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Objective: To quantitatively examine immune cell markers and spatial
distribution in human diabetic kidney disease (DKD) to enhance understanding
of the in ammatory landscape contributing to injury. Maladaptive in ammation is
an underrecognized contributor to DKD pathogenesis and progression and
remains undertreated.

Patients and methods: NanoString GeoMx ™ Digital Spatial Pro ling technology
targeted antibodies labeled with unique oligonucleotide barcode in kidney
biopsy [DKD (n=5), tubulointerstitial nephritis (TIN; n=4), and normal (n=2)]
with regions of interest selection of compartments (glomeruli, tubules,
interstitium). In ammation-related proteins were analyzed with differential
expression through linear mixed modeling.

Results: Compared to normal tissue, in ammatory cell surface protein markers
were increased in DKD tubules and interstitium. Markers of T cells (CD4, CD44),
macrophages (CD68; proin ammatory), and antigen-presenting cells (APCs;
CD40 and CD11c) were increased across all DKD compartments (vs. normal).
Macrophage (CD163; prorepair) marker was increased in DKD tubules and
interstitium (vs. normal). Fewer differences were observed in glomeruli for
normal vs. DKD or TIN vs. DKD groups. CD66b+ (granulocytes) cell marker
was higher in DKD (vs. TIN). As expected, TIN had higher levels of T cell and
macrophage markers in tubules and interstitium (vs. DKD). Interestingly, CD34, a
hematopoietic stem cell and endothelial cell marker, was lower in DKD tubules
and interstitium (vs. normal) but higher in DKD (vs. TIN).
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Conclusion: NanoString GeoMx DSP technology may ful | a role in enhancing
the understanding the in ammatory landscape engaged in DKD pathogenesis as
well as measuring response to therapy. Moreover, additional investigations of
CD34 progenitor cell depletion in DKD may be warranted.
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Highlights

 What was known: Maladaptive in ammation is an
underrecognized contributor to diabetic kidney disease
(DKD) injury and progression and remains undertreated.
Limited information is available which quanti es immune
cell in Itration in diabetic kidney compartments and it is
unclear how the in ammatory landscape compares to
tubulointerstitial nephritis (TIN) in humans.

e This study adds: Comparisons of immune markers and
spatial distribution in diabetic kidney disease, normal,
and tubulointerstitial nephritis tissue are rare. NanoString
GeoMx Digital Spatial Pro ling technology helped identify
that in ammatory cell in lItration is higher across all
compartments in DKD compared to normal tissue and
more closely mirrors the in ammatory landscape of TIN.

« Potential impact: NanoString GeoMx DSP technology may
aid in furthering understanding of DKD pathogenesis as
well as measuring response to therapy. Renewed focus on
therapeutic targeting of pro-in ammatory pathways may
improve DKD outcomes. Additionally, investigations
focusing on CD34, a hematopoietic stem cell and
endothelial cell marker, progenitor depletion in DKD may
be warranted.

Introduction

Diabetes mellitus (DM) is the leading cause of kidney failure,
and with the global prevalence of DM predicted to rise to 12.2% in
2045, corresponding increases in diabetic kidney disease (DKD) are
anticipated (1, 2). Several pathogenic processes contribute to DKD,
including hyperglycemia, advanced glycation end-products (AGE),

Abbreviations: AGE, advanced glycation end-products; CCR, chemokine
receptor; DKD, diabetic kidney disease; DSP, Digital Spatial Pro ling; eGFR,
estimated glomerular Itration rate; ICAM-1, intercellular adhesion molecule-1;
IFTA, interstitial
chemoattractant protein-1; MIP-1, macrophage in ammatory protein-1; RAAS,

brosis and tubular atrophy; MCP-1, monocyte

renin-angiotensin-aldosterone system; ROI, regions of interest; TIN,
tubulointerstitial nephritis.
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oxidative stress, renin-angiotensin-aldosterone system (RAAS)
dysregulation, cellular senescence, and abnormal intracellular
metabolism, which lead to chronic sterile in ammation, vascular
and tissue damage, and resultant brosis (3). Several therapies
currently target DKD processes, such as strict glycemic control,
renin-angiotensin-aldosterone system inhibitors, sodium-glucose
cotransporter inhibitors, glucagon-like peptide-1 agonists,
dipeptidyl peptidase-4 inhibitors, and endothelin A antagonists
(4, 5). However, immune cell in Itration is commonly found in
clinical DKD biopsies, yet conventional therapy fails to focus
treatment on in ammation as a key component of DKD
pathogenesis (6—9). Hence, gaining a better understanding of the
in ammatory landscape in DKD may aid in development of
effective therapies.

