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Background: Membranous nephropathy (MN) is an autoimmune glomerular
disease that is predominantly mediated by immune complex deposition and
complement activation. The aim of this study was to identify key biomarkers of
MN and investigate their association with immune-related mechanisms,
inflammatory cytokines, chemokines and chemokine receptors (CCRs).

Methods: MN cohort microarray expression data were downloaded from the
GEOQO database. Differentially expressed genes (DEGs) in MN were identified, and
hub genes were determined using a protein-protein interaction (PPI) network.
The relationships between immune-related hub genes, immune cells, CCRs, and
inflammatory cytokines were examined using immune infiltration analysis, gene
set enrichment analysis (GSEA), and weighted gene co-expression network
analysis (WGCNA). Finally, the immune-related hub genes in MN were
validated using ELISA.

Results: In total, 501 DEGs were identified. Enrichment analysis revealed the
involvement of immune- and cytokine-related pathways in MN progression.
Using WGCNA and immune infiltration analysis, 2 immune-related hub genes
(CYBB and CSF1R) were identified. These genes exhibited significant correlations
with a wide range of immune cells and were found to participate in B cell/T cell
receptor and chemokine signaling pathways. In addition, the expressions of 2
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immune-related hub genes were positively correlated with the expression of
CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2.

Conclusion: Our study identified CSF1 and CYBB as immune-related hub genes
that potentially influence the expression of CCRs and pro-inflammatory
cytokines (CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2). CSF1 and CYBB may
be potential biomarkers for MN progression, providing a perspective for
diagnostic and immunotherapeutic targets of MN.

KEYWORDS

membranous nephropathy, immune, inflammatory cytokines, biomarkers, bioinformatics

1 Introduction

Membranous nephropathy (MN) is an autoimmune glomerular
disease and is the most frequent cause of nephrotic syndrome (NS)
in adults, accounting for approximately 30% of the cases, with
individuals aged 30-50 years reaching the peak incidence rate (1, 2).
Specific lesions of MN are the results of thickening of the
glomerular capillary walls that results from the formation of
immune deposits on the capillary wall (3). This immunological
conflict is predominantly mediated by immune complex deposition
and complement activation, which contribute to the impairment of
glomerular filtration barrier, leading to nonselective proteinuria (4).
Approximately 80% of MN cases occur without a specific cause
(primary MN [pMN]), whereas 20% are associated with other
diseases such as lupus erythematosus, infections (hepatitis B),
malignancies, or drug intoxication (5).

The organ-specific autoimmune nature of pMN was
determined in 2009 with the identification of phospholipase A2
receptor (PLA2R) in podocytes (6). Glomerular deposition of IgG
on PLA2R is specific for pMN and is found in approximately 70% of
cases reported in adults. This discovery has improved our
understanding of the pathophysiology of pMN, in which
circulating autoantibodies directly target podocyte antigens (7).
This has opened a paradigm shift in the pathophysiological
pattern, diagnosis, and targeted intervention for MN. Meanwhile,
the mechanisms of autoimmunity initiation, exposure to antigens,
and antibody pathogenicity have attracted much attention,
revealing the significance of the immune system in the
progression of MN (8). The initiation of MN may involve the
cooperation of multiple factors, including genetic and
environmental factors, as well as epigenetic and immune
predispositions that result in the loss of immune system tolerance
to develop MN (9). B and T cells, autoantibodies, cytokines, and
complement system activation contribute to MN pathogenesis. A
disordered proportion of regulatory T cells has been suggested to be
the main characteristic of patients with MN without treatment (10).
Some patients with MN display an increase in the CD4/CD8"
subset ratio (11), which might be associated with the clinical
response to immunosuppressive therapy; however, this was not
confirmed in patients with MN treated with rituximab (12). In
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addition, the number of plasma cells and regulatory B cells in
patients with MN was significantly higher than those in healthy
individuals, and the number of PLA2R-specific memory B cells
amplified in vitro may be related to circulating PLA2R antibody
titers (13). Chemokines and chemokine receptors (CCRs) could
recruit immune cells into tissues and are involved in inflammatory
response (14). However, many aspects of the molecular
mechanisms of immunity and chemokines involved in MN
pathogenesis remain unclear.

Bioinformatics analysis has been widely utilized to reveal
molecular pathogenesis of diseases and identify disease
biomarkers (15). Microarray technology has been used in a range
of bioinformatics analyses in the biomedical field to provide novel
insights and help discover critical factors in the etiopathogenesis of
diseases (16). In this study, gene expression profiles of MN were
obtained using the Gene Expression Omnibus (GEO) database and
differentially expressed genes (DEGs) were identified from them.
Notably, weighted co-expression network analysis (WGCNA) and
Gene Set Enrichment Analysis (GSEA) analyses were performed to
explore immune cell infiltration in MN and further reveal immune-
related pathways and identify potential biomarkers for MN. In
addition, correlations between immune-related central genes and
pro-inflammatory cytokines were analyzed. A flowchart of this
study is shown in Figure 1.

2 Materials and methods
2.1 Data acquirement and preprocessing

Microarray expression data for the MN cohorts were obtained
from the GEO database (http://www.ncbi.nlm.nih.gov/geo/). The
GSE108113 dataset containing data of 44 cases of MN and six
healthy controls was used as a training set. For validation,
microarray expression data from an additional 51 patients with
MN and 6 healthy controls were obtained from another dataset,
GSE200828. The “ggord” and “yyplot” packages in R were used to
perform principal component analysis (PCA) between samples. In
this analysis, the sample separation among different groups were
checked. Meanwhile, the “GEOquery” package was used to perform
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probe annotation and normalization of gene expression using the
obtained datasets. When a gene corresponded to multiple probe
IDs, only the ID with the highest average expression level was
retained. The standardized matrix file was used for all subsequent
downstream analyses.

2.2 ldentification of DEGs, construction of
PPl network, and screening of hub genes

Differential expression analysis was conducted using the ‘limma’
package in R software, employing a screening criterion of P-value <
0.05 and |log fold change (FC)| > 1.5 (17, 18). The resulting DEGs were
visualized using various approaches including PCA, Venn diagrams,
and volcano plots. To identify hub genes, a protein-protein interaction
(PPI) network of DEGs was constructed using the STRING database
(https://cn.string-db.org/). The PPI information was extracted with an
interaction score of 0.4, specifically focusing on “Homo sapiens” as the
species. Subsequently, the PPI network analysis results were exported to
Cytoscape 3.9.1, for further investigation. The CytoHubba plug-in was
employed to sort and filter the nodes within the network based on the
network characteristics, aiding in the identification of core elements
within this complex network. Core genes were identified using the
degree, MNC, closeness, and MCC methods available in the
CytoHubba plug-in. Common genes among the top 20 genes
identified by each method were identified to determine the hub genes.

Frontiers in Immunology

2.3 Functional enrichment analysis

GO and KEGG analyses of the DEGs were conducted using the
Metascape database (https://metascape.org/). The analysis was
limited to the species “Homo sapiens,” and the KEGG screening
conditions included a minimum overlap of 3, a P-value threshold of
0.01, and a minimum enrichment of 1.5. The DEG list was used for
GO and KEGG enrichment analysis (19), and the results were
visualized using the ‘clusterprofiler’ packages of R software and the
OmicShare tools (https://www.omicshare.com/tools).

2.4 Validation of hub genes

The levels of different hub genes in patients with MN and
healthy individuals were assessed by box plots, which were
processed by the “ggplot2” package of R software. To further
evaluate the predictive accuracy of the hub genes, receiver
operating characteristic (ROC) curve analysis was performed to
distinguish patients with MN from healthy individuals. Based on
the obtained expression profile of hub genes and its high-
throughput sequencing data, the ROC curves of hub genes were
plotted using the “pROC “ software package. The area under the
curve (AUC) was used to compare the diagnostic value of the hub
genes. Meanwhile, the independent external GSE200828 dataset was
used to validate the expression levels and diagnostic value of the hub
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genes in distinguishing patients with MN and healthy individuals.

2.5 Immune cell infiltration analysis and its
correlation with hub genes

The ssGSEA algorithm (20) was utilized to quantify the
infiltration levels of 28 immune cells in the selected samples from
the GSE108113 dataset. The abundance of these 28 types of
infiltrating immune cells in the GSE108113 samples was
estimated using the “GSVA” package. The proportion of 22
immune cell types in the GSE108113 samples was estimated using
CIBERSORTXx. The relationship between hub genes and immune
cell infiltration was estimated by the “GSVA” package, which was
visualized using the “ggplot2” package. KEGG pathway datasets
from different expression groups performed functional enrichment
analyses by using “GSVA” package.

2.6 Weighted gene co-expression network
analysis and its correlation with hub genes

To construct a gene co-expression network of the GSE108113
dataset, WGCNA was performed using the WGCNA package in R
software. Genes with the highest absolute deviation of 25% from the
median were selected for analysis (21). The quality of the analyzed
data was evaluated by “goodSampleGenes” function, followed by
clustering of samples and elimination of outlier samples. An ideal
soft threshold was selected, and the “pickSoftThreshold” function
was used to transform the matrix data into an adjacency matrix.
This was followed by cluster analysis and modules were identified
according to topological overlap. The results of immune infiltration
obtained as phenotypic data were combined with WGCNA results
to perform module analysis, which aimed to explore the
relationship between the modules and immune cells. The genes in
the module most closely related to immunity that overlapped with
the hub genes were selected for further analysis.

2.7 Correlation of immune-related hub
genes with chemokines and
pro-inflammatory cytokines

To further analyze the correlation between immune-related hub

genes, CCRs, and pro-inflammatory cytokines, lists of CCRs and
pro-inflammatory cytokines were collected (Supplementary Table

TABLE 1 Sequences of the primers designed for RT-qPCR.

Gene Forward sequence

CYBB ‘ TGGAAACCCTCCTATGACTTGG
CSF1R ‘ GCTGCTTCACCAAGGATTATG
GAPDH ‘ GCACCGTCAAGGCTGAGAAC
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S1). Spearman correlation coefficients between immune-related hub
genes, CCRs, and pro-inflammatory cytokines were analyzed.
Thereafter, scatter plots depicting their relations were generated
using the “ggstatsplot” package, presenting the linear relationship
between them generated using the statistical method “Im.”.

2.8 Enzyme-linked immunosorbent assay

To measure the protein levels of CSF-1 and CYBB/NOX2, we
used specific ELISA kits for human CSF-1 (KE00184; Proteintech,
USA) and CYBB/NOX2 (EK13559; Signalway Antibody, USA).
Serum samples were collected from 20 patients with MN and 18
healthy controls (the clinical characteristics of the patients with MN
and healthy controls are provided in Supplementary Table S2).
ELISA was performed according to the manufacturer’s instructions.
Briefly, the standard samples and samples from both experimental
groups were transferred to a 96-well plate. An equal volume of the
kit reagent was added to each well, and the plate was incubated for
30 min. The stop solution was added, and the absorbance signal was
measured at 450 nm using a plate reader.

2.9 RT-PCR

To test the gene expression level of CSF1R and CYBB in patients
with MN and healthy controls, quantitative real-time polymerase
chain reaction (RT-PCR) analysis of the mRNA levels of the genes
from serum of patients was performed (Applied Biosystems, USA).
The mRNA was reverse transcribed to cDNA using an Omniscript
RT kit (Vazyme, China). RT-qPCR analysis was performed using
the AceQ Universal SYBR qPCR Master Mix. After GAPDH
normalization, the relative expression levels of the target gene
were carried out with the 27AACT approach. The primer
sequences are listed in Table 1.

2.10 Ethics approval and consent
to participate

All patients came from Dongzhimen Hospital. Studies involving
human participants were reviewed and approved by the Ethics
Committee of Beijing Dongzhimen Hospital, First Clinical Medical
College of Beijing University of Chinese Medicine. All the patients/
participants provided written informed consent to participate in
the study.

Reverse sequence
AAACCGAACCAACCTCTCACAAA
GGGTCACTGCTAGGGATG

TGGTGAAGACGCCAGTGGA

frontiersin.org
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3 Results

3.1 Sorting of sample data, identification of
DEGs and screening of hub genes

PCA distinctly indicated the separation of patients with MN
from healthy controls (Figure 2A). A total of 501 DEGs were
identified during differential expression analysis based on adjusted
P-value < 0.05 and |logFC| > 1.5. Among these DEGs, 133 were
upregulated and 368 were downregulated (Figure 1)
(Supplementary Table S3). Using the STRING database, a PPI
network of DEGs was constructed, comprising 273 nodes and 840
edges. The scores for degree, MNC, closeness, and MCC were
calculated using the CytoHubba plug-in, and the top 20 genes
from each method were intersected to identify seven hub genes:
SLC2A2, HRG, CYBB, PCK1, CSFIR, FTCD, and ALB. The Venn
diagram in Figure 2B shows the overlap between DEGs.

3.2 GO and KEGG enrichment analysis
of DEGs

During KEGG enrichment analysis, the upregulated KEGG
pathways were related to the MAPK signaling pathway, cytokine-
cytokine receptor interactions, and NK cell-mediated cytotoxicity
(Figures 3A-C). During GO analysis, the upregulated genes were
mainly involved in the negative regulation of the immune system
process, endocytic vesicles, and heme binding (Figure 3D). Among
the downregulated genes, the most relevant downregulated KEGG
pathways were those related to metabolism of xenobiotics by
cytochrome P450, drug metabolism, and chemical carcinogenesis-
receptor activation (Figures 3E-G). The genes downregulated in
MN were mostly related to amino acid metabolic process, apical
part of cell, and transmembrane transporter activity (Figure 3H).
Detailed information is provided in Supplementary Table S4.
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3.3 Validation of hub gene expression and
diagnostic efficacy

Box plots were constructed to assess the expression levels of the
seven hub genes between patients with MN and healthy controls
(Figure 4A). The expression levels of ALB (P=2.1e-05), FTCD
(P=6.3¢-05), HRG (P=1.6e-05), PCKI (P=8.1e-06), and SLC2A2
(P=0.0019) in MN were significantly lower than those in healthy
controls. However, the expression levels of CSFIR (P=1.6e-05) and
CYBB (P=2.1e-05) in patients with MN were significantly higher
than those in healthy controls (Figure 4B). Furthermore, to validate
the expression levels of these seven hub genes in patients with MN
and healthy controls, an independent external dataset, GSE200828,
was used, and the results were consistent with those from the
GSE108113 dataset (Figure 5A). The diagnostic ability of these
seven hub genes was validated using GSE200828 dataset. The values
of AUC of the seven hub genes showed that all seven hub genes
indicated favorable diagnostic value for MN, with an AUC of 0.958
(95%CI 90.52%-100%) for ALB, AUC of 0.962 (95%CI 90.53%-
100%) for CSFIR, AUC of 0.958 (95%CI 90.23%-100%) for CYBB,
AUC 0f 0.943 (95%CI 87.22%-100%) for FTCD, AUC of 0.962 (95%
CI 91.1%-100%) for HRG, AUC of 0.970 (95%CI 92.44%-100%) for
PCK1, and AUC of 0.871 (95%CI 73.74%-100%) for SLC2A2
(Figure 5B). Thus, all seven hub genes exhibited high diagnostic
values, with AUC values > 0.85.

3.4 Immune cell infiltration and association
between hub genes

To investigate the relative level of immune cell infiltration
between patients with MN and healthy controls, the CIBERSORT
algorithm was used. The distribution of the 22 immune cell
infiltrations in GSE108113 is presented as a bar plot (Figure 6A).
Immune cell infiltration analysis revealed that the numbers of CD4™

Identification of DEGs and hub genes. (A) Volcano diagram of DEGs. Red indicates upregulated genes and green indicates downregulated genes.
(B) Venn diagram for screening hub genes. DEGs, differentially expressed genes.

Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1252347
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

FIGURE 3

Functional enrichment analysis. (A) Bar graph of KEGG pathway enrichment analysis of upregulated genes. The horizontal coordinate indicates the
number of genes annotated to the pathway, and different colors represent different pathway classifications. (B) Circle diagram of KEGG pathway
enrichment analysis of upregulated genes. The first circle indicates the number of the pathway; the second circle indicates the number of genes and
P-value of the pathway; the third circle indicates the number of genes annotated to the pathway; and the fourth circle indicates the enrichment
coefficient for each pathway. (C) Network diagram of KEGG pathway enrichment analysis of upregulated genes indicate the specific target
distribution on the pathway. (D) Bubble plot of GO enrichment analysis of upregulated genes, including BP, CC, and MF. The size of the dots
indicates the number of genes, and the color corresponds to the P-value. (E-H) GO and KEGG pathway enrichment analysis of downregulated
genes. BP: biological process, CC: cell component, MF: molecular function.

T cells, CD8" T cells, natural killer (NK) cells, monocytes, and
macrophages were significantly higher in MN tissues than in
healthy tissues (P < 0.001) (Figure 6B). Furthermore, the
correlation between the seven hub genes and 28 immune cells
was assessed. CYBB and CSFIR exhibited positive correlations
with several immune cells, particularly central memory CD4" T
cells (cor = 0.70, P < 0.001; cor = 0.640, P < 0.001), monocyte (cor =
0.776, P < 0.001; cor = —0.640, P < 0.001), activated dendritic cell
(cor = 0.750, P < 0.001; cor = 0.724, P < 0.001), T follicular helper
cell (cor = 0.782, P < 0.001; cor = 0.744, P < 0.001) and regulatory T
cell (cor = 0.737, P < 0.001; cor = 0.715, P < 0.001). In addition,
SLC2A2, PCKI, HRG, FTCD, and ALB levels were negatively
correlated with most immune cells, including central memory
CD4" T cells, monocytes, NK cells, and follicular helper T cells (P
< 0.05) (Figures 6C, D).

Frontiers in Immunology

10.3389/fimmu.2023.1252347

Rttt

3.5 Co-expression network construction
and hub module identification

For WGCNA, 6,221 genes were selected. The appropriate soft
threshold was determined to be 3 = 2, indicating a scale-free network
(Figure 7A). Combining the results of immune infiltration with
WGCNA, the correlation between each sample and the 28 immune
cells is shown in Figure 7B. Four gene modules were obtained by
merging similar modules (Figure 7C). As revealed by heat maps, the
correlations between multiple modules of 28 immune cells associated
with patients with MN and healthy controls are presented in Figure 7D,
which shows that immune cells are closely associated with genes in the
black module. Within the black module, two immune-related hub
genes, CSFIR and CYBB, were selected by intersecting the genes in the
module with previously identified hub genes.
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3.6 Correlation analysis between two hub
genes and immune cell infiltration

To further explore the correlation between two hub genes and
immune cells infiltration, the “GSVA” and “ggplot” packages were

used for analysis and visualization. As shown in Figures 8A, D, both

CSFI and CYBB displayed a significant positive correlation with 28

immune cells, except type 17 helper cells (P <0.005). In Figures 8C,

F, the boxplot shows the abundance of 28 immune cells
corresponding to hub genes at different expression levels. Due to
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Validation of the hub genes in the validation cohort. (A) The expression of each hub gene in different subgroups. (B) AUC values for each hub gene

in the ROC curve.
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Immune cell infiltration analysis. (A) Plot of the percentage of 22 immune cells in each sample. Different colors represent different immune cells.
(B) The distribution of 28 immune cells in different groups. (C, D) Correlation between 28 immune cells and hub genes. The color indicates the

correlation size. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

the similarity in the grouping of these two genes at different
expression levels, the results of immune cell infiltration analysis
are also similar, but they are actually different. CD4" T cells, CD8" T
cells, NK cells, monocytes, and macrophages evidently exhibited
high immune scores for high CYBB and CSFIR expression (P <

0.001), which further verified that the two hub genes were
responsible for the pathogenesis of immune-mediated MN.

