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Abstract
Background  Calcium oxalate (CaOx) crystals are known to cause renal injury and trigger inflammatory responses. 
However, the role of exosome-mediated epithelial-macrophage communication in CaOx-induced kidney injury 
remains unclear.

Methods  To identify key molecules, miRNA sequencing was conducted on exosomes derived from CaOx-treated 
(CaOx-exo) and control (Ctrl-exo) epithelial cells, identifying miR-93-3p as significantly upregulated. A combination of 
dual-luciferase reporter assays, Western blot, RT-qPCR, immunofluorescence staining, flow cytometry, electrophoretic 
mobility shift assay (EMSA), and chromatin immunoprecipitation-qPCR (CHIP-qPCR) was used to explore the 
regulation of miR-93-3p by CREB1/CRTC2 and its downstream effects on NFAT5/Akt1/NIK/NF-κB2 signaling in 
macrophages. The functional roles of NFAT5 in macrophage polarization and macrophage extracellular traps (METs) 
formation were further evaluated both in vitro and in vivo.

Results  Epithelial exosomes stimulated by CaOx crystals were found to promote kidney injury via macrophage 
polarization and METs formation. Treatment with NIK SMI1, a NIK inhibitor, or CI-amidine, a METs inhibitor, mitigated 
crystal deposition and CaOx-induced kidney damage. Overexpression of NFAT5 in a CaOx-induced mouse model 
reduced renal injury and crystal deposition, downregulated NIK and NF-κB2 levels, and decreased the number of 
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Introduction
Kidney calculi represent a prevalent urological disorder, 
with epidemiological studies indicating a 1.0-5.0% inci-
dence rate in China and a progressive upward trend [1]. 
Calcium-containing stones, predominantly composed of 
calcium oxalate (CaOx), constitute approximately 80% 
renal calculi [2, 3]. The renal susceptibility to crystal for-
mation leads to various crystal nephropathies, primarily 
through CaOx-induced cytotoxicity in renal tubular epi-
thelial cells. This cytotoxicity manifests through mito-
chondrial dysfunction, elevated reactive oxygen species 
(ROS) production, lysosomal impairment, and inflamma-
some activation [4, 5]. Subsequent cytokine release from 
necrotic cells amplifies renal inflammation, potentially 
triggering acute kidney injury and accelerating CaOx 
crystal retention.

The deposition of CaOx crystals in renal interstitium 
triggers macrophage migration and activation. Activated 
macrophages release chemotactic factors that mobilize 
circulating monocytes to differentiate into tissue macro-
phages at deposition sites, aiming to engulf and degrade 
the crystal deposits over time [6, 7]. As important 
immune cells, macrophages exhibit functional plasticity 
[8], differentiating into classically activated (M1) or alter-
natively activated (M2) phenotypes under specific stimuli 
[9, 10]. Evidence from numerous studies suggests that 
long-term exposure to CaOx promotes M1 polarization, 
characterized by pro-inflammatory cytokine secretion 
(IL-6, IFN-γ, TNF-α) and adhesion molecule expression 
(VCAM-1), thereby propagating inflammatory cascades 
that facilitate stone formation [11–13]. In addition to 
their classical phagocytic and digestive functions, mac-
rophages, like neutrophils, can also act produce a net-
work of granular proteins and DNA called macrophage 
extracellular traps (METs), in response to specific stimuli 
[14, 15]. METs play a crucial role in anti-infective immu-
nity by capturing and neutralizing pathogens to prevent 
their spread. In addition, METs is the core structure of 
macrophages regulating inflammation and related cel-
lular mechanisms [16]. Despite their established roles in 
immunity, the impact of METs on kidney stone forma-
tion and renal injury remain unclear.

Recent studies have shown that extracellular vesicles 
(EVs), particularly exosomes (30–120 nm vesicles derived 
from multivesicular body-plasma membrane fusion), as 
critical mediators of intercellular communication [17, 
18]. These nanovesicles transport bioactive cargo (cyto-
kines, microRNAs, membrane receptors) to modulate 
recipient cell physiology [19, 20]. Their involvement 
spans diverse pathophysiological processes including 
immune regulation and tissue injury [21, 22]. Our prior 
work identified CaOx-stimulated renal epithelial exo-
somes as drivers of M1 macrophage polarization via 
microRNA transfer [23]. Here, we aim to delve deeper 
into the molecular mechanisms of exosome-mediated 
macrophage reprogramming underlying this process.

Clinical observations reveal elevated urinary exosome 
levels in nephrolithiasis patients, enriched with inflam-
matory mediators and noncoding RNAs [24]. Our pio-
neering study elucidates how renal tubular epithelial cell 
(RTEC)-derived exosomes deliver genetic regulators to 
macrophages, establishing a pro-inflammatory microen-
vironment conducive to crystal retention. This exosome-
mediated RTEC-macrophage crosstalk represents a novel 
therapeutic target for mitigating stone-related renal 
injury.

Results
Macrophage infiltration was increased in kidney tissue of 
CaOx crystal deposition mice and stone patients
We established a mouse model using a vitamin D-supple-
mented high-calcium diet (Fig.  1A) according to previ-
ously reported methods [25]. Blood urea nitrogen (BUN) 
and serum creatinine (Scr) levels, and urinary calcium 
and oxalate levels increased were increased remarkably in 
this model (Fig. 1B). HE and Von Kossa staining indicated 
an aggravated renal cortical injury and increased calcium 
crystal deposition in renal tubular lumens (Fig.  1C-D), 
suggesting the successful establishment of the mouse 
model of nephrolithiasis. Tunel and F4/80 staining dem-
onstrated the enhanced macrophage infiltration in the 
kidneys of nephrolithiasis mice (Fig. 1C-D). MCP-1, IL-6 
and TNF-α were significantly up-regulated in kidney 
stone mice (Fig.  1E). The immunohistochemical posi-
tive level of CD68 in the kidney tissue of nephrolithiasis 

M1-polarized macrophages. Mechanistic studies revealed that miR-93-3p directly targets NFAT5 mRNA, as confirmed 
by dual-luciferase assays, qRT-PCR, and Western blot. Additionally, we demonstrated that CREB1/CRTC2 acts as a 
transcriptional activator of miR-93-3p. Inhibition of miR-93-3p partially reversed NIK/NF-κB2 activation and alleviated 
kidney injury.

Conclusions  CaOx crystals exacerbate renal interstitial injury by promoting M1 macrophage polarization and METs 
formation through the CREB1/CRTC2–exosomal miR-93-3p–NIK/NF-κB2 signaling pathway. Targeting this pathway 
may provide therapeutic avenues for mitigating crystal deposition-induced kidney damage.
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Fig. 1 (See legend on next page.)
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patients is significantly increased (Fig. 1F-G). In the kid-
neys of mice model, mRNA levels of macrophage mark-
ers suggested that pro-inflammatory M1 macrophages 
were the predominant increased (Fig. 1H). These results 
suggest that CaOx crystal deposition induces significant 
macrophage infiltration, with a predominance of pro-
inflammatory M1 macrophages.