Both the adaptive and innate immune systems contribute to the
in ammatory response in DKD (10, 11). Early in DKD, increased
expression of proin ammatory molecules, including cytokines,
chemokines (12), monocyte chemoattractant protein-1 (MCP-1)
(13), intercellular adhesion molecule-1 (ICAM-1) (14), and
macrophage in ammatory protein-1 (MIP-1) (15) culminate in
macrophage in Itration of the glomeruli and tubulointerstitium.
Previous analysis showed heterogenous macrophage in lItration
with increased M-1 proin ammatory phenotype over time (16).
Importantly, macrophage in Itration and abundance are associated
with DKD progression (6, 17). Diabetic mice de cient in ICAM-1
(ICAM-17/7), a macrophage chemoattractant and adhesion
molecule, had lower kidney macrophage in Itration and
albuminuria compared to ICAM-17/" controls (14). Macrophage
chemokine receptor (CCR1, CCR2) inhibition was associated with
reduced glomerulosclerosis in diabetic mice (18). As part of
adaptive immunity, T cells are also implicated in DKD injury,
with in ltration associated with higher proteinuria (19, 20).

While immune cells in Itrate all kidney compartments,
including the glomeruli, tubules, and interstitium, it is not a
homogenous process (21). Both macrophages (10, 21, 22) and T
cells (20, 23) are dispersed across compartments in DKD, yet
macrophages make up the most abundant cell type (17, 24). In a
type 2 diabetes model, macrophage accumulation and activation
associated with increased macrophage chemokine markers, kidney
injury and brosis in 8 month old mice (17), and their presence
particularly in the interstitium has been correlated with
albuminuria, serum creatinine, and interstitial brosis (21, 25).
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Similarly, T cell in Itration, primarily in the interstitium, has been
identi ed in humans and mouse models of DKD (19, 21). DKD
pathogenesis, including interstitial brosis and resulting progressive
kidney dysfunction, may be primarily driven by tubulointerstitial
in ammation (12, 26).

Newer techniques for identifying immune cells, such as single-
cell RNA sequencing (scRNA-seq), have reinforced the presence of
proin ammatory response and leukocyte in ltration in DKD (16,
27). However, spatial multiomics, including spatial proteomics and
spatial transcriptomics, has received increasing attention since its
discovery in 2016, particularly in cancer biology (28). Its use in
understanding the tumor microenvironment and associated disease
progression and treatment response holds great promise (29, 30);
yet, there has been minimal application in DKD. While the patterns
of immune cell in Itration in human DKD are traditionally
examined through immune staining or recently in scRNA-seq
studies, few studies have quantitatively examined the immune
markers and spatial distribution with comparisons to normal
kidney tissue and densely in amed kidney tissue, such as
tubulointerstitial nephritis (TIN) (16, 27).

We tested the hypothesis that human kidney tissue in DKD
possesses an in ammatory pro le distinct from normal histology but
less dissimilar to TIN, therein warranting development of novel
strategies to target in ammation. In these studies, we examine the
kidney immune landscape in kidney compartments using novel
NanoString GeoMx ™ Digital Spatial Pro ling (DSP) technology; a
spatially resolved, high-plex protein and RNA pro ling assay which
allows for quanti cation of desired biomarkers within user-de ned
regions of interest (ROIs) (31). DSP is advantageous over traditional
molecular pro ling modalities given its ability to yield robust data on
the morphologic and quantitative heterogeneity of immune pro les
using minimal, archival tissue samples (31). To date, few published
studies applied NanoString GeoMx DSP to assess the protein pro les
in human medical kidney disease, such as ANCA-associated
glomerulonephritis (32) and focal necrotizing glomerulonephritis
(33), but none evaluated the in ammatory signature in DKD. To

Il this gap, we assessed the differential abundance of in ammatory
cell surface proteins in kidney biopsy tissue from patients with
normal histology, DKD, and TIN.

