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Oxalate-induced crystalline kidney injury is a common form of crystal nephropathy. The accumulation
of calcium oxalate (CaOx) crystal could lead to renal epithelium injury and inflammation. The underlying
cellular events in kidney after CaOx crystal formation are largely unknown. This study was aimed to
gain a better understanding of mouse kidney function in the development of renal CaOx formation. The
study utilized a mouse CaOx model to analyze the cellular response at 5 time points using single-cell
RNA sequencing and investigate the interaction of different cells during renal CaOx crystal formation.
Additionally, the study investigated the communication between these cells and macrophages, as well
as the role of chemokines in recruiting infiltrating macrophages. RNA velocity analysis uncovered an
alternative differentiation pathway for injured and S1 proximal tubule cells, which mainly communicate
with macrophages through the SPP1-CD44 pair, along with the expression of proinflammatory factors
and stone matrix genes during renal CaOx crystal formation. Furthermore, resident Fnl macrophages were
found to express chemokines, such as CCL2, which recruited infiltrating macrophages. The CCL2 secretion
was mediated by the CD44-AKT pathway. Blocking CCL2 decreased the expression of injury markers in
the kidney, including CLU, LCN2, and KIM-1, and inhibited CaOx crystal deposition. The study identified
potential cell types and target genes involved in renal tubule injury in oxalate-related crystal nephropathy.
The findings shed light on the cellular processes that contribute to the formation and damage caused by
CaOx crystals within the kidney, which could lead to the development of potential cell types and target
genes for treating this condition.
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Introduction

The kidney is the organ that is particularly vulnerable to crystal
formation, which arises because of the mineral secretion and
the urine supersaturation concentration [1]. Over time, the
accumulation of crystals can result in the emergence of diverse
forms of crystal nephropathies [1]. Furthermore, these con-
ditions can progress to more severe forms of kidney stone
diseases, where the crystals coalesce to form larger, more
problematic stones that can block the urinary tract and cause
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considerable pain and other complications [2,3]. Oxalate-
induced crystalline kidney injury is a prevalent type of crystal
nephropathy [4]. Primary hyperoxaluria and secondary hyper-
oxaluria can contribute to the formation of calcium oxalate
(CaOx) crystals and stone in kidney [5,6]. CaOx stones are a
prevalent variety of kidney stones, with their incidence varying
from continent to continent [7,8]. The prevalence of kidney stones
is roughly between 7% and 13% in North America, 5% and 9%
in Europe, and 1% and 5% in Asia [9-11]. However, with the
lifestyle and dietary habit changes that are occurring nowadays,
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the incidence of CaOx kidney stones is gradually increasing
worldwide, resulting in a heavy financial burden [12-14].

The creation of CaOx stones involves a multifaceted process,
including an initial nucleation step, followed by crystal growth
and aggregation within the renal tubules [15-18]. Many studies
have indicated that renal tissue is susceptible to injury and
inflammation from high levels of oxalate exposure or CaOx
crystal, making it more prone to senescence [19-22]. Several
studies have investigated oxalate-induced kidney injury, encom-
passing inflammatory responses and oxidative stress [23,24].
Despite these experimental efforts of in vitro or in vivo, the
molecular mechanisms of oxalate crystal-induced kidney injury
need to be fully understood.

For the past few years, the emergence of single-cell RNA
sequencing (scRNA-seq) technology has offered new concepts
and tools for studying CaOx crystal formation in the kidneys.
This study was aimed to explore the molecular mechanism of
CaOx crystal-induced injury in mouse kidneys using scRNA-
seq technology, providing new perspectives and ideas to better
understand and treat oxalate-related crystal nephropathy.
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Results

Identification of cell populations in mouse kidneys
with CaOx crystals
We intraperitoneally injected mice with glyoxylate, collected
their kidneys at different time points (Fig. 1A), and stained the
kidney slices using von Kossa (VK) followed by hematoxylin
and eosin (H&E) staining (Fig. 1B). The proximal convoluted
tubules were mildly swollen on the first day after glyoxylate
administration. Three days after glyoxylate administration, a
few CaOx crystals were found in the proximal tubules (PTs),
and the partial proximal convoluted tubules, collecting ducts,
and loops of Henle epithelial cells were swollen. However, on
days 5 and 7, more CaOx crystals were found in cortico-
medullary junction or the medulla, and few CaOx crystals were
found in cortex (Fig. 1B and Fig. S1). Tubule dilation, swelling,
slight necrosis, and inflammatory cell infiltration were observed
(Fig. 1B and Fig. S1).

scRNA-seq was performed using a CaOx mouse model at
multiple CaOx stages. After quality control filtering, we obtained