Secretion of extracellular vesicles from kidney proximal 
tubules was increased in kidney stones mice and patients
To investigate the role of extracellular vesicle (EV) secre-
tion in nephrolithiasis, we examined 3 genes, Rab27a, 
Rab27b and Smpd3 (Fig. 1I), which are related to extra-
cellular vesicle secretion in mice and human renal tissues 
[26, 27]. Among these, only Rab27a was significantly up-
regulated (Fig.  1J-K). Immunofluorescence showed that 
CD63- and TSG101- labelled EVs were mainly localized 
around proximal renal tubular epithelial cells (Fig. 1L-M). 
In kidney tissues from nephrolithiasis patients, immu-
nohistochemical (IHC) analysis of CD63 and TSG101 
revealed a significant increase in EV secretion compared 
to controls (Fig. 1N). Transmission electron microscopy 
(TEM) further confirmed a higher number of EV bod-
ies in the proximal renal tubular epithelial cells of mouse 
kidneys (Fig.  1O). Western blot results of CD63 and 
TSG101 in both mouse and human kidney tissues sup-
ported the above conclusions (Fig.  1P-Q). These results 
illustrated that the secretion of extracellular vesicles was 
increased in the process of nephrolithiasis, suggesting a 
potential role for EVs in the pathophysiology of kidney 
stone disease.

CaOx-stimulated exosomes from TCMK-1 cells promoted 
M1 polarization
TCMK-1 cells were stimulated by 150mmol/ml CaOx, 
with or without the exosome secretion inhibitor 
GW4869, for 24 h. The medium was then replaced with 
exosome-free medium for an additional 24  h. The exo-
somes in the conditioned medium were collected to 
stimulate RAW264.7 cells (Fig.  2A). Characterization 
of exosome markers (CD63, TSG101, CD81 and nega-
tive marker Calnexin) by western blot, morphology and 
size by transmission electron microscopy (TEM) and 
nanoparticle tracking analysis (NTA) confirmed the 

successful isolation of control-exosomes (Ctrl-exo) and 
CaOx-exosomes (CaOx-exo) (Fig.  2B-C). In addition, 
the concentration of CaOx-exo was significantly higher 
than Ctrl-exo (Fig.  2D-E), which may be attributed to 
the increased expression of Rab27a. PKH26-labelled 
exosomes were co-cultured with RAW264.7 cells, con-
firming that RAW264.7 cells could internalize these exo-
somes (Fig.  2F). CaOx significantly enhanced exosome 
secretion from TCMK-1 cells, and macrophages treated 
with CaOx-exo exhibited a shift toward the pro-inflam-
matory M1 phenotype. In contrast, macrophages treated 
with exosomes derived from TCMK-1 cells exposed to 
both GW4869 and CaOx showed reduced M1 polariza-
tion (Fig. 2G-I, Fig S1A).

To further clarify the relationship between exosomes 
and kidney inflammation in vivo, we constructed Rab27a 
knockout mice (Rab27a-/-) (Fig.  S1B-C). As expected, 
the kidney of Rab27a-/- mice exhibited less M1 polar-
ization compared to than wild-type mice (Fig.  2J, Fig 
S1D). Flow cytometry further demonstrated that CaOx-
exo promoted a pro-inflammatory M1 phenotype, while 
GW4869 mitigated this effect (Fig.  2K). In CaOx-exo-
treated macrophages, mRNA levels of M1 markers (TNF-
α, iNOS, CD86) were significantly upregulated, while M2 
markers (CD163, IL-10, TGF-β1, Arg-1) were downregu-
lated (Fig. 2L). RAW264.7 exposed to CaOx-exo secreted 
higher levels of proinflammatory cytokines, such as IL-6, 
IL-8 and TNF-α, and lower levels of anti-inflammatory 
IL-10, compared to Ctrl-exo-treated cells (Fig. 2M). The 
above findings suggested that CaOx-exo derived from 
TCMK-1 induced M1 polarization, contributing to a pro-
inflammatory environment.

Exosomal mir-93-3p targeting macrophage NFAT5 May be 
a potential mechanism of kidney injury induced by stones
MiRNAs sequencing of Ctrl-exo and CaOx-exo revealed 
57 significantly up-regulated and 46 significantly down-
regulated miRNAs (|log2FC|>2.5, P < 0.01) (Fig.  3A). 
After filtering out low-expression miRNAs and screen-
ing for homologous ones, we narrowed the candidates to 
15 miRNAs (Fig. 3B). By intersecting the above 15 can-
didates with the differentially expressed miRNAs of folic 
acid-induced kidney injury and fibrosis (GSE61382), and 
unilateral ureteral obstruction (UUO) (GSE118340), we 

(See figure on previous page.)
Fig. 1  Macrophage infiltration and exosomes secretion was increased in kidney tissue of CaOx crystal deposition mice and stone patients. A Schematic 
diagram of kidney stone mouse model. B BUN, SCr, Ca and oxalate levels in mice. C-D Representative images of HE, Von Kossa, Tunel staining, F4/80 and 
KIM-1 (scale bar = 20 μm) and quantitative analysis. E mRNA levels of inflammatory chemokines MCP-1, IL-6, TNF-α in control and stone mouse kidneys. 
F-G Representative IHC images of CD68 in normal control and stone patients kidneys and quantitative analysis. Scale bar = 20 μm. H mRNA levels of mac-
rophage markers CD86, ARG-1 and CD163. I Expression levels of genes related to exosome secretion of mice and human. J-K Protein levels of Rab27a in 
mouse kidney and human kidney. L-M Representative IF images and quantitative results of CD63 and TSG101 and proximal RTECs marker AQP-1 in mouse 
kidney tissues. N Representative IHC images and quantitative results of CD63 and TSG101. O Representative TEM images showing extracellular vesicles 
secreted by RTECs at 12d after modelling. Scale bars = 500 nm. P-Q Representative western blot images and quantitative analysis showed the expression 
levels of CD63 and TSG101 in the control and CaOx mice, and control and stone patients kidneys. Data are shown as mean ± SEM. P-values were calculated 
from two-tailed independent t-tests.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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identified two potential targets: mmu-miR-27-5p and 
mmu-miR-93-3p (Fig.  3C). RNA sequencing of macro-
phages treated with exosomes revealed enrichment of 
inflammatory pathways and pro-inflammatory factor 
production based on KEGG and GO analyses (Fig.  3D, 
Fig S2A). To pinpoint the key pro-inflammatory miRNA, 
TCMK-1 cells were transfected with miR-27-5p or miR-
93-3p mimics or inhibitors, and the polarization of 
macrophages was assessed. Transfection of mimics of 
miR-93-3p but not miR-27a-5p resulted in a significant 
increase of iNOS expression, indicating that the former 
was the primary contributor to M1 polarization (Fig. 3E-
F, Fig S2B-C). After filtering, we identified NFAT5 as 
the potential target gene of miR-93-3p using 5 miRNA 
target gene prediction tools (TargetScan, miRDB, miR-
Walk, miRmap and Tarbase) (Fig. 3G). Nuclear factor of 
activated T-cells 5 (NFAT5) is known to play a key role 
in inflammation and immune responses triggered by 
damage-associated molecular patterns (DAMPs). Nota-
bly, previous studies have shown that NFAT5 contributes 
to the progression of chronic arthritis by promoting mac-
rophage polarization [28]. RT-qPCR analysis confirmed 
that NFAT5 expression was reduced in macrophages 
treated with CaOx-exo (Fig.  3H). Bioinformatics analy-
sis revealed a complementary binding sequence between 
miR-93-3p and the 3′ untranslated region (3′UTR) of 
NFAT5 (Fig.  3I). Cells co-transfected with miR-93-3p 
mimics and a luciferase reporter plasmid containing WT 
NAFT5 3’UTR showed lower luciferase activity (Fig. 3J). 
IHC and Western blot analyses showed that NFAT5 
expression was significantly lower in the kidney tissues of 
CaOx mice and nephrolithiasis patients than in controls 
(Fig. 3K-L, Fig S2D). Based on these findings, we selected 
miR-93-3p for further research and concluded that 
CaOx-exo regulates renal injury caused by kidney stones 
through exosomal-miR-93-3p/NFAT5 axis.