The GSEA of DEGs that take the canonical pathways gene sets
(c2.cp.kegg.v7.5.1.symbols) in the MsigDB database as a reference
was performed with the criteria of | normalized enriched score
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FIGURE 7

‘Sample dendrogram and Trait heatmap

Weighted gene co-expression network analysis (A) Determination of the soft threshold value. The red line indicates the soft threshold value
corresponding to a correlation coefficient of 0.9. (B) The samples were analyzed for clustering, observed for the presence of outliers, and combined
with the results of immune cell infiltration. (C) Clustered dendrogram of the top 25% absolute deviations of the median, with each branch representing
one gene. Each color at the bottom indicates one module, and the modules after merging are shown below. (D) Heat map of the relationship between
modules and traits. The black modules in the graph clearly correlate more strongly with multiple immune cells than other modules.
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(NES)| > 1 and FDR < 0.25 (Supplementary Table S5). The samples
were divided into high- and low-expression groups based on the
expression levels of CYBB and CSFIR (Figures 8B, E).
Overexpression of CSFIR was enriched in pathways involved in B
cell/T cell receptor signaling pathways, chemokine signaling
pathway, NK cell-mediated cytotoxicity, and cytokine-cytokine
receptor interactions (P < 0.05). In addition, the pathways altered
by CYBB were related to B cell/T cell receptor signaling pathways,
chemokine signaling pathway, and primary immunodeficiency
(P < 0.05). These results confirmed that CYBB and CSFIR play
crucial roles in immune-related signaling pathways during

MN development.

3.7 Correlation analysis of immune-related
hub genes with ccrs and
pro-inflammatory cytokines

To further analyze the effect of immune-related hub genes on
CCRs and pro-inflammatory cytokines, six CCRs and pro-
inflammatory cytokines were obtained from the black modules:
CCRI1, CX3CRI1, IL1B, CCL4, TNF, and CCR2. The correlation
between CYBB and CSFIR and the six CCRs and pro-
inflammatory cytokines is shown in Figure 9A. There was a
significant positive correlation with a significant difference (P <
0.01). The correlation between CSFIR and CYBB was further
demonstrated using scatter plots (Figures 9B, C). As the
expression of CYBB and CSFIR increased, the expression of the
six CCRs and proinflammatory cytokines also increased. This
showed that CYBB and CSFIR influenced the expression of CCRs
and pro-inflammatory cytokines to promote inflammation.
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3.8 Validation of CSF-1 and CYBB in
clinical samples

The experimental results of serum levels of CSF-1 in patients
with MN were significantly higher than those in healthy controls
(Figure 10A), which is consistent with the results of our
bioinformatic prediction. Similarly, increased CYBB expression
was observed in patients with MN compared to that in healthy
controls (Figure 10B). qPCR analysis showed that mRNA
expression of CSFIR and CYBB was increased in patients with
MN compared to healthy controls (Figures 10C, D). These
experimental findings validate and reinforce the predictive value
of bioinformatic analysis, further supporting the involvement of
CSFIR and CYBB in MN pathogenesis.

4 Discussion

In this study, GO analysis revealed that the upregulated genes
were primarily enriched in immune system processes, endocytic
vesicles, and heme-binding. The pathogenesis of MN involves the
formation of circulating immune network complexes and activation
of autoreactive immune cells targeting glomerular cells,
encompassing both innate and adaptive immune responses. The
upregulated genes mainly participated in multiple immune-related
diseases and immune pathways according to KEGG, such as the C-
type lectin (CTL) receptor (CLR) signaling pathway, cytokine-
cytokine receptor interaction, and NK cell-mediated cytotoxicity.
The accumulation of subepithelial immunocomplexes induces
complement activation and disruption events that lead to the
release of pathogen-associated molecular patterns (PAMP) and
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damage-associated molecular patterns (DAMP). CTLs are pattern
recognition receptors that recognize these molecules and play vital
roles in the immune system. CLRs on the surface of dendritic cells
can promote the expression of costimulatory molecules and
enhance their ability to present antigens to CD4" and CD8" T
cells after binding to ligands, thus regulating the adaptive immune
response. After recognizing ligands, CLRs on the surface of
lymphocytes can induce the expression of pro-inflammatory
factors and facilitate the binding of lymphocytes to major
histocompatibility complex I (MHC I) or MHC class I molecules
on target cells to induce inflammation and cytotoxicity. The
concordance between these findings and the enrichment of
upregulated genes suggests the presence of key genes involved in
the immune response networks associated with MN.

Growing evidence regarding the pathogenic role of the impaired
immune system and the molecular mechanism of MN progression
has been widely revealed. Autoantibodies, immune complexes, and
cytokines induced by T cells, B cells, monocytes, and other immune
cells are involved in the progression of MN. Immune complex
deposition within the GBM leads to the release of DAMP, which
activate innate immune cells and trigger antigen-presenting cell
(APC) activation. Antigen presentation by APCs to T cells leads to
their activation and differentiation into subsets, such as Thl and
Th2, which involve key signaling pathways in patients with
idiopathic MN (8). T cell-derived cytotoxicity contributes to the
inflammatory response and tissue infiltration by immune cells (22).
Autoreactive T-cells recruit, activate, and proliferate B-cells,
resulting in the production of autoantibodies that cause barrier
disruption and irreversible kidney damage. Indeed, basic and
clinical research has indicated that the deposition of IgG along
the glomerular basement membrane secreted by B cells is a
hallmark of MN, which results in a sequence of events that
impair the glomerular filtering barrier and induce proteinuria
(23). In addition, B cells are present in renal biopsy specimens of
MN, which shows that B lymphocytes are related to the
pathogenesis of the disease (24). Rituximab treatment reduces
glomerular IgG4 and C3 deposition by suppressing autoantibody
generation, improving proteinuria in MN (25). Monocytes and
macrophages are critical drivers of the innate immune system and
are responsible for tissue regeneration and regulation immune (26).
A recent study showed that CD14"CD163"CD206" M2 monocytes
positively correlated with 24 h urine albumin and PLA2R levels in
MN (27). Tubulointerstitial injury is mediated by macrophage
migration, which is a common finding during the early phase of
MN progression. M2-like monocytes are considered potential
indicators of MN severity (28). We employed computational
approaches such as CIBERSORTx or the ssGSEA algorithm to
analyze immune infiltration. The results of the present study are
consistent with previous findings, confirming an altered
distribution of immune cells in MN.

Based on the genes closely associated with MN, as identified by
PPI network analysis, seven hub genes were identified, namely,
ALB, FTCD, HRG, PCKI, and SLC2A2 (upregulated genes) and
CSFIR and CYBB (downregulated genes). To identify genes closely
related to MN progression, WGCNA was used to identify core
molecules. Furthermore, combined with immune cell infiltration

Frontiers in Immunology

15

10.3389/fimmu.2023.1252347

analysis, the results of WGCNA revealed that the black module was
closely related to immune response in MN, which was further
intersected with seven hub genes to obtain the overlapping genes
CSFIR and CYBB. These results strongly suggest that the regulation
of CSFIR and CYBB may influence MN pathogenesis through the
immune system. Based on the immune infiltration analysis, both
CSFIR and CYBB were significantly and positively associated with
most immune cells, which further confirmed that these two genes
play a central role in the autoimmune pathology of MN.

The identification of the roles of CSFIR and CYBB in MN
advances our strategies for disease diagnosis and treatment. As a
central receptor on the macrophage surface, CSFIR binds to CSF-1
or IL-34 to regulate the development, activation, and function of
macrophages (29). Furthermore, the CSF-1R signaling pathway is
responsible for migration and multiply of macrophage (30). Several
studies have identified CSF-1R as a pharmacological target for
alleviating disease progression, including those of rheumatoid
arthritis, Alzheimer’s disease, and cancer. Particularly, CSE-1
acted as a “master switch” and contributed to monocyte and
macrophage phenotypes that was positively related with lupus
activity in kidney diseases (31). Further, the treatment with CSF-
IR inhibitor was confirmed to significantly ameliorate renal injury
in murine lupus (32). Pharmacological inhibition of CSF-1R with
GW2580 alleviated ischemia-induced renal injury by reducing M2
macrophage infiltration (33). Recently, MALDI-MSI analysis was
performed to detect proteomic alterations in renal biopsies, and
macrophage migration inhibitory factor was identified as a valuable
biomarker for response to therapy in MN (34). In addition, renal
biopsies from patients with MN showed that monocytes/
macrophages predominate the interstitial infiltrate, suggesting
that macrophages may be key regulators of the pathogenesis of
MN (35). Based on these studies, CSFIR was predicted to contribute
to the disturbance of the immune balance associated with MN.
CYBB (also called NOX2) is considered the central component of
NADPH oxidase, which is responsible for the bactericidal activity
within macrophages and neutrophils involved in respiratory bursts
(36). When CYBB/NOX2, the terminal component of the
respiratory chain, is activated, it enters the plasma membrane to
form phagosomes, which are necessary for triggering superoxide
production activity of the complex (37). A recent study showed that
CYBB/NOX2 in cDCs promotes antigen presentation to activate
CD4" T cells and leads to TH cell-induced tissue damage (38). In a
model of hyperhomocysteinemia-induced renal injury, NADPH
oxidase-mediated redox signaling was responsible for switching
on NLRP3 inflammasome activation, which recruited immune cell
infiltration, ultimately leading to glomerular injury and sclerosis
(39). These results are further supported by our study. To explore
the possible mechanism by which CSFI and CYBB act on immune
cells in MN, GSEA was used to determine the immune function of
DEGs. The results revealed that CSFIR and CYBB were significantly
correlated with B cell/T cell receptor signaling pathways, which are
involved in MN immunopathogenesis. Furthermore, using ELISA,
CSF1 and CYBB/NOX2 were found to be overexpressed in patients
with MN, and the dependability of their diagnostic values was
confirmed by ROC curve analysis, which further verified our
bioinformatics analysis results.
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Chemokines could promote differentiation of immune cells and
induce tissue extravasation (40). Notably, studies have found that
podocytes can be stimulated by the inflammatory setting of
glomerulonephritis, which is mediated by CCRs (41). The
expression of IL-10 and CCR1 mRNA were observed in polarized
Mg, and M-CSF restored the synthesis of IL-10 through M1 M¢
(42). CCL2/MCP-1 coordinates inflammatory monocyte transport
between bone marrow, circulation and atherosclerotic plaque by
binding to CCR2 (43).The distribution pattern of CX3CR1 was
consistent with the expression of T cells and monocytes/
macrophages, and it was distributed in both renal interstitial and
glomerular infiltrated leukocytes (44). In our study, CCRI,
CX3CRI, IL1B, CCL4, TNF, and CCR2 were activated by CSF1
and CYBB/NOX2, which are closely related to the inflammatory
response. These results reveal that CSF1 and CYBB/NOX2 could be
potential diagnostic biomarkers and immunotherapy targets
for MN.

Our study has some limitations. First, the sample size of healthy
controls was small, which may have influenced the study results.
Second, through validation using sera from patients with MN, gene
expression levels in renal tissues need to be further explored, and
experimental studies are warranted to utilize our results in clinical
settings. Third, there was little clinical information in the included
dataset, which resulted in further correlation analyses that could not
be conducted.

5 Conclusion

Through comprehensive bioinformatics analysis, we identified
two hub genes (CSFIR and CYBB) that are closely involved in the
progression of MN. The results of this preliminary study highlight
the significance of immune infiltration and the relationship between
the two hub genes and most immune cells with potential immune
mechanisms in MN. CSFIR and CYBB influenced the expression of
CCRs and proinflammatory cytokines (CCRI, CX3CRI1, ILIB,
CCL4, TNF, and CCR2). CSFIR and CYBB may be potential
biomarkers for MN progression, providing a perspective for
diagnostic and immunotherapeutic targets of MN.
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Necroptosis, a pathway of regulated necrosis, involves recruitment and
activation of RIPK1, RIPK3 and MLKL, leading to cell membrane rupture, cell
death and release of intracellular contents causing further injury and
inflammation. Necroptosis is believed to play an important role in the
pathogenesis of kidney ischemia-reperfusion injury (IRI). However, the
dynamics of necroptosis in kidney IRl is poorly understood, in part due to
difficulties in detecting phosphorylated MLKL (pMLKL), the executioner of the
necroptosis pathway. Here, we investigated the temporal and spatial activation of
necroptosis in a mouse model of unilateral warm kidney IRI, using a robust
method to stain pMLKL. We identified the period 3-12 hrs after reperfusion as a
critical phase for the activation of necroptosis in proximal tubular cells. After 12
hrs, the predominant pattern of pMLKL staining shifted from cytoplasmic to
membrane, indicating progression to the terminal phase of necroptotic cell
death. Mlkl-ko mice exhibited reduced kidney inflammation at 12 hrs and lower
serum creatinine and tubular injury at 24 hrs compared to wild-type littermates.
Interestingly, we observed increased apoptosis in the injured kidneys of Mlkl-ko
mice, suggesting a relationship between necroptosis and apoptosis in kidney IRI.
Together, our findings confirm the role of necroptosis and necroinflammation in
kidney IRI, and identify the first 3 hrs following reperfusion as a potential window
for targeted treatments.

KEYWORDS

necroptosis, ischemia-reperfusion, necroinflammation, mlkl, acute kidney injury,
chronic kidney disease
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1 Introduction

Ischemia-reperfusion injury (IRI) is a pathological process that
occurs when the blood supply to an organ is temporarily reduced
and then restored (1). Cellular damage occurs during both the
ischemic period and subsequent reperfusion of the kidney. During
ischemia, there is a switch from aerobic to anaerobic metabolism
(2), resulting in acidosis (3). Cellular ion transport mechanisms are
compromised, with increased intracellular calcium, sodium and
water causing cellular oedema (4-6). During reperfusion aerobic
metabolism is restored and pH is normalised, but reactive oxygen
species (ROS) are generated, damaging functional cellular
components and ultimately inducing cell death (7-9). The kidney,
a highly vascular and metabolically active organ, is particularly
susceptible to IRI which may occur during episodes of hypotension,
vascular surgery, sepsis, cardiac events or during kidney retrieval for
transplantation (10). Kidney IRI causes inflammation (11, 12),
immune system activation (13-15), microvascular dysfunction
(16-19) and fibrosis (20, 21). IRI has both immediate and early
clinical consequences (acute kidney failure) (22, 23) and contributes
to progressive long term fibrosis and chronic kidney disease (CKD)
(24). Kidney IRI causes significant patient morbidity and mortality,
contributing to increasing healthcare costs (25-31). One of the
hallmarks of kidney IRI is acute tubular necrosis, which occurs
predominantly in the proximal tubules (9).

Recent studies have established that necrosis can occur in a
regulated manner via several pathways including necroptosis (32),
ferroptosis (33), pyroptosis (34, 35), mitochondrial permeability
transition (MPT)-driven necrosis (36), and parthanatos (37, 38). In
contrast to apoptosis, these forms of regulated necrosis lead to cell
membrane rupture and release of damage-associated molecular
patterns (DAMPs), resulting in inflammation and immune
activation [reviewed in (39)]. Necroptosis is a caspase-independent
regulated necrosis pathway triggered by a range of extracellular
stimuli, including death receptor ligands (e.g. TNF) or pathogen
patterns (e.g. LPS) binding to their respective cell surface receptors, or
intracellular stimuli such as viral nucleic acids binding to the
intracellular receptor ZBP1 (reviewed in (40, 41). In scenarios
where the pro-NF-«B activity of the cIAP E3 ubiquitin ligase
family and the pro-apoptotic function of Caspase-8 protease are
diminished, the intracellular kinases Receptor Interacting Protein
Kinase 1 (RIPK1) and Receptor Interacting Protein Kinase 3 (RIPK3)
assemble into a high molecular weight intracellular platform termed
the necrosome via their RIP homology interaction motifs (RHIMs)
(42, 43). Recruitment of subcomplexes comprising RIPK3 and the
terminal effector in the pathway - the Mixed lineage kinase domain-
like (MLKL) pseudokinase — from the cytosol to the necrosome
prompts RIPK3-mediated phosphorylation of the MLKL
pseudokinase domain at T357/S358 in human MLKL and S345 in
mouse MLKL (44-46). Phosphorylation is the critical step in MLKL
activation, inducing MLKL to undergo a conformational change,
disengage from the necrosome, and assemble into pro-necroptotic
oligomers (47-50). MLKL oligomers are trafficked from the
necrosome to the plasma membrane, where they accumulate in
hotspots that perturb the membrane to kill cells once a phospho-
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MLKL (pMLKL) threshold is exceeded (50). Accordingly,
phosphorylation of MLKL has become synonymous with
necroptosis pathway and MLKL activation, and is considered a
hallmark of necroptosis pathway activation. Many of the
inflammatory molecules released during necroptosis promote
further necroptotic cell death and inflammation (51), creating an
auto-amplification loop termed necroinflammation (52).

Necroptosis is believed to play an important role in the
pathogenesis of kidney IRI (reviewed in (39) (53). Studies by
Linkermann et al. (54) and Newton et al. (55) showed lower
mortality of Ripk3-deficient mice compared to wild-type (WT)
mice. In the absence of mouse-specific inhibitors of MLKL, the
executioner protein of necroptosis, in vivo data for its role come
from studies of necroptosis-deficient MIkl knockout (Mlki-ko) mice
(55, 56). Miiller et al. used a bilateral renal pedicle clamping model
of IRI to demonstrate improved kidney function in Mikl-ko mice
compared with wild-type (WT) mice at 48 and 72 hrs post-
reperfusion, but not at the earlier timepoints of 6, 12, and 24 hrs
(56). Although there was a time-dependent increase in total MLKL
protein expression in WT kidneys commencing at 12 hrs post-
reperfusion, the authors were unable to detect pMLKL by
immunostaining or Western blotting (56). This inability to
reliably detect pMLKL in mouse kidney sections has been a major
hindrance to understanding the dynamics of necroptosis in kidney
IRI. To address this problem, we developed a reproducible method
to stain pMLKL in formalin-fixed kidney tissue sections and used it
to track the temporal and spatial activation of necroptosis in the
kidneys of WT mice subjected to unilateral IRI. Mice were analyzed
at different timepoints post-reperfusion (0, 3, 12, 24, 48, 72 hrs, and
4 weeks). The pMLKL staining pattern at each timepoint was
correlated with kidney function, tubular injury, and the
expression of a range of genes relevant to kidney injury,
inflammation, and necroptosis. Finally, we compared MIki-ko
mice with WT littermate controls at each timepoint to assess the
degree and mechanism of protection from IRI afforded by deletion
of MLKL.

