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Abstract

Aims: Diabetic nephropathy is a major consequence of inflammation developing in
type 1 diabetes, with interleukin-8 (IL-8)-CXCR1/2 axis playing a key role in kidney
disease progression. In this study, we investigated the therapeutic potential of a
CXCR1/2 non-competitive allosteric antagonist (Ladarixin) in preventing high
glucose-mediated injury in human podocytes and epithelial cells differentiated from
renal stem/progenitor cells (RSC) cultured as nephrospheres.

Materials and Methods: We used human RSCs cultured as nephrospheres through a
sphere-forming functional assay to investigate hyperglycemia-mediated effects on
IL-8 signalling in human podocytes and tubular epithelial cells.

Results: High glucose impairs RSC self-renewal, induces an increase in IL-8 tran-
script expression and protein secretion and induces DNA damage in RSC-
differentiated podocytes, while exerting no effect on RSC-differentiated epithelial
cells. Accordingly, the supernatant from epithelial cells or podocytes cultured in
high glucose was able to differentially activate leucocyte-mediated secretion of pro-
inflammatory cytokines, suggesting that the crosstalk between immune and non-
immune cells may be involved in disease progression in vivo.

Conclusions: Treatment with Ladarixin during RSC differentiation prevented high
glucose-mediated effects on podocytes and modulated either podocyte or epithelial
cell-dependent leucocyte secretion of pro-inflammatory cytokines, suggesting
CXCR1/2 antagonists as possible pharmacological approaches for the treatment of

diabetic nephropathy.
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1 | INTRODUCTION

Diabetic nephropathy (DN) is the primary cause of renal failure in the
western world and is associated with increased mortality in diabetic
patients.! Although its biological drivers are still far from being fully
characterised,? inflammation has been recognised as a key player in
DN pathophysiology,2# and novel innovative strategies for targeting
inflammation have been studied.>~” Among all the factors involved in
the DN-related inflammatory process, interleukin-8 (IL-8) has been
suggested to be crucially involved in the onset and/or maintenance
of DN.8-0

IL-8 is a pro-inflammatory chemokine released by both immune
and non-immune cells, including podocytes'! and endothelium,?
and acts as a chemotactic factor binding two membrane receptors,
CXCR1 and CXCR2, which are both expressed by several cell types,
including immune cells and podocytes.'? Its levels have been found
increased in the serum of both type 1 and type 2 diabetes patients'®
and associated to insulin resistance and metabolic disease.*® Sup-
porting its role in DN, previous studies have shown that IL-8 levels
are elevated in the urine of patients with type 2 diabetes and
strongly associated with a reduced renal function and worse clinical
outcome. Interestingly, IL-8 release is strongly enhanced during
high glucose challenge of podocytes in vitro, suggesting that hy-
perglycemia may trigger podocyte IL-8 production in type 2 dia-
betes patients, thus activating death signals in CXCR1/CXCR2-
expressing podocytes through an autocrine loop and favouring
DN.'2%* However, the mechanisms underpinning IL-8 action in DN
and its biological targets, as well as the potential therapeutic sig-
nificance of its pharmacological blockade, have never been fully
investigated.

One of the main limiting factors when studying pathways and
potential targets involved in DN is the lack of adequate human
models able to reproduce the three main cell lineages of the kidney
(tubules, podocytes and endothelium). To meet this need, a new
model has been recently developed'® using human renal stem/
progenitor cells (RSCs) cultured as nephrospheres (NS) through the
sphere-forming functional assay.'®'” Within the NS, cells have
different levels of maturation, with a homogeneous cell population
displaying in vitro self-renewal and the capacity to differentiate
into tubular epithelial cells, podocytes and endothelial cells.*®
Notably, NS cells have displayed the capability to fully differentiate
into podocytes expressing several podocyte-specific markers such
as synaptopodin, nestin, and alpha-actinin markers in addition to
podocin.’® NS is thus a physiological model that allows faithfully
resembling the features of human primary cells and, simulta-
neously, study systems deriving from different patients. These
features make the NS an optimal model to study the mechanisms
that regulate self-renewal and differentiation in adult renal tissue
as well as in renal pathological conditions, such as DN, and to test
new drugs.

In this study, we used the NS model to investigate hyperglycemia-
mediated effects on IL-8 signalling in human podocytes and tubular

epithelial cells and to evaluate the potential effects of the

pharmacological blockade of the IL-8-CXCR1/2 axis in preventing IL-
8-mediated damage and, eventually, in modulating the onset and

progression of DN.

2 | MATERIALS AND METHODS
2.1 | Tissues

Normal kidney tissue was obtained from 8 patients following ne-
phrectomy due to the presence of renal tumours. The normal tissue
was taken from a healthy region of the kidney, without any indication
of cancer, opposite to the tumour and exceeding the diagnostic
needs. All procedures were performed after written patient consent
and approved by the Local Ethical Committee. NS cultures were

established from all fresh renal tissue samples.

2.2 | Nephrosphere cultures, epithelial and
podocyte differentiation, rIL-8 and Ladarixin
treatment

The single-cell suspension from the renal tissue and the NS cultures
were obtained from 8 different tissue samples and cultured as NS as
described.®

The suspension obtained after mechanical dissociation and
enzymatic digestion was sieved through a 250 um cell strainer and
then passed through a pipette syringe to obtain a single-cell sus-
pension. Red blood cells were removed by haemolysis with 0.8%
NHA4CI solution for 5 min. After a 24-48 hours adhesion step, the
trypsinised bulk epithelial cells were plated (10,000 cells/mL) in Stem
Cell medium in physiological (17 mM) and high glucose conditions
(30 mM) on poly-Hema (Sigma Aldrich, St. Louis, MO) coated dishes
in non-adherent conditions for the formation of floating NSs. After
10 days, NS were collected for use.