The NIK/NF-κB2 pathway promotes M1 polarization and 
METs formation
The NIK/NF-κB2 pathway in the RNA sequencing 
results of macrophages emerged as a key area of inter-
est (Fig.  3D). Analysis from the public database (hum-
phreyslab.com/SingleCell/) revealed that significantly 

increased expression NIK(Map3k14) in the kidneys of 
mice 14 days after UUO surgery. NIK is mainly expressed 
in macrophages and repairing renal tubular epithe-
lial cells (Fig S3) [29]. To further verify the regulatory 
effect of miR-93-3p on NFAT5 and NIK/NF-κB2 path-
way, Western blot was performed to assess the levels 
of the key molecules in RAW264.7 cells. Not surpris-
ingly, NIK and its downstream p52 were significantly 
increased, while p100, the precursor of p52, and NFAT5 
were decreased when cells were stimulated with CaOx-
exo and transfected with miR-93-3p mimics. Conversely, 
when cells were treated with CaOx-exo and transfected 
with miR-93-3p inhibitors, NIK and p52 levels increased 
significantly. Co-transfection with LV-NFAT5 further 
amplified these changes (Fig.  4A-B). Additionally, treat-
ment with miR-93-3p inhibitor and/or si-NIK reduced 
p100 levels while increased p52 levels compared to the 
control group (Fig.  4C-D). These findings suggest that 
miR-93-3p and NIK both act as key regulators in sup-
pressing the NF-κB2 pathway.

In addition to regulating inflammatory factors and pro-
inflammatory pathways, we found the term “extracel-
lular space” in the results of KEGG enrichment analysis 
(Fig. 3D). Recent studies reported a novel form of mac-
rophage death, known as METosis, characterized by the 
release of DNA and proteins into the extracellular space 
to form structures called METs. To confirm the presence 
of METs, we stained extracellular DNA meshwork struc-
tures along with MET markers (citH3 and MMP12). Con-
sistent with the previous results, IF results showed that 
CaOx-exo-stimulated macrophages were polarized into 
M1 phenotype, and METs formation was significantly 
increased, which could be reversed by using miR-93-3p 
inhibitor and si-NIK (Fig. 4E-F). In summary, CaOx-exo 
exacerbated inflammation and kidney injury induced by 
kidney stones by promoting M1 polarization and METs 
release.

NFAT5 repressed NIK/NF-κB2 pathway via ubiquitination 
and degradation of NIK by Akt1/cIAP1/2
We used the STRING database to identify the mediator 
molecule between NFAT5 and NIK/NF-κB2. 10 mol-
ecules were related with NFAT5, and among them, only 

(See figure on previous page.)
Fig. 2  CaOx-stimulated exosomes from TCMK-1 promoted M1 polarization. A Schematic representation of macrophages treated with exosomes derived 
from TCMK-1 cells. B Exosomes were identified by surface markers. C TEM and NTA images of exosomes from TCMK-1 cells. Scale bars = 100 nm. D Exo-
some concentration was assessed by western blot analysis of the same volume of Ctrl-exo and CaOx-exo. E Density detection of Ctrl-exo and CaOx-exo. 
F Representative IF image of TCMK-1 cell-derived exosomes taken up by RAW264.7 cells (green for phalloidin and red for PKH- labelled exosomes). Scale 
bars = 20 μm. G Representative western blot of CD63 and TSG101 in TCMK-1 treated with GW4869 and CaOx. H Representative western blot of iNOS 
and ARG-1 in RAW264.7 treated with exosomes from G groups. I Representative IF images of M1 macrophage markers F4/80 and iNOS in four groups of 
macrophages. J Representative IF images showing the levels of TSG101 and iNOS in the kidneys of stone-induced control and Rab27a-/- mice. K Repre-
sentative flow cytometry results showed four groups of iNOS + F4/80 + and ARG-1 + F4/80 + macrophages, which represent changes in M1 and M2 levels. 
L Relative mRNA levels of representative markers of M1 and M2 macrophages, M1 markers were significantly changed by CaOx stimulation and GW4869. 
M Cytokines produced by Ctrl-exo and CaOx-exo-treated macrophages were assayed by ELISA. Data are shown as mean ± SEM. In D, E, M, p-values were 
calculated from two-tailed independent t-tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Akt1 was part of the of NF-κB2 signalling pathway clus-
ter (Fig.  5A). Therefore, we hypothesized that NFAT5 
regulates the NIK/NF-κB2 pathway through Akt1. West-
ern blot analysis revealed that knocking down NFAT5 
reduced the levels of p-Akt1/Akt1 and cIAP1/2 while 
increasing NIK levels (Fig. 5B). si-NFAT5 potentiated the 
CaOx-exo-induced increase in NIK expression (Fig. 5C). 
In RAW264.7 cells, Akt1 phosphorylation was inversely 
correlated with NIK protein levels in a dose-dependent 
manner (Fig S4A). Given Cycloheximide (CHX) to cells 
to inhibit protein synthesis, treatment with the Akt1 
activator SC79 promotes NIK degradation, whereas NIK 
exhibited an extended half-life in the absence of SC79 
(Fig S4B). Ubiquitination is a common post-translational 
modification (PTM) involved in protein degradation, 
and previous studies have identified cIAP1/2 as the pri-
mary E3 ubiquitin ligases targeting NIK for degradation 
[30, 31]. The public PTM database further confirmed the 
presence of multiple ubiquitination and phosphorylation 
sites on NIK (Fig S4C). To examine the roles of NFAT5 
and Akt1 affect NIK ubiquitination and degradation, 
cells were treated with NFAT5 or cIAP1/2 overexpres-
sion plasmids, SC79, or proteasome inhibitor MG132, 
respectively. Overexpression of NFAT5 or cIAP1/2, 
or treatment with SC79 reduced NIK protein levels, 
whereas MG132 co-treatment inhibited NIK degradation 
(Fig. 5D). We further examined the levels of ubiquitina-
tion in RAW264.7 in different conditions. Co-immuno-
precipitation experiments showed that NFAT5 promoted 
NIK ubiquitination (Fig. 5E). Activation of Akt1 by SC79, 
or overexpression of cIAP1/2 also promoted NIK ubiq-
uitination (Fig.  5F-G). These results demonstrate that 
NIK degradation mediated by p-Akt1 is associated with 
NIK ubiquitination. NFAT5 promotes Akt1 phosphory-
lation, which activates cIAP1/2. These E3 ubiquitin 
ligases directly ubiquitinate NIK, thereby suppressing the 
NF-κB2 pathway.