2 Materials and methods
2.1 Animal and ethical statement

Mlkl-ko mice on a C57BL/6] background (45) and WT
littermate controls were generated by heterozygous matings and
screened by PCR of tail tip genomic DNA by the Walter and Eliza
Hall Institute for Medical Research (WEHI) (45). Mice were housed
in microisolator cages in a pathogen-free facility with a 12-hour
light-dark cycle under standard conditions of temperature and
humidity and fed commercial mouse chow diet with free access
to drinking water. All animal experiments were conducted in
compliance with the Australian Code of Practice for the Care and
Use of Laboratory Animals for Scientific Purposes (Eighth edition,
2013) and the Prevention of Cruelty to Animals Act 1986, Victoria,
Australia. All experiments were carried out with the approval of the
Animal Ethics Committee of St. Vincent’s Hospital Melbourne.
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2.2 Kidney ischemia-reperfusion
injury model

10-12-week-old male mice were anaesthetised by
intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(15 mg/kg), followed by right nephrectomy prior to left renal
pedicle clamping for 18 min using a microvascular clamp (Roboz,
Rockville, MD). After removal of the clamp, the kidney was assessed
for even reperfusion prior to abdominal wound closure. Mice
received 200 puL warm normal saline (37°C) i.p. post-operatively,
and core body temperature was maintained at 35.5 - 36.5°C
throughout. Sham mice had a right nephrectomy but the left
renal pedicle was not clamped. Separate cohorts of mice were
euthanised by anesthetic overdose (ketamine/xylazine) and
exsanguination immediately following injury (baseline), at 3, 12,
24, 48, 72 hours or 4 weeks after reperfusion. Blood and kidney
samples were obtained to assess kidney function, kidney injury,
inflammation, and necroptosis. Group sizes varied depending on
availability of homozygous Mikl-ko and WT littermates during
experimental procedures. Specific group sizes are specified in all
figure legends.

2.3 Analysis of kidney function

Serum creatinine was measured using a kinetic colorimetric
assay on a COBAS Integra 400 Plus analyser (Roche, Castle Hill,
NSW, Australia).

2.4 Assessment of tubular injury

Kidney tissue blocks were fixed overnight in 10% formalin and
embedded in paraffin wax. 3 um sections were cut and de-waxed
prior to Periodic Acid Schift (PAS) staining (57). Each section was
divided into 12 regions. A representative area of each region was
viewed under 400X magnification, with a focus on the
corticomedullary junction. A score was derived by calculating the
number of damaged proximal tubules as a percentage of total
proximal tubules manually counted in each area (58). Markers of a
damaged tubule included tubular atrophy, tubular dilatation, tubular
cast formation, vacuolization, and tubular cell degeneration with loss
of brush border or thickening of tubular basement membranes. An
average of the 12 scores obtained per section was calculated. Scoring
was performed under blinded conditions by personnel trained by an
experienced veterinarian pathologist.

2.5 Immunohistochemical analysis

3 pum paraffin sections were de-waxed prior to antigen retrieval
in a citrate buffer (pH 6.0) using a pressure cooker at 125°C for 90 s
(pMLKL staining) or 180 s (cC3 staining), and left to cool to room
temperature. Slides were then washed on a shaker prior to
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incubation in 10 UL 3% H,O, v/v in double-distilled water for 5 min
and blocked with 50 uL 10% swine serum for 1 hr at room
temperature. Sections were then incubated with rabbit
monoclonal anti-phospho-MLKL (pSer345) (ab196436, 1:100,
Abcam, Melbourne, Australia) or rabbit monoclonal anti-human/
mouse cleaved Caspase-3 (cC3) (Aspl75) (IC835G, 1:200, RD
Systems, Noble Park, Australia) in 2% swine serum at 4°C
overnight. After incubation with DAKO anti-rabbit IgG HRP
secondary antibody (Envision+ System, K4003, 1:1, Dako, Santa
Clara, USA) for 1 hr, sections were developed using DAB and
counterstained with hematoxylin. pMLKL- or cC3-stained sections
were scanned using an Aperio ScanScope (Leica Biosystems) to
generate a digitized image of the whole section. 12 representative
areas of the cortex were analysed (4 upper pole, 4 mid pole and 4
lower pole) at X400 magnification. A score was manually calculated
by counting the number of tubules with pMLKL or c¢C3 staining as a
percentage of the total number of tubules in the section.

2.6 Reverse transcription-quantitative PCR

Harvested kidneys were stored in RNA Later® at 4°C for 24-
48 h, followed by storage at -80°C until processing. Total RNA was
extracted using the ReliaPrep ™ RNA Tissue Miniprep system
(Promega Australia, Alexandria, NSW, Australia) according to
manufacturer’s instructions. RNA concentration and quality were
measured using a Fluorostar Omega multimode microplate reader
(BMG Labtech, Mornington, Australia). First-strand
complementary DNA (cDNA) was generated in a reaction
volume of 22 pL containing 1 ug oligo (dT), 1 pg random
hexamers (Invitrogen, Carlsbad, CA), 12 pg of RNA and sterile
Milli-Q H,O. The reaction was incubated for 10 min at 70°C.
Following this, a 28 L mix comprising 2.5 uL. 10 mM dNTPs, 1 pL
SuperScript III recombinant reverse transcriptase, 1 uL RNaseOUT
recombinant ribonuclease inhibitors, 2.5 uL 0.1 M DTT, 10 pL 5 x
first strand buffer (Invitrogen, Carlsbad, USA) and 11 pL Milli-Q
H,O was added to the first reaction. Reverse transcription was
performed at 42°C for 1 hr and 70°C for 10 min. The cDNA was
stored at -20°C. Quantitative real-time PCR was performed using
the TagMan Universal PCR Master Mix system and TagMan Gene
Expression Assays for Kidney injury molecule 1 (Kiml)
(Mm00506686_m1), Neutrophil gelatinase-associated lipocalin
(Ngal) (MmO01324470_m1), Tumour necrosis factor alpha (Tnfa)
(MmO00443258_m1), Interleukin 1 beta (Il1b) (Mm00434228_m1),
Interleukin 33 (I133) (Mm00505403_m1), Interleukin 6 (II6)
(Mm00446190_m1), Macrophage inflammatory protein-2 (Mip2)
(MmO00436450_m1), Receptor interacting protein kinase 1 (Ripkl)
(Mm00436354_m1), Receptor interacting protein kinase 3 (Ripk3)
(Mm00444947_m1), Mixed lineage kinase domain-like protein
(MIkl) (MmO01244222_m1), Toll-like receptor 2 (TIr2)
(Mm00442346_m1), Toll-like receptor 4 (TIt4)
(Mm00445273_m1), and Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) (Mm99999915_g1) (Applied Biosystems,
Carlsbad, CA), using a 7400Fast Real-Time PCR System
(Applied Biosystems).
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2.7 Statistical analysis

Descriptive statistics were used to summarise the kinetic
changes at different time points after reperfusion. Results were
expressed as mean = SEM unless otherwise indicated. A Kruskal-
Wallis test and Dunn multiple comparisons test were used when
comparing > 2 groups. Comparisons between 2 groups were
performed using a Mann-Whitney U-test. Statistical analyses were
performed using GraphPad Prism version 9.3 (GraphPad, San
Diego, CA) with p<0.05 considered significant.

3 Results

3.1 Kinetics of kidney injury and pro-
inflammatory gene expression in WT mice
following IR

C57BL/6] WT mice were subjected to right nephrectomy and
clamping of the left renal pedicle for 18 min, and cohorts were
analyzed at 7 timepoints post-reperfusion (0, 3, 12, 24, 48, 72 hrs,

10.3389/fimmu.2023.1251452

and 4 weeks). Kidney injury was assessed by measuring kidney
function (serum creatinine), tubular injury (semi-quantitative
morphological analysis), and mRNA expression of the genes for
the kidney injury markers KIM-1 and NGAL. Serum creatinine
(Figure 1A) and tubular injury (Figure 1B; Supplementary Figure 2)
were elevated at 3 hrs, although these increases did not reach
statistical significance and there was no change in expression of
KimI (Figure 1C) or Ngal (Figure 1D) at this early timepoint. By 12
hrs, creatinine levels and tubular injury were significantly increased,
and expression of both Kim1 and Ngal was massively upregulated.
All parameters remained elevated at 24, 48 and 72 hrs before
returning to baseline by 4 weeks.

We then examined the expression of several pro-inflammatory
genes relevant to necroptosis and/or kidney IRI. TNFo. is the best
characterized activator of necroptosis (53) and has been described
as a necroptosis-associated alarmin (59). Tnfa expression was
significantly increased at 12, 48 and 72 hrs, and remained high at
4 weeks (Figure 2A). Interleukin-6 (IL-6) is an acute inflammatory
cytokine that is upregulated in necrotic cells but not in apoptotic
cells (60). Il6 expression was elevated earlier than Tnfa (3 hrs) and
returned to baseline levels by 72 hrs (Figure 2B). IL-1B and IL-33
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expression of Ngal. Kruskal-Wallis test with Dunn multiple comparisons test with * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared to

baseline control. Data presented as mean + SEM.
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are released by necroptotic cells (61, 62). IlI1b expression was
upregulated at 12, 24 and 48 hrs (Figure 2C), whereas 1133 was
increased later, from 24 hrs (Figure 2D). Signalling via Toll-like
receptor 4 (TLR4) can activate necroptosis, whereas TLR2 has not
been shown to play a role in necroptotic cell death (53). Both Tir4
(Figure 2E) and TIr2 (Figure 2F) were upregulated relatively late (48
and 72 hrs, respectively), with TIr2 expression remaining high at 4
weeks. Macrophage inflammatory protein-2 (MIP-2) is a neutrophil
chemoattractant/activator that is upregulated in kidney IRI (63).
Mip2 expression was significantly increased at all timepoints except
48 hrs, peaking at 12 hrs (Figure 2G).
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3.2 Kinetics of necroptotic pathway gene
expression in WT mice following IR

Although elevated expression of the necroptotic pathway genes
Ripkl, Ripk3 and Mikl does not necessarily equate with increased
necroptosis in vivo (53), it may indicate an increased propensity for
this form of cell death. We therefore measured IRI-associated
changes in the expression of these genes in the kidney at different
times post-reperfusion. All 3 genes were significantly upregulated at
most timepoints, with the highest expression observed at 48
hrs (Figure 3).
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Time course of necroptotic pathway gene expression in the left kidney after IR in WT mice. (A): RipkZ; (B): Ripk3; (C): MIkl. Kruskal-Wallis test with Dunn
multiple comparisons test with * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared to baseline control. Data presented as mean + SEM.

3.3 Temporal and spatial pattern of pMLKL
staining in kidneys of WT mice following IR

Sections were cut from formalin-fixed left kidney tissue of WT
mice from each cohort and stained for pMLKL using a rabbit
monoclonal antibody [ab196436, EPR9515 (2)] This antibody has
previously been used to detect pMLKL in methanol-fixed mouse
dermal fibroblast cell lines (64) and in formalin-fixed mouse cecal
tissue (65). Reproducible staining was achieved after optimization
of the antigen retrieval step based initially on a method described by
He et al,, 2021 (65). Mlkl-ko mice subjected to IRI were used as a
control to validate the antibody; Mlkl-ko kidneys showing
substantial morphological injury were negative for pMLKL
staining at each timepoint (Supplementary Figure 3). pMLKL was
not detected in WT/IRI kidneys at 0 or 3 hrs post-reperfusion
(Figures 4A, B). At 12 hrs, numerous tubules containing cells
displaying dense punctate cytoplasmic staining were observed

Frontiers in Immunology

(Figure 4C). Interestingly, the tubules at this timepoint were
either completely positive or completely negative. At 24 hrs, the
pattern of staining had changed from cytoplasmic to predominantly
membrane/intraluminal i.e., on the apical surface of tubular
epithelial cells (Figure 4D). At 48 hrs, strong staining of
proteinaceous casts within the tubules was observed, along with
patchy intraluminal staining (Figure 4E). At 72 hrs (Figure 4F) and
4 weeks (Figure 4G), staining was weaker and mainly restricted
to casts.

We performed a semi-quantitative analysis by counting the
number of pMLKL-positive tubules as a percentage of the total
number of tubules. The degree of positivity was highest at 12 hrs
and remained significantly elevated at 24 and 48 hrs (Figure 4H).
The data were further stratified into cytoplasmic and intraluminal
staining, likely representing the activation and execution phases of
necroptosis, respectively. On this basis, maximum activation of
necroptosis was observed at 12 hrs, while the terminal stage of
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Time course of pMLKL staining in the left kidney after IR in WT mice. Representative sections from O hrs (A), 3 hrs (B), 12 hrs (C), 24 hrs (D), 48 hrs
(E), 72 hrs (F), and 4 weeks (G) post-reperfusion. (H): percentage of proximal tubules staining positive for pMLKL, stratified according to cellular
location (dark blue = cytoplasmic; light blue = membrane/intraluminal). Examples of cytoplasmic, membrane and proteinaceous cast staining are
indicated by arrowheads and short and long arrows, respectively. Kruskal-Wallis test with Dunn multiple comparisons test with * p<0.05, *** p<0.001
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necroptotic cell death was relatively constant at 12, 24 and 48 hrs,
and returned to close to baseline by 72 hrs (Figure 4H).

3.4 Effect of MLKL deletion on kidney IRI

Compared to WT mice, Mlkl-ko mice showed reduced kidney
injury at 24 hrs post-reperfusion, evidenced by significant decreases
in serum creatinine (Figure 5A) and tubular injury score (Figure 5B).
Kidney function and injury were not significantly different at the
other timepoints. Expression of Kiml (Figure 5C) and Ngal
(Figure 5D) were reduced at the earlier timepoint of 12 hrs,
although only the former was statistically significant. Expression of

Frontiers in Immunology

the pro-inflammatory cytokine genes Tnfa, Il1b and Mip2 was also
significantly lower at 12 hrs in Mikl-ko mice compared to WT mice,
whereas expression of 116, 1133, Tlr2 and Tlr4, and of the necroptosis
pathway genes RipkI and Ripk3, was generally similar in Mlkl-ko and
WT mice at all timepoints (Supplementary Figure 1). As expected,
Mikl expression and pMLKL staining were undetectable in kidneys
from Mlkl-ko mice (data not shown).

To investigate the mode of IRI-associated cell death in a
necroptosis-deficient setting, kidney sections from the 24 hr
timepoint were stained for cleaved Caspase-3 (cC3) as a marker
of apoptosis. While WT kidneys showed a significant but modest
increase in apoptotic tubules compared to sham kidneys, Mikil-ko
kidneys showed a major increase (Figure 6), suggesting a greater
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role for apoptosis in this model when necroptosis is inactivated. The
pattern of cC3 staining in MIkl-ko tubules at 24 hrs was like that of
PMLKL staining in WT tubules at 12 hrs (Figure 4C) i.e., tubules
were either completely positive or negative.

4 Discussion

Although several studies employing mouse models have
implicated necroptosis in the pathogenesis of kidney IRI (54, 55,
66, 67), this is the first study to definitively demonstrate activation of
the terminal stage of the necroptotic pathway (i.e., phosphorylation of
MLKL) in this setting and to explore the dynamics of the process. We
performed a time course analysis in a mouse model of unilateral
warm IRI to detail the kinetics of kidney injury, inflammation and
necroptosis. Our data suggest that the critical phase lies within 3-12
hrs following reperfusion. During this period, there was major
activation of necroptosis as evident by strong pMLKL staining
within proximal tubular cells (PTCs) at 12 hrs. Some of the PTCs
exhibited pMLKL staining at the cell surface, suggesting progression
to the pre-lytic/lytic phase of necroptosis. At the same time, there was
upregulated expression of the necroptosis pathway genes Ripkl,
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25

Mikl-ko and WT mice at each timepoint; * p<0.05, ** p<0.01. Data

Ripk3 and MIkl and the pro-inflammatory cytokine genes Tnfa, 116,
Il1b and Mip2. This, together with activation of the NLRP3
inflammasome by pMLKL (68), would be expected to create
favourable conditions for further necroptosis and inflammation via
DAMRP release, driving the cycle of necroinflammation.

Of interest was the pattern of pMLKL staining. Epithelial cell
injury associated with kidney IR is most apparent in the proximal
tubules (1), as PTCs have low anaerobic glycolytic capacity and are
located in areas with low partial pressure of oxygen such as the
outer medulla and inner cortex (9). Consistent with this, we
observed that tubular injury was focused in the proximal tubules
in the cortico-medullary region. Necroptosis, as indicated by
PMLKL staining, was also restricted to PTCs. This is in contrast
to the findings of a recent single-cell analysis suggesting that
necroptosis in kidney IRI occurs mainly in non-PTC cell types,
with secondary effects on PTCs (69). Furthermore, injured tubules
were clustered together, and necroptosis appeared to be activated in
all cells within affected tubules. This suggests either a location-
dependent effect, or communication between adjacent cells
undergoing necroptosis resulting in the spread of necroptosis
from cell to cell within affected tubules. pMLKL staining from 24
hrs appeared polarised, with staining of the apical but not basal
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mean + SEM. Image magnification x 200.

surface of PTCs. The precise mechanism by which pMLKL
clustering at the apical surface may promote cellular
communication within the lumen of affected tubules remains to
be further explored, with roles for pMLKL in promoting plasma
membrane remodelling at intercellular junctions (50) and
generation of extracellular vesicles (70, 71) previously proposed.

In the absence of necroptosis (i.e., in Mlkl-ko mice), early
inflammation and kidney injury were reduced, providing further
evidence that necroptosis and the associated inflammation play a
role in kidney damage following IR. The absence of pMLKL staining
at 3 hrs in WT mice indicated that the initial injury did not involve
necroptosis. It is therefore unsurprising that there was no difference in
serum creatinine [which is a delayed marker of kidney injury (72)]
between WT and Mikl-ko mice at 3 hrs. The inability of Mlkl-ko mice
to activate necroptosis in the critical 3-12 hr phase is likely to account
for the subsequent reduction in kidney inflammation at 12 hrs, and
lower serum creatinine and tubular injury scores at 24 hrs.
Interestingly, Mlkl-ko mice were protected from kidney IRI at 24 hrs
but not at 48 or 72 hrs. This contrasts with an earlier study where
protection was noted at 48 and 72 hrs but not at 24 hrs (56). Model
differences, including the type (unilateral versus bilateral) and degree of
ischemia (18 min versus 35 min), anesthesia (ketamine/xylazine versus
the more IRI-protective isoflurane), and WT controls (littermates
versus non-littermates), may account for this discrepancy.

While we have further defined the role of necroptosis in kidney
IRI, the stimulus that triggers necroptosis in this setting remains
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unclear. Engagement of death receptors such as TNF receptor 1,
activation of TLRs, interferon signalling, and intracellular stimuli in
response to viruses, are all able to initiate necroptosis (73). A recent
in vitro study using a genetically manipulated myeloid cell system
confirmed TNF as an alarmin molecule released following
necroptotic cell death to drive further inflammation (59). We
suggest that TNF released by inflammatory cells triggers
necroptosis during the 3-12 hours post-reperfusion, while TNF
and DAMP release following necroptotic cell death stimulate
subsequent waves of necroptosis. We showed upregulation of
Tnfa gene expression in WT mice, which was reduced in Mlkl-ko
mice, leading us to hypothesise that TNF activates necroptosis and
drives ongoing necroinflammation in kidney IRL

The concept that one regulated cell death pathway can compensate
for another in acute kidney injury has previously been proposed for
necroptosis and ferroptosis, although treatment of MIkl-ko mice with a
ferroptosis inhibitor did not provide further protection from kidney IRI
(56). In our model, apoptosis appeared to become the dominant cell
death pathway in the absence of necroptosis, suggesting a relationship
between necroptosis and apoptosis in kidney IRI. However, a limitation
of our study was that it focused on the role of necroptosis without
investigating the contribution of other regulated necrosis pathways,
notably ferroptosis.