For the evaluation of SFE, the number of obtained spheres was
divided by the number of plated renal cells and expressed as a
percentage.

For cell differentiation or FACS analysis, after 10 days NS were
collected for use. NS cells were dissociated enzymatically for 5 min in
TrypLE Express (Life Technologies, Waltham, MA) and then me-
chanically by repetitive pipette syringing to generate a single-cell
suspension.

Single cells obtained from nephrospheres were then subjected to
epithelial and podocyte differentiation for 7 days in physiological
(17 mM) and high glucose conditions (30 mM) in specific differentia-
tion media. The specific differentiation media were as follows:
epithelial medium, composed of Dulbecco's modified Eagle's medium-
F12 (Lonza, Basel, Switzerland) supplemented with 10% foetal bovine
serum, ITS supplement (5 pg/mL insulin, 5 pg/mL transferrin, and 5 ng/
mL sodium selenite), 36 ng/mL hydrocortisone, and 40 pg/mL triio-
dothyronine (all from Sigma-Aldrich), 20 ng/mL epithelial growth
factor (Cell Signalling Technology), and 50 ng/mL hepatocyte growth
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factor (Cell Signalling Technology); VRADD podocyte medium,
composed of Dulbecco's modified Eagle's medium-F12 (Lonza, Basel,
Switzerland) supplemented with 10% foetal bovine serum, 100 nM D3
Vitamin, 100 uM Retinoic Acid, 0.1 uM Dexamethasone. Recombinant
IL-8 protein (rIL-8, ChinaPeptides, Shanghai, China) treatment was
performed by adding rIL-8 100 ng/mL rIL-8 to the culturing media.
CXCR1/2 blockade was achieved by culturing the cells in a medium
containing Ladarixin 1 uM or 10 uM.

2.3 | Immunofluorescence and FACS analysis

IF on differentiated cells grown on coverslips was performed as
described® using the mouse monoclonal anti-CXCR1 (clone 501,
Invitrogen, 1:100), mouse monoclonal anti-CXCR2 (clone GT547,
Invitrogen, 1:100), mouse monoclonal anti-pan Cytokeratin (clone
MNF116, DAKO; 1:200), rabbit anti-Podocin (Sigma Aldrich, 1:50)
primary antibodies and Alexa Fluor 488 conjugated anti-mouse and
Alexa Fluor 594 conjugated anti-rabbit I1gG secondary antibodies
(Molecular Probes Invitrogen, 1:100). IF micrographs were obtained
at 400x magnification using a Zeiss LSM710 confocal microscope and
Zen2009 software (Zeiss). For DNA damage analysis, mouse mono-
clonal anti-phospho- Histone H2AX (Ser 139) (clone JBW301, Mil-
lipore; 1:100) primary antibody was used. Percentages of labelled
cells over the total nuclei and the number of foci per nucleus were
evaluated. The number of foci per nucleus was determined using-
Count Nuclear Foci Plugin-ImageJ software version 1.53c (National
Institute of Health, NIH; http://imagej.nih.gov/ij).

The FACS procedure was performed on NS preparations and
differentiated cells, and analysis was performed using a MoFlo
Astrios Cell Sorter equipped with Summit software version 6.1
(Beckman Coulter, Milano, Italy). The offline analysis was performed
using Kaluza software version 1.2 (Beckman Coulter, Brae, CA). For
FACS analysis, the following antibodies were used: mouse mono-
clonal FITC-conjugated anti-CXCR1 (clone 8F1, Miltenyi Biotec;
1:10) and mouse monoclonal APC Vio770-conjugated anti-CXCR2
(clone REA208, Miltenyi Biotec; 1:50).

Cell viability of dissociated nephrospheres and differentiated
cells was evaluated using the APC Annexin V Apoptosis detection kit
and propidium iodide (Biolegend, San Diego, CA), according to the
manufacturer's instructions, as previously described.'® FACS analysis
was performed on 10,000 events with a MoFlo Astrios Cell Sorter
equipped with Summit software version 6.1 (Beckman Coulter,
Milano, Italy). The offline analysis was performed using Kaluza soft-
ware version 1.2 (Beckman Coulter, Brae, CA). Viable cells (annexin V
and propidium iodide negative) were expressed as a percentage with

respect to the total events analysed.

2.4 | Western blot

Cell lysates were prepared, separated by SDS Nupage 4%-12% and

blotted on a nitrocellulose membrane (all Life Technologies) as

WILEY__|__3°f#

described.'” The protein standard Dual Colour Marker loaded on the
gel was from Bio-Rad. The blotted membranes were probed with
antibodies against CXCR1 (clone 501, Invitrogen, 1:1000), mouse
monoclonal anti-CXCR2 (clone GT547, Invitrogen, 1:1000). ECL
(Pierce, Thermo Fisher Scientific) detected the antigen-antibody
complexes. The densitometry of the bands was analysed by Image)
software (NIH).

2.5 | Real time PCR

Total RNA extracted from differentiated cells was reverse tran-
scribed with the high-capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Waltham, MA). TagMan gene expression real-
time PCR assays were performed in duplicate for each sample,
following manufacturer's instructions using the indicated commercial
kits (IL8: Hs00174103_m1; GAPDH: Hs99999905_m1) and an ABI
PRISM 7900HT Fast Real-Time PCR System (Applied Biosystems).
The expression fold change between the different cell treatments
was calculated as 2—AACt always using cells cultured in physiological

glucose conditions as a calibrator.