Considering that Akt1 is a canonical kinase and NIK 
has some phosphorylation modification sites, we per-
formed CO-IP and found no direct interaction between 
NIK and p-Akt1 (Fig S4D). In RAW264.7 cells overex-
pressing NIK or treated with SC79, p-Akt1 increased 
p52 protein level, without altering NIK phosphorylation 

(Fig S4E). This may be linked to IKKα activation, another 
critical kinase in the NF-κB2 pathway, mediated by Akt1.

Overall, our results indicate that p-Akt1 promotes 
cIAP1/2 expression, which in turn ubiquitinates and 
degrades NIK. NFAT5, acting as an upstream regulator 
of Akt1, allows NIK to escape from ubiquitination-medi-
ated degradation when down-regulated by exosomal-
miR-93-3p, thereby inhibiting the NF-κB2 pathway.

Tubular epithelial cells derived miR-93-3p promotes M1 
polarization and METs formation in vivo
To investigate the correlation between proximal tubular 
epithelia cells derived exosomes and CaOx-induced renal 
inflammation, we performed an animal study in a CaOx 
mice model by tail intravenous injection of CaOx-exo or 
Ctrl-exo (Fig. 6A). CaOx-exo injection significantly exac-
erbated renal dysfunction compared to Ctrl-exo-treated 
normal control (NC) and CaOx mice (Fig.  6B). TCMK-
1-derived exosomes were labelled with DiR, and their 
biodistribution was tracked through fluorescence imag-
ing of the lungs, liver, and kidneys at 6, 12, 24, and 48 h 
post-injection. Fluorescence intensity increased over 
time, with the highest accumulation in the lungs, fol-
lowed by the liver, and comparatively lower levels in the 
kidneys at all time points (Fig S5A). After accounting 
for fluorescence interference from other organs, kidney 
uptake of exosomes was observed to increase over time, 
peaking at 48 h (Fig S5B). Based on these findings, sub-
sequent in vivo experiments focused on the fluorescence 
intensity at the 48-hour time point.

Interestingly, CaOx-exo injection in CaOx mice 
resulted in significantly higher exosome uptake in the 
kidneys compared to Ctrl-exo-treated NC mice (Fig. 6C). 
This suggests that CaOx-exo exacerbates pre-existing 
renal injury caused by kidney stones, potentially through 
enhanced macrophage phagocytosis or upregulated 
expression of scavenger receptors, thereby increasing the 
uptake of exogenous exosomes [32]. In addition, NFAT5 
specifically overexpressed stone mice and miR-93-3p 
antagomir intravenously injection stone mice models 
were established. M1 polarization, METs formation, 
and NIK/NF-ΚB2 pathway were attenuated by NFAT5 
overexpression or antagomir (Fig.  6D-E). Histological 
analyses using HE and Von Kossa staining demonstrated 

(See figure on previous page.)
Fig. 3  Exosomal mir-93-3p targeting macrophage NFAT5 may be a potential mechanism of kidney injury induced by stones. A Volcano plot of miRNA 
sequencing. B Heat map of miRNA sequencing. C 2 candidate miRNAs were obtained after intersection of genes in the heat map with GSE61328 and 
GSE118340. D KEGG enrichment analyses were performed on the RNA sequencing results of CaOx-exo and Ctrl-exo-treated macrophages. E The mim-
ics and inhibitors of miR-27a-5p and miR-93-3p were used to verify their effects on macrophage polarization, respectively. G Venn diagram showing the 
intersection of potential target genes of miR-93-3p predicted by 5 databases: TargetScan, miRDB, Tarbase, miRWalkand miRmap. H Relative mRNA levels 
of the 5 genes in the intersection. I The binding site of wild-type NAFT5 with miR-93-3p, and mutant sequence of NFAT5 3ʹ-UTR. J Luciferase activity of 
cells cotransfected with mimics-NC or miR-93-3p mimics and NFAT5-WT or NFAT5-Mut luciferase reporter plasmid. K Representative IHC images indicat-
ing NFAT5 expression levels in mouse kidneys. Scale bars = 20 μm. L The expression levels of NFAT5 and iNOS in mouse and human kidney tissues were 
detected by Western blot. Data are shown as mean ± SEM. In H, P-values were calculated from two-tailed independent t-tests. In J, One-way ANOVA with 
Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 4  The NIK/NF-κB2 pathway promotes M1 polarization and METs formation. A-B Representative western blot results showed the levels of NFAT5, NIK, 
p100, p52 and RelB in RAW264.7 cells stimulated with different groups of TCMK-1-derived exosomes. C-D Western blot analysis of NIK, iNOS, p100 and 
p52 when NIK is knocked down. E-F SYTXO-green staining showed the formation of METs, and citH3 + MMP12 + RAW264.7 represented cells undergoing 
METosis. Data are shown as mean ± SEM. Two-way ANOVA with Tukey’s multiple comparisons test.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 5 (See legend on next page.)
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reduced kidney injury and stone formation following 
NFAT5 overexpression or miR-93-3p inhibition. AAV-
NFAT5 or antagomir decreased NIK expression and 
increased NFAT5 and p-AKT1 levels, and METs co-
labelled with citH3, the marker of METs, and F4/80 can 
also be suppressed (Fig.  6F-G). These results revealed 
that exosomal miR-93-3p modulates the NFAT5/AKT1/
NIK/NF-κB2 axis in vivo, contributing to renal inflam-
mation and injury associated with kidney stones.

METs and M1 polarization formed a positive feedback loop 
in kidney injury
To further elucidate the critical role of NIK/NF-κB2 
and METs in CaOx-exo-induced kidney injury, we used 
METs inhibitor CI-amidine or NIK inhibitor NIK SMI1 
to suppress METs production and NIK/NF-κB2 path-
way in mice, respectively. As expected, both treatments 
attenuated pathological changes, including renal tubule 
lumen dilation, crystals deposition, M1 polarization, and 
the presence of citH3 and F4/80-labeled METs (Fig. 7A-
B). Western blot analysis confirmed the reduced expres-
sion of iNOS and citH3 proteins in the kidney tissues of 
treated mice, aligning with staining results (Fig.  7C-D). 
Furthermore, ionomycin, an activator of extracellular 
traps, significantly increased METs formation, as well as 
the co-localization of citH3 and MMP12 in macrophages. 
It also enhanced M1 polarization in murine bone mar-
row-derived macrophages. However, both CI-amidine 
and NIK SMI1 effectively mitigated these effects (Fig. 7E-
F). In each group of macrophages, we evaluated the 
expression levels of citH3 and iNOS. Western blot analy-
sis confirmed that both inhibitors effectively inhibited the 
upregulation of citH3 and iNOS, as well as M1 polariza-
tion by CaOx and Ionomycin (Fig. 7G-H). In conclusion, 
pro-inflammatory macrophages and their distinct modes 
of cell death mutually amplify each other, creating a posi-
tive feedback loop that exacerbates kidney injury.