Our study is the first to describe the dynamics of necroptosis
and necroinflammation in a mouse model of kidney IRI. Our results
suggest that treatments targeting the key necroptosis component,
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MLKL, may reduce kidney injury following IR, although it should
be noted that no specific inhibitors of mouse MLKL are currently
available. In addition, our results suggest that such treatments may
be effective even if given 3 hrs after reperfusion. This is
advantageous in a clinical setting, as in many instances IRI is
unpredictable and cannot be treated prophylactically. Finally,
combination therapy with inhibitors of MLKL and apoptosis may
provide additive protection, with the ultimate aim of preventing
acute and chronic kidney disease following kidney IR.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by St Vincent’s Hospital
Melbourne Animal Ethics Committee. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

AP, JM, FI and PC designed the experimental studies. AP, AB,
JM, NF, ES conducted the experimental studies. AB, JM and AP
performed the IRI surgery. AP, AB, ES and JM analysed the results.
AP and PC drafted the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was funded in part by grant number 88279 from the St Vincent’s
Hospital Melbourne Research Endowment Fund. AP was supported
by a postgraduate scholarship and JMM by an Investigator Grant
(1172929) from the National Health & Medical Research Council
(NHMRC) of Australia. JMM acknowledges infrastructure support
from the NHMRC (IRIISS 9000719) and the Victorian State
Government Operational Infrastructure Support Scheme.

References

1. Bonventre JV, Yang L. Cellular pathophysiology of ischemic acute kidney injury. J
Clin Invest (2011) 121(11):4210-21. doi: 10.1172/JCI45161

2. Kalogeris T, Baines CP, Krenz M, Korthuis R]. Cell biology of ischemia/
reperfusion injury. Int Rev Cell Mol Biol (2012) 298:229-317. doi: 10.1016/B978-0-
12-394309-5.00006-7

Frontiers in Immunology

10.3389/fimmu.2023.1251452

Acknowledgments

We thank Dr Andre Samson, Dr Ueli Nichbur, and Dr Anne
Hempel for helpful discussion on necroptosis and provision of
experimental animals; Dr Fenella Munz for advice on veterinary
matters and tubular injury scoring; and staff at the Bioresources
Centre, St Vincent’s Hospital, Melbourne, for animal care.

Conflict of interest

Authors JMM and PC have received research funding from
Anaxis Pharma Pty Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1251452/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

Comparison of pro-inflammatory and necroptotic gene expression after IR in
Mikl-ko and WT mice. (A): Tnfa; (B): /l6; (C): Ili1b; (D): I133; (E): Tir4; (F): Tir2;
(G): Mip2; (H): RipkZ; (1): Ripk3. Mann Whitney U test comparing with Mlk(-ko
and WT mice at each timepoint; * p<0.05. Data presented as mean + SEM.

SUPPLEMENTARY FIGURE 2
Representative PAS stained kidney tissue at baseline, 3 hrs, 12 hrs, 24 hrs, 48
hrs, 72 hrs and 4 weeks following IRI. Image magnification x 40.

SUPPLEMENTARY FIGURE 3

Representative pMLKL stained kidney tissue of Mlkl-ko mice taken at baseline,
3 hrs, 12 hrs, 24 hrs, 48 hrs, 72 hrs and 4 weeks following IRI. Image
magnification x 40.

3. Kosieradzki M, Rowinski W. Ischemia/reperfusion injury in kidney
transplantation: mechanisms and prevention. Transplant Proc (2008) 40(10):3279—
88. doi: 10.1016/j.transproceed.2008.10.004

4. Murphy E, Steenbergen C. Ion transport and energetics during cell death and
protection. Physiol (Bethesda) (2008) 23:115-23. doi: 10.1152/physiol.00044.2007

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1251452/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1251452/full#supplementary-material
https://doi.org/10.1172/JCI45161
https://doi.org/10.1016/B978-0-12-394309-5.00006-7
https://doi.org/10.1016/B978-0-12-394309-5.00006-7
https://doi.org/10.1016/j.transproceed.2008.10.004
https://doi.org/10.1152/physiol.00044.2007
https://doi.org/10.3389/fimmu.2023.1251452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pefanis et al.

5. Croall DE, Ersfeld K. The calpains: modular designs and functional diversity.
Genome Biol (2007) 8(6):218. doi: 10.1186/gb-2007-8-6-218

6. Kako K, Kato M, Matsuoka T, Mustapha A. Depression of membrane-bound Na
+-K+-ATPase activity induced by free radicals and by ischemia of kidney. Americal
Physiol Soc (1988) 1988:330-7. doi: 10.1152/ajpcell.1988.254.2.C330

7. Perico N, Cattaneo D, Sayegh MH, Remuzzi G. Delayed graft function in kidney
transplantation. Lancet (2004) 364(9447):1814-27. doi: 10.1016/S0140-6736(04)
17406-0

8. Castaneda MP, Swiatecka-Urban A, Mitsnefes MM, Feuerstein D, Kaskel FJ, Tellis
V, et al. Activation of mitochondrial apoptotic pathways in human renal allografts after
ischemiareperfusion injury. Transplantation (2003) 76(1):50-4. doi: 10.1097/
01.TP.0000069835.95442.9F

9. Scholz H, Boivin FJ, Schmidt-Ott KM, Bachmann S, Eckardt KU, Scholl U], et al.
Kidney physiology and susceptibility to acute kidney injury: implications for
renoprotection. Nat Rev Nephrol (2021) 17(5):335-49. doi: 10.1038/s41581-021-
00394-7

10. Brady HR, Singer GG. Acute renal failure. Lancet (1995) 346(8989):1533-40. doi:
10.1016/S0140-6736(95)92057-9

11. Bianchi ME, Manfredi AA. High-mobility group box 1 (HMGBI) protein at the
crossroads between innate and adaptive immunity. Immunol Rev (2007) 220:35-46.
doi: 10.1111/j.1600-065X.2007.00574.x

12. Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about danger. J
Leukoc Biol (2007) 81(1):1-5. doi: 10.1189/j1b.0306164

13. LiL, Okusa MD. Blocking the immune response in ischemic acute kidney injury:
the role of adenosine 2A agonists. Nat Clin Pract Nephrol (2006) 2(8):432-44. doi:
10.1038/ncpneph0238

14. Tesmer LA, Lundy SK, Sarkar S, Fox DA. Th17 cells in human disease. Immunol
Rev (2008) 223:87-113. doi: 10.1111/§.1600-065X.2008.00628 x

15. Chadha R, Heidt S, Jones ND, Wood KJ. Th17: contributors to allograft rejection
and a barrier to the induction of transplantation tolerance? Transplantation (2011) 91
(9):939-45. doi: 10.1097/TP.0b013e3182126eeb

16. Molitoris BA, Sutton TA. Endothelial injury and dysfunction: role in the
extension phase of acute renal failure. Kidney Int (2004) 66(2):496-9. doi: 10.1111/
j.1523-1755.2004.761_5.x

17. Basile DP, Donohoe D, Roethe K, Osborn JL. Renal ischemic injury results in
permanent damage to peritubular capillaries and influence long-term function. Am J
Physiol Renal Physiol (2001) 281(5):887-99. doi: 10.1152/ajprenal.00050.2001

18. Legrand M, Mik EG, Johannes T, Payen D, Ince C. Renal hypoxia and dysoxia
after reperfusion of the ischemic kidney. Mol Med (2008) 14(7-8):502-16. doi: 10.2119/
2008-00006.Legrand

19. Basile DP, Friedrich JL, Spahic J, Knipe N, Mang H, Leonard EC, et al. Impaired
endothelial proliferation and mesenchymal transition contribute to vascular rarefaction
following acute kidney injury. Am J Physiol Renal Physiol (2011) 300(3):F721-33. doi:
10.1152/ajprenal.00546.2010

20. Norman JT, Clark IM, Garcia PL. Hypoxia promotes fibrogenesis in human
renal fibroblasts. Kidney Int (2000) 58(6):2351-66. doi: 10.1046/j.1523-1755.
2000.00419.x

21. Gueler F, Gwinner W, Schwarz A, Haller H. Long-term effects of acute ischemia
and reperfusion injury. Kidney Int (2004) 66(2):523-7. doi: 10.1111/j.1523-1755.
2004.761_11.x

22. LaFrance JP, Miller DR. Defining acute kidney injury in database studies: the
effects of varying the baseline kidney function assessment period and considering CKD
status. Am ] Kidney Dis (2010) 56(4):651-60. doi: 10.1053/j.ajkd.2010.05.011

23. Hoste EA, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al.
Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-EPI
study. Intensive Care Med (2015) 41(8):1411-23. doi: 10.1007/s00134-015-3934-7

24. See EJ, Jayasinghe K, Glassford N, Bailey M, Johnson DW, Polkinghorne KR,
et al. Long-term risk of adverse outcomes after acute kidney injury: a systematic review
and meta-analysis of cohort studies using consensus definitions of exposure. Kidney Int
(2019) 95(1):160-72. doi: 10.1016/j.kint.2018.08.036

25. Yang F, Zhang L, Wu H, Zou H, Du Y. Clinical analysis of cause, treatment and
prognosis in acute kidney injury patients. PloS One (2014) 9(2):e85214. doi: 10.1371/
journal.pone.0085214

26. See EJ, Toussaint ND, Bailey M, Johnson DW, Polkinghorne KR, Robbins R,
et al. Risk factors for major adverse kidney events in the first year after acute kidney
injury. Clin Kidney J (2021) 14(2):556-63. doi: 10.1093/ckj/sfz169

27. Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute kidney
injury: a systematic review and meta-analysis. Kidney Int (2012) 81(5):442-8. doi:
10.1038/ki.2011.379

28. Hsu CY. Yes, AKI truly leads to CKD. ] Am Soc Nephrol (2012) 23(6):967-9. doi:
10.1681/ASN.2012030222

29. Kovesdy CP. Epidemiology of chronic kidney disease: an update 2022. Kidney Int
Suppl (2022) 12(1):7-11. doi: 10.1016/j.kisu.2021.11.003

30. Mortality GBDCauses of Death C. Global, regional, and national age-sex specific
all-cause and cause-specific mortality for 240 causes of death, 1990-2013: a systematic
analysis for the Global Burden of Disease Study 2013. Lancet (2015) 385(9963):117-71.
doi: 10.1016/S0140-6736(14)61682-2

Frontiers in Immunology

10.3389/fimmu.2023.1251452

31. Rhee CM, Kovesdy CP. Epidemiology: Spotlight on CKD deaths-increasing
mortality worldwide. Nat Rev Nephrol (2015) 11(4):199-200. doi: 10.1038/
nrneph.2015.25

32. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et al. Chemical
inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain
injury. Nat Chem Biol (2005) 1(2):112-9. doi: 10.1038/nchembio711

33. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell (2012) 149
(5):1060-72. doi: 10.1016/j.cell.2012.03.042

34. Fink SL, Cookson BT. Caspase-1-dependent pore formation during pyroptosis
leads to osmotic lysis of infected host macrophages. Cell Microbiol (2006) 8(11):1812—
25. doi: 10.1111/j.1462-5822.2006.00751.x

35. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature (2016)
535(7610):153-8. doi: 10.1038/nature18629

36. Devalaraja-Narashimha K, Diener AM, Padanilam BJ. Cyclophilin D gene
ablation protects mice from ischemic renal injury. Am J Physiol Renal Physiol (2009)
297(3):F749-59. doi: 10.1152/ajprenal.00239.2009

37. Andrabi SA, Kim NS, Yu SW, Wang H, Koh DW, Sasaki M, et al. Poly(ADP-
ribose) (PAR) polymer is a death signal. Proc Natl Acad Sci USA (2006) 103(48):18308—
13. doi: 10.1073/pnas.0606526103

38. David KK, Andrabi SA, Dawson TM, Dawson VL. Parthanatos, a messenger of
death. Front Biosci (2009) 14:1116-28. doi: 10.2741/3297

39. Pefanis A, Ierino FL, Murphy JM, Cowan PJ]. Regulated necrosis in kidney
ischemia-reperfusion injury. Kidney Int (2019) 96(2):291-301. doi: 10.1016/
j.kint.2019.02.009

40. Horne CR, Samson AL, Murphy JM. The web of death: the expanding
complexity of necroptotic signaling. Trends Cell Biol (2023) 33(2):162-74. doi:
10.1016/j.tcb.2022.05.008

41. Samson AL, Garnish SE, Hildebrand JM, Murphy JM. Location, location,
location: A compartmentalized view of TNF-induced necroptotic signaling. Sci Signal
(2021) 14(668):eabc6178. doi: 10.1126/scisignal.abc6178

42. Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao YS, et al. The
RIP1/RIP3 necrosome forms a functional amyloid signaling complex required for
programmed necrosis. Cell (2012) 150(2):339-50. doi: 10.1016/j.cell.2012.06.019

43. Mompean M, Li W, Li J, Laage S, Siemer AB, Bozkurt G, et al. The structure of
the necrosome RIPK1-RIPK3 core, a human hetero-amyloid signaling complex. Cell
(2018) 173(5):1244-53.e10. doi: 10.1016/j.cell.2018.03.032

44. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase
domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell
(2012) 148(1-2):213-27. doi: 10.1016/j.cell.2011.11.031

45. Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang JG, Alvarez-Diaz S,
et al. The pseudokinase MLKL mediates necroptosis via a molecular switch mechanism.
Immunity (2013) 39(3):443-53. doi: 10.1016/j.immuni.2013.06.018

46. Meng Y, Davies KA, Fitzgibbon C, Young SN, Garnish SE, Horne CR, et al.
Human RIPK3 maintains MLKL in an inactive conformation prior to cell death by
necroptosis. Nat Commun (2021) 12(1):6783. doi: 10.1038/s41467-021-27032-x

47. Petrie EJ, Sandow JJ, Jacobsen AV, Smith BJ, Griffin MDW, Lucet IS, et al.
Conformational switching of the pseudokinase domain promotes human MLKL
tetramerization and cell death by necroptosis. Nat Commun (2018) 9(1):2422. doi:
10.1038/s41467-018-04714-7

48. Petrie EJ, Birkinshaw RW, Koide A, Denbaum E, Hildebrand JM, Garnish SE,
et al. Identification of MLKL membrane translocation as a checkpoint in necroptotic
cell death using Monobodies. Proc Natl Acad Sci USA (2020) 117(15):8468-75. doi:
10.1073/pnas.1919960117

49. Garnish SE, Meng Y, Koide A, Sandow ]J, Denbaum E, Jacobsen AV, et al.
Conformational interconversion of MLKL and disengagement from RIPK3 precede cell
death by necroptosis. Nat Commun (2021) 12(1):2211. doi: 10.1038/s41467-021-
22400-z

50. Samson AL, Zhang Y, Geoghegan ND, Gavin X]J, Davies KA, Mlodzianoski MJ,
et al. MLKL trafficking and accumulation at the plasma membrane control the kinetics
and threshold for necroptosis. Nat Commun (2020) 11(1):3151. doi: 10.1038/s41467-
020-16887-1

51. Nakano H, Murai S, Moriwaki K. Regulation of the release of damage-associated

molecular patterns from necroptotic cells. Biochem ] (2022) 479(5):677-85. doi:
10.1042/BCJ20210604

52. Linkermann A, Stockwell BR, Krautwald S, Anders HJ. Regulated cell death and
inflammation: an auto-amplification loop causes organ failure. Nat Rev Immunol
(2014) 14(11):759-67. doi: 10.1038/nri3743

53. Kolbrink B, von Samson-Himmelstjerna FA, Murphy JM, Krautwald S. Role of
necroptosis in kidney health and disease. Nat Rev Nephrol (2023) 19(5):300-14. doi:
10.1038/541581-022-00658-w

54. Linkermann A, Brasen JH, Darding M, Jin MK, Sanz AB, Heller JO, et al. Two
independent pathways of regulated necrosis mediate ischemia-reperfusion injury. Proc
Natl Acad Sci USA (2013) 110(29):12024-9. doi: 10.1073/pnas.1305538110

55. Newton K, Dugger DL, Maltzman A, Greve JM, Hedehus M, Martin-McNulty B,
et al. RIPK3 deficiency or catalytically inactive RIPK1 provides greater benefit than

frontiersin.org


https://doi.org/10.1186/gb-2007-8-6-218
https://doi.org/10.1152/ajpcell.1988.254.2.C330
https://doi.org/10.1016/S0140-6736(04)17406-0
https://doi.org/10.1016/S0140-6736(04)17406-0
https://doi.org/10.1097/01.TP.0000069835.95442.9F
https://doi.org/10.1097/01.TP.0000069835.95442.9F
https://doi.org/10.1038/s41581-021-00394-7
https://doi.org/10.1038/s41581-021-00394-7
https://doi.org/10.1016/S0140-6736(95)92057-9
https://doi.org/10.1111/j.1600-065X.2007.00574.x
https://doi.org/10.1189/jlb.0306164
https://doi.org/10.1038/ncpneph0238
https://doi.org/10.1111/j.1600-065X.2008.00628.x
https://doi.org/10.1097/TP.0b013e3182126eeb
https://doi.org/10.1111/j.1523-1755.2004.761_5.x
https://doi.org/10.1111/j.1523-1755.2004.761_5.x
https://doi.org/10.1152/ajprenal.00050.2001
https://doi.org/10.2119/2008-00006.Legrand
https://doi.org/10.2119/2008-00006.Legrand
https://doi.org/10.1152/ajprenal.00546.2010
https://doi.org/10.1046/j.1523-1755.2000.00419.x
https://doi.org/10.1046/j.1523-1755.2000.00419.x
https://doi.org/10.1111/j.1523-1755.2004.761_11.x
https://doi.org/10.1111/j.1523-1755.2004.761_11.x
https://doi.org/10.1053/j.ajkd.2010.05.011
https://doi.org/10.1007/s00134-015-3934-7
https://doi.org/10.1016/j.kint.2018.08.036
https://doi.org/10.1371/journal.pone.0085214
https://doi.org/10.1371/journal.pone.0085214
https://doi.org/10.1093/ckj/sfz169
https://doi.org/10.1038/ki.2011.379
https://doi.org/10.1681/ASN.2012030222
https://doi.org/10.1016/j.kisu.2021.11.003
https://doi.org/10.1016/S0140-6736(14)61682-2
https://doi.org/10.1038/nrneph.2015.25
https://doi.org/10.1038/nrneph.2015.25
https://doi.org/10.1038/nchembio711
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1038/nature18629
https://doi.org/10.1152/ajprenal.00239.2009
https://doi.org/10.1073/pnas.0606526103
https://doi.org/10.2741/3297
https://doi.org/10.1016/j.kint.2019.02.009
https://doi.org/10.1016/j.kint.2019.02.009
https://doi.org/10.1016/j.tcb.2022.05.008
https://doi.org/10.1126/scisignal.abc6178
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1016/j.cell.2018.03.032
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1038/s41467-021-27032-x
https://doi.org/10.1038/s41467-018-04714-7
https://doi.org/10.1073/pnas.1919960117
https://doi.org/10.1038/s41467-021-22400-z
https://doi.org/10.1038/s41467-021-22400-z
https://doi.org/10.1038/s41467-020-16887-1
https://doi.org/10.1038/s41467-020-16887-1
https://doi.org/10.1042/BCJ20210604
https://doi.org/10.1038/nri3743
https://doi.org/10.1038/s41581-022-00658-w
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.3389/fimmu.2023.1251452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pefanis et al.