2.6 | Secreted IL-8 quantification by ELISA

IL-8 in cell culture medium was quantified with a Human IL-8 ELISA
kit (Sigma Aldrich, St. Louis, MO) according to the manufacturer's
instructions and using a microplate reader (Victor Wolla C1420,
Perkin Elmer, Woltham, MA). Concentration values (pg/mL) were
normalised to concentrate protein extracted from each sample and
then represented as a ratio between high glucose (HG) and physio-
logical conditions (NG).

2.7 | Cytokines, chemokines and growth factors
quantification by ELISA multiplex assay

Supernatants from podocytes, epithelial cells, and from leucocytes
incubated these supernatants, were screened for the concentration
of IL-1B, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70),
IL-13, IL-15, IL-17A, basic fibroblast growth factor (FGF), eotaxin,
granulocyte-colony stimulating factor (G-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), interferon-y (IFN-
Y), interferon-y inducible protein 10 (IP-10), monocyte chemo-
attractant protein-1 (MCP-1), macrophage inflammatory protein-1
(MIP-1) a, MIP-1B, C-C motif chemokine ligand 5 (CCL5)/RANTES,
tumour necrosis factor-a (TNF-a), platelet-derived growth factor
(PDGF-BB), and vascular endothelial growth factor (VEGF) using the
Bio-Plex Multiplex Human Cytokine, Chemokine, and Growth Factor
Kit (cat. n. M500KCAFQY, Bio-Rad, Hercules, CA, USA) according to
the manufacturer's protocol, as previously described.?° The magnetic
bead-based assay was performed on a Bio-Plex 200 System (Bio-Rad,
Hercules, CA, USA).
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FIGURE 1 Legend on next page.

2.8 | Pathology and immunohistochemistry

Consecutive formalin-fixed paraffin-embedded (FFPE) renal samples

were retrospectively retrieved from the archives of the Pathology
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Department of ASST Monza (San Gerardo Hospital), UNIMIB, Italy. In
particular, specimens corresponding to the renal parenchyma distant
from the neoplasia in nephrectomies for renal cancer were selected

avoiding cases affected by diabetic nephropathy (DN). In a similar
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way, renal biopsies with a diagnosis of DN without concurrent other
kidney diseases were retrospectively enroled from the Neph-
ropathological archives. These cases have been reviewed by two
expert renal pathologists (VL and FP) and classified according to the
Tervaert scheme as ‘early’ (class I-Il), ‘moderate’ (class IIl) and
‘advanced DN’ (class 1V).2! Baseline clinical characteristics (age, sex,
hypertension, serum creatinine and proteinuria) were recorded for
each case. For immunohistochemistry (IHC), 3 um FFPE sections
from the cases were deparaffinised and rehydrated. After endoge-
nous peroxidase blockage and antigen retrieval with EnVision FLEX
Target Retrieval Solution (Dako, Glostrup, Denmark), the slides were
incubated with the primary antibody in the Dako Omnis stainer.
Multiple washes were performed, and then the secondary antibody
conjugated with peroxidase was applied. Finally, the specimens were
washed in PBS and developed in 3,3'-diaminobenzidine (DAB) for
single IHC for CD3 and in DAB and aminoethyl carbazole (AEC) for
double IHC directed to nuclear y-H2AX and membrane phospholi-
pase A2 receptor (PLA2R) and cytokeratin 8/18 (CK 8/18), as pre-
viously.?>?2 The following primary antibodies were used: polyclonal
rabbit anti-human CD3 (prediluted, ready-to-use, Dako), monoclonal
mouse anti-y-H2AX (anti-phospho-histone H2AX, Ser139, clone
JBW301, dilution 1:500; Millipore, Billerica, MA, USA), rabbit poly-
clonal antibodies against PLA2R (Atlas Antibodies, AlbaNova Uni-
versity Center, Stockholm, Sweden, concentration 0.4 mg/mL,
dilution 1:300), monoclonal anti-human CK 8/18 (prediluted, ready-

to-use, Dako).

2.9 | Digital and computational pathology

Slides from both histochemistry (periodic acid of Schiff, PAS) and IHC
for all the cases were scanned using the newly introduced hybrid
MIDI 1l instrument (3DHISTECH, Budapest, Hungary).?* The ob-
tained whole slide images (WSI) in .mrxs format have been imported
in the QuPath v0.3.2 software for the computational analysis.?®
Normal and globally sclerosed glomeruli have been comprehensively
annotated. The total number of cells in the whole biopsy and in the
glomerular region was calculated through the ‘Cell detection’ func-
tion. For the detection of inflammatory cells in the biopsy, a cell

classifier was trained and applied to all cases to quantify the number
of infiltrates. Cells positive for IHC were quantified using alterna-
tively the ‘Positive cell detection’ and ‘Cell intensity classification’
functions.

2.10 | Statistical analysis

Dichotomous variables were compared using the chi-square test.
Continuous variables are expressed as mean =+ standard deviation
(SD) or as mean (95% ClI). All groups were compared for clinical and
histological continuous variables using the one-way ANOVA test for
independent variables. All p-values were two-tailed and values <0.05
were considered statistically significant.

Statistical analysis was performed using the software Excel
(Microsoft, Redmond, Washington, USA) and SPSS Statistics (v26.0.
Armonk, NY: IBM Corp.) and the GraphPad Prism 8.0 software
(GraphPad Software Inc., La Jolla, Ca).

