finally, whether 
IL-32 is actively secreted by proximal tubular cells remains 
unresolved. Although IL-32 lacks a canonical signal pep-
tide, it has been detected in the supernatant of cultured 
cells [53, 58, 59]. In epithelial intestinal cells, plasma cells, 
esophageal squamous cell carcinoma cells and astrocytes, 
IL-32 can be released extracellularly in response to inflam-
matory stimuli [60–63]. Analogous to ESSC cells and astro-
cytes, IL-32 may be secreted from proximal tubular cells via 
extracellular vesicles to communicate with infiltrating mac-
rophages (Fig.  8). Alternatively, IL-32 may function as a 
damage-associated signal released from tubular cells under-
going cell death. Discriminating between these mechanisms 
will be an important focus of future studies.

While this study identified IL-32 as a potential marker of 
interest in DKD, the use of spatial transcriptomics limited its 
capacity to a relatively descriptive level, requiring in vitro 
mechanistic work in the future to elucidate the mechanism 
connecting IL-32 and DKD progression. Moreover, the 
availability of gene markers in the CosMx spatial transcrip-
tomic dataset using the 1000-plex panel limited the scope 
of this study. In the near future, the entire human protein-
coding transcriptome (18,933 genes) using CosMx spatial 
transcriptomics, which became available at the time of this 
submission, will enable a new depth of analysis not pos-
sible for this study [64]. Additionally, simultaneous protein 
coupled with transcriptome studies would unlock the abil-
ity to obtain both RNA and protein resolution [65]. These 
advances will also enable more robust and confident subtyp-
ing of the macrophage and immune populations.

The findings of this study highlight several important 
avenues for future investigation. LD-bound IL-32 may 
serve as an early metabolic sensor of lipid dysregulation 
and act as a mediator of the metabolic–inflammation axis. 
It remains to be determined whether intracellular IL-32 
has a protective or compensatory role, or whether it con-
tributes to promoting mitochondrial dysfunction, oxidative 
stress, and tubular injury through its action as a pro-inflam-
matory cytokine. Additionally, the identified connection 
between IL-32 + injured proximal tubules and macrophage 

IL32 expression in an injured proximal tubule cell popula-
tion but did not elaborate on this finding [42].

IL-32, originally identified as natural killer cell transcript 
4, was identified as a gene expressed by activated natural 
killer and T cells [47]. IL-32 is now recognized as a mul-
tifaceted cytokine with at least nine splice variants that 
exhibit distinct expression patterns and biological potency 
across different tissues and disease states [48, 49]. IL-32 
has been implicated in numerous chronic metabolic and 
inflammatory conditions, including non-alcoholic fatty liver 
disease, atherosclerosis, chronic obstructive pulmonary 
disease, and rheumatoid arthritis, highlighting its potential 
role as a mediator and biomarker of chronic metabolic and 
inflammatory diseases [50–54]. Circulating IL-32 levels 
are elevated in patient with type 2 diabetes and are associ-
ated with an increased risk of diabetes [40]. In organoids 
from human primary hepatocytes, IL-32β was associated 
with an increase in intracellular triglyceride synthesis [55]. 
Sasidharan et al. recently reported that IL-32 knockdown 
downregulates LD in liver cells [55]. By contrast, Aass 
et al. reported the accumulation of LD in IL-32-depleted 
myeloma cells, suggesting that IL-32 may have differing 
roles depending on cell type [56].

Given that IL-32 localizes to both intracellular and 
extracellular compartments, it remains unclear whether, in 
proximal tubular cells, IL-32 primarily mediates autocrine 
or paracrine signaling, or is released into the extracellular 
environment. The mechanisms by which IL-32 functions 
in proximal tubular cells will likely be isoform specific, as 
distinct IL-32 isoforms may preferentially associate with 
lipid droplets (LDs). LD-associated IL-32 may initially act 
as a metabolic sensor and protective safeguard during acute 
inflammatory stress. However, sustained lipid dysregula-
tion and LD accumulation may instead promote oxidative 
stress and tubular injury through IL-32’s pro-inflammatory 