miR-93-3p is specifically down-regulated in TCMK-1 cells by 
the master transcription factor complex CREB1/CRTC2
To explore the mechanism of by which CaOx stimu-
lated the increased expression of miR-93-3p in TCMK-1 
cells, we searched the specific transcription factors of 
mmu-miR-93-3p in the public online database Trans-
miR (v3.0,cuilab.cn/transmir). Screening for transcrip-
tion factors with Level 1 evidence specifically expressed 

in the kidney, we found that CRTC2 is highly kidney-
specific (Table S1). CREB1, a coactivator of CRTC2, was 
also identified as a candidate. Therefore, we focused on 
the regulation of miR-93-3p by CREB1/CRTC2 com-
plex. Intraperitoneal injection of 1,25(OH)2D3 is com-
monly used to establish nephrolithiasis models in mice 
[33]. Analysis of ChIP-seq data from GSE206777 revealed 
that both p-CREB1 and CRTC2 were enriched upstream 
of the miR-93 host gene (miR-93 HG) promoter, 
with CRTC2 showing significant enrichment under 
1,25(OH)₂D₃ stimulation (Fig. 8A). This suggests that the 
transcription coactivator CRTC2 may be the main fac-
tor responsible for the increased miR-93-3p expression. 
CHIP assay showed that CRTC2, but not p-CREB1, regu-
lated miR-93-3p expression after CaOx stimulation in 
TCMK-1 cells (Fig. 8B-C). Electrophoretic mobility shift 
assay (EMSA) was performed to further demonstrate the 
specific binding region of CREB1/CRTC2 to the miR-
93 HG promoter. Binding to the miR-93 HG promoter 
was observed only in protein extracts from cells stably 
expressing CREB1 but not with extracts from cells stably 
expressing CRTC2, and specificity was confirmed by the 
reduced binding in the presence of competitive probes 
(Fig.  8D). This is consistent with the typical structure 
and function of the CREB1/CRTC2 complex. There-
fore, we hypothesized that CREB1 directly binds to the 
promoter of miR-93 HG, but its enrichment remains 
constant regardless of stimulation. In contrast, CRTC2 
binds indirectly to the promoter region via CREB1, and 
is significantly enriched during stimulation, functioning 
as the dominant transcription factor (Fig.  8G). Trans-
miR provided the putative motif logo for CREB1, high-
lighting two potential binding sites on the promoter 
region (Fig.  8E). CHIP-qPCR revealed that the bind-
ing site 1(-243 to -238  bp) was responsible for CREB1/
CRTC2-mediated miR-93 HG promoter activity (Fig. 8F). 
Luciferase reporter assays in 293T cells showed that 
transfection of CREB1 or CRTC2 plasmids significantly 
increased promoter activity, with CRTC2 demonstrat-
ing a stronger effect. However, the transcriptional effect 
of CREB1 or CRTC2 on mutant miR-93 HG was sig-
nificantly reduced. For miR-93 HG + CRTC2 + shCREB1 
group, the luciferase activity was not only lower than 
that of miR-93 HG + CREB1 + shCRTC2 group but also 
more significantly lower than that of mir-93 HG + CRTC2 
group (Fig.  8H). These results revealed that CREB1/

(See figure on previous page.)
Fig. 5  NFAT5 repressed NIK/NF-κB2 pathway via ubiquitination and degradation of NIK by Akt1/cIAP1/2. A Protein-protein interaction networks for 
NFAT5 and NIK/ NF-κB2 pathway were constructed using the STRING online database. B Protein levels of NFAT5, Akt1,p-Akt1, cIAP1/2 and NIK in macro-
phages transfected with NC or si-NAFT5 were determined using Western blot. C Representative images and quantitative analysis of IF staining of NFAT5 
in RAW264.7 cells in 4 different treatment groups. Scale bar = 20 μm. D Protein levels of NFAT5, Akt1,p-Akt1, cIAP1/2 and NIK in macrophages transfected 
with Flag-NFAT5, Myc-cIAP1/2 plasmids or applied with SC79, DMSO or MG132, were determined using Western blot. E–G TCMK-1 cells were transfected 
with different plasmids and treated with MG132. Cell lysates were immunoprecipitated with Myc antibody. Ubiquitinated and total NIK was detected by 
immunoblot analysis of anti-HA and anti-FLAG antibodies. Immunoblot analysis of NFAT5, Myc (NIK), HA (Ub), and β-actin in whole-cell lysates. Data are 
shown as mean ± SEM. Two-way ANOVA with Tukey’s multiple comparisons test.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 6 (See legend on next page.)
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CRTC2 is a specific transcriptional activator complex of 
miR-93 HG. While CREB1 is essential for transcription 
activation, CRTC2 plays a predominant role in enhancing 
transcription.

Discussion
The formation of kidney calculi is mainly related with 
the deposition and growth of supersaturated crystals in 
the urine [34]. The stimulated RTECs engage in crosstalk 
with a variety of other cells in the environment, such as 
macrophages and fibroblasts, resulting in cascade ampli-
fication of inflammatory injury and increased formation 
of extracellular matrix [35]. Among them, the commu-
nications between RTECs and macrophages is essential 
for crystal clearance and inflammatory modulation. Mul-
tiple studies have found that ischemic/hypoxic stimula-
tion enhances macrophage-derived exosome production, 
exacerbating RTEC damage [36]. While macrophages can 
sense urinary constituents via transepithelial protrusions 
to phagocytize crystals and prevent tubular obstruction 
[37], current understanding remains incomplete regard-
ing epithelial-derived exosomal mechanisms in macro-
phage-mediated renal injury [23]. It is primarily M2 that 
performs the functions of crystal clearance and tissue 
repair [38, 39], whereas M1 macrophages promote crys-
tal aggregation and inflammatory responses [40]. This 
study specifically investigates the molecular pathways 
through which RTEC-derived exosomes drive M1 macro-
phage polarization.

Exosomes are microvesicles with lipid membranes, 
which can transport bioactive cargo (proteins, lipids 
and nucleic acids) into recipient cells to participate in 
intercellular communication [41]. Rab GTPases, (par-
ticularly Rab27a/b), critically regulate exosomal bio-
genesis and secretion [42]. In this study, our team 
constructed Rab27a knockout (Rab27a-/-) mice to 
reduce exosome secretion [43]. Rab27a-/- mice exhib-
ited attenuated nephrolithiasis severity and reduced 
crystal deposition, establishing a pathological link 
between RTEC-derived exosomes and stone formation. 
This aligns with prior observations of oxalate-induced 
exosome overproduction in lithogenesis [44]. Tail intra-
venous injection of CaOx-exo into kidney stone mice 
resulted in more severe kidney injury than Ctrl-exo. 
This differential effect stems from both compositional 
alterations in CaOx-exo cargo and inflammation-
enhanced exosomal release/uptake dynamics.