3 | RESULTS
3.1 | High glucose inhibits RSC self-renewal

To investigate the effects of high glucose on NS, we cultured NS
obtained from human renal tissue samples (n = 8; Figure 1A) under
physiological (NG) (17 mM) or high glucose (HG) conditions (30 mM),
thus mimicking a diabetic-like environment. First, we assessed the
sphere forming efficiency (SFE) as a measure of self-renewal capa-
bility of NS cells. A decrease in SFE was observed in all NS cultured
under HG compared with those cultured under NG (Figure 1A). To
verify whether this result was due to an effect of glucose on cell
viability, we evaluated the viability of NS cells exposed to HG by
Annexin V/Pl FACS assay. Notably, no significant changes were
observed compared to NG (Figure 1B), suggesting that the lower SFE
of RSCs in HG was not related to increased cell death but to a HG-
mediated effect on self-renewal potential.

We then investigated whether the IL-8/CXCR1-2 axis could be
involved in the effects of HG on NS cells. Thus, we first analysed the

FIGURE 1 (A) Representative contrast phase image of nephrospheres (10x magnification); scale bars: 100 um (left) and Mean + SEM

sphere forming efficiency (SFE) representation in eight different NS samples (right). (B) Percentage of live cells in eight different NS cultures
and the mean + SEM percentage in the eight samples. (C) Representative FACS analysis of CXCR1 and CXCR2 expression on nephrosphere
cells cultured in high glucose and physiological conditions. (D) Histogram representing the CXCR1+ and CXCR2+ cell percentage (left) and
scatter plot of CXCR1+ and CXCR2+ cell percentage represented as fold change (right) (n = 8). NG: physiological conditions. HG: high glucose
conditions. (E) Representative contrast phase images of epithelial and podocyte differentiated cells (10x magnification); scale bars: 100 pum.
(F) Representative immunofluorescence analysis using antibodies against pan cytokeratin (red) and podocin (green) on NS cells differentiated
into epithelial cells and podocytes (40x magnification) in physiological (NG) and high glucose (HG) conditions. Blue: DAPI. White arrows
indicate cells expressing both Cytokeratin and Podocin. Scale bars: 20 um. (G) Representative immunofluorescence analysis using antibodies
against CXCR1 and CXCR2 on NS cells differentiated into epithelial cells and podocytes (40x magnification) in physiological (NG) and high
glucose (HG) conditions. Scale bars: 20 um (left). Graphical representation of CXCR2+ cell count in three different podocyte cultures and
scatter plot of CXCR2+ cells represented as fold change (right). (H) Representative Western Blot analysis of CXCR1 and CXCR2 expression of
culture #1 (left) and CXCR2 densitometry of three analysed podocyte cultures and scatter plot of relative CXCR2 protein expression
represented as fold change (right). *p < 0.05.
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expression of IL-8 receptors, CXCR1 and CXCR2, in NS cells under
NG and HG. FACS analysis of immature NS cells cultured in HG
showed that the percentage of CXCR1+ was higher in all the tested
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glomeruli (%)
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NS cultures, while that of CXCR2+ cells was increased (n = 6/8) in
HG NS cultures compared to those in NG (Figure 1C-D). Due to the

high individual variability of the human biological samples, we
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expressed the data as fold change of CXCR1+ and CXCR2+ NS cells
under HG versus NG. Notably, CXCR1+ cells were significantly more
abundant in NS cultured in HG (Figure 1D).

After 7 days of NS (n = 6) differentiation under NG or HG,
contrast phase microscopy morphology and immunofluorescence
analyses showed that we obtained epithelial and podocyte differen-
tiated cells (Figure 1E).

Epithelial-differentiated cells expressed pan cytokeratin (red),
whereas no podocin staining was observed; on the other hand,
podocyte-differentiated cells were positive for podocin (green) and
showed a fainting cytokeratin staining (Figure 1F). Notably, we could
still observe some podocyte-differentiated cells co-expressing cyto-
keratin and podocin (Figure 1F, arrows), likely indicating different
differentiation timings.

Contrary to what was observed in immature NS cells (Figure 1C-
D), immunofluorescence (Figure 1G) and western blot (Figure 1H)
analyses showed that terminally differentiated podocytes and
epithelial cells did not express CXCR1 in both NG and HG. CXCR2
expression was evident in both cell types and was much higher in
podocytes than in epithelial differentiated cells. While epithelial cells
showed no differences, the percentage of CXCR2+ cells was signifi-
cantly higher in podocyte cultures grown in HG versus NG
(Figure 1G-H). These observations suggest that a diabetic-like
environment may physiologically enhance the activation of the

CXCR2 receptor in terminally differentiated podocytes.

3.2 | Effect of high glucose in human podocytes

To assess if the HG-induced increase in CXCR2 expression in podo-
cytes would be associated with an increment in the expression of the
ligand IL-8, we evaluated IL-8 expression in cultures differentiated
under NG or HG. HG induced an evident increase in IL-8 expression
at transcript level in all podocyte- but not in epithelial differentiated
cells (Figure 2A). In line with RT-PCR data, ELISA results also showed

that IL-8 secretion was significantly increased in the culture media of
podocyte-differentiated cells (Figure 2B).
Then, starting from previous studies that linked DN with DNA

damage 14,26-28

we evaluated DNA damage by y-H2AX immunoflu-
orescence on podocyte and epithelial differentiated NS cells. The
percentage of y-H2AX+ cells (Figure 2C) was significantly increased
in podocytes cultured in HG compared to NG, while the number of
foci per nucleus was still higher in HG compared to NG in all the
podocyte cultures tested but did not show statistical significance due
to the high variability among the samples (Figure 2D). On the con-
trary, HG did not affect DNA damage in epithelial cells (Figure 2C-
D), thus suggesting that podocyte DNA damage was glucose-

dependent and cell type-specific.