Kidney digestion and single-cell acquisition

Sequencing and data analysis

g

Day 5

Fig. 1. scRNA-seq workflow and UMAP plots. (A) Workflow of scRNA-seq of mouse kidneys. (B) Representative H&E and VK stainings of kidney sections of different days, and
CaOx depositions were black or brown dot plots. (C) UMAP plots for the distribution of the 13 major cell populations. B, B cells; CD-IC, collecting duct-intercalated cells; CD-
PC, collecting duct principal cells; DT, distal tubules; LOH, loop of Henle; MIX, mix cluster including podocytes, endothelial cells, and fibroblasts; Mono, monocytes; Neutro,
neutrophils; NK, NK cells; PT, proximal tubules; T, T cells; TE, transitional epithelium. (D) Violin plots present marker genes for the different cell types.
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109,395 cells from the mouse kidneys. Unsupervised cluster-
ing was employed to identify the renal cell populations. The
UMAP (Uniform Manifold Approximation and Projection)
plots revealed the cell clusters, including the PTs, distal tubules
(DTs), loops of Henle, collecting duct-intercalated and collecting
duct principal cells, transitional epithelium, podocytes, fibro-
blasts, endothelial cells, monocytes, T cells, B cells, natural killer
(NK) cells, and neutrophils (Fig. 1C). The cell clusters were iden-
tified and annotated according to the expression patterns of
established marker genes, such as Slc27a2 and Lrp2 for PTs;
Slc12a3 for the DTs; Slc12al and Umod for the loop of Henle
(LOH); Atp6v1bI and Slc4al for collecting duct-intercalated cells;
Hsd11b2, Aqp4, and Agp2 for collecting duct principal cells; and
Upk1b for the transitional epithelium (Fig. 1D and Table S1). One
mix cluster was combined from 2 cell types (LOH-DT), based
on their expression of Slc12al, Umod, Calbl, and Pvalb (Fig. 1D
and Table S1). Another mix cluster was divided into 3 cell types:
podocytes (Podxl; Fig. S1A), endothelial cells (Flt1; Fig. S2A),
and fibroblasts (Dcn, Collal, and Col3al; Fig. S2A). Immune
cells were identified by their expression of specific markers: Thyl
and Cd3e for T cells, Cd79a and Cd79b for B cells, S100a8 and
§100a9 for neutrophils, and KlrcI and Nkg7 for NK cells (Fig. 1C
and Table S1). Monocytes were clustered into a single-cell popu-
lation, which was identified based on Cd68 expression (Fig. 1C
and Table S1). However, this cell population highly expressed
dendritic cell marker genes such as Clec9a and Cd209a (Fig. S2B).

Injured PTs promote kidney injury and inflammation

during CaOx crystal formation

Renal tubular epithelial injury is a critical factor in the forma-
tion of CaOx kidney stones and is regarded as a primary trigger
for their development [25,26]. First, we studied the character-
istics of PT cells during CaOx crystal formation in mouse kid-
neys. The PT cells were subsequently subclustered into 18 cell
types (Fig. 2A and Table S2). Clusters 2, 6, 8,9, 13, 14, and 18
expressed Slc5a12 and were defined as S1 PT cells [27,28] (Fig.
2B). Clusters 4 and 5 were defined as S2 PT cells [29,30] since
they expressed Slc34al, Sic13a3, Slc22a6, AtpSe, Hmgcs2, and
Atp6v0a4 (Fig. 2B). Clusters 0, 1, and 3 expressed Slc7al3
and Atplla and were defined as S3 PT cells [29,31] (Fig. 2B).
Clusters 10, 11, and 16 were defined as S1-S2 PT cells [28,29]
and expressed Slc22a6 (Fig. 2B). The analysis unveiled a sub-
cluster characterized by a high expression of Mki67 (Fig. 2B),
likely representing proliferating PT cells, which was enriched
in proteins related to oxidative phosphorylation, according to
the Gene Set Enrichment Analysis (GSEA) results (Fig. S3).
Notably, another subcluster with a high expression of Havcrl
(KIM-1), a well-known molecule associated with injury (Fig.
2B) whose expression is increased during CaOx crystal forma-
tion in mouse kidneys (Fig. 2C), was identified.

To assess the potential origin and cellular differentiation
of the PT clusters, RNA velocity analysis was conducted. We
observed a differentiation pathway for injured PT and S1 PT
cells in CaOx kidneys that was different from that of S3, S2, or
S1-S2 PT cells (Fig. 2D and Table S3). Notably, the subcluster
with a high Havcr1 expression level also highly expressed Spp1,
Fgg, Fga, and Fgb, which are enriched in cell adhesion (Fig. $4)
and are found in the stone matrix [32]. Notably, injured PT cells
also expressed proinflammatory and profibrotic genes, includ-
ing Cxcll, Tnfrsfl2a, and Pdgfb, which play a role in regulating
the renal CaOx formation (Fig. S5). The regulation of Toll-like
receptors (TLRs) by endogenous factors, TLR cascades, and
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extracellular matrix organization was highly evident in injured
PT cells (Fig. S4). The GSEA results showed that PT injury
states were related to the negative regulation of the epithelial
cell apoptotic process and heterotypic cell-cell adhesion from
the first day of glyoxylate administration. Moreover, these states
then started being associated with terms such as positive regu-
lation of interleukin-8 production and regulation of extrinsic
apoptotic signaling pathway via death domain receptors during
the progression of CaOx formation (Fig. $6). In contrast with
what was found in proliferating cells, oxidative phosphorylation
was not found in injured PTs during the early stages of CaOx
formation (Figs. S3 and S6). Vcaml, as failed repaired PT
marker [33], was increased in injured PTs at days 5 and 7 (Fig.
S7). These results suggest that these small cell populations failed
to repair and induce apoptosis during CaOx formation.