MicroRNAs(miRNAs) constitute critical regulators 
in the renal calculi formation and subsequent kidney 
injury, with emerging potential as diagnostic biomark-
ers [45]. In this study, we explored the packaged differ-
entially expressed miRNAs in Ctrl-Exo and CaOx-Exo 
by miRNA sequencing, and miR-93-3p was significantly 
highly expressed in CaOx-exo with homology. Previous 
studies have linked miR-93-3p to various pathological 
processes. For instance, miR-93-3p expression is elevated 
after severe burns in mice, promoting intestinal mucosal 
injury and inhibiting tissue repair [47]. In addition, a sig-
nificant increase in miR-93-3p expression was identified 
in renal clear cell carcinoma, and the potential activated 
signalling loop STAT3-miR-93-3p-DAPK1 could exacer-
bate cancer progression [48]. ASMTL-AS1, a down-reg-
ulated lncRNA in papillary thyroid carcinoma, increased 
the expression of miR-93-3p, which promoted glycolysis 
and tumor development [49]. However, its involvement 
in CaOx nephropathy remains uncharacterized. In the 
present study, we found that RTECs-derived exosomal 
miR-93-3p drives M1 macrophage polarization, thereby 
initiating inflammatory cascades that potentiate renal 
injury.

By integrating macrophage RNA sequencing, bioinfor-
matics analysis and qRT-PCR validation, we identified 
NFAT5 as a direct target of miR-93-3p. Macrophages 
exposed to CaOx-exo exhibited NFAT5 downregulation 
concomitant with upregulated pro-inflammatory path-
ways (cytokine secretion, extracellular matrix remodel-
ing). NFAT5 was originally identified as a transcriptional 
regulator of hypertonic salt stress responses in the 
renal medulla. It was later confirmed to be implicated 
in inflammation and oxidative stress [50]. For example, 
NFAT5 activates mTOR-IRF3/7 to exacerbate kidney 
injury in patients and mouse models of lupus nephritis 
[51], and its interaction with NF-κB enhances glycolysis 
and inflammatory responses in macrophages during sep-
sis [52]. The present study demonstrated that, consistent 
with its anti-inflammatory potential, NFAT5 overexpres-
sion attenuated CaOx-exo-induced crystal deposition 
and renal pathology. We also found that CaOx-exo-
accelerated macrophage polarization and inflammation is 
miR-93-3p/NFAT5 axis dependent for the first time.

The link between kidney stones and inflammation has 
garnered increasing attention [4, 53]. According to Yang 
et al., macrophage polarization status is closely related 
to crystal burden and renal pathology [36]. However, 

(See figure on previous page.)
Fig. 6  Tubular epithelial cells derived miR-93-3p promotes M1 polarization and METs formation in vivo. A Schematic diagram of the kidney stone mouse 
model by tail intravenous injection exosomes. B Renal function in each group of mice. C DIR-labelled exosomes were observed in vivo to evaluate exo-
some uptake efficiency by the kidneys after modelling. D-E Protein levels of iNOS, NGAL, KIM-1, citH3, NIK, p100 and p52 in kidneys of different groups. 
F-G Representative pathological staining images, IHC images and IF images showing the expression of kidney injury, crystal deposition, NFAT5, NIK, p-AKT 
and citH3 + F4/80 + areas. Scale bar = 20 μm. Data are shown as mean ± SEM. Two-way ANOVA with Tukey’s multiple comparisons test.*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Fig. 7 (See legend on next page.)
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the mechanisms by which CaOx-exo and miR-93-3p/
NFAT5 axis regulate inflammation have not been elu-
cidated. KEGG pathway enrichment analysis showed 
that NFAT5 may participate in the regulation of mac-
rophage inflammatory response through NIK/ NF-κB2 
signaling—a non-canonical pathway involving p100 
precursor processing into transcriptionally active p52/
RelB dimers that mediate immune regulation and inflam-
mation [54–56]. Our data suggest that NFAT5 silencing 
activates NIK/ NF-κB2 pathway through enhanced NIK 
stability. Interestingly, NFAT5 could promote NIK ubiq-
uitination via cIAP1/2 E3 ligases, regardless of CaOx-exo 
presence [57, 58]. Akt1 was identified as an upstream 
kinase that activates cIAP1/2 and promotes apoptosis 
in human leukemic cells [59]. Results from the STRING 
database showed a potential association between NFAT5 
and Akt1, leading us to hypothesize that CaOx-exo, as 
an external stimulus, inhibits Akt1/cIAP-mediated NIK 
degradation, thereby activating NF-κB2 signaling and 
accelerating kidney injury. Briefly, in CaOx-exo-induced 
macrophages, CREB1/CRTC2 promotes the expression 
of miR-93-3p, which directly targeted NFAT5. The inhi-
bition of the Akt1/cIAP1/2 pathway reduces NIK ubiq-
uitination, thereby activating the NIK/NF-κB2 pathway 
up-regulated the expression of downstream pro-inflam-
matory and immunomodulatory genes. The interplay 
between pro-inflammatory M1 macrophages and METs 
creates a positive feedback loop that exacerbates kidney 
injury (Fig. 9).

However, our study focused on miR-93-3p and its 
downstream pathways, it remains unclear whether other 
exosomal cargo (lncRNAs, mRNAs, scaffold proteins) 
warrant systematic exploration. Actually, in addition to 
delivering miRNAs, more and more nanobiotechnol-
ogy, with its unique nanoscale precision, targeted deliv-
ery and multifunctional integration, has opened up a 
new path for the precise diagnosis and treatment of kid-
ney stones and kidney injury [60]. For example, surface-
engineered nanoparticles enable lesion-specific release of 
stone-modulating agents (e.g., potassium citrate, Tamm-
Horsfall protein) while minimizing systemic toxicity [61]. 
In addition, nanobiotechnology can be used for stone 
composition analysis and dynamic monitoring of kidney 
injury. Development of surface-enhanced Raman scatter-
ing (SERS)-based nanoprobes permit non-invasive stone 
composition analysis via metabolite spectral fingerprints 
[62]. Glutathione-functionalized gold nanoparticles 

(GS-AuNPs) coupled with photoacoustic imaging enable 
real-time glomerular filtration rate (GFR) monitoring for 
acute kidney injury detection [63]. Finally, ceria-based 
nanocomposites simultaneously scavenge ROS, preserve 
mitochondrial integrity, and mitigate tubular damage, 
demonstrating synergistic intervention from stone for-
mation [64].

Our study contributes to a deeper understanding of the 
mechanism of CaOx-induced M1 polarization, by con-
centrating on the specific miRNA and pathway. Regula-
tion of macrophage polarization by epithelial-derived 
exosomes, and treatment with functional nanomateri-
als offer a promising avenue for kidney stone therapy. 
In brief, the present study lays a solid foundation for 
understanding the pathogenesis of CaOx-induced kid-
ney injury and identifies potential therapeutic targets for 
clinical intervention.