Fig. 6  Macrophages preferentially localize to injured proximal tubules 
in diabetic kidney disease tissue. A Changes in total immune cell type 
populations in different classes of DKD., B CosMx annotation of unin-
jured proximal tubule (PT) and injured PT cells, C Representative 
region of DKD class II tissue presenting both injured and uninjured 
proximal tubule populations, D Spatial proximity analysis of cells 
within 30 µm, 50 µm, and 100 µm of uninjured and injured proximal 
tubules. Distances were calculated from centroid-to-centroid, E Pro-
portion of immune cells within 30 µm, 50 µm, 70 µm, and 100 µm 
of injured proximal tubule cells, F Quantification of percentage of 
macrophages at varying proximities to injured proximal tubules. Sta-
tistics calculated using a one-way ANOVA with Tukey’s post hoc test, 
G Representative immunofluorescence imaging of diabetic kidney 
biopsy (class II) stained for nuclei in blue, LTL labelling for proximal 
tubules in green, IL32 staining in red, and CD68 macrophage staining 
in white. Scale bars, 50 µm, H Quantification of CD68 + macrophage 
area coverage (%) within 30 um of tubules. Each point represents the 
average of 3 fields of view of a DKD biopsy sample (n = 4). Values 
are mean ± SEM. CD68+ area was normalized to the total area around 
LTL+ or IL32+ tubules or the entire field area. One-way ANOVA test.
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inflammation and CKD progression [31]. IL-32 represents a 
potentially new biomarker and therapeutic target for human 
DKD, specifically targeting proximal tubular injury. An 
important next step will be to leverage an expanded cohort 
to clinically correlate tubular IL-32 expression with dia-
betic kidney disease progression, assessed using longitu-
dinal measures such as estimated glomerular filtration rate 
and albuminuria. Future studies will be required to explore 
IL-32 in transgenic murine models of diabetic kidney dis-
ease [66]. While the exact molecular mechanisms by which 
IL-32 contributes to tubular injury and regulates lipotoxic-
ity will require further study, we have identified IL-32 as a 
marker of active tubular injury in diabetic kidney disease 
using spatial transcriptomics and immunofluorescence. Our 
findings suggest the potential use of IL-32 as a biomarker 
for early DKD progression, with future studies required to 
determine if it represents a viable therapeutic target.

cell populations raises the question of whether IL-32 plays 
a role in the accumulation and activation of pro-inflamma-
tory macrophages, which are known to drive non-resolving 

Fig. 7  Immune population changes in proximity to active and chronic 
diabetic kidney injury. A Active phenotype diabetic kidney injury 
region visualized with Hematoxylin and Eosin (H&E), Periodic Acid-
Schiff (PAS), and Masson Trichrome staining with CosMx cell type 
annotation. Scale bars, 100 µm, B Chronic phenotype fibrotic injury 
region visualized with Hematoxylin and Eosin, Periodic Acid-Schiff, 
and Trichrome staining with CosMx cell type annotation. Scale bars, 
100  µm, C Dot plot expression of ITGAM and IL1B as pro-inflam-
matory markers as well as IL10 and TGFB1 as reparative markers in 
immune cell populations, D Expression of IL32 and HAVCR1 as mark-
ers of active injury and COL4A1 and COL4A2 as markers of chronic 
fibrotic injury compared between regions of active and chronic resi-
dent cells, E Change in proportion of immune cell types in areas of 
active and chronic phenotype injury quantified by CosMx. Values are 
averages of 6 regions of interest captured from 6 different DKD patient 
biopsies of class II and III.

Fig. 8  Model for IL-32 mediated tubular injury and tubulointerstitial 
fibrosis in diabetic kidney disease (DKD). High glucose and fatty acid 
uptake increases intracellular free fatty acid (FFA) levels in proximal 
tubular cells (PTCs). Excess FFAs are intially sequestered into lipid 
droplets (LDs) as an adaptive response to limit lipotoxicity. While ini-
tial LD formation is protective, progressive LD accumulation leads 
to lipid overload and cellular stress. Importantly, LD accumulation 
is necessary but not sufficient for IL-32 localization. Pro-inflamma-
tory cytokines such as TNF-α induce IL-32 expression and drives its 

recruitment to LDs. Elevated IL-32, in turn, amplifies TNF-α signal-
ing, establishing a feed-forward loop that sustains chronic inflamma-
tion, lipid dysregulation, oxidative stress, tubular injury marked by 
kidney injury molecule 1 (KIM-1) expression and cell death. IL-32 
may also be released in extracellular vesicles and taken up by infil-
trating macrophages, triggering pro-inflammatory responses that con-
tributes to chronic inflammation, collagen deposition, tubulointerstitial 
fibrosis and DKD progression
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