MLKL deficiency in mouse models of inflammation and tissue injury. Cell Death Differ
(2016) 23(9):1565-76. doi: 10.1038/cdd.2016.46

56. Muller T, Dewitz C, Schmitz J, Schroder AS, Brasen JH, Stockwell BR, et al.
Necroptosis and ferroptosis are alternative cell death pathways that operate in acute
kidney failure. Cell Mol Life Sci (2017) 74(19):3631-45. doi: 10.1007/s00018-017-
2547-4

57. Crikis S, Lu B, Murray-Segal LM, Selan C, Robson SC, D'Apice AJ, et al.
Transgenic overexpression of CD39 protects against renal ischemia-reperfusion and
transplant vascular injury. Am ] Transplant (2010) 10(12):2586-95. doi: 10.1111/
j.1600-6143.2010.03257.x

58. McRae JL, Vikstrom IB, Bongoni AK, Salvaris EJ, Fisicaro N, Ng M, et al.
Blockade of the G-CSF receptor is protective in a mouse model of renal ischemia-
reperfusion injury. ] Immunol (2020) 205(5):1433-40. doi: 10.4049/jimmunol.2000390

59. Pinci F, Gaidt MM, Jung C, Nagl D, Kuut G, Hornung V. Tumor necrosis factor
is a necroptosis-associated alarmin. Front Immunol (2022) 13:1074440. doi: 10.3389/
fimmu.2022.1074440

60. Vanden Berghe T, Kalai M, Denecker G, Meeus A, Saelens X, Vandenabeele P.
Necrosis is associated with IL-6 production but apoptosis is not. Cell Signal (2006) 18
(3):328-35. doi: 10.1016/j.cellsig.2005.05.003

61. Li L, Shan S, Kang K, Zhang C, Kou R, Song F. The cross-talk of NLRP3
inflammasome activation and necroptotic hepatocyte death in acetaminophen-induced
mice acute liver injury. Hum Exp Toxicol (2021) 40(4):673-84. doi: 10.1177/
0960327120961158

62. Shlomovitz I, Erlich Z, Speir M, Zargarian S, Baram N, Engler M, et al.
Necroptosis directly induces the release of full-length biologically active IL-33 in
vitro and in an inflammatory disease model. FEBS ] (2019) 286(3):507-22. doi:
10.1111/febs.14738

63. Lemay S, Rabb H, Postler G, Singh AK. Prominent and sustained up-regulation
of gp130-signaling cytokines and the chemokine MIP-2 in murine renal ischemia-
reperfusion injury. Transplantation (2000) 69(5):959-63. doi: 10.1097/00007890-
200003150-00049

Frontiers in Immunology

29

10.3389/fimmu.2023.1251452

64. Samson AL, Fitzgibbon C, Patel KM, Hildebrand JM, Whitehead LW, Rimes JS,
et al. A toolbox for imaging RIPK1, RIPK3, and MLKL in mouse and human cells. Cell
Death Differ (2021) 28(7):2126-44. doi: 10.1038/s41418-021-00742-x

65. He P, Ai T, Yang ZH, Wu J, Han J. Detection of necroptosis by phospho-MLKL
immunohistochemical labeling. STAR Protoc (2021) 2(1):100251. doi: 10.1016/
jxpro.2020.100251

66. Liu W, Chen B, Wang Y, Meng C, Huang H, Huang XR, et al. RGMb protects
against acute kidney injury by inhibiting tubular cell necroptosis via an MLKL-
dependent mechanism. Proc Natl Acad Sci USA (2018) 115(7):E1475-E84. doi:
10.1073/pnas.1716959115

67. Jouan-Lanhouet S, Riquet F, Duprez L, Vanden Berghe T, Takahashi N,
Vandenabeele P. Necroptosis, in vivo detection in experimental disease models.
Semin Cell Dev Biol (2014) 35:2-13. doi: 10.1016/j.semcdb.2014.08.010

68. Conos SA, Chen KW, De Nardo D, Hara H, Whitehead L, Nunez G, et al. Active
MLKL triggers the NLRP3 inflammasome in a cell-intrinsic manner. Proc Natl Acad Sci
USA (2017) 114(6):E961-E9. doi: 10.1073/pnas.1613305114

69. Balzer MS, Doke T, Yang YW, Aldridge DL, Hu H, Mai H, et al. Single-cell
analysis highlights differences in druggable pathways underlying adaptive or fibrotic
kidney regeneration. Nat Commun (2022) 13(1):4018. doi: 10.1038/s41467-022-
31772-9

70. Yoon S, Kovalenko A, Bogdanov K, Wallach D. MLKL, the protein that mediates
necroptosis, also regulates endosomal trafficking and extracellular vesicle generation.
Immunity (2017) 47(1):51-65.e7. doi: 10.1016/j.immuni.2017.06.001

71. Gong YN, Guy C, Olauson H, Becker JU, Yang M, Fitzgerald P, et al. ESCRT-III
acts downstream of MLKL to regulate necroptotic cell death and its consequences. Cell
(2017) 169(2):286-300.¢16. doi: 10.1016/j.cell.2017.03.020

72. Moran SM, Myers BD. Course of acute renal failure studied by a model of
creatinine kinetics. Kidney Int (1985) 27(6):928-37. doi: 10.1038/ki.1985.101

73. Linkermann A, Green DR. Necroptosis. N Engl ] Med (2014) 370(5):455-65. doi:
10.1056/NEJMral310050

frontiersin.org


https://doi.org/10.1038/cdd.2016.46
https://doi.org/10.1007/s00018-017-2547-4
https://doi.org/10.1007/s00018-017-2547-4
https://doi.org/10.1111/j.1600-6143.2010.03257.x
https://doi.org/10.1111/j.1600-6143.2010.03257.x
https://doi.org/10.4049/jimmunol.2000390
https://doi.org/10.3389/fimmu.2022.1074440
https://doi.org/10.3389/fimmu.2022.1074440
https://doi.org/10.1016/j.cellsig.2005.05.003
https://doi.org/10.1177/0960327120961158
https://doi.org/10.1177/0960327120961158
https://doi.org/10.1111/febs.14738
https://doi.org/10.1097/00007890-200003150-00049
https://doi.org/10.1097/00007890-200003150-00049
https://doi.org/10.1038/s41418-021-00742-x
https://doi.org/10.1016/j.xpro.2020.100251
https://doi.org/10.1016/j.xpro.2020.100251
https://doi.org/10.1073/pnas.1716959115
https://doi.org/10.1016/j.semcdb.2014.08.010
https://doi.org/10.1073/pnas.1613305114
https://doi.org/10.1038/s41467-022-31772-9
https://doi.org/10.1038/s41467-022-31772-9
https://doi.org/10.1016/j.immuni.2017.06.001
https://doi.org/10.1016/j.cell.2017.03.020
https://doi.org/10.1038/ki.1985.101
https://doi.org/10.1056/NEJMra1310050
https://doi.org/10.3389/fimmu.2023.1251452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

E frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY

Wei Jing Liu,

Beijing University of Chinese Medicine,
China

REVIEWED BY

John Cijiang He,

Icahn School of Medicine at Mount Sinai,
United States

Adriana R. Silva,

Oswaldo Cruz Foundation (Fiocruz), Brazil
Shougang Zhuang,

Brown University, United States

*CORRESPONDENCE

Hui-Yao Lan
hylan@cuhk.edu.hk

Xueqing Yu
yuxueqing@gdph.org.cn

Xiaogin Wang
wangxiaogin@hbhtcm.com

RECEIVED 20 July 2023
ACCEPTED 10 October 2023
PUBLISHED 03 November 2023

CITATION

Wu W, Wang W, Liang L, Chen J, Sun S,
Wei B, Zhong Y, Huang X-R, Liu J, Wang X,
Yu X and Lan H-Y (2023) SARS-CoV-2 N
protein induced acute kidney injury in
diabetic db/db mice is associated with a
Mincle-dependent M1 macrophage
activation.

Front. Immunol. 14:1264447.

doi: 10.3389/fimmu.2023.1264447

COPYRIGHT

© 2023 Wu, Wang, Liang, Chen, Sun, Wei,
Zhong, Huang, Liu, Wang, Yu and Lan. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 03 November 2023
po110.3389/fimmu.2023.1264447

SARS-CoV-2 N protein induced
acute kidney injury in diabetic
db/db mice is associated with a
Mincle-dependent M1
macrophage activation

Wenjing Wu***>, Wenbiao Wang'?, Liying Liang*>®,

Junzhe Chen?’, Sifan Sun*®, Biao Wei®, Yu Zhong?,

Xiao-Ru Huang®??, Jian Liu®, Xiaogin Wang ®*>*, Xueqing Yu®
and Hui-Yao Lan ®**

*Guangdong Cardiovascular Institute, Guangzhou, China, ?Guangdong-Hong Kong Joint Laboratory
for Immunological and Genetic Kidney Disease, Departments of Nephrology and Pathology,
Guangdong Provincial People’s Hospital (Guangdong Academy of Medical Sciences), Southern
Medical University, Guangzhou, China, *Departments of Medicine & Therapeutics, Li Ka Shing Institute
of Health Sciences, Lui Che Woo Institute of Innovative Medicine, The Chinese University of Hong
Kong, Hong Kong, China, “The First Clinical College, Hubei University of Chinese Medicine,

Wuhan, China, *Department of Nephrology, Hubei Provincial Hospital of Traditional Chinese
Medicine, Hubei Province Academy of Traditional Chinese Medicine, Wuhan, China, *Department of
Clinical Pharmacy, Guangzhou Eighth People’'s Hospital, Guangzhou Medical University,
Guangzhou, China, "Department of Nephrology, The Third Affiliated Hospital, Southern Medical
University, Guangzhou, China, eDepartment of Nephrology, Jiangsu Province Hospital of Chinese
Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China,
?Department of Nephrology, The Affiliated Traditional Chinese Medicine Hospital of Southwest
Medical University, Luzhou, China

"Cytokine storm” is common in critically ill COVID-19 patients, however,
mechanisms remain largely unknown. Here, we reported that overexpression
of SARS-CoV-2 N protein in diabetic db/db mice significantly increased tubular
death and the release of HMGB1, one of the damage-associated molecular
patterns (DAMPs), to trigger M1 proinflammatory macrophage activation and
production of IL-6, TNF-o, and MCP-1 via a Mincle-Syk/NF-kxB-dependent
mechanism. This was further confirmed in vitro that overexpression of SARS-
CoV-2 N protein caused the release of HMGB1 from injured tubular cells under
high AGE conditions, which resulted in M1 macrophage activation and
production of proinflammatory cytokines via a Mincle-Syk/NF-«xB-dependent
mechanism. This was further evidenced by specifically silencing macrophage
Mincle to block HMGB1-induced M1 macrophage activation and production of
IL-6, TNF-0, and MCP-1 in vitro. Importantly, we also uncovered that treatment
with quercetin largely improved SARS-CoV-2 N protein-induced AKI in db/db
mice. Mechanistically, we found that quercetin treatment significantly inhibited
the release of a DAMP molecule HMGB1 and inactivated M1 pro-inflammatory
macrophage while promoting reparative M2 macrophage responses by
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suppressing Mincle-Syk/NF-B signaling in vivo and in vitro. In conclusion, SARS-
CoV-2 N protein-induced AKI in db/db mice is associated with Mincle-
dependent M1 macrophage activation. Inhibition of this pathway may be a
mechanism through which quercetin inhibits COVID-19-associated AKI.
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Introduction

Acute kidney injury (AKI) has been recognized as a common
complication of the coronavirus disease 2019(COVID-19), which
is caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). AKI is common in critically ill COVID-19
patients with high mortality (1-4). Patients with older age
and underlying diseases such as hypertension, diabetes, and
chronic kidney disease (CKD) are at high risk for COVID-19 AKI
(5, 6). However, mechanisms for COVID-19 AKI remain
largely unknown.

Increasing evidence shows that cytokine storm is common in
critically ill patients with AKI (7). Cytokine storm is related to
excessive immune responses in patients with severe SARS-CoV-2
infection and is characterized by the production of large amounts of
cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-8), tumor
necrosis factor-alpha (TNF-a), and monocyte chemotactic protein-
1 (MCP-1) (8-13). Thus, understanding the mechanisms that lead
to the cytokine storm associated with COVID-19 infection is
extremely important for developing potential treatments for
critically ill COVID-19 patients.

Elevated inflammatory markers such as white blood cell count,
monocyte count, high levels of C-reactive protein, and
proinflammatory cytokines such as IL-6, TNF-a, and MCP-1 have
been demonstrated in patients with severe COVID-19 (10-15). It is
also reported that the CD68" macrophages infiltrating the kidney
are also associated with severe kidney injury in COVID-19 patients
(16). Tubular necrosis is a pathological feature of COVID-19
patients with AKI (7). Tubular necrosis can induce renal
inflammation by releasing the damage-associated molecular
patterns (DAMPs) to activate immune cells through identical
pattern recognition receptors (PRR) (17). Macrophage-inducible
C-type lectin (Mincle) is a transmembrane pattern recognition
receptor that is expressed by M1 pro-inflammatory macrophages
in response DAMPs (18, 19). Mincle acts via its downstream Syk
and NF-xB signaling to activate M1 pro-inflammatory
macrophages and is essential for maintaining the pro-
inflammatory phenotype of M1 macrophages in AKI (20). It has
been reported that increased expression of DAMPs such as the
high-mobility group box 1 protein (HMGB1) and S100A8/A9 is
found in patients with moderate to severe COVID-19 (21, 22). Early
post-mortem examination confirms that SARS-CoV-2 can directly
infect human kidney tubular cells and then induce acute tubular
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damage by a direct cytopathic effect and CD68-positive
macrophages (23). Our recent study also finds that SARS-CoV-2
N protein can activate transforming growth factor beta (TGF-p)
signaling by interacting with Smad3 and thus causes tubular cell
death via mechanisms associated with Smad3-dependent G1 cell
cycle arrest and Ripk3/MLKL necroptosis pathways (24-26).
However, Mincle-dependent M1 macrophage activation in
COVID-19 AKI remains unexplored, which was investigated in
the present study.

Quercetin is a widespread flavonoid found in a large variety of
Chinese herbs and dietary supplements. It shows multiple
pharmacological effects, including antiviral, antioxidant, and anti-
inflammatory properties. Clinical trials demonstrate that treatment
of COVID-19 patients with oral quercetin significantly improves
the severity of COVID-19 syndromes (27, 28). Molecular docking
studies predict that quercetin can bind to multiple SARS-CoV-2
proteases and thus inhibit viral infection (29, 30). Our recent studies
confirmed that ultrasound-microbubble-mediated kidney-
specifically overexpressing SARS-CoV-2 N protein can induce
AKI in 8-week-old db/db mice by causing tubular necrosis and
elevated serum levels of creatinine and blood urea nitrogen, which is
further exacerbated in older age (16 weeks) of db/db mice, but is
inhibited by treatment with quercetin (24). We find that quercetin
can effectively block the binding of SARS-CoV-2 N protein to
Smad3, therefore inhibiting SARS-CoV-2 N protein-induced
tubular cell death via the Smad3-pl6-dependent G1 cell cycle
arrest mechanism (24). It is also reported that quercetin can
inhibit proinflammatory cytokine expression in a cisplatin-
induced mouse model of AKI by suppressing Mincle/Syk/NF-kB
signaling (31). However, it remains unknown whether treatment
with quercetin inhibits COVID-19 AKI via the Mincle-dependent
mechanism, which was also investigated in the present study in vivo
and in vitro.

Materials and methods

Preparation of SARS-CoV-2 N protein-
expressing plasmid

Mammalian expression plasmids for pcDNA3.1(+)-Flag-N

were constructed and synthesized by GenScript (Nanjing, China)
and GenBank accession number is MW617760.1. The pcDNA3.1
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(+)-Flag-N and pcDNA3.1(+)-Empty-Vector (EV) were purified by

EndoFree Maxi Plasmid Kit (DP117, TTANGEN BIOTECH,

Beijing, China). The primers used in this study were as follows:
Flag-N: Forward: GCGGATCCATGTCTGATAATGGACCCCA;
Reverse: GCTCTAGATTAGGCCTGAGTTGAGTCAG.

Mouse model of AK| and treatment
with quercetin

A mouse model of AKI was induced in the male db/db mice at
the age of 16 weeks by ultrasound-microbubble-mediated kidney-
specifically transferring SARS-CoV-2 N protein-expressing plasmid
as previously described (24-26). Quercetin was dissolved in 2%
DMSO and then mixed with jelly in the mouse food. Groups of 6
db/db mice at the age of 16 weeks were given oral quercetin at
dosages of 150mg/kg/day from day 0 before ultrasound-
microbubble-mediated SARS-CoV-2 N gene transfer until being
killed on day 2 as previously described (24). In the present study,
there were 5 groups of db/db mice, including untreated, EV (empty
vector), NP (SARS-CoV-2 N protein), NP +QUE (NP+quercetin),
and NP+DMSO (NP+DMSO-control). A group of 6 db/m mice at
the age of 16 weeks was used as normal control.

Cell lines and cell cultures

The mouse tubular epithelial cells (nTEC) were a gift from Dr.
Jeftrey B. Kopp (National Institutes of Health) and were transfected
with SARS-CoV-2 N protein expressing plasmid as previously
described (24-26). The mTEC with overexpressing SARS-CoV-2
N (or empty vector)-expressing plasmid were cultured in DMEM/
F12 medium (11320082, Gibco, ThermoFisher) supplemented with
10% EBS, 1%(v/v) penicillin-streptomycin (P/S) (15070063, Gibco,
ThermoFisher). Cells were stimulated with or without advanced
glycation end products (AGE, 100ug/ml, ab51995, Abcam), a
hyperglycemia-related products associated with the development
of diabetic kidney disease for 48 hours to obtain HMGBI-rich
conditional medium for the macrophage activation studies as
described below.

A mouse macrophage cell line RAW264.7 was purchased from
the American Type Culture Collection (ATCC) (Manassas, VA).
RAW264.7 were cultured in DMEM (11965118, Gibco,
ThermoFisher) supplemented with 10% FBS, 1%(v/v) P/S. To
study the inhibitory effect of quercetin on M1 macrophage
activation and proinflammatory cytokine production. RAW264.7
were pretreated with quercetin (32uM) or 0.05% DMSO for 24
hours prior to the addition of HMGBI1-rich conditional medium. At
least three independent experiments were performed in each study.

Small interfering RNA transfection

To knock down Mincle, RAW264.7 cells were transfected with
small interfering RNA against mouse Mincle (sense 5’-
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CCUUUGAACUGGAAACAUUTT-3’, antisense 5°-
AAUGUUUCCAGUUCAAAGGTT-3’) (designed and synthesized
by Shanghai GenePharma Co., Ltd., China) by using
LipofectamineTM RNAIMAX (13778150, Invitrogen, Thermo
Fisher Scientific) according to the manufacturer’s instructions. A
scramble sense control was used as negative control (NC). At least
three independent experiments were performed in each study.

Immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded
tissue sections (3um) using endogenous horseradish peroxidase
blocking and microwave-based antigen retrieval technique if
necessary (32). The antibodies used in this study included Ultra-
LEAF purified anti-mouse F4/80 (123164, Biolegend) and p-p65
(ab97726, Abcam). After incubation with the primary antibody
overnight at 4°C, sections were incubated with anti-rabbit EnVision
+ System-HRP Labelled Polymer (K4003, DAKO) at room
temperature for 60 min. Then color was developed with a
diaminobenzidine tablet (045-22833, FUJIFILM Wako Pure
Chemical Corporation) and the nuclei were counterstained with
Hematoxylin (H-3404, Burlingame) if necessary. The stained
sections were viewed under a LEICA CRT6000 Light Microscope.
The positive cells were counted in 6 random areas of kidney sections
under the power field (x20) of a microscope and expected as
positive rate or cells/mm?.