S1 PT cells highly expressed fibroinflammatory genes, such
as Pdgfb, Cxcl16, C3, Nkfb2, and Tnfrsfl12a (Fig. S8). On day 1
of glyoxylate administration, the GSEA results showed that the
S1 PT cells were enriched in response to interferon-p, type I
interferon, and the positive regulation of interferon-f} production
(Fig. S9). On day 3 of CaOx formation, the GSEA results obtained
from the S1 PT cells revealed terms such as “eosinophil chemo-
taxis” and “migration”. On day 5, the cells were enriched in het-
erotypic cell-cell adhesion, antimicrobial humoral responses,
and granulocyte migration. On day 7, the GSEA results of S1
PT cells revealed terms such as “humoral immune response”,
“response to chemokines”, and “granulocyte migration” (Fig.
S9). Taken together, these results reveal that S1 PTs contribute
to the persistence of inflammatory responses.

Since injured PTs and S1 PTs express proinflammatory cyto-
kines and chemokines, we explored the cell-cell interactions
in CaOx kidneys based on the receptor and ligand expressions
that communicate with immune cells. In the control group,
monocytes interacted with the PTs to maintain homeostasis
(Fig. 2E). However, after glyoxylate administration, the injured
PTs mainly communicated with monocytes through the SPP1-
CD44 complexes (Fig. 2E). As CaOx crystals started forming
in the kidneys, the interaction signals between the injured PTs
and immune cells were enhanced, while monocytes commu-
nicated with other cells through the CD74-APP and CD74-
MIEF pairs (Fig. 2E). We found that few monocytes were around
tubule cells in control mouse kidneys; however, there were a
large number of monocytes, especially macrophages, surround-
ing the injured renal tubules in CaOx kidneys (Fig. 2F and G).
These results suggest that injured PTs attract immune cells to
injured renal tubule cells, and that activated monocytes interact
with other cell clusters to promote injury and inflammation
during CaOx crystal formation.

Fnl-resident macrophages secrete chemokines
that recruit infiltrating macrophages via
the CCL2 pathway

Owing to the heterogeneity of monocytes, which are the main
cells communicating with PTs, LOH, DTs, and collecting duct
cells (Fig. 2E and Fig. S10), we recruited monocytes to explore
their role in CaOx crystal formation. Monocytes were divided
into 14 subgroups, including macrophages and dendritic cells,
using unsupervised clustering (Fig. 3A and B and Fig. S11).
Five clusters highly expressed typical resident macrophage
(RM) marker genes [34,35], such as Clqa, Clqc, and Cd81
(Fig. 3B), as well as major histocompatibility complex class II
(MHC-II) genes (Cd74, H2-Aa, and H2-Ab1), which may be
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Fig. 2. Characterizations of PTs in the kidney. (A) UMAP plots for the distribution of the PT subtypes. (B) Violin plots present marker genes for the different PTs. (C) Representative
immunofluorescence stainings of KIM-1 (Havcr1, red), LTL (green), and 4’,6-diamidino-2-phenylindole (DAPI) (blue for nuclei) on kidney sections at different days. Scale bar,
50 um. (D) UMAP plot of PT clusters indicating developmental transition as revealed by RNA velocity. (E) Crosstalk between PTs and immune cells at different days. (F) Representative
multiple fluorescent of LTL (green), KIM-1 (yellow), and CD68 (red) in kidney. (G) Representative multiple fluorescent IHC of F4/80 (yellow), KIM-1 (red), and LTL (green) in kidneys.

DAPI (blue) for nuclei. Scale bar, 20 pm.

involved in antigen presentation and immune regulation. RNA
velocity analysis revealed an alternative differentiation pathway
from that of Fnl RMs [36,37] and Mki67 RMs [37,38] into
MHC-II" RMs in CaOx kidneys (Fig. 3C and Table S4). Under
homeostatic conditions, the Fnl RMs, Mki67 RMs, and MHC-
11" RMs were mainly enriched in the Gene Ontology (GO)
terms “ribosome biogenesis” and “antigen processing and pre-
sentation” (Fig. S12A to C). After glyoxylate administration,
the enrichment of Fnl RMs in the GO terms “regulation of
leukocyte differentiation’, “antigen processing and presentation
of exogenous peptide antigen”, and “MHC-II class protein com-
plex assembly” decreased (Fig. S12D). However, from days 3
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to 7 post-hyperoxaluria, the enrichment of the Fnl RMs in the
GO terms “myeloid leukocyte activation”, “phagocytosis”, “leu-
kocyte migration”, and “myeloid leukocyte differentiation”
increased (Fig. S12E and F). On days 5 and 7 after glyoxylate
administration, the enrichment in the GO terms related to
DNA replication and repair decreased in Mki67 RMs (Fig.
$12G and H), indicating self-repair failure. On day 7 after CaOx
deposition, the differential expression of MHC-II" RMs was
involved in myeloid leukocyte migration (Fig. S12I).