Methods
Human studies
Patients at Renmin Hospital of Wuhan University with 
severe hydronephrosis due to kidney stones underwent 
nephrectomy, the obtained nonfunctioning kidneys 
were divided into the “stone patients” group (n = 6). The 
adjacent to cancer tissues of 6 patients who underwent 
radical nephrectomy were selected as controls. All partic-
ipants provided informed consent, and ethical approval 
was acquired from the Ethics Committee of the Renmin 
Hospital of Wuhan University (WDRY2021-KS047).

Animals
Male C57BL/6 mice, weighing 20–25 g, were purchased 
from Laboratory Animal Welfare andEthics Commit-
tee of Renmin Hospital of Wuhan University (Hubei, 
China); male Rab27a knockout (Rab27a-/-) mice weigh-
ing 20–25  g were purchased from Cyagen Biotechnol-
ogy, China. All treatments of animals were approved by 
the Animal Welfare and Ethics Committee of the Peo-
ple’s Hospital of Wuhan University (approval number: 
WDRM20200604).

The mice were given free access to food containing 
0.73% calcium and 600IU 1,25(OH)2D3 and drinking 
water containing 10% ethylene glycol for a period of 6 
months to established the CaOx stone model. Mice were 
randomly divided into control group and CaOx group 
(each group n = 6). After 6 months, mice were eutha-
nized, kidneys and serum were collected.

(See figure on previous page.)
Fig. 7  METs and M1 polarization formed a positive feedback loop in kidney injury. A-B Representative images and quantitative analysis HE, Von Kosaa, 
and IF images showing the expression of iNOS+, and citH3 + F4/80 + areas. Scale bar = 20 μm. C-D Western blot bands and quantitative protein expres-
sion levels of iNOS and citH3 in kidney tissues from 4 groups of mice. E-F citH3 + F4/80+, iNOS + cells and METs formation were detected by IF after pre-
treatment of BMDMs with CI-amidine, NIK SMI1, or Ionomycin. The results were quantified. Scale bar = 20 μm. G-H Western blot bands and quantitative 
protein expression levels of iNOS and citH3 in BMDMs in 6 groups. Data are shown as mean ± SEM. Two-way ANOVA with Tukey’s multiple comparisons 
test.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 8 (See legend on next page.)
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To investigate the role of exosomes on stone formation, 
exosomes were collected from TCMK-1 in the presence 
or absence of CaOx stimulation and labelled with DIR 
dye. 1  mg of exosomes was intravenously injected into 
each mouse once a week. Small animal in vivo imaging 
was performed 48 h later to observe the fluorescence sig-
nal in vivo.

The micrOFF mmu-miR-93-3p antagomir (RIBOBIO, 
China) was used to explore the effect of miR-93-3p on 
renal injury induced by kidney stones by tail intravenous 
injection once a week.

AAV9 virus injection
The AAV9 virus was provided by Designgene. Briefly, 
male mice were anesthetized with sodium pentobarbi-
tal 30  mg/kg intraperitoneally. and were injected with 
1.5 × 1012 vg/ml AAV9-CMV-NFAT5-3×flag-ZsGreen 
and 1.5 × 1012 vg/ml AAV9- ZsGreen control into 5 differ-
ent sites (10 µl at each site) of the renal parenchyma with 
a glass microliter syringe.

Drug treatment
To investigate the role of NIK on kidney injury caused 
by stones in mice, 60 mg/kg NIK SMI1 (Sigma Aldrich, 
German) was administered daily by gavage. The control 
group was given an equal amount of corn oil.

To investigate the relationship between METs and mac-
rophage polarization, mice were subcutaneously injected 
daily with 10 mg/kg CI-amidine or PBS as controls.

Cell culture and treatment
TCMK-1 cells were cultured in DMEM medium contain-
ing 10% fetal bovine serum (FBS, Vivacell, China) and 
1% Penicillin- Streptomycin-Amphotericin B Solution at 
37℃, 5% CO2. According to the previous study, the cells 
were treated with 100  µg/ml calcium oxalate monohy-
drate (COM) for 24 h to establish an in vitro stone model. 
TCMK-1 cells were pretreated with 10 µM GW4869 or 
transfected with miR-93-3p mimics, miR-93-3p inhibi-
tors, and negative control (RIBOBIO, Guangzhou).

The NAFT5 overexpressed lentivirus (LV-NFAT5, 
Genechem, China) was transferred into RAW264.7, to 
construct stable transfected cell lines. The component 
order of the overexpression vector was pLVX-NFAT5 
-3×Flag-zsgreen-Puro.

Expression plasmids Flag-NFAT5, His-NIK, Myc-
cIAP1/2, and HA-UB, and si-NIK and si-NFAT5, all 

purchased from Designgene. siRNAs and plasmids 
were transfected into RAW264.7 cells using Lipo-
fectamine™2000 according to the manufacturer’s instruc-
tions. The sequences are listed in Table S2.

Exosome isolation and characterization
The culture medium supernatant of TCMK-1 cells was 
collected and centrifuged several times according to the 
procedure described in previous articles [43]. In shourt, 
total RNA was extracted using an miRNeasy Micro Kit 
(217084, Qiagen, Germany) according to the manufactur-
er’s protocol. The quantity and quality of the RNA were 
determined using the RNA ScreenTape assay on an Agi-
lent 4200 TapeStation system (Agilent, CA, USA). The 
exosomes obtained were resuspended in PBS for subse-
quent experiments.

Nanoparticle tracking analysis (NTA) was used to 
evaluate the size and concentration of exosomes. Mouse 
kidney samples were fixed with 1% glutaraldehyde in PBS 
and subsequently used the transmission electron micros-
copy (TEM, HT7500, Hitachi, Japan) to observe mor-
phology and size of exosomes.

Exosome tracing assay
TCMK-1-derived exosomes were treated with PKH26 
(Umibio, China) were incubated for 10 min and washed 
with PBS to remove unbound PKH26. RAW264.7 cells 
were then incubated with PKH26-labelled exosomes 
(3.5 × 107 particles/mL) for 24 h.

For in vivo experiments, exosomes were labelled by 
DIR (Umibio, China) for 30 min, and were delivered into 
mice by tail intravenous injection. The distribution of 
exosomes in vivo was observed by in vivo imaging.