Multiplex immunofluorescence

To detect the co-localization between Mincle and F4/80
expression, paraffin-embedded kidney sections (3um) were
blocked with endogenous horseradish peroxidase and then
incubated with Ultra-LEAF purified anti-mouse antibody
against F4/80 (123164, Biolegend) overnight, followed by
adding rabbit polyclonal antibody to Mincle (BS-8541r, Bioss)
as previously described (24-26). The fluorescence was developed
using the Alexa Fluor ™ 488 Tyramide Reagent (B40953,
Invitrogen) or Alex Fluor ™ 568 Tyramide Reagent (B40956,
Invitrogen), and the nuclei were counterstained with Hoechst
33342 (HI1399, Invitrogen) according to the manufacturer’s
protocol. All staining sections were detected and photographed
by a ZEISS AXIO Microscope. The positive co-location cells were
counted in 6 random areas of kidney sections under the high-
power field (x40) of a microscope and expected as positive
cells/mm?®.

Enzyme-linked immunosorbent assay

The serum from mouse and the supernatant from cultured
mTEC were collected and the concentrations of HMGB1 were
measured with a mouse HMGB1 ELISA Kit according to the
manufacturer’s instructions (E-EL-M0676C, Elabscience).
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Flow cytometry

Total kidney tissues were digested by Liberase TM Research
Grade (Roche, Indianapolis, IN) and RAW264.7 cells were digested
with 0.25% trypsin-EDTA into cell suspension. All cells were fixed
by IC Fixation Buffer (00-8222-49, Invitrogene) for 10 minutes.
Then cells were co-stained with CD68-PE antibody (137014,
Biolegend), Mincle-FITC antibody (bs-8541R-FITC, Bioss), iNOS-
APC antibody (17-5920-82, eBioscience), or CD206-FITC antibody
(141704, Biolegend) overnight at 4°C. After being labeled, cells were
gated and analyzed by using a BD LSRFortessa flow cytometer (BD
Biosciences), and the data were analyzed by Flow]Jo software (V10).

Western blot analysis

The total protein of mouse kidney tissues and RAW264.7 cells
were extracted by RIPA lysis buffer (P0013B, Beyotime, Shanghai,
China). The proteins were electrophoresed in a 10% SDS-PAGE gel
and transferred to a Nitrocellulose Transfer Membrane (66485, Pall
Corporation, Mexico). Then the membranes were blocked for 1 h at
room temperature with 5% skim milk or BSA and incubated with
primary antibodies at 4°C overnight. The next day, the membranes
were incubated with mouse IgG (H&L) antibody DyLightTM 800
conjugated (610-145-002, ROCKLAND) or rabbit IgG (H&L)
antibody DyLight' " 800 conjugated (611-145-002, ROCKLAND).
The expression levels of protein were visualized by the Odyssey
Infrared Imaging System (San Diego, CA, USA) and quantitatively
analyzed by the Image ] software (NIH, Bethesda, MD, USA). The
antibodies used in this study included mouse antibodies against
Mincle (sc-390806, Santa Cruz), TLR-4(sc-293072, Santa Cruz), 3-
actin (sc-69879, Santa Cruz) and rabbit antibodies against HMGB1
(ab79823, Abcam), p-Syk (#2710, Cell Signaling Technology), Syk
(#13198, Cell Signaling Technology), p-p65(ab86299, Abcam), p65
(#8242, Cell Signaling Technology), iNOS (ab15323, Abcam).

Real-time PCR assay

Total RNA from mice kidneys and RAW264.7 cells were
extracted with TRIzol reagent (TR118, Molecular Research
Center) following the manufacturer’s instructions. Real-time
quantitative-PCR was measured with QuantStudioTM 6 and 7 Flex
Real-time PCR systems (4489826, ThermoFisher) and SYBR Green
Supermix (1725122, Bio-Rad). The primers used in this study
included mouse Mincle: forward 5-CCAAGTGCTCTC
CTGGACGATA-3’, reverse 5-CTGATGCCTCACTGTAGCAG
GA-3’; mouse TNF-a: forward 5- CATCTTCTCAAAATTCGA
GTGACAA-3’, reverse 5- TGGGAGTAGACAAGGTACAA
CCC-3’; mouse IL-6: forward 5- GTCCTTCCTACCC
CAATTTCCA-3’, reverse 5-TAAC GCACTAGGTTTGCCGA-3’;
mouse MCP-1:forward 5-TTAAAAACCTGG ATCGG AA C
CAA-3’, reverse 5-GCATTAGCTTCAGATTTACGGGT-3’;
mouse IL-4:forward 5-C C C CAGCTAGTTGTCATCCT-3’,
reverse 5- TGGTGTTCTTCGTTGCTGTG-3’; mouse IL-10:
forward 5-CGGGAAGACAATAACTGCACCC-3’ reverse 5-
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CGGTTAG CAG TATG TTG TCCAGC-3’; mouse [-actin:
forward 5-GTGACGTTGACA T CCGTAAAGA-3’, reverse 5-
GCCGGACTCATCGTACTCC-3.

Statistical analyses

All data were presented as the mean + SD. Statistical analysis
was performed with one-way ANOVA for multiple groups from
GraphPad Prism 9.0 Software (GraphPad, San Diego, CA, USA). P
values less than 0.05 were considered statistically significant.

Results

Overexpression of SARS-CoV-2 N protein
exacerbates renal inflammation in diabetic
kidney of db/db mice, which is associated
with increased HMGB1 and Mincle-
expressing M1 macrophage infiltration

As inflammation is a feature of COVID-19 patients with AKI (7-
17, 33). To explore the pathological link between renal inflammation
and COVID-19 AKI, we first examined renal inflammation in the
AKI kidney of 16-week-old db/db mice induced by overexpressing
SARS-CoV-2 N protein. We found that ultrasound-microbubble-
mediated overexpression of SARS-CoV-2 N protein greatly
enhanced F4/80" macrophage accumulation and expression of
proinflammatory cytokines such as IL-6, TNF-o. and MCP-1
(Figures 1A, B). This was associated with an increase in both
serum and renal tissue levels of HMGBI1, one of the DAMP
molecules, and upregulation of Mincle at both mRNA and protein
levels (Figures 1D-F). Further studies by two-color
immunofluorescence and flow cytometry clearly detected that
overexpression of SARS-CoV-2 N protein largely promoted M1
proinflammatory macrophages infiltrating the kidney by co-
overexpressing F4/80 and Mincle/iNOS markers, which was largely
increased in the diabetic kidney of db/db mice (Figures 2, 3A, B).
These observations suggest that overexpression of SARS-CoV-2 N
protein may mediate severe AKI under diabetic conditions by
triggering the release of DAMP molecules such as HMGB1 from
the necrotic tubular cells, which then may activate M1 macrophages
and stimulate the production of proinflammatory cytokines to
exacerbate further AKI via a Mincle-dependent mechanism.

Overexpression of SARS-CoV-2 N protein
promotes M1 pro-inflammatory
macrophage activation and renal
inflammation under diabetic conditions by
activating Mincle-Syk-NF-«xB signaling

It is well known that Mincle is a typical PRR expressed by
M1 proinflammatory macrophages and can recognize
the endogenous DAMPs released by necrotic cells. The binding
of DAMPs to Mincle can activate Syk and NF-xB signaling
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FIGURE 1

Kidney-specifically overexpressing SARS-CoV-2 N protein promotes renal i
release of HMGB1 and expression of Mincle, which is inhibited by treatmen

nflammation in db/db mice at the age of 16 weeks by enhancing the
t with quercetin. (A) Immunohistochemistry for F4/80" macrophages

infiltrating the kidney of db/db mice treated with or without quercetin. (B, C) Real-time PCR for proinflammatory cytokines (IL-6, TNF-a and MCP-1)
and anti-inflammatory cytokines (IL-4 and IL-10) mRNA expression in the diabetic kidney treated with or without quercetin. (D) Serum levels of
HMGBL. (E) Real-time PCR for renal Mincle mRNA expression. (F) Western blot analysis for expression of HMGB1 and Mincle in the kidney of db/db
mice treated with or without quercetin. Each dot represents one mouse and data are expressed as the mean + SD for groups of 6 mice. * p<0.05,

**p<0.01, ***p<0.001, **** p<0.0001 versus empty vector control group (d
treated control group(db/db-NP+DMSO). g, glomerulus; scale bar=100um.

byphosphorylation (19). Our previous study also demonstrated
that LPS induces M1 macrophage activation in AKI via Mincle/
Syk/NF-kB-dependent mechanism (34). In the present study,
western blotting and immunohistochemical staining
also detected that overexpressing SARS-CoV-2 N protein
caused severe renal inflammation with massive Ml
macrophage infiltration in the diabetic kidney of db/db mice,
which was associated with upregulation of Mincle on

Frontiers in Immunology

34

b/db-EV); ##p<0.01, ### p<0.001, #### p<0.0001 versus DMSO-

macrophages (Figures 2, 3A, B) and activation of Syk/NF-kB
signaling (Figure 4).

To further confirm the necessary role for Mincle in M1
macrophage-mediated AKI in response to SARS-CoV-2 N
protein under diabetic conditions, we performed serial studies in
SARS-CoV-2 N protein-overexpressing tubular cells under high
AGEs conditions. We found that either SARS-CoV-2 N protein or
AGEs were capable of inducing equal levels of HMGBI released
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Hoechst Mincle+F4/80+Hoechst

Tow-color immunofluorescence detects that overexpression of SARS-CoV-2 N protein triggers Mincle-expressing macrophages infiltrating the AKI
kidney at the age of 16-week db/db mice, which is inhibited by quercetin treatment. (A) Two-color immunofluorescence shows the co-localization
of Mincle (green) and F4/80(red) macrophages infiltrating the kidney of db/db mice treatment with or without quercetin. (B) Semi-quantitative
analysis of Mincle-expressing macrophages (F4/80*Mincle*). Each dot represents one mouse and data are expressed as the mean + SD for groups
of 6 mice. **** p<0.0001 versus empty vector control group (db/db-EV); #### p<0.0001 versus DMSO-treated control group(db/db-NP+DMSO)

Scale bar=50um

from injured tubular cells, indicating that either SARS-CoV-2 N
protein or AGEs can induce tubular cell injury to release HMGBI.
Interestingly, once SARS-CoV-2 N protein-overexpressing
tubular cells were cultured with AGEs, the release of a DAMP
molecule HMGB1 became double (Figure 5A), suggesting that
SARS-CoV-2 N protein can potentiate HMGBI released from
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injured tubular cells under diabetic conditions. To further
determine whether SARS-CoV-2 N protein can activate M1
macrophages via the Mincle-dependent mechanism, we cultured
macrophages (RAW264.7) with high HMGBI1-contained
supernatant obtained from AGEs-stimulated SARS-CoV-2 N
protein-expressing tubular cells. As expected, the addition of
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v

Two-color flow cytometry detects that overexpression of SARS-CoV-2 N protein largely promotes M1 macrophages infiltrating the AKI kidney at the
age of 16-week db/db mice, which is inhibited by quercetin treatment. (A) Mincle* cluster of CD68* macrophages identified by Mincle*CD68" cells
in the AKI kidney of db/db mice treated with or without quercetin. (B) M1 macrophages identified by iINOS*CD68" cells. (C) M2 macrophages
identified by CD206"CD68" cells. Note that quercetin treatment inhibits the Mincle-expressing macrophages and switches the M1 macrophages to
M2 phenotype in SARS-CoV-2 N protein-induced AKI kidney of db/db mice. Each dot represents one mouse and data are expressed as the mean +
SD for groups of 6 mice. **p<0.01, ***p<0.001, **** p<0.0001 versus empty vector control group (db/db-EV); #### p<0.0001 versus DMSO-

treated control group(db/db-NP+DMSO).

high HMGBI1-contained supernatant largely promoted Mincle
expression by macrophages, resulting in a marked activation of
M1 proinflammatory macrophages by co-expressing CD68 and
Mincle/iNOS and production of IL-6, TNF-o, and MCP-1
(Figures 5B-E). All these changes were blocked by specifically
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silencing macrophage Mincle with siRNA (Figures 5B-E),
demonstrating that SARS-CoV-2 N protein may trigger Ml
macrophage activation and proinflammatory response via the
Mincle-dependent mechanism. This was further confirmed by

western blotting that silencing macrophage Mincle suppressed
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HMGBI1-induced Mincle expression and activation of Syk/NF-xB
signaling (Figure 5F).

Treatment with quercetin attenuates SARS-
CoV-2N protein-induced AKI in diabetic
db/db mice by blocking Mincle-mediated-
M1 macrophage activation via a Syk-NF-
kB-dependent mechanism in vivo

Our recent study showed that quercetin can effectively block
SARS-CoV-2 N protein-induced tubular cell death by targeting the

10.3389/fimmu.2023.1264447

Smad3-p16-dependent G1 cell cycle arrest mechanism (24). In the
present study, we further investigated whether treatment with
quercetin can attenuate SARS-CoV-2 N protein-induced AKI in
diabetic db/db mice by blocking M1 macrophage activation and
renal inflammation in diabetic db/db mice via a Mincle-dependent
mechanism. As shown in Figure 1, treatment with quercetin largely
inhibited SARS-CoV-2 N protein-induced F4/80" macrophages
infiltrating the diabetic kidney (Figure 1A) and greatly suppressed
the mRNA expression of IL-6, TNF-a, and MCP-1 while increasing
the expression of IL-4 and IL-10 mRNA levels (Figure 1B, C). This
was associated with the inhibition of both serum and renal tissue
levels of HMGBI and expression of Mincle in the diabetic kidney of
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FIGURE 4
Kidney-specifically overexpressing SARS-CoV-2 N protein activates Syk/NF-

treatment with quercetin. (A, B) Western blot analysis of activation of Syk (p-

kB signaling in db/db mice at the age of 16 weeks, which is inhibited by
Syk), NF-xB(p-p65) and expression of TLR-4 and iNOS in the kidney of

db/db mice treated with or without quercetin. (C, D) Immunohistochemistry for detecting activation of NF-xB (p-p65 nuclear translocation). Note
that treatment with quercetin inhibits phosphorylation of Syk and NF-xB as well p65 nucleated translocation in SARS-CoV-2 N protein-induced AKI
kidney. Each dot represents one mouse and data are expressed as the mean + SD for groups of 6 mice. ** p<0.01, *** p<0.001, **** p<0.0001
versus empty vector control group (db/db-EV); #### p<0.0001 versus DMSO-treated control group(db/db-NP+DMSO). g, glomerulus; scale
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Frontiers in Immunology 37

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1264447
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

db/db mice (Figures 1D-F), suggesting that treatment with
quercetin may inhibit the release of DAMPs such as HMGBI
from necrotic renal tubular cells and thus suppresses M1
macrophage activation and renal inflammation. This was further
demonstrated by two-color immunofluorescence, demonstrating
that treatment with quercetin inhibited Mincle-expressing F4/80*
macrophage infiltrating the diabetic kidney of SARS-CoV-2 N
protein-induced AKI (Figure 2). Further studies by two-color flow
cytometry also confirmed this notion that treatment with quercetin
significantly inhibited SARS-CoV-2 N protein-induced M1
macrophages by co-expressing Mincle"CD68and iNOS*CD68™
macrophages while increasing CD206"CD68" macrophages
(Figure 3). These findings suggest that quercetin may result in the
switching of macrophage properties from M1 to M2
macrophage phenotype.

As Mincle is a typical PRR expressed by macrophages and can
recognize endogenous DAMPs such as HMGBI released by the
necrotic cells to activate the downstream Syk/NF-«B signaling (19,
34), we further examined whether treatment with quercetin inhibits
SARS-CoV-2 N protein-induced M1 macrophage activation and
renal inflammation via the Mincle-Syk/NF-kB signaling pathway.
Interestingly, although treatment with quercetin did not alter the
expression of TLR-4 (Figures 4A, B), it did significantly suppress
Mincle expression (Figure 1F) and therefore inhibited
phosphorylation of Syk and NF-xB/p65 in the diabetic kidney of
SARS-CoV-2 N protein-induced AKI (Figure 4).

Quercetin inhibits SARS-CoV-2 N protein-
induced M1 macrophage activation while
promoting M2 macrophages via Mincle-
dependent Syk/NF-xB signaling in
RAW264.7 cells

To further confirm the mechanism of quercetin in the
inhibition of SARS-CoV-2 N protein-induced M1 macrophage
activation, we treated RAW264.7 cells with HMGB1-contained
medium obtained from SARS-CoV-2 N protein-overexpressing
mouse tubular cells as described above. Mincle-dependent
mechanism in M1 macrophage activation was confirmed by
treating RAW264.7 cells with the Mincle siRNA. Results showed
that, like Mincle siRNA, treatment with quercetin was capable of
inhibiting HMGB1-induced M1 macrophage activation by
suppressing the expression of Mincle and pro-inflammatory
cytokines including IL-6, TNF-o, and MCP-1 while increasing
anti-inflammatory cytokines such as IL-4 and IL-10 expression
(Figure 6A). Two-color flow cytometry also revealed that the
addition of quercetin resulted in the shift from M1 to M2
macrophages as demonstrated by reducing about 50% of the
Mincle"CD68" and iNOS'CD68" M1 macrophages while
increasing more than 50% of CD206"CD68" macrophages
(Figures 6B, C). Further study by western blot analysis also
confirmed this notion that the addition of quercetin blocked the
activation of Mincle-Syk-NF-xB signaling under HMGBI-rich
supernatant (Figure 6D). Taken together, these findings suggest
that quercetin inhibits SARS-CoV-2 N protein-induced AKI under
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diabetic conditions by switching M1 to M2 macrophage phenotype
via the Mincle/Syk/NF-«B signaling.