On day 1 post-oxaluria, the number of Chil3 Ly6c" and Ace
Ly6c™ macrophages [34,39] increased in the kidneys (Fig. 4A);
these cells were considered monocyte-derived infiltrating
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Fig. 3. Characterizations of monocytes in the kidney. (A) UMAP plots for the distribution of the monocytes subtypes. (B) Violin plots present marker genes for the different

monocytes. (C) UMAP plot of RM clusters indicating developmental transition as

revealed by RNA velocity. (D) UMAP plot of infiltrating macrophage clusters indicating

developmental transition as revealed by RNA velocity. (E) Violin plots show the expression of many chemokines in Fnl RMs on day 1.

macrophages. The typical monocyte marker Ly6¢2 [34], whose
representative genes are Chil3 and MHC-II genes, was highly
expressed in 2 clusters (Fig. 3A and B). Ly6c2 expression
decreased in Ace Ly6c™ macrophages (Fig. 3A and B), and the
key markers for this cluster 1nc1uded Ace and Cd74. The lowest
Ly6c2 expression (found in Ly6c® macrophages [34,40]) (Fig.
3A and B) occurred in 2 clusters that expressed the marker
genes Miox and MHC-II genes. RNA Veloc1ty analysis revealed
a developmental trend from Miox Ly6c 1nto Chil3 Ly6c™ mac-
rophages (Fig. 3D and Table S5). Miox Ly6c”® and Chil3 Ly6c™
macrophages played additional roles in cytoplasm1c translation
and ribosomal small subunit blogene51s in the control group
(Fig. S13A and B). However, Chil3 Ly6c™ macrophages were
enriched in granulocyte chemotaxis and migration on day 5
(Fig. $13C).
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Interestingly, after glyoxylate administration, the expres-
sion of many chemokines, such as Ccl9, Ccl2, Ccl6, and Ccl7,
increased in Fnl RMs (Fig. 3E), enhancing the interaction
between monocyte-derived infiltrated macrophages and RMs
through the CCL2-CCR2 and CCL7-CCR2 axes (Fig. 4B). In
accordance with previous findings, the number of Fnl mac-
rophages expressing CCL2 and that of Ly6c macrophages
expressing CCR2 increased in the kidneys on day 1 post-
hyperoxaluria (Fig. 4C and D). Then, we blocked the CCL2
pathway by using emapticap pegol sodlum an inhibitor of
CCL2 [41]. After blocking the CCL2, Ly6c™ infiltrating mac-
rophages were reduced in the mouse kidneys, and the CCR2
expression also decreased in Ly6c™ infiltrating macrophages
(Fig. 5A and B). These results indicate that Fnl RMs expressed
chemokines to recruit infiltrating macrophages to the injured
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Fig. 4. Proportional abundance of each monocyte suclusters and ligand-receptor pairs from chemokines in Fnl RMs. (A) Connected bar plots showing the proportional abundance
of each monocyte subclusters at different days. (B) Dot plots displaying the significant representative ligand-receptor pairs from chemokines in Fnl RMs to receptors in other cell
subtypes at different days. (C) Representative multiple fluorescent of F4/80, Fnl, and CCL2 in kidney sections. F4/80 (yellow), Fnl (cyan), and CCL2 (red). Scale bar, 20 um.
(D) Representative multiple fluorescent of F4/80, Ly6C, and CCR2 in kidney sections. F4/80 (yellow), Ly6C (orange), and CCR2 (green). Scale bar, 20 um.

kidney area via the CCL2, thereby facilitating an inflammatory
response in the kidneys.