Materials and methods

This study was conducted with Mayo Clinic Institutional Review
Board (IRB) approval. Kidney biopsy tissue specimens were identi ed
for patients with normal kidney histology, DKD, and TIN at Mayo
Clinic in Rochester, Minnesota. Limited deidenti ed data were
obtained, including age, gender, diabetes mellitus diagnosis, and
kidney function parameters, including serum creatinine and
estimated glomerular Itration rate (eGFR CKD-EPI). Normal
histology specimens were native biopsy specimens from adults with
thin basement membrane nephropathy (n=1) or normal histology
without glomerular basement membrane thinning (n=1). Patients
with DKD were diagnosed based on clinicopathologic criteria,
including documented history of diabetes mellitus with persistent
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albuminuria or reduced eGFR. Biopsies showing DKD were selected
that demonstrated nodular diabetic glomerulosclerosis and moderate
interstitial  brosis and tubular atrophy (IFTA). TIN cases were
diagnosed in non-diabetic patients based on biopsy-proven
interstitial in ammation with tubular injury, in the absence of
primary glomerular disease, and supported by clinical context
consistent with known etiologies of TIN, including proton pump
inhibitor—associated chronic allergic TIN, IgG4-related TIN,
granulomatous TIN (ANCA-associated), immune checkpoint
inhibitor-associated TIN, and HIV-associated chronic TIN.
Biopsies within the DKD and TIN groups represented a spectrum
of disease severity re ective of real-world clinical presentation.

GeoMx digital spatial pro ling

Our use of protein-based DSP has been previously described (34).
Brie y, FFPE tissue slides were deparaf nized from core needle kidney
biopsy samples. Using NanoString GeoMx DSP technology, slides were
stained with uorescently labeled antibodies. Antibodies were labeled
with a unique oligonucleotide barcode attached by a UV-labile
cross-linker, directed against 77 targets. Immuno uorescent
antibodies against pan-cytokeratin (epithelium), CD45 (leukocytes),
and CD68 (macrophage) plus the nuclear dye (STYO13) were used.
Twelve regions of interest (ROIs) were obtained from each biopsy slide
to capture glomeruli and tubulointerstitial regions in a randomized
fashion under nephrologist and pathologist guidance. Of each ROI
quanti cation, the tubular segment was identi ed as cytokeratin-
positive, while the interstitial segment was identi ed as cytokeratin-
negative/STYO13-positive (Supplementary Figure 1). Oligonucleotides
bound to biomarkers of interest were quanti ed using the nCounter
technology upon liberation by UV laser irradiation of computer-
de ned masks. Out of the 77 target proteins, 29 were selected for
further analysis to focus on the innate and adaptive immunity in
the kidney.

Histological staining

Immunohistochemical staining for immune cell markers was
performed. Antibodies for markers of T cells, including
identi cation (CD3) and activation (CD45RO) and macrophage
marker CD68 were selected.

Statistical analysis

Data were normalized to the geometric mean of three
housekeeping proteins (GAPDH, histone H3, S6). A linear mixed
model was used to assess the differential expression of proteins
using Log, fold change (Log,FC). A two-sided p-value was
considered signi cant if <0.05. Forest and volcano plot graphs
were created using GraphPad Prism Version 10. For the forest
plots, p values of <0.001 were converted to 0.001 and plotted as
-Log10 value of 3.
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Results
Baseline characteristics

Patient baseline characteristics are summarized in Table 1.
Kidney biopsy specimens were obtained from individuals with
normal kidney function/histology (n=2), DKD (n=5), and TIN
(n=4). Fifty to 60% of all groups were female. Mean age was
lowest in the normal group (39 + 2 years) followed by DKD (52
+ 10) and TIN (68.3 + 12.8). As anticipated, kidney function was
highest in normal histology (eGFR 115 + 1 mL/min/1.73m?), then
followed by DKD (44 + 22) and TIN (26 + 21) groups. Only DKD
patients had diabetes mellitus.

Spatial analysis and tissue histology

Fluorescent-labeled antibodies were used to identify nephron
structural units, including tubules (PanCK positive) and
interstitium (SYTO13 positive, PanCK negative). While normal
histology showed preserved structure, interstitial expansion and
tubular dropout were prominent in DKD and TIN. Notably, a high
abundance of staining for leukocytes (CD45, yellow) and
macrophages (CD68, red) were observed in both DKD and TIN,
Figure 1. To further characterize T cell and macrophage abundance,
immunohistochemical stains were performed. As shown, CD3,
CD45R0, and CD68 antibody staining were prevalent in TIN but
also increased in DKD (vs. normal).

Compartmental differences - DKD vs.
normal

To better understand differences in the immune landscape
between disease groups, comparisons were made across
kidney compartments.

Glomerulus compartment
While many of the in ammatory protein markers trended
higher in DKD glomeruli, most were not statistically different (vs.

TABLE 1 Baseline characteristics.