Discussion

Our previous studies demonstrated that ultrasound-
microbubble-mediated kidney-specifically overexpressing SARS-
CoV-2 N protein is capable of inducing kidney tubular necrosis
and causing AKI via Smad3-dependent G1 cell cycle arrest and
necroptosis mechanisms (24-26). In the present study, we identified
that SARS-CoV-2 N protein caused AKI by promoting M1
macrophage activation and renal inflammation via a Mincle-
dependent mechanism, which added new information to the
previous findings that SARS-CoV-2 N protein can activate
NLRP3 and NF-xB to induce hyperinflammation (35, 36). We
found that SARS-CoV-2 N protein-induced renal tubular cell
necrosis in diabetic db/db mice resulted in the release of HMGBI,
a DAMP molecule that can bind Mincle on macrophages and
activate M1 macrophages via Mincle-Syk/NF-kB signaling. It is
now clear that HMGBI is an abundant non-histone nuclear protein
that can be secreted into the extracellular environment and serves as
an essential DAMP to activate proinflammatory signaling (37).
HMGBI1 can activate M1 macrophages in mouse models of
ischemia-reperfusion and obstruction kidney disease and in vitro
(38-41). In critically ill COVID-19 patients, serum HMGBI is
elevated and correlated with levels of inflammatory cytokines (7,
21, 22). The present study also found that a large amount of
HMGBI1 was released from injured tubular cells induced by
overexpressing SARS-CoV-2 N protein under diabetic conditions
in vivo and in vitro. Importantly, we also uncovered that HMGB1
could activate M1 macrophages via the Mincle-dependent
mechanism, specifically silencing macrophage Mincle protected
against HMGB1-induced M1 macrophage activation and
production of signature cytokines such as IL-6, TNF-o, and
MCP-1. It is well documented that Mincle plays an important
role in renal inflammation and is a key factor for triggering and
maintaining the M1 macrophage phenotype. Blockade of Mincle on
macrophages can protect against cisplatin-induced AKI (34, 42).
Consistent with these previous findings, we found that SARS-CoV-
2 N protein-induced AKI in db/db mice was associated with a
marked increase in Mincle-expressing macrophages
(Mincle"CD68") and iNOS*CD68" M1 macrophages. It is highly
possible that overexpression of SARS-CoV-2 N protein could
largely promote the release of DAMPs such as HMGBI1 from
injured renal tubular cells in db/db mice, resulting in high levels
of HMGBI in both serum and renal tissues. After being released,
HMGBI could bind and activate Mincle on macrophages and then
stimulate M1 macrophage activation and production of
proinflammatory cytokines such as IL-6, TNF-0, and MCP-1 via
the Syk/NF-xB pathway. This was further confirmed in RAW264.7
cells in which specifically silencing macrophage Mincle blocked
HMGBI-induced activation of Mincle-Syk/NF-«B signaling and
thus blocked M1 macrophage activation and proinflammatory
cytokine production. It should be pointed out that HMGBI is one
of the DAMPs released from SARS-CoV-2 N protein
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FIGURE 5

Overexpression of SARS-CoV-2 N protein in mouse tubular epithelial cells (mTEC) largely promotes the release of HMGBL to activate M1
macrophages in RAW264.7 cells via the Mincle-dependent mechanism in vitro. (A) Concentrations of HMGBL in the supernatant of dead mTEC
induced by overexpressing SARS-CoV-2 N protein in the presence or absence of AGE (100ug/ml for 48 hours). (B, C) Real-time PCR shows that
silencing macrophage Mincle blocks HMGB1-contained mTEC supernatant (Sup)induced upregulation of Mincle, IL-6, TNF-o, and MCP-1 mRNA
expression in RAW264.7 cells. (D, E) Flow-cytometry analysis reveals that silencing macrophage Mincle blocks HMGB1-contained mTEC supernatant
(Sup) induced M1 macrophages as determined by Mincle*CD68* and iINOS*CD68" populations in RAW264.7 cells. (F) Western blot analysis shows
that silencing macrophage Mincle blocks HMGB1-contained mTEC supernatant (Sup) induced activation of Mincle-Syk/NF-«B signaling in RAW264.7
cells. Each dot represents one experiment and data are presented as mean + SD for at least three independent experiments. *p<0.05, ** p<0.01, ****
p<0.0001 versus control group; @@@@ p<0.0001 versus AGE group; &6&& p<0.0001versus Flag-empty vector with AGE group (EV+AGE); # p<0.05,
## p<0.01, ### p<0.001, #### p<0.0001 versus cells treated with supernatant from SARS-CoV-2 N protein-induced dead mTEC and negative
control siRNA (Sup+NC).

overexpressing tubular cells and many other DAMP molecules
released from the injured tubular cells in response to
overexpression of SARS-CoV-2 N protein may also contribute to
activate proinflammatory macrophages. Indeed, besides HMGB1
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(7, 21, 22), other DAMP molecules such as S100A8/A9, SP-A,
CIRBP, and histone may also participate in M1 proinflammatory
macrophage activation in response to COVID-19 infection as
previously reported (21). This novel finding may well explain the
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Quercetin inhibits HMGB1-contained mTEC supernatant-induced M1 macrophages while promoting M2 populations by targeting Mincle-Syk/NF-xB
signaling in RAW264.7 cells. (A) Real-time PCR detects that like a Mincle siRNA, pre-treatment of RAW264.7 cells with quercetin (32uM) for 24 hour
is able to inhibit Mincle, IL-6, TNF-o, MCP-1, while increasing IL-4 and IL-10 mRNA expression induced by the HMGB1-contained supernatant (Sup)
from SARS-CoV-2 N protein-expressing mTEC. (B, C) Two-color flow-cytometry analysis reveals that like specifically silencing macrophage Mincle,
pre-treatment with quercetin (32uM) for 24 hour inhibits M1 (Mincle*CD68* and iNOS*CD68™) while increasing M2 (CD206*CD68") macrophage
populations induced by the HMGB1-contained supernatant (Sup) from SARS-CoV-2 N protein-expressing mTEC. (D) Western blot analysis shows
that like treatment with Mincle siRNA, pre-treatment with quercetin blocks Mincle-Syk/NF-«B signaling in RAW264.7 cells in response to the
HMGB1-contained supernatant (Sup) from SARS-CoV-2 N protein-expressing mTEC. Each dot represents one experiment and data are presented as
mean + SD for at least three independent experiments. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 versus control group; # p<0.05, ## p<0.01,
### p<0.001, #### p<0.0001 versus cells treated with supernatant from SARS-CoV-2 N protein-induced dead mTEC and negative control siRNA

and DMSO group (Sup+NC+DMSO).

clinical notions that DAMPs can cause the “cytokine storm” and
lead to organ damage in critically ill COVID-19 patients (17). Thus,
SARS-CoV-2 N protein is pathogenic in COVID-19 AKI. It can
induce tubular cell death via the Smad3-dependent G1 cell cycle
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arrest and necroptosis mechanisms as previously reported (24-26).
It may also cause severe AKI under diabetic conditions by activating
MI1 macrophages and promoting massive renal inflammation via
the Mincle-dependent mechanism. However, it should be pointed
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out that systemic inflammatory responses such as “cytokine storm”
after COVID-19 infection may also contribute to the Ml
macrophage activation. It has been well documented that there
are excessive immune responses with massive production of
proinflammatory cytokines such as IL-6, IL-1B, TNF-a, and
MCP-1 in patients with severe SARS-CoV-2 infection (8-13).
These proinflammatory cytokines can activate M1 macrophages
systemically and then promote their migration into the diseased
kidney where they become further activated and maintain the M1
proinflammatory phenotype via Mincle-dependent mechanism as
previously reported (34). Nevertheless, in the present study,
macrophages may be primarily activated locally within the kidney
via the Mincle-dependent mechanism as AKI was induced by
overexpressing SARS-CoV-2 N protein locally in the
diabetic kidney.

In the present study, we also uncovered that quercetin functions
as a Mincle inhibitor to block Mincle/Syk/NF-kB signaling, thereby
inhibiting M1 while promoting M2 macrophage activation in
SARS-CoV-2 N protein-induced AKI in db/db mice. Quercetin is
a natural flavonoid compound, which is widely found in various
heat-clearing and detoxifying herbs and food. Quercetin has
antiviral, anti-inflammatory, antioxidant, and other biological
activities (43). Many studies suggest that quercetin is effective for
the treatment of patients with COVID-19. Both experimental and
clinical trials showed that quercetin has a therapeutic effect on
COVID-19-associated AKI (27-30, 44). In vitro, quercetin can
inhibit LPS-induced M1 macrophages while promoting M2
macrophage differentiation (45), indicating that quercetin
ameliorates renal injury in AKI by regulating macrophage
polarization. Our previous study also showed that quercetin
inhibits M1 while upregulating M2 macrophages by blocking
Mincle/Syk/NF-xB signaling in cisplatin-induced AKI mouse
models and in LPS-induced bone marrow-derived macrophages
(31). Interestingly, the present study found that treatment with
quercetin inhibited SARS-CoV-2 N protein-induced Mincle but not
TLR4 expression in db/db mice with AKI. This suggested that
Mincle but not TLR4 may be involved in the M1 macrophage
activation during the development of SARS-CoV-2 N protein-
induced AKI. We have previously reported that treatment with
quercetin can inhibit SARS-CoV-2 N protein-induced tubular cell
death via the Smad3-p16-dependent G1 cell cycle arrest mechanism
(24). This may also inhibit the release of DAPMs such as HMGB1
from the injured tubular cells and inactivate M1 proinflammatory
macrophages by suppressing the binding of HMGBI to Mincle.
Thus, quercetin treatment inhibited macrophage activation and
progressive renal inflammation in SARS-CoV-2 N protein-induced
AKI via a Mincle-dependent mechanism. This was further
confirmed in cultured macrophages in which the addition of
quercetin was capable of inhibiting HMGBI1-induced Mincle
expression and activation of Syk/NF-xB signaling, thereby
blocking M1 while promoting M2 macrophage activation. Thus,
consistent with previous findings clinically (27, 28), quercetin may
be an effective therapeutic agent for COVID-19 AKI (27, 28).
Furthermore, results from this study also revealed that blockade
of Mincle-Syk/NF-kB-mediated M1 macrophage activation may be
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a novel molecular mechanism through which quercetin treatment
improves the severity of COVID-19 patients clinically.

In summary, SARS-CoV-2 N protein is pathogenic for AKI and
may mediate AKI by activating M1 macrophages via a Mincle-Syk/
NF-kB-dependent mechanism. Quercetin is a therapeutic agent for
SARS-CoV-2 N protein-induced AKI in db/db mice and may
inhibit AKI by switching M1 to M2 macrophage activation,
which may be associated with inactivation of Mincle signaling.
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Excessive renal fibrosis is a common pathology in progressive chronic kidney
diseases. Inflammatory injury and aberrant repair processes contribute to the
development of kidney fibrosis. Myeloid cells, particularly monocytes/
macrophages, play a crucial role in kidney fibrosis by releasing their
proinflammatory cytokines and extracellular matrix components such as
collagen and fibronectin into the microenvironment of the injured kidney.
Numerous signaling pathways have been identified in relation to these
activities. However, the involvement of metabolic pathways in myeloid cell
functions during the development of renal fibrosis remains understudied. In
our study, we initially reanalyzed single-cell RNA sequencing data of renal
myeloid cells from Dr. Denby's group and observed an increased gene
expression in glycolytic pathway in myeloid cells that are critical for renal
inflammation and fibrosis. To investigate the role of myeloid glycolysis in renal
fibrosis, we utilized a model of unilateral ureteral obstruction in mice deficient of
Pfkfb3, an activator of glycolysis, in myeloid cells (Pfkfb3*M®) and their wild type
littermates (Pfkfb3"T). We observed a significant reduction in fibrosis in the
obstructive kidneys of Pfkfb3*™® mice compared to Pfkfb3"T mice. This was
accompanied by a substantial decrease in macrophage infiltration, as well as a
decrease of M1 and M2 macrophages and a suppression of macrophage to
obtain myofibroblast phenotype in the obstructive kidneys of Pfkfb3*M® mice.
Mechanistic studies indicate that glycolytic metabolites stabilize HIF1a, leading to
alterations in macrophage phenotype that contribute to renal fibrosis. In
conclusion, our study implicates that targeting myeloid glycolysis represents a
novel approach to inhibit renal fibrosis.
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Introduction

Fibrosis is a pathological condition commonly observed in
advanced stages of organ disease, such as chronic kidney disease
(CKD) (1). The progression of renal fibrosis relies heavily on the
activation of myofibroblasts, a specialized type of fibroblast
characterized by the expression of alpha-smooth muscle actin (ot-
SMA). These myofibroblasts play a pivotal role in renal fibrosis by
producing and secreting excessive extracellular matrix proteins such
as fibronectin and collagens (2) and other components to affect
renal function (3). Various cell types have been identified as
potential sources of myofibroblasts involved in the development
of renal fibrosis including resident fibroblasts, hematopoietic cells,
and pericytes (4-11).

Extensive research has elucidated the significant involvement of
myeloid cells, particularly monocytes/macrophages, in the
development of renal fibrosis (12-17). During the early stage of
renal injury, upon the stimulation of various inflammatory
cytokines (18, 19), circulating monocytes are recruited to the
injured kidney and undergo differentiation into M1 macrophages.
These M1 macrophages not only proliferate locally but also have the
ability to differentiate to be M2 macrophages in response to the
changes in the microenvironment (20). Additionally, a subset of M2
macrophages can further undergo a phenotype change, acquiring
some characteristics of myofibroblasts, which has been described as
macrophage-myofibroblast transition (MMT) in some recent
studies (11, 14, 21-23). Inhibition of monocyte infiltration into
the kidney (24-26), attenuation of renal injury caused by Ml
macrophages (27) (28), as well as modulation of fibrotic activity
associated with M2 and MMT processes (14, 29), have all been
shown to inhibit the progression of renal fibrosis effectively.

Metabolic reprogramming, particularly the shift toward
glycolysis, plays a critical role in various pathological cellular
procedures such as tumor cell growth and metastasis (30, 31),
drug resistant epilepsy (32), and the function and polarization of
myeloid cells (33). One important enzyme involved in this process
is 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3), which catalyzes the synthesis of fructose-2, 6-
bisphosphate (F-2,6-P2). F-2,6-P2 serves as a potent allosteric
activator of 6-phosphofructo-1-kinase (PFK-1), one of key rate-
limiting enzymes in glycolysis (34). Previous studies utilizing mice
deficient in myeloid Pfkfb3 have demonstrated its role in
suppressing ocular angiogenesis (35, 36), pulmonary hypertension
(37), and atherosclerosis (38). Metabolic shifting to glycolysis has
been noted in renal repair and fibrosis development with renal
acidosis developed after the accumulation of lactate (39, 40). In
studies from our lab and other research groups, glycolysis has
emerged as a notable contributor to renal fibrosis with divergent
effect on different renal cells, and glycolysis inhibitors can reduce
the macrophage infiltration in renal fibrosis (41-43). However,
the effect of glycolysis on macrophage differentiation and the
significance of myeloid PFKFB3-mediated glycolysis in the
development of renal fibrosis has yet to be fully elucidated. In this
study, we employed a combination of in vitro and in vivo
approaches to investigate the role of myeloid PFKFB3 in myeloid
cell infiltration to kidney, renal inflammation, M2 macrophage
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differentiation, and ultimately the development of renal fibrosis in
the unilateral ureteral obstruction (UUQO) model.

Method
Mouse generation

All animal care and experimental procedures were conducted in
compliance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The protocol (Animal protocol #
2011-0401 and # 2018-0971) followed was approved by the
Institutional Animal Care and Use Committee at Augusta
University. Prior to, during, and after the experiment, welfare
assessments, measurements, and interventions were performed. The
mice were housed under controlled environmental conditions,
including a temperature range of 21-25 °C, humidity between 40-
60%, and a 12-hour light/dark cycle. All animals had ad libitum access
to food (Teklad global 18% protein rodent diet; 2918-060622M,
Envigo, Madison, W1, USA) and water. Floxed Pfkfb3 (Pfkfb31/1o%)
mice were generated by Xenogen Biosciences Corporation (Cranbury,
NJ, USA) (44). To achieve cell-specific deficiency of Pfkfb3 in
macrophages, Pfkfb31°1°% mice were crossbred with Lysm-Cre
transgenic mice (The Jackson Laboratory, stock no. 004781, Bar
Harbor, ME, USA) to generate Pfkfb3"1* Lysm-Cre (Pfkfb3"™?)
mice, with Pfkfb3" """ Lysm-Cre (Pfkfb3"'") mice used as wild type
control. All mice were genotyped by PCR amplification of tail-clip
samples (Supplementary Table 1).

Unilateral ureteral obstruction
mouse model

As described previously (41), Adult male mice weighing between
20-25 grams were used for this study. Under anesthesia induced by i.p.
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), a midline
abdominal incision was made to expose the left ureter. A double-
ligature technique was utilized to create a complete obstruction by tying
a suture around the left ureter at two distinct points, with a 1-mm
interval between the ligatures. The ureter was then gently compressed
between the ligatures and carefully examined to ensure complete
occlusion. The mice were allowed to recover under controlled
temperature and humidity conditions. At designated time points, the
mice were euthanized using i.p. injection of ketamine (100 mg/kg) and
xylazine (10 mg/kg) to collect kidney samples for analysis. The kidneys
were carefully dissected and processed for histological examination and
gene expression studies. The contralateral kidneys without ligation
were used as control.

Culture of bone
marrow-derived macrophages

After euthanizing the mice, femurs and tibias were collected and

transected. The bone marrow cells were flushed out from the femurs
and tibias. These cells were then passed through a 70 um cell
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strainer and centrifuged at 1000 x g for 3 minutes to obtain a single-
cell suspension. The collected cells were plated onto a 10 cm?* dish
and allowed to incubate for 6-8 hours to discard the attached cells.
The remaining suspension cells were collected and reseeded into a
6-well plate at a density of 2 x 10° cells/mL. Cells were cultured in
RPMI 1640 medium (SH30027.01, Cytiva, Marlborough, MA, USA)
supplemented with 10% FBS (F4135, Sigma-Aldrich, St. Louis, MO,
USA), 10 ng/mL MCSF (315-02, PeproTech, Cranbury, NJ, USA)
and 1% Antibiotic-Antimycotic (15240062, Thermo Scientific,
Grand Island, NY, USA) in a humidified incubator with 5% CO2
at 37°C for 7 days to induce macrophage differentiation as described
before (45). After 7 days, the differentiated cells were cultured in
RPMI 1640 medium supplemented with 1% FBS, 1% Antibiotic-
Antimycotic, and 10 ng/mL MCSF. Subsequently, the cells were
treated with or without 10 ng/mL mouse TGFP1 (7666-MB-005,
R&D SYSTEMS, Minneapolis, MN, USA) to induce macrophage
differentiation for 5 days.

Real-time PCR

To extract total RNA from cells or tissues, the Trizol Reagent
(15596018, Invitrogen, Grand Island, NY) was employed following
the manufacturer’s protocol, as previously described (46). For
cDNA synthesis, the iScriptTM cDNA synthesis kit (1708891,
Bio-Rad Hercules, CA, USA) was utilized. RT-qPCR was
performed on a StepOne Plus System (Applied Biosystems, Grand
Island, NY) using the Power SYBR Green Master Mix (1725122,
Bio-Rad Hercules). The relative gene expression was quantified
using the efficiency-corrected 2~ ALY method, with 18S ribosomal
RNA serving as the internal control. The obtained data are
presented as fold change relative to the control groups.
Supplementary Table 2 includes the list of gene-specific primers
employed in our study.

Western blot analysis

Protein extracts were obtained from kidney tissues and cells by
lysing them in RIPA buffer supplemented with protease inhibitor
cocktails (05892970001, Roche, SC, USA). The kidney tissues were
ground and then lysed to prepare the tissue lysates. The extracts
were centrifuged at 12,000 rpm for 10 minutes, and the resulting
supernatant was collected. The protein concentration in the
supernatant was determined using the BCA assay. Subsequently,
the samples were subjected to SDS-PAGE and transferred onto
nitrocellulose membrane. After blocking with 5% skim milk for one
hour, the blots were probed with the following primary antibodies:
PFKFB3 (diluted 1:1000, ab181861, abcam), ACTA2 (diluted
1:1000, sc-56499, Santa Cruz), Vimentin (diluted 1:1000,
CST5741, Cell Signaling Technology), Collagen I (diluted 1:1000,
NB600-408, NOVUS), Collagen IV (diluted 1:1000, ab6586,
abcam), Fibronectin (diluted 1:1000, ab2413, abcam), Cyclophilin
B (diluted 1:1000, CST43603, Cell Signaling Technology), HIF1A
(diluted 1:500, AF1935-SP, R&D systems). Anti-B-actin (diluted
1:1000, sc47776, Santa Cruz) and GAPDH (diluted 1:1000, 2118,
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CST) were used as loading controls. The antibodies used are
provided in Supplementary Table 3. The western blots were
quantified with a method described previously (47).