3.3 | DNA damage increases with the progression of
DKD

To investigate whether the DNA damage can be a key factor in the
progression of Diabetic Kidnay Disease (DKD) in patients, IHC
directed against y-H2AX was performed also on biopsy sections from
controls (n = 3), early (n = 5), moderate (n = 5) and advanced DKD
patients (n = 4), whose clinical and histological details are reported in
Table 1.

Histological analysis of cases with progressively more severe
DKD (from controls to advanced cases) demonstrated a worsening of
the collagen deposition in the mesangial areas, causing progressive
sclerosis (from diffuse, to nodular and global glomerulosclerosis), as
highlighted by PAS stain (Figure 2F). The analysed cases did not show
any difference in terms of clinico-pathological features apart from a
progressive higher serum creatinine (mg/dL), proteinuria (g/day) and
percentage of globally sclerosed glomeruli towards advanced DKD
(Table 1). Nuclear y-H2AX positivity was found in glomeruli from all
the analysed patients within podocytes (as demonstrated by the
double positivity for y-H2AX in brown and PLA2R in pink) and,

FIGURE 2 (A) Scatter plot of real-time PCR analysis of IL-8 transcript in the indicated culture conditions. RQ: Relative quantification

AACt

expressed as 2~ of five different podocytes and epithelial cultures. Podocyte and epithelial cells cultured under physiological conditions
(NG) were used as calibrators. *p < 0.05. (B) Scatter plot of IL-8 secretion measured in 5 podocyte and epithelial cultures by ELISA. Data have
been normalised to the concentration of protein extracted from each sample and then represented as a ratio between high glucose (HG) and
physiological conditions (NG). Continuous line: mean. Dotted line: median. *p < 0.05. (C) Scatter plot of y-H2AX+ cell percentage in six
different podocytes and epithelial cultures. *p < 0.05. (D) Scatter plot of the mean number of y-H2AX foci per nucleus evaluated in five
different podocytes and epithelial cultures. Continuous line: mean. Dotted line: median. (E) Representative immunofluorescence analysis using
antibodies against y-H2AX on NS cells differentiated into podocytes and epithelial cells in physiological (NG) and high glucose (HG) conditions
(40x magnification); scale bars: 20 um. In (F), the spectrum of histological aspects of cases analysed with increasing glomerular sclerosis from
the ‘control’ to the advanced DN cases, as demonstrated by the PAS stain. Specifically, healthy controls did not show a significant increase in
mesangial collagen matrix, which becomes more evident in early DN (so-called diffuse glomerulosclerosis), with initial formation of sclerotic
nodules in moderate DN (nodular glomerulosclerosis), to the complete obliteration of the glomerular tuft in advanced DN (global glomer-
ulosclerosis), the first row. In the second row, the nuclear positivity for the y-H2AX IHC (brown, DAB) is restricted to the podocytes, as
demonstrated in the upper right insets using the double positivity with membrane PLA2R (pink, AEC). In advanced DN, scattered positive cells
in globally sclerosed glomeruli showed double nuclear (for y-H2AX in brown) and membrane (for CK8/18 in pink) positivity, as shown in the
upper right onset, demonstrating their parietal epithelial origin. As compared to the positivity recorded in glomeruli, tubules did not show any
positivity in all the cases tested from controls to advanced DN, as shown in the third row (G). The distribution of absolute y-H2AX+ cells in
glomeruli (H) as well as the percentage of glomeruli with at least one y-H2AX+ cell (I) demonstrated a trend towards increased DNA damage
with the progression of DN (p-value of 0.01 and 0.03, respectively).
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TABLE 1 Clinical and histological characteristics of the cases.

Hypertension

Case # Age (y) Sex (+) N° glomeruli
CTR1 63 M + 290
CTR2 69 M + 198
CTR3 63 F - 256
Early DN1 71 M + 7
Early DN2 71 M + 9
Early DN3 62 M + 11
Early DN4 56 M + 19
Early DN5 38 F + 24
Moderate DN 1 60 M + 34
Moderate DN 2 47 M + 24
Moderate DN 3 52 M - 35
Moderate DN 4 35 F + 23
Moderate DN 5 71 M + 27
Advanced DN 1 32 F - 6
Advanced DN 2 43 F + 39
Advanced DN 3 44 M + 15
Advanced DN 4 50 M + 17

occasionally, in parietal epithelial cells (as demonstrated by the
double positivity for y-H2AX in brown and CK 8/18 in pink), espe-
cially in globally sclerosed glomeruli of advanced DKD cases
(Figure 2F), while no staining was noted in tubular cells of patients at
all DKD stages (Figure 2G). The distribution of absolute y-H2AX
+ glomerular cells normalised for the number of glomeruli indicated a
progressive increase in DNA damage from controls to advanced DKD
(Figure 2H). A similar trend was also observed by comparing the
percentage of glomeruli with at least one y-H2AX+ positive
glomerular cell, suggesting a progressively widening involvement of
multiple glomeruli in the DNA damage through DKD progression
(Figure 2I).