Macrophages mediated CCL2 expression through
the CD44-Akt pathway

In previous described results, we found that the renal tubular
epithelial cells mainly communicated with monocytes through
SPP1-CD44 (Fig. 2E and Fig. S10). We also found that the
Kyoto Encyclopedia of Genes and Genomes (KEGG) terms
related to the phosphatidylinositol 3-kinase (PI3K)-Akt signal-
ing pathway enriched in Fnl RMs (Fig. 6A). Then, we supposed
that macrophages were activated though CD44, and mediated
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CCL2 secretion through the PI3K/Akt pathway. We isolated
and cultured bone marrow-derived macrophages (BMDMs)
from CD44 knockout mice and then stimulated with CaOx
crystals. The results showed that macrophages increased Fnl
expression after CaOx crystal stimulation (Fig. S14). Macrophages
exhibited up-regulation of AKT, p-AKT, and nuclear factor kB
(NF-xB) expression when stimulated with CaOx crystals (Fig.
6B). In contrast, CD44™~'~ macrophages demonstrated down-
regulated expression of AKT, p-AKT, NF-«B, and CCL2 following
stimulation with CaOx crystals (Fig. 6B). Then, we treated mac-
rophages with CaOx crystals and AKT antagonist. Similarly,
following CaOx crystal stimulation, macrophages exhibited
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Fig. 5. Representative immunofluorescence images of kidney section after mice were treated CCL2 antagonist. (A) Representative multiple fluorescent of F4/80 (yellow),
Fnl (cyan), and CCL2 (red) in kidney sections among control group, CaOx group, CCL2 antagonist in combination with CaOx group, and CCL2 antagonist group. Scale bar,
20 pm. (B) Representative multiple fluorescent of F4/80 (yellow), Ly6C (orange), CCR2 (green), and DAPI (blue) for nuclei in kidney sections among control group, CaOx
group, CCL2 antagonist in combination with CaOx group, and CCL2 antagonist group. Scale bar, 20 um.(C) Fluorescence statistical bar chart. Left panel: statistical chart of
Fn* macrophages in (A); right panel: statistical chart of Ly6c* macrophages in (B).
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Fig. 6. Macrophages mediated CCL2 secretion through the CD44-AKT pathway. (A) KEGG terms enriched in Fnl RMs. (B) Western blot analysis of the protein levels of AKT, p-AKT,
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for nuclei. Scale bar, 20 pm.

increased expression of AKT, p-AKT, NF-xB, and CCL2.
However, when treated with an AKT antagonist, the expres-
sion of AKT, p-AKT, NF-kB, and CCL2 in macrophages was
reduced upon CaOx crystal stimulation (Fig. 6C). Furthermore,
CCL2 expression of Fn1™ macrophages decreased in kidneys
of CD44™'~ mice administered glyoxylate when compared with
wild-type mice (Fig. 6D). These results indicated that macro-
phages mediated CCL2 secretion through the CD44-PI3K/
Akt pathway.

Blocking CCL2 could decrease renal tubule injury

and reduced CaOx deposition in mouse kidneys

In the previous study, we found that some parts of PTs were
injured in the progression of CaOx formation; however, we also
found that other renal tubules exhibited injury, such as the
LOH and DTs. After glyoxylate administration, the LOH highly
expressed Len2 and Clu (Fig. S15A), and the expression of Len2
and Clu increased in DTs (expressing Slc12a3; Fig. S15B). Then,
we detected the expression of LCN2 and that of CLU in the LOH
and DTs of glyoxylate-treated kidneys, as determined by the
multiple fluorescent immunohistochemical (IHC) results. The
LCN2 and CLU expression increased in the loops of Henle and
DTs as the formation of CaOx crystals progressed (Fig. SI6A and
B). Furthermore, the LCN2, CLU, and CCL2 levels were up-
regulated in the urine of patients with CaOx stones (Fig. S15C).
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CaOx crystal deposition decreased in the mouse kidneys when
CCL2 was inhibited (Fig. 7A). However, CCL2 blockage after
crystal formation could not prevent crystal deposition in kidney
but could decrease the crystal deposition in the kidney (Fig. 7A).
Furthermore, CCL2 blockage reduced injury marker expression
in kidney, such as CLU, LCN2, and KIM-1 (Fig. 7A and B), as
well as the level of CLU and LCN2 secretion in mouse urine and
serum urea (Fig. 7C and D). The findings suggest that suppression
of CCL2 effectively reduced the infiltration of immune cells, miti-
gated renal tubular injury stemming from inflammation, and
lessened the accumulation of renal CaOx crystals.

Discussion

Comprehensively analyzing the accumulation of renal crystals
to stones in humans is challenging. Although studies on human
kidney specimens have been conducted [32,42,43], the limita-
tions imposed by the site of renal tissue acquisition and the tim-
ing of tissue collection during disease progression still prevent
us from fully understanding the pathogenic mechanisms under-
lying this condition. The application of murine models allows
the identification of renal characteristics at different stages of
renal CaOx crystal formation; however, this strategy is still lim-
ited since it does not reflect the full spectrum of renal pheno-
types found in patients with oxalate-related crystal nephropathy.
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Fig. 7. Injury marker expression in kidney. (A) Representative images of H&E and VK staining of kidney section after mice were treated CCL2 antagonist. CCL2 antagonist
after CaOx formation group: Mice were administrated with injection of glyoxylate for 3 d and then received a CCL2 antagonist for 4 d. CaOx depositions were black or brown
dot plots. Scale bar of H&E and VK staining, 100 pm. (B) IHC staining of CLU and LCN2 in mouse kidneys. (C) Statistical results of (B). (D) Representative CLU (green), LCN2
(orange), and KIM-1 (red) stainings of kidney sections in control group, CaOx group, CCL2 antagonist in combination with CaOx group, and CCL2 antagonist group. Scale bar
of immunofluorescence, 20 um. (E) Statistical results of (D). (F) Level of urine CLU and LCN2 among different groups. (G) Serum creatinine and urea in mice were detected.
Data are expressed as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.