MiRNA sequencing
miRNA library preparation of CaOx-exo and Ctrl-exo for 
high-throughput sequencing was conducted by a QIA-
seq miRNA Library Kit(Qiagen, Germany). Briefly, the 
library was quantified by High Sensitivity DNA Kit using 
Agilent. Then, the libraries were diluted as required and 
sequenced using the Illumina Nova seq platform (Illu-
mina, San Diego, CA, USA). The quality of the RNA-
seq data was assessed by FastQC. The clean reads were 
mapped to the database of miRbase using Bowtie soft-
ware and assigned to miRNA biotypes and analysis were 
performed by Wayen Biotechnologies (Shanghai, China). 
We used DEGseq to identify differentially expressed 

(See figure on previous page.)
Fig. 8  miR-93-3p is specifically down-regulated in TCMK-1 cells by the master transcription factor complex CREB1/CRTC2. A CHIP-seq of 1,25(OH)2D3 
modelled C57BL/6J mice in GSE206777. Both p-CREB1 and CRTC2 were enriched at the upstream of promoter of miR-93 host gene (miR-93 HG). B-C 
Enrichment of CREB1 and CRTC2 on miR-93 HG. D Electrophoretic mobility shift assay (EMSA) for the analysis of CREB1 and CRTC2 binding on miR-93 HG 
promoter region. E-F Chip-qPCR assays of CREB1 in the promoter region of miR-93 HG in TCMK-1 cells. G A schematic diagram shows the structure of the 
luciferase reporter plasmid. Luciferase activity was enhanced when the CREB1/CRTC2 complex was increased. H Luciferase assay showed the effect on the 
luciferase activity of cells when transfected with different plasmids. Data are shown as mean ± SEM. P-values were calculated from two-tailed independent 
t-tests. One-way ANOVA with Tukey’s multiple comparisons test.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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miRNAs in exosomes. Subsequently, bioinformatics anal-
yses was perfromed by OmicStudio tools (​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​
m​i​c​​s​t​u​​d​i​o​.​​c​n​​/​t​o​o​l).

RNA-sequencing (RNA-seq)
CaOx-exo and Ctrl-exo treated macrophages were sub-
jected to high-throughput RNA sequencing (Wayenbio-
tech, China). DEGseq was used to identify differentially 
expressed genes in macrophages and enrichment analysis 
was performed(SeqHealth, Wuhan).

ELISA
The levels of IL-6, IL-8, TNF-α and IL-10 were measured 
by ELISA kits(Beyotime Biotechnology, China).

Western blot
Kidney tissues and cells were treated with RIPA buf-
fer (Servicebio, China). Protein samples were then sub-
jected to 10% or 7.5% SDS-PAGE and transferred to a 
PVDF membrane. After sealing with 5% skimmed milk, 
the membrane was incubated with primary antibody at 
4  °C overnight. After washing 3 times, the membrane 
was incubated with secondary antibody (sheep anti-
mouse IgG or sheep anti-rabbit IgG) for 1  h at room 

temperature. Bands were acquired using the Bio-Rad 
ChemiDoc™ Touch Imaging System, USA. Semi-quanti-
tative analysis of the examples was performed by ImageJ. 
Details of antibodies used are shown in Table S3.

qRT‒PCR
RNA was extracted from mouse kidney tissue and 
TCMK-1 or macrophages using VeZol reagent (R411-01, 
Vazyme). cDNA is produced by reverse transcription, 
using a reverse transcription kit (G3333-50, Servicebio), 
and gene expression levels were measured using ABscript 
Neo RT master Mix (RK20433, Abclonal). The primers 
are shown in Table S4.

Flow cytometry
Briefly, fixed and permeabilized RAW264.7 were per-
formed using FIX & PERM™ Cell Permeabilization Kit 
(GAS003, Thermo Fisher) for different treatments. Then, 
FITC- conjugated anti-F4/80 and PE-conjugated anti-
iNOS were used to label RAW264.7. Stained cells were 
collected and analyzed by flow cytometry (Beckman 270 
Coulter Life Sciences, China). FlowJo software (version 
10.8.1) was used to analyze the results.

Fig. 9  Schematic of the mechanism of CaOx-exo in renal injury caused by kidney stones. CaOx-exo activates Akt1/NIK/ NF-κB2 pathway through miR-93-
3p/NFAT5 axis to promote the M1 polarization and the formation of METs, thereby promoting the progression of kidney injury
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Immunofluorescence (IF) staining
For cellular immunofluorescence staining, fixed cells on 
slides were washed three times with cold PBS. Then fix 
slides with 4% paraformaldehyde for 20 min at room tem-
perature. Next, cells were permeabilized with 0.5% Tri-
ton X-100, blocked with 3% goat serum for 2 h, and then 
incubated with primary antibodies overnight. Images 
were taken using a fluorescence microscope (Olympus 
FV1200, Japan). Antibodies are listed in Table S3.

Immunohistochemistry (IHC)
Mouse kidney sections weighing 5  mm were deparaf-
finized, rehydrated, repaired, and treated in 3% H2O2 for 
10 min. Trials were performed according to our previous 
procedures. The antibodies used are listed in Table S3.

CO-IP
TCMK-1 cells were cotransfected with the desired plas-
mid, and cell lysates were obtained by IP lysis buffer. 
Samples were incubated with 2 to 5  µg of His antibody 
overnight at 4  °C. Protein A/G beads were then added 
and incubated overnight at 4  °C. They were washed 3 
times with elution buffer, resuspended in SDS loading 
buffer, and heated at 95 °C for 10 min before immunoblot 
analysis. The level of ubiquitination was determined by 
immunoblotting with anti-HA antibody.

Luciferase reporter assay
To construct the luciferase reporter, the WT NAFT5 
3’utr and MT NAFT5 3’utr containing the miR-93-3p 
binding site were constructed and inserted into the 
pmirGLO vector. The pmirGLO vector contained Firefly 
luciferase and Renilla luciferase, and Renilla luciferase 
was used as a control. The luciferase reporter gene and 
miR-93-3p mimics or control were co-transfected into 
RAW264.7 using Lipofectamine 2000. After 36 h of cul-
ture, luciferase activity was measured by Fluorescence 
detector.

Chromatin Immunoprecipitation (ChIP)-sequence and 
CHIP-qPCR
Briefly, cells were fixed with 1% formaldehyde, and sub-
sequent samples were prepared using the ChIP Assay 
Kit (Beyotime, China). The protein-DNA complexes 
were incubated with antibodies overnight at 4  °C. The 
obtained DNA was eluted, reverse cross-linked, purified, 
and finally samples were analyzed by agarose gel electro-
phoresis and qRT-PCR. The primer sequences used are 
shown in Table S5.

Electrophoretic mobility shift assay (EMSA)
The purified CREB1 and CRTC2 proteins were from 
Sinobiological (China). Double-stranded DNA probes 
(final concentration 20 nM) were labelled with Cy5.5 

fluorescein at 5 ‘, incubated with purified protein in buf-
fer, loaded onto prefabricated low-concentration in situ 
polyacrylamide gels, and separated protein-DNA com-
plexes and free probes by electrophoresis at low tempera-
ture. Binding complexes and free probes were detected 
by fluorescence imaging to determine the binding and 
specificity of the protein to DNA.

Macrophage extracellular traps (METs) identification assays
RAW264.7 cells were pretreated with METs inhibi-
tor CI-amidine or inducer Ionomycin for 24 h, and cells 
that developed METosis were labelled with MMP12 and 
citH3. By staining with SYTOX-green (KeyGENBioTech, 
China), the morphology and number of METs could be 
observed under the fluorescence microscope.

Statistical analyses
Statistical analysis was performed using GraphPad Prism 
9. Continuous variables were expressed as mean ± stan-
dard deviation (SD). The normality of the data was 
assessed using the Shapiro-Wilk test and homogeneity 
of variances was verified with Levene’s test. For com-
parisons between two groups, an independent-sample 
Student