3.4 | Exogenous IL-8 mimics but does not enhance
high glucose-induced damage

Previous studies showed that both HG and exogenous IL-8 were
needed to induce a remarkable DNA damage in human immortalised
podocytes.!* Thus, having demonstrated that HG can induce DNA
damage in NS-derived podocytes, we then tested whether supple-
mentation with exogenous IL-8 could further increase DNA damage.

After differentiation under NG and HG in the presence or
absence of 100 ng/mL IL-8 for 7 days, DNA damage was assessed by
¥-H2AX immunofluorescence analysis. The percentage of y-H2AX
+ cells (Figure S1A), as well as the number of foci per nucleus (Figure
S1B), progressively increased in podocytes cultured in NG with IL-8

Globally sclerosed Serum creatinine

glomeruli (mg/dL) Proteinuria (g/die)
0 1,1 0,1
0 12 0,2
0 1 0,1
2 1 23
1 2,2 3
1 0,8 5
4 0,9 1
2 24 7
1 1,4 8,3
11 13 4
12 34 6,4
11 1,2 3,5
13 59 2,7
3 32 6
27 5,29 5
15 7 4,24
1 2,5 7

and in HG compared to NG, while no effect was observed in
epithelial cells under the same conditions (Figure S1C,D). Notably,
the addition of IL-8 did not exacerbate the HG-induced podocyte
DNA damage, as the percentage of y-H2AX+ cells was similar to that
observed under NG with IL-8 (Figure S1A-D). A variable but similar
trend was observed for IL-8 gene expression (Figure S1E-F).

These results suggest that exogenous IL-8 does not exacerbate
autologous IL-8 expression activation as well as the DNA damage in

human NS-derived podocytes cultured in a diabetic-like environment.

3.5 | Effect of Ladarixin on human podocytes

With the perspective to prevent the podocyte damage induced by
spontaneous IL-8 production by podocytes cultured in HG, we
antagonised IL-8 pathway using a specific non-competitive allosteric
inhibitor of CXCR1/2 (Ladarixin).??~%2

We cultured podocytes and epithelial cells from the differentia-
tion of NS under NG and HG in presence or absence of 1 uM (LAD1)
or 10 uM Ladarixin (LAD10) for 7 days.

AnnexinV/Pl FACS analysis showed that HG as well as drug
treatment did not affect cell viability of podocyte and epithelial cul-
tures (Figure S2A-B), showing that Ladarixin is well-tolerated by
human NS-differentiated cells.

We then evaluated DNA damage by y-H2AX immunostaining on
podocyte and epithelial cultures. As the percentage of y-H2AX
+ podocytes increased in HG (Figure 3A), Ladarixin at both tested
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FIGURE 3 Representative
immunofluorescence analysis using antibodies
against y-H2AX on NS cells differentiated into
podocytes (panel (A), (B), (C)) and epithelial
cells (panel (D), (E), (F)) in physiological (NG)
and high glucose (HG) conditions with or
without Ladarixin treatment (40x
magnification); scale bars: 20 um. Scatter plot
of y-H2AX+ cell percentage in five different
podocyte (B) and four epithelial (E) cultures.
Continuous line: mean. Dotted line: median.
Scatter plot representing the number of y-
H2AX foci per nucleus evaluated in four
different podocyte (C) and three epithelial

(F) cultures. *p < 0.05. **p < 0.01. LAD1: 1 uM
Ladarixin. LAD10: 10 uM Ladarixin. Scatter plot
of real-time PCR analysis of IL8 transcript in
the indicated culture conditions. (G) RQ:
Relative quantification expressed as 2724t of
four different podocytes (left) and epithelial
(right)cultures. Continuous line: mean. Dotted
line: median. *p < 0.05. (H) Scatter plot of IL-8
secretion measured by ELISA in four podocyte
(left) and epithelial (right) cell cultures. Values
were normalised over total protein amount.

concentrations  almost

(Figure 3A-B), reaching a significant effect at 10 uM. A similar effect
was observed on the number of foci per nucleus (Figure 3C). Neither
HG nor Ladarixin treatment affected DNA damage in epithelial

differentiated cells (Figure 3D-F).
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To assess whether the inhibition of CXCR1/2 by Ladarixin also
resulted in a reduction of IL-8 gene expression, we evaluated the
expression of IL-8 transcript and IL-8 secretion in the differenti-

ated cells treated with Ladarixin. IL-8 transcript expression in

podocyte-differentiated cultures increased under HG compared to
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NG and the presence of Ladarixin counteracted this increment
(Figure 3G). ELISA confirmed the increment of IL-8 secretion after
HG treatment in podocyte-differentiated cultures, while in this case
Ladarixin did not affect this increment (Figure 3H). In epithelial
cells, the different concentrations of glucose and Ladarixin did not
influence both IL-8 expression (Figure 3G) and secretion
(Figure 3H).

These results suggest that HG-mediated induction of I[L-8
pathway in podocytes is self-sustained through the activation of
autologous IL-8 production, and Ladarixin-mediated inhibition of IL-8

pathway can thus be a possible therapeutic solution.

3.6 | CD3+ T lymphocytes increase during the
progression of DN

Since the presence of inflammatory infiltrates of activated immune
cells is well documented in the glomeruli affected by DN,*33* we
hypothesised that IL-8 produced by podocytes may induce the
recruitment of immune cells from the circulation and the stimulation
of the resident immune cells.