Characteristic

Age, years 385+21 522 +10.1 68.3 £12.8
Female, n (%) 1 (50) 3 (60) 2 (50)
Creatinine, mg/dL 0.75+0.1 21+16 39+35
Eﬁ';;zc KD-EPI, mL/min/ 1145 + 07 436+218 | 258+21
Diabetes mellitus, n (%) 0 (5) 100 0

Sample mean and standard deviation are given for continuous data.
Number (percentage) is given for categorical data.
DKD, diabetic kidney disease; TIN, Tubulointerstitial nephritis.
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normal). However, three T cell markers were elevated in DKD,
including CD4 (Log,FC 0.56, 95% CI 0.19, 0.92, p=0.006), CD44
(Log,FC 1.5, 95% CI 0.66, 2.33, p=0.02), and PD-1 (Log,FC 0.63,
95% CI 0.13, 1.13, p=0.02). In addition, antigen-presenting cell
(APC) CD1ic (Log,FC 0.7, 95% CI 0.24, 1.16, p=0.007) and
macrophage CD68 (Log,FC 0.52, 95% CI 0.14, 0.89, p=0.01)
markers were increased in DKD glomeruli, Supplementary Figure 2.

Tubular compartment

In contrast to the glomerular compartment, multiple T cell
protein markers were signi cantly higher in DKD tubules vs.
normal, including CD3, CD4, CD8, CD44, CD45, CD80, and
CD95, Figure 2A. T cell PD-1 and GZMA markers trended
higher (p=0.1). Similarly, macrophage (CD68 and CD163), APC
(CD11c, CD40, HLA-DR), and granulocyte CD66b protein markers
were more abundant in DKD tubules. However, the macrophage
CD14 marker was not different.

Interstitial compartment

Differences in the in ammatory landscape were pronounced
when DKD interstitium when compared to normal, Figure 2B. The
T cell markers CD45 (Log,FC 2.68, 95% CI 2.22, 3.14, p<0.001),
CD3, and CD4 had the highest fold change. Additionally, all APCs
and macrophage cell markers were higher in DKD interstitium
vs. normal.

Overlap across compartments for DKD vs.
normal

As shown in Figure 3, trends were identi ed for in ammatory
protein distribution. Interestingly, HSC and endothelial cell marker
CD34 was much lower in DKD interstitium and tubules compared
to normal. Additionally, CD4, CD44, and CD68 were higher across
all 3 compartments in DKD (vs. normal). Tubules and interstitium
of DKD had higher abundance of in ammatory distribution.
Notably, CD56, which is a marker for NK cells as well as
activated T cells, monocytes, and dendritic cells (35), did not
differ between DKD and normal for glomeruli, tubules, and
interstitium compartments.

Compartmental Differences — DKD vs. TIN

Glomerulus compartment

When glomeruli of DKD were compared to TIN, differences
between in ammatory cell protein markers were minimal,
Supplementary Figure 2. Granulocyte CD66b surface marker was
higher (Log,FC 1.21, 95% CI 0.258, 2.15; p=0.045) in DKD glomeruli
(vs. TIN). T regulatory protein marker FOXp3 trended higher in
DKD (Log,FC 0.711, 95% CI 0.008, 1.415; p=0.06). However, TIN
glomeruli had higher CD3+ and CD8+ T cell markers than DKD
glomeruli (Log,FC -0.61, 95% CI -1.07, -0.15; p=0.04).

Tubular compartment
While multiple T cell protein markers were higher in TIN
tubules (vs. DKD), including CD3, CD4, CD8, CD45, CD45RO0O,
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FIGURE 1

Digital spatial pro ling and immunohistochemistry staining in normal, DKD, and TIN kidney tissue. Representative images are shown. For digital
spatial pro ling studies (Top row), uorescent-labeled antibodies were directed against pan-cytokeratin (green; tubular epithelial cells), CD45
(yellow; leukocytes), CD68 (red; macrophages), and the blue nuclear dye (STYO13). For immunohistochemistry studies, antibodies were directed
against CD3 (T cells), CD45RO (T cells), and CD68 (macrophage). DKD, diabetic kidney disease and TIN, tubulointerstitial nephritis.

T-regulatory cell surface markers, including CD25 and FOXP3,
were not different (Log,FC -0.012, 95% CI -0.54, 0.51; p=0.97) and
(Log,FC 0.35, 95% CI -0.24, 0.93, p=0.3), respectively, Figure 2.
However, most APC and macrophage markers were higher in the
TIN tubules. Notably, no in ammatory markers were higher
in DKD.
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Interstitial compartment

Surprisingly, in contrast to the DKD tubule compartment,
fewer in ammatory proteins were higher in the interstitial
compartment of TIN (vs. DKD). CD3+ and CD8+ T cells were
more abundant in TIN (Log,FC -0.69, 95% CI -1.21, -0.17;
p=0.04) and (Log,FC -1.16, 95% CI -1.92, -0.4; p=0.02),
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