scRNA-seq provides a robust and unbiased approach for survey-  patterns of various renal cell types in mice at different time points
ing kidney responses during CaOx crystal formation. Here, we  following glyoxylate administration, offering a valuable resource
employed scRNA-seq to thoroughly analyze the gene expression ~ for future research.
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We identified one PT subcluster that highly expressed
HAVCRI, known as KIM-1, which was defined as the injured
PT and showed an increased expression during CaOx crystal
formation in mouse kidneys expressing Spp1, Fgg, Fga, and Fgb.
El-Achkar and colleagues [43] reported that multiple cell types
in human renal papillae with stones expressed increased levels
of Spp1. Additionally, in a rat model, Spp1 expression was sig-
nificantly increased in PTs and immune cells [44]. Interestingly,
Spp1, Fgg, Fga, and Fgb were also found in the stone matrix.
These genes were identified by Witzmann et al. [45], who pre-
sented the 50 most abundant proteins in kidney stones, similar
to what Canales et al. [46] reported. Notably, our findings
extend earlier work by demonstrating that injured PTs not only
produce stone matrix proteins but also activate proinflamma-
tory and profibrotic genes (Cxcll, Tnfrsf12a, Nkfb2, and Pdgfb),
creating a microenvironment that amplifies immune cell recruit-
ment and crystal aggregation. This dual role of injured PTs, as
both contributors to stone matrix formation and initiators of
inflammation, mirrors observations in chronic kidney disease
models, where stressed tubular cells adopt a secretory phenotype
that drives fibrosis [47-49]. As CaOx crystals form in the kid-
neys, the interaction signals between injured PTs and immune
cells increase, further contributing to stone formation.

Macrophages, which are immune cells, are involved in vari-
ous aspects of the kidney stone formation and resolution pro-
cesses [7,50]. Crystal nephropathy can trigger an inflammatory
response [51-53], and macrophages are key immune cells
involved in this process [53,54] since they are attracted to the
sites of injury or inflammation in the kidneys and release
inflammatory mediators to recruit other immune cells. Our
single-cell data reveal that injured PTs engage in crosstalk with
macrophages via SPP1-CD44, consistent with the findings of
Yu and colleagues [53] in crystal nephropathy models. Crystal
retention in kidney may depend on the expression of CD44 in
injury cells [55,56]. In our study, the expression of CD44 was
mostly on macrophages. In one study of non-alcoholic steato-
hepatitis, CD44 has been reported to be associated with mac-
rophage infiltration and CCL2 expression [57]. Go Kuwahara
et al. [58] reported that adventitial cells in CD44 knockout mice
exhibited reduced expression of CCL2 protein and mRNA com-
pared to those in wild-type mice. However, we extend these
observations by demonstrating that Fn1™ RMs serve as the pri-
mary source of CCL2 during early crystal deposition, recruiting
infiltrating macrophages through CD44- AKT-dependent signal-
ing. CaOx crystals activate AKT pathways in wild-type macro-
phages, driving CCL2 expression, whereas CD44 ™'~ macrophages
exhibit blunted AKT activation and reduced chemokine output.
These results provide a novel link between CD44, a hyaluronan
receptor implicated in cell matrix interactions, and chemokine-
driven immune recruitment in crystal nephropathy.

CCL2 levels are markedly elevated in both the papillary tips
and urine of patients with nephrolithiasis [59]. Our study also
reported that urine CCL2 levels were up-regulated in patients
with CaOx stones. This finding suggests a potential role for
CCL2 in the pathogenesis of CaOx nephrolithiasis. The up-
regulation of CCL2 in urine may indicate an inflammatory
response associated with stone formation. Furthermore, the
presence of elevated CCL2 levels in papillary tips implies a local
inflammatory milieu within the kidney, which could contribute
to the development and progression of nephrolithiasis. In the
study of Wang et al. [60], CCR2, a receptor for CCL2, was evalu-
ated on kidney stone. They discovered that the CCR2 antagonist
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suppressed CCL2 expression, prevented THP-1 polarization
toward the M1 phenotype, and mitigated CaOx-induced dam-
age to HK-2 cells [60]. Dong et al. [61] demonstrated that the
CCL2-CCR?2 axis on macrophages influences the progression
of chronic obstructive pulmonary disease via the PI3K-AKT
signaling pathway. In this study, CCL2 inhibition significantly
attenuated tubular injury markers, reduced macrophage infil-
tration, and diminished CaOx crystal deposition. This aligns
with clinical evidence of elevated urinary CCL2 in nephroli-
thiasis patients [59], suggesting that targeting CCL2 could dis-
rupt the feedforward loop of crystal-induced inflammation.
Notably, the reduction in Clusterin, a stress protein with para-
doxical roles in cytoprotection and matrix stabilization [46,62-64],
highlights the dual benefit of CCL2 blockade in mitigating both
injury and stone progression. Future studies are warranted to
investigate the specific mechanisms by which CCL2 influences
stone formation and to explore its potential as a therapeutic
target for the management of nephrolithiasis.