To investigate whether the interstitial inflammatory infiltrates
are modified in intensity and composition during the DN progression,
whole and CD3+ interstitial inflammatory infiltrates were quantified
in renal biopsies of DN patients at different stages. Analysis of the
whole inflammatory interstitial infiltrate did not show statistically
significant differences for the number and the area covered by the
interstitial inflammatory cells, either in absolute terms or as a ratio of
the whole cellular component of the biopsy, among groups. On the
other hand, when the CD3+ infiltrates were quantified, a statistically
significant increase was noted in terms of T-cell/total inflammatory
cell count (Figure 4A) and area ratios among groups (Figure 4B), as

also shown by histology analysis and digital pathology output
(Figure 4C).

IL-8 secreted by non-immune cells is known to play a key role in
the chemotactic migration of leucocytes to the lesioned area. We
hypothesised that IL-8 secreted by podocytes under HG conditions
may attract and stimulate leucocytes as a self-defence mechanism at
the early stage of the disease development, thus becoming detri-
mental with inflammatory progression. To validate this hypothesis,
we performed a cytokine screening by Luminex of the supernatants
after 7 days of differentiation from either podocytes or epithelial
cells under NG/HG and with/without Ladarixin treatment before and
upon 24 h incubation on healthy leucocytes.

In the supernatants from podocytes, IL-8, IL-6, GM-CSF and
TNF-a levels were increased, though not significantly, under HG
versus NG conditions, and a slight, not significant enhancement was
observed in presence of 1 uM and 10 uM Ladarixin either in NG or
HG (Table S1). Consistent with ELISA data (Figure 3), these differ-
ences were not present in supernatants from epithelial cells. How-
ever, in these cells 10 uM Ladarixin treatment induced a general
dampening of pro-inflammatory cytokines, among which IL-1, IL-8,
GM-CSF, MIP-1B, RANTES, and TNF-a (Table S2).

In HG, a slight increase in IL-13, FGF-b and RANTES was
observed in podocyte-conditioned media co-incubated with leuco-
cytes. In the presence of ladarixin-treated podocytes, a significant
reduction of the chemokine RANTES was detected (Table S3).

Conversely, upon incubation with leucocytes, in HG, epithelial
cell media displayed a slight increase in IL-6 and RANTES. No sig-
nificant effects were observed upon ladarixin treatment (Table S3).

These results suggest a differential involvement of epithelial and
podocyte cells in DN pathogenesis, which leads to a differential
Ladarixin effect on epithelial cells, podocytes and leucocytes contri-
bution to disease progression (Figure 5).
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FIGURE 4 The analysis of T-lymphocyte infiltrates through a digital counting of CD3+ cells in the biopsies demonstrated a trend towards
an increase in these cells from controls to advanced DN, with CD3+/inflammatory cells (A) nor CD3+/inflammatory cells area (B) ratios
showing a statistically significant difference among groups (p values of *0.0002 and *0.0007, respectively), as demonstrated by the histological
pictures of the cases showing the T-cell infiltrates increasing from controls to advanced DN (C).

95U8917 SUOWILLIOD SAITeaID 3|qed!(dde ay) Ag peusenob a.e sajo1e O ‘8sn J0 SajnJ 1o Akeiq i 8ul U AS|IM UO (SUONIPUOD-PUR-SWRIAL0D AS | 1M ARe1q)1BUI|UO//:SAY) SUONIPUOD pue SWS 1 8U) 89S *[202/40/T0] Uo Akelqiauliuo AS|IM ‘Y69E" LIWP/Z00T OT/I0P/WO0 A3 1M ARelq 1 BUl|UOy/:Sdy WoJj papeojumod ‘/ ‘€202 ‘095.02ST



GRASSELLI ET AL

Wl LEY 11 of 14

Normal glucose

[ No significant DNA damage ]
ey
s

Physiological
leukocytes
diapedesis

.

High glucose

[ No significant DNA damage ]

@
vao N 1 Increased
@\ leukocytes
‘g/ . v
. & diapedesis

Ladarixin

FIGURE 5 Schematic representation of the physiological and high glucose model demonstrated in the study. In physiological glucose
conditions, tubular epithelial cells do not demonstrate significant DNA damage and the leucocytes are subject to physiological diapedesis with
balanced production of IL-8 by podocytes. The presence of high glucose induces the over-production of IL-8 with consequent increased
leucocyte diapedesis and concurrent DNA damage to the podocytes but not tubular cells. Ladarixin can act in this setting by inhibiting the IL8

loop.

4 | DISCUSSION

To date, no completely effective therapeutic approaches are available
for the treatment of DN. Recently, IL-8- CXCR1/2 axis has been
found to be involved in podocyte damage in DN, and its inhibition has
been proposed as a potential therapeutic strategy.'* In the present
study, we used an innovative model of human syngenic cultures of
podocytes and tubular epithelial cells from the differentiation of
human NS to shed light on the mechanisms underlying the role of IL-
8- CXCR1/2 axis in DN. We demonstrated that HG can induce per se
an increase in IL-8 gene expression and protein release in podocytes
but not in tubular epithelial cells, and these effects were associated
with DNA damage in NS-derived podocytes and, notably, also in bi-
opsies from patients with DN at different stages. In this context, IL-8-
CXCR1/2 axis inhibition by Ladarixin prevented HG-induced increase
in IL-8 gene expression in podocytes and of IL-8-mediated DNA
damage, thus suggesting a potential effect of the molecule in coun-
teracting podocyte damage and loss in DN.