Immunofluorescence

Cells were cultured in 8-Chambered Cell Culture Slides (08-
774-26, Fisher Scientific). Frozen or paraffin blocks were sectioned
at 7 um thickness using a Microm cryostat or paraffin microtome.
For cells or frozen sections, a PBS wash was performed, followed by
fixation with 4% paraformaldehyde for 15 minutes. Subsequently,
permeabilization was achieved by treating the cells or slides with
0.5% Triton X-100 for 20 minutes at room temperature. In the case
of paraffin sections, slides were subjected to deparaffinization and
rehydration before permeabilization. For antigen retrieval, slides
were heated in citrate acid buffer (10 mM, pH 6.0) by microwaving
at 98°C for 10 minutes. Following these steps, cells or sections were
blocked with 10% normal goat serum (50062Z, Thermo Scientific)
for 1 hour at room temperature. Primary antibodies against
PFKFB3, ACTA2, F4/80, Argl, IL1B, or COL1 were then added
and incubated overnight at 4°C in a humidified chamber. After
washing, samples were incubated with Alexa Fluor 488, 594, or 647-
conjugated secondary antibodies for 1 hour at room temperature.
Nuclei were counterstained with DAPI for 10 minutes at
room temperature. The imaging process was carried out using
an inverted confocal microscope (Zeiss 780, Carl Zeiss). The
images were quantified with a method described previously (35).
Four images/section/kidney were used for statistic purpose.
The primary antibodies used in our study can be found in
Supplementary Table 3.

Immunohistochemistry

Paraffin-embedded kidneys were sectioned and underwent
deparaffinization using xylene, followed by rehydration with a
gradient of ethanol and water solutions. The activity of
endogenous peroxidase in the tissue was eliminated by a
treatment with methanol containing 30% H,O, for 30 minutes at
room temperature. Antigen retrieval was performed by exposing the
sections to 10 mM sodium citrate buffer (pH 6.0) at 98°C for 10
minutes, followed by blocking with avidin blocking solution for 1
hour at room temperature. The antibodies were mixed with biotin
blocking solution as per the manufacturer’s instructions and
applied to the slides, which were then incubated overnight at 4°C.
Subsequently, the tissue sections were treated with a biotinylated
secondary antibody for 1 hour at room temperature, followed by
incubation with ABC solution (PK-6100, Vector Laboratories) for
30 minutes at room temperature. The antibody was visualized using
the peroxidase substrate 3, 3’-diaminobenzidine (3468, Dako, Santa
Clara, CA, USA). Hematoxylin I (GHS116, Sigma) was used for
counterstaining of the kidney sections. Finally, the slides were
dehydrated and mounted using a xylene-based mounting medium
(8312-4, Richard-Allan Scientific). The image data was quantified
with the method described previously (48), using Image J Software
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(National Institutes of Health, USA, http://imagej.nih.gov/ij). Four
images/section/kidney were used for statistic purpose. The
primary antibodies used in our study can be found in
Supplementary Table 3.

Histological staining

We performed H & E staining on 7 pum sections of kidney with
hematoxylin (22050111, Thermo Scientific) and eosin (220501110,
Thermo Scientific) following the manufacturer’s standard protocol.
Collagen deposition was visualized using Masson’s Trichrome
staining kit (25088-1, Polysciences, PA, USA) and Sirius Red
staining kit (ab150681, Abcam, CA, USA) according to the
manufacturer’s instructions. Four images of were randomly taken
in cortex/outer medulla region per section for each kidney, captured
with a Keyence Microscope BZ-X800, and the percentage of
collagen deposition area was quantified with Image J Software
(National Institutes of Health, USA, http://imagej.nih.gov/ij).

Metabolomics assay

In the experiment, biological triplicate 10 cm? dishes were
utilized to cultivate BMDMs in the presence of complete cell
medium. Following the specific treatment, metabolites were
extracted using 1 mL of ice-cold 80% methanol on dry ice.
Subsequently, the samples underwent centrifugation at 14000 rpm
for a duration of 5 minutes. To ensure thorough extraction, the cell
pellet was subjected to an additional step involving the use of 0.5 mL
of 80% methanol. For accurate protein quantitation, the cell pellet
was dissolved in an 8 M urea solution. To facilitate convenient
shipment or storage, the supernatant obtained from the metabolite
extraction was desiccated into a pellet using a SpeedVac from
Eppendorf (Hamburg, Germany), employing a heat-free
technique. When it was time for analysis, the dried pellets were
re-suspended in 20 uL of HPLC grade water in preparation for mass
spectrometry as described before (49). A volume of 5-7 UL of the
resulting resuspension was injected and subjected to analysis using a
cutting-edge hybrid 6500 QTRAP triple quadrupole mass
spectrometer from AB/SCIEX (MA, USA), which was coupled to
a Prominence UFLC HPLC system from Shimadzu (Kyoto, Japan).
The analysis was carried out through selected reaction monitoring
(SRM), targeting a comprehensive set of 298 endogenous water-
soluble metabolites, enabling a thorough examination of the steady-
state characteristics of the samples. The original data has been
uploaded to MetaboLights (MTBLS8278) for public data sharing.

Measurement of cytokines
The levels of mouse cytokines TNFo. and IL1f3 were measured

with ELISA kits (MTA00B and MLB00C, R&D, Minneapolis, MN,
USA) according to the manufacturer’s instructions.
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Statistical analysis

Statistical analysis was conducted using GraphPad Prism
Software (Version 9.0, RRID: SCR_000306). The significance of
differences between two groups was evaluated using the unpaired
Student’s t-test or unpaired two-tailed Student’s t-test with Welch’s
correction (with unequal variances). Multiple comparisons were
performed through one-way ANOVA followed by Bonferroni post
hoc test. All results are presented as mean + SEM. A significance
level of P < 0.05 was considered statistically significant. To calculate
the Z-score, we used the formula below: Z-score = (x - 1)/0, x is the
value of the data point, [ is the mean of the sample or data set, G is
the standard deviation. Each biological experiment was repeated a
minimum of three times, utilizing independent cell cultures or
individual animals as biological replications.

Results

Increased glycolytic gene expression in
myeloid cells infiltrating in the UUO kidney

In a study by Conway et al., myeloid populations crucial for renal
fibrosis in the UUO kidney were characterized using single-cell RNA
sequencing (scRNAseq) (50). Among these myeloid populations, the
significance of Ly6c2" and Argl”™ myeloid cells in renal fibrosis were
observed (50). To gain further insights of the early events in kidney
obstruction, we conducted a reanalysis of the inflammation, TGFf3
signaling, and glycolysis related mRNA expression in these myeloid
cells and compared them to resident macrophages in UUO 2-day
condition. Our findings revealed substantially higher levels of mRNA
expression in inflammation, TGFp signaling, and glycolysis pathways
in Ly6c” and Argl™ myeloid cells than those of resident macrophages
(Figure 1A, Supplementary Figure 1). Consistent with these altered
pathways, the corresponding genes involved in these pathways were
upregulated in Ly6C" and Argl* myeloid cells compared to resident
macrophages. Notably, these genes included II1, Tgfbl, and Hifl
(Figure 1B, Supplementary Figure 2). Intriguingly, Ly6C" and Argl”
myeloid cells also exhibited elevated levels of Fnl and Vim in
comparison to resident macrophages (Figure 1B), suggesting a
potential role of myeloid glycolysis in renal fibrosis initiation.

Decreased renal fibrosis in myeloid-
specific Pfkfb3-deficient mice
following UUO

To investigate the role of myeloid PFKFB3 in renal fibrosis, we
generated myeloid-specific Pfkfb3-deficient mice (Pfkfb3*™) and their
controls (Pfkfb3"™'™) by breeding floxed Pfkfb3 mice with Lysm-Cre mice
(Supplementary Figures 3A, B). Deletion of Pfkfb3 in myeloid cells was
confirmed through Real time PCR, Western blot analysis and
immunostaining of PFKFB3 in Bone marrow derived macrophages
(Supplementary Figures 3C-E). We conducted unilateral ureter
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FIGURE 1

scRNAseq reveals upregulated glycolysis in myeloid cells infiltrating in the UUO kidney. (A) Violin plots of inflammation, TGFp signaling, and
glycolysis pathways in resident macrophage, Ly6c2+ macrophage and Argl+ monocyte clusters. (B) Violin plots of indicated genes in resident

macrophage, Ly6c2+ macrophage and Argl+ monocyte clusters.

obstruction (UUO) surgery in these mice (Figure 2A). The change in
mouse body weight following the UUO procedure did not show a
significant difference between the two groups (Figure 2B). After 14 days,
the weight of obstructive kidneys was significantly reduced compared to
that of control kidneys, indicating obvious kidney atrophy (Figures 2C,
D, Supplementary Figure 4). And hydronephrosis was observed at
kidney harvesting, indicating the success of ureter obstruction.
Meanwhile, there was no significant difference of kidney weight
between groups of Pfkfb3*™® and Pfkb3“" mice (Figures 2C, D).
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The co-staining of PFKFB3 and F4/80 confirmed the induction of
PEKFB3 in Pfkfb3"" macrophages and the depletion of Pfkfb3 in
Pfkfb3*™® macrophages in kidneys after UUQ injury (Supplementary
Figure 5). Using qRT-PCR, we examined the mRNA levels of multiple
fibrotic factors. The expression of Acta2, Coll and 3, Mmp2 and 9, and
Tgfb were significantly increased in UUO kidneys compared to control
kidneys (Figure 3A). Notably, the upregulation of these fibrotic factors
in UUO kidneys of Pfkfb3*™® mice was markedly reduced compared to
Pfkfb3"'" mice (Figure 3A). We also assessed the protein levels of a few
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The myeloid Pfkfb3 deficiency does not show significant impact on body weight and kidney weight loss after ureter obstruction. (A) Schematic

illustration of Unilateral ureteral obstruction (UUO) in myeloid Pfkfb3 deficient mice. (B) The daily body weight loss percentage for Pfkfb.

32Me and

Pfkfb3"T mice subjected to UUO surgery for 5 days. (C) The ratio of kidney weight to body weight from Pfkfb3*M® and Pfkfb3"'" mice subjected to
UUO surgery for 14 days. (D) The ratio of fibrotic kidney weight to control from Pfkfb32M® and Pfkfb3"" mice subjected to UUO surgery for 14 days
n = 9 mice per group. Data are means + SEM. ns, no significance; ***p < 0.001 for indicated comparisons. Statistical significance was determined by
one-way ANOVA followed by the Bonferroni test (C) or by Student's t test (D).

fibrotic factors through Western blot analysis (Figure 3B). The levels of
o-smooth muscle actin (ACTA2), vimentin (VIM), collagen (COL) I
and IV and fibronectin (FN) were significantly elevated in UUO kidneys
compared to control kidneys. However, the increased levels of these
fibrotic factors in UUO kidneys of Pfkfb3*™® mice were significantly
reduced compared to Pfkfb3"'" mice (Figure 3B).

Furthermore, we verified the interstitial renal fibrosis by staining
renal sections of UUO and control kidneys with Sirius Red and
Masson’s trichrome. In the UUO kidneys from Pfkfb3"" mice,
characterized by pronounced tubular dilation and thinning on
hematoxylin and eosin (HE) stained sections, there was evident
collagen deposition with Masson’s trichrome and Sirius Red staining,
indicating a significant interstitial renal fibrosis (Figures 4A, B,
Supplementary Figure 4). In contrast, there were fewer tubular
destruction and less collagen deposition shown by Masson’s
trichrome and Sirius Red staining in the sections of UUO kidneys
from Pfkfb3*™® mice compared to Pfkfb3"'" mice (Figures 4A, B).

We also performed immunostaining to examine the presence of
specific myofibroblast marker and components of extracellular
matrix. As shown in Figure 4C, the levels of ACTA2, Collagen I
and IV, which were low but detectable in the control kidneys from
both groups of mice, were remarkably elevated in the UUO kidneys
of Pfkfb3"'" mice. However, these increased levels of myofibroblast
marker and extracellular matrix proteins were significantly reduced
in the UUO kidneys from Pfkfb3*™® mice (Figure 4C).
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Declined number of renal macrophages in
myeloid-specific Pfkfb3-deficient mice
following UUO

We investigated the infiltration of macrophages in the UUO
kidney of Pfkfb3*® mice by performing immunostaining on renal
sections using the F4/80 antibody. The presence of F4/80 positive
cells was not noticeable in control kidneys from both Pfkfb3"V" and
Pfkfb3*M® mice (Figures 5A, B). However, an obvious increase of
F4/80-positive cells was observed in the UUO Pfkfb3"" kidneys
(Figures 5A, B). Remarkably, the F4/80 positive area was
significantly reduced in the UUO Pfkfb3*™® kidney sections
compared to the UUO Pfkfb3"" kidney (Figures 5A, B). These
findings strongly suggest that myeloid Pfkfb3 deficiency markedly
inhibits the infiltration of macrophages into the UUO kidneys.

Reduced markers of M1 and M2
macrophages and related cytokines in
myeloid-specific Pfkfb3-deficient mice
following UUO

To assess the impact of myeloid Pfkfb3 deficiency on the
infiltration of M1 and M2 macrophages in the UUO kidneys, we

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1259434
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al. 10.3389/fimmu.2023.1259434
A 3 Pkfb3"T £ Pkfb3™Me
» ®
i) 10 ILI_*| g 40 *kk *kk g 40
g = o D ~ —r— @ ~
29 8 o = £ 30 ° < g30
<5 6 ¢ 6 5
Zs , S ES204 ES20
S o ~
he] ns o [~ e} _ < O
2 1hM H < Lo o
< 0- T —— 3 0- 3 0
CTRL uuo O CTRL uuo O
12} —
8% g2 g 10 mexe
2220 3 © 20 03 4
<t <Z o= o
Z 815 3 g 15 <56
X o ro Z 0
EC10 £ 5 10 X5 4
N > T €3 ns
g€ 5 28 5 &3 2 '
= o0 S o 2=
CTRL UUO
B CTRL uuo
Prkib3"T_Pikib3™ Pikib3" Pfkib3™e = Pikib3-UUO = Pikib3e-UUO
*kk ek *kk A
ACTAZ | ————| 15q o o &
o° ek
— o oo i
Vimentin| ——— | @5 oo [°)
% £10 °
coL 1| ———-— %8 .
e é 5 S ° ) N oo
couv| ¥ § | | S 205 .
oL ﬁ ﬁ
o
FN| Lol lal | 001 : : ,M Lo
. \
Cyclophilin B |—— ——— —— - — —— —-‘ (}Yﬂ/ 06\.\0 O\/ O\/\A Qé
v 4\@ © O
FIGURE 3

The myeloid Pfkfb3 deficiency suppresses renal fibrosis in UUO mouse model. (A) gRT-PCR analysis of the mRNA expression of Acta2, Coll, Col3,
Mmp2, Mmp9 and Tgfb in kidney collected from Prkfb3*™® and Prkfb3"T mice at day 14 post UUO surgery. (B) Representative Western Blots and
their quantification showing ACTA2, Vimentin, COL I, COL IV, FN protein expression in kidney collected from Pfkfb3*M® and Pfkfb3"™ mice at day 14
post UUO surgery. n = 9 mice per group. Data are means + SEM. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001 for indicated comparisons
Statistical significance was determined by one-way ANOVA followed by the Bonferroni test (A) or by Student's t test (B).

examined the mRNA and protein levels of M1/M2 markers and
cytokines associated with M1/M2 macrophages. As shown in
Figure 6A, the expression levels of M2 markers Argl, Cd206, and
M1 markers Cd80 were detectable but similar in the control kidneys
of both groups of mice. However, in the UUO Pfkfb3"" kidney,
there was a substantial upregulation of both M2 and M1 markers
(Figure 6A). In contrast, these markers were significantly reduced in
the UUO Pfkfb3*™?® kidney compared to the UUO Pfkfb3™ " kidney
(Figure 6A). Consistent with the levels of M1/M2 markers, the levels
of cytokines, including 1110, Mgl2, Retnla, 1l6, Mcpl, Tnfa, Il1b,
Nos2, and Cxcl10, were significantly lower in the UUO Pfkfb3*™®
kidney compared to the UUO Pfkfb3"" kidney (Figure 6A). To
validate the expression of some genes at protein levels, we examined
the expression of Argl and Il1} on F4/80 positive cells by
immunostaining in renal sections with their specific antibodies.
The staining intensity of Argl and I113 on F4/80-positive cells were
much lower in sections of the UUO Pfkfb3*™? kidney compared to
the UUO Pfkfb3"" kidney (Figure 6B). These findings indicate that
Pfkfb3 deficiency leads to a significant reduction in the number of
M1 and M2 macrophages, as well as the levels of cytokines
associated with these macrophage phenotypes in UUO kidneys.
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Lowered macrophage differentiation in
myeloid-specific Pfkfb3-deficient
obstructive kidneys

To investigate whether myeloid Pfkfb3 deficiency affected
macrophage differentiation to obtain myofibroblast phenotype in
the UUO kidney, we quantified the number of macrophages
expressing ACTA2 through co-immunostaining of the renal
sections. In the control kidneys, the presence of ACTA2 and F4/
80 positive cells was rare (Figures 7A, B). Conversely, the UUO
Pfkfb3™" kidneys exhibited a significant induction of F4/80 positive
cells, with about 6% of them co-stained with ACTA2 (Figures 7A,
B), suggesting their transition to myofibroblasts. Remarkably, the
UUO Pfkfb3*™® kidneys showed a substantial reduction of F4/80
positive area as well as the double-positive area of F4/80 and
ACTA2 compared to the UUO Pfkfb3™" kidney (Figures 7A, B).
Further analysis on the lineage of myofibroblasts revealed that, in
the UUO Ptkfb3WT kidneys, about 32% of myofibroblasts (ACTA2
positive) expressed F4/80. This percentage dropped to
approximately 15% in the UUO Pfkfb3AM¢ kidneys (Figure 7B).
These findings indicate that myeloid-specific Pfkfb3 deficiency leads
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The myeloid Pfkfb3 deficiency suppresses renal fibrosis in obstructive kidney. Pfkfb3*™® and Pfkfb3"™ mice were subject to UUO for 14 days, kidneys
were collected and fixed for paraffin-embedded sections. (A) Representative image of hematoxylin and eosin (H&E) staining. n = 9 mice/group

(B) Representative image and quantification data of Masson'’s trichrome staining and Sirius red staining. (C) Representative image and quantification
data of ACTA2, COL1 and COL IV staining. Scale bar = 100 um or 50 um. n = 3 mice/control group and n = 9 mice/UUO group, 4 areas/section
were quantified. Data are means + SEM. ns, no significance; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-

way ANOVA followed by the Bonferroni test

to a decrease of differentiated macrophage with myofibroblast
characteristics in the UUO kidney.

Decreased TGFB1-induced M1 and M2
markers, cytokines and macrophage
differentiation with Pfkfb3 deficiency

After observing the phenotypic changes of M1 and M2 markers,
cytokines, and myofibroblast maker in the UUO Pfkfb3*™? kidney,
we further examined whether Pfkfb3 deficiency could induce similar
changes in macrophages in vitro. We first isolated bone marrow
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cells from Pfkfb3™W" and Pfkfb3*™® mice and cultured bone
marrow-derived macrophages (BMDMs). Upon TGEFf1
treatment, the expression of Pfkfb3 at both mRNA and protein
levels was enhanced in BMDMs from Pfkfb3"" mice (Figures 8A,
B). Subsequently, TGFB1 incubation significantly upregulated the
mRNA levels of M1 and M2 markers and associated cytokines, such
as Tnfa and Argl (Figure 8C). In contrast, Pfkfb3 deficient BMDMs
exhibited significantly lower levels of these mRNAs compared to
WT BMDMs with TGFB1 (Figure 8C). Furthermore, TGFB1
treatment resulted in the differentiation of BMDMs, as evidenced
by the expression of Acta2 at both mRNA and protein levels in the
TGEFp1-treated group but not in the vehicle-treated group, and it
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Declined number of macrophages in myeloid-specific Pfkfb3-deficient mice following UUO. Pfkfb3*M® and Prkfb3™™ mice were subject to UUO for
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