In summary, we presented a detailed atlas of renal cells to
clarify the phenotypic characteristics, functions, and interactions
between renal tubules and immune cells during CaOx crystal
formation in mouse kidneys. scRNA-seq analysis was used
to identify the characteristics of injured PTs and revealed that
LCN2 and CLU, previously identified in the urine of patients
with CaOx stones, may serve as injury markers of the LOH, DTs,
and collecting ducts during the progression of CaOx stone dis-
ease. Injured PTs express proinflammatory and pro-fibrotic
genes that interact with monocytes. Activated RMs recruit infil-
trating macrophages to the injured area via the CD44-Akt-
CCL2 pathway, thereby facilitating an inflammatory response
within the kidneys (Fig. 8). This study sought to enhance our
understanding of normal mouse kidney function and the devel-
opment of CaOx stone disease while also identifying potential
cell types and target genes that could be crucial for treating CaOx
stone disease in the kidneys.

Materials and Methods

Animal study
C57BL/6] mice (male, 8 weeks) were acquired from Chengdu
Dossy Experimental Animals Co. Ltd. CD44 ™~ mice based on
CRISPR/Cas9 technology were acquired from GemPharmatech
Co. Ltd. This research received approval from the Animal Research
Ethics Committee at the West China Hospital, Sichuan University.
The mice were maintained in a specific pathogen-free (SPF) envi-
ronment, with the temperature kept between 20 and 26 °C and
relative humidity at 60%. They had unrestricted access to sterilized
food and water. The lighting schedule consisted of 12 h of light
followed by 12 h of darkness [65]. Mice were administered a single
intraperitoneal injection of glyoxylate at a dose of 80 mg/kg
(260150, Sigma-Aldrich, Shanghai, China) for 7 consecutive days
for the CaOx crystal nephropathy model [66,67]. On days 0, 1, 3,
5,and 7, the mouse kidneys were obtained for sScRNA-seq (1 = 6).
The CCL2 antagonist group received a CCL2 antagonist
[68-70] (HY-B0498, Bindarit, 50 mg/kg, MCE, Shanghai,
China) combined with the intraperitoneal injection of glyoxyl-
ate. On day 8, the kidneys were collected from the mice in
each group (n =6).

Single-cell RNA sequencing
The kidneys digested into cell suspensions were described in
the previous study, which were placed in Dulbecco’s modified
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Eagle’s medium (DMEM) and cut into pieces using collage-
nase IV (1 mg/ml; Merck, Shanghai, China) and deoxyribo-
nuclease (DNase) I (100 pg/ml, Merck) at 37 °C for 30 min
[71,72]. Digested renal cell suspensions with a concentration
of 1,000 cells/pl, with cell viability greater than 80%, were
prepared and sequenced using 10x Genomics Chromium (Single
Cell 3’ library and Gel Bead Kit v3) in accordance with the
manufacturer’s instructions as described in a previous study
[73]. The samples were sequenced on an [llumina Novaseq6000
instrument using 150 base paired-end reads.

Sequencing data processing and analysis
To harmonize cells across different samples, we can employ com-
putational methods designed to correct batch effects in scRNA-
seq data. In the subsequent sections, we will utilize functions
from the Harmony package [74] to address these batch effects.
Cell Ranger was used to process the raw data [which were
uploaded to National Center for Biotechnology Information
(NCBI): PRJNA1062071]. The Cell Ranger “count” module was

Jinetal. 2025 | https://doi.org/10.34133/research.0690

Injury

$ 70" —— Blocking CCL2

l Recruited

PI3K-Akt ) 3
_________________ Cytokines
""" NFkB | 2
----------------- He

—

- 4

Y

l Infiltrating

e
Inﬂamrnationl

e

used for alignment, filtering, barcode counting, and UMI
(unique molecular identifier) counting to generate a feature-
barcode matrix and identify the clusters. Cells were deemed
low quality and excluded from the analysis if they had fewer
than 1,000 UMI counts, less than 200 or more than 10,000 gene
counts, or if over 25% of their UMI counts originated from
mitochondrial genes. For dimensionality reduction, principal
components analysis (PCA) was utilized, and the resulting data
were visualized using “UMAP” R packages.

GO analysis, as well as KEGG and Reactome enrichment analy-
ses of the cluster markers, was executed using KOBAS software.
GSEA was conducted using version 2.2.2.4 of the GSEA software.

Single-cell trajectories were constructed using the “Monocle”
R package, which introduces the pseudo-time. The gene filter-
ing process adhered to the following criteria: They were required
to be expressed in over 10 cells, have an average expression level
greater than 0.1, and exhibit a g value below 0.01.