The first point of innovation of the present study lies in the use of
a human NS model to investigate the role of the IL-8-CXCR1/2 axis.
This model*>3° represents in fact a unique tool and a human source
of primary renal cells, with emphasis on podocytes, which are nor-
mally difficult to isolate and can be cultured only upon immortal-
isation.®® In a previous study, Loretelli et al. showed that in vitro
challenge of human immortalised podocytes with HG resulted in

increased IL-8 secretion and DNA damage, and that this damage is

prevented by CXCR1/2 blockade.'* Starting from these data, we
demonstrated that NS cells can be used to study the IL-8-CXCR1/2
axis as they expressed CXCR1/2, while NS cell-differentiated podo-
cytes and epithelial cells expressed CXCR2. Moreover, we showed
that exposure to exogenous IL-8 under NG-induced DNA damage in
podocytes but not in epithelial cells, similar to that induced by HG.
However, exogenous IL-8 did not enhance DNA injury that was
induced by HG, suggesting that hyperglycemia is sufficient to
reproduce in vitro the effects that at least in part may be mediated in
vivo by podocyte-autocrine IL-8 production.

As a result of the noxious effects of HG and IL-8 on podocytes, we
observed increased DNA damage in podocytes from NS that was
confirmed in human biopsies from early to moderate stages of DN. The
relationship between DNA damage and loss of podocytes is already
well established.>”%® In particular, HG conditions were proposed to
induce genomic and mitochondrial DNA damage in podocytes®?4°
suggesting that protection from DNA damage and promotion of DNA
repair in podocytes is an important treatment strategy for DN.
Interestingly, the analysis on human biopsies showed that, with the
progression of DKD, the damage can involve precursors/progenitor
cells of the podocytes. In particular, we detected y-H2AX positivity in
flat parietal epithelial cells entrapped in the global sclerosis of end-
stage glomeruli, and this may be a consequence of a progressive
recruitment of reservoir cells after the loss of podocytes that hesitate
in the extension of DNA damage even to those precursor cells.** This

pattern correlates with increasing T-cell infiltration during disease
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progression, although no direct correlation among the increase in IL-8
and the progressive lymphocyte interstitial infiltration has been
demonstrated in the present study. For this reason and for the fact
that in these patients a mixed aetiology of the renal damage cannot be
excluded, further investigations on this aspect are required.

To assess the effect of CXCR2 blockade on podocytes indepen-
dently of the immune component, we evaluated cell survival and
differentiation in either podocyte or epithelial cell cultures after
treatment with a CXCR1/2 antagonist molecule, Ladarixin, which is
currently being tested in a phase 3 clinical trial for the treatment of
new-onset type 1 diabetes (T1D) (ClinicalTrials.gov Identifier:
NCT04628481). Notably, being an allosteric non-competitive inhibi-
tor, Ladarixin is able to bind CXCR1/2 in a different site compared to
IL-8, thus allowing the maintenance of the ligand-receptor homoeo-
stasis. Ladarixin treatment throughout the differentiation under HG
challenge prevented the increase in IL-8 gene expression in podo-
cytes, with a significant reduction of IL8-mediated DNA damage,
while, coherently with the mechanism of action of the drug, it did not
significantly affect IL-8 secretion. Consistently, exogenous IL-8 did
not induce further DNA damage in podocytes compared with HG
alone. To investigate more deeply into the mechanism of action of
CXCR1/2 antagonists in the mutual IL-8-mediated modulation of
immune/renal cells axis, we performed a cytokine patterning of the
supernatants from podocytes under all treatment conditions and we
detected a specific increase in IL-8 under HG compared to NG, on
which, consistent with our data from ELISA, Ladarixin treatment
showed no effect.

After incubation of the same supernatants on leucocytes, a slight
enhancement of IL-8 secretion was detectable in the supernatants
from HG cultured podocytes, likely suggesting a mild podocyte-
mediated attraction rather than activation of leucocytes. According
to this hypothesis, only a slight dampening of RANTES*?**® was
observed in supernatants from podocytes treated with Ladarixin and
incubated on leucocytes. Conversely, in epithelial cell media, upon
incubation with leucocytes, we observed a slight increase in IL-6 and
RANTES levels, with no significant effects on ladarixin treatment.

These results suggest that CXCR2 is activated both in epithelial
and podocyte cells, with a differential involvement in DN pathogen-
esis. In podocytes, the activation of CXCR2 under NG is likely
involved in self-maintenance and becomes impaired under stress
conditions through endogenous IL-8-induced DNA damage and the
attraction of immune cells. In epithelial cells, CXCR2 activation under
NG is likely involved in the maintenance of resident immune sur-
veillance and increases under more general disease-induced pro-
inflammatory conditions.

Interestingly, previous evidence showed that CXCR1/2 blockade
reduced albuminuria and decreased mesangial expansion and podo-
cyte apoptosis in diabetic db/db mice.!* Further Pawlick et al.**
showed reduced kidney T-cell infiltration and neutrophil activation in
a murine islet allotransplant model after combined treatment with
CXCR1/2 antagonist and CTLA4-Ig.

Though beyond the aim of the present study, it is important to

remark that in our experimental setting, the role played in DN by

renal glomerular endothelial cells was overlooked.*® Future studies
will be needed to assess the multifaceted cross-talk among podo-
cytes, tubular epithelial, endothelial and immune cells.

In summary, using a multipotent nephrogenic human cell model,
we assessed the role of IL-8/CXCR2 pathway in DN, and our results
suggest that CXCR1-2 antagonism by Ladarixin can be a potential
therapeutic strategy to exert an anti-inflammatory effect on
epithelial cell and leucocyte activation, and a more specific protective

effect on podocyte survival.
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