The analysis of cell-cell interaction was based on the recep-
tor and ligand expressions. CellPhoneDB 2 is a computational
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analysis tool based on Python, designed for the molecular-level
analysis of cell-cell communication [75,76].

Histological analysis and

immunofluorescence staining
The kidneys were fixed, embedded in paraffin, and sectioned
into 4-pum-thick slices [71]. H&E staining, along with VK stain-
ing, was performed according to the manufacturer’s instruc-
tions for the respective staining kits (Solarbio, China) [71].
For the multiple immunofluorescence assays, the kidney
sections were stained using Opal 6-Plex detection kits (Akoya
Biosciences, MA, USA) according to the manufacturer’s pro-
tocol. Kidney sections were incubated with anti-lipocalin 2
(1:100; Bioss, Beijing, China), anti-CLU (1:100; Aftbiotech,
Jiangsu, China), anti-SLC12A3 (1:200; Aftbiotech), anti-NKCC2
(SLC12A1) (1:2,000; Proteintech, Wuhan, China), anti-UMOD
(1:1,000; Proteintech), anti-AQP2 (1:1,000; Proteintech), anti-
ATP6V1B1 (1:400; Proteintech), anti-fibronectin (1:200, Abcam,
Shanghai, China), anti-F4/80 (1:200, Abcam), anti-CD68
(1:200, Abcam), anti-MCP1 (1:400, Affbiotech), anti-CCR2
(1:200, Affbiotech), and anti-Ly6C (1:400, Abcam). For the
2-color immunofluorescence assay, the kidney sections were
subjected to incubation with the primary antibodies, anti-TIM-1
(1:100; GeneTex, CA, USA) and anti-LTL (Lotus tetragonolobus
lectin; 1:50, Vectorlabs, Newark, CA), at 4 °C for 24 h. The slides
were incubated with fluorescent secondary antibody [streptavidin
fluorescein isothiocyanate (FITC), Alexa Fluor 594, 1:1,000,
Thermo Fisher Scientific, Shanghai, China] for 4 h at room
temperature.

BMDM isolation and culture

BMDMs were isolated from the tibias and femurs of C57BL/6]
mice and CD44 ™'~ mice. The cells were cultured in DMEM
(Gibco, USA) supplemented with 10% fetal bovine serum
(Gibco), 50 U/ml penicillin, 50 pg/ml streptomycin, and 20 ng/
ml murine macrophage colony-stimulating factor (Novoprotein,
Shanghai, China) [77,78] for 6 d. Mature BMDMs were used
for further experiments. BMDMs were stimulated with CaOx
crystals at a ratio of crystals per macrophage, with or without
AKT antagonist (Aktl/Akt2-IN-1, HY-50862, 5 pm, MCE,
Shanghai, China).

Western blotting

The samples of macrophages were lysed in radioimmunoprecipi-
tation assay (RIPA) buffer (Beyotime, Shanghai, China), which
included phosphatase and protease inhibitors, for a period of
30 min. The total protein concentration was measured usinga BCA
(bicinchoninic acid) kit (P0010, Beyotime). Equal quantities of
protein were then separated by 8% to 12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
subsequently transferred to PVDF (polyvinylidene difluoride,
Millipore, USA) membranes. The PVDF membranes were pre-
treated with QuickBlock Blocking Buffer (P0235, Beyotime) prior
to incubation with the respective primary antibodies: anti-AKT
(ET1609-51, HUABIO, Hangzhou, China), anti-phospho-AKT
(Ser*”) (ET-1607-73, HUABIO), anti-NF-xB (ET1603-12,
HUABIO), and CCL2 (83157-5-RR, Proteintech) antibodies. The
enzyme-tagged secondary antibodies were applied to the PVDF
membrane for a duration of 1 h at room temperature. Subsequently,
the protein bands were illuminated using an advanced chemi-
luminescence detection kit and visualized with an imaging
apparatus (Bio-Rad, ChemiDoc MP).
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ELISA assay

The study involving patient samples was approved by the
Biomedical Research Ethics Committee (West China Hospital,
Sichuan University). Midstream specimens of urine in the morn-
ing were collected from patients with CaOx stones and healthy
controls to detect CLU and LCN2 by using the human Clusterin
ELISA (enzyme-linked immunosorbent assay) Kit and human
Lipocalin-2 ELISA Kit (Boster Biological Technology, Wuhan,
China) according to the manufacturer’s instructions. Mice
serum and urine were collected from CaOx mice and control
mice to detect serum creatinine (biochemical analyzer), CLU,
and LCN2 by ELISA Kit (Boster Biological Technology).

Statistical analysis

All statistical analyses were performed using GraphPad Prism,
version 9.5.1. The data are expressed as the mean + standard
deviation (SD). Comparisons between the 2 groups were con-
ducted using Student’s ¢ test. Statistically significant differences
are denoted as *P < 0.05 or **P < 0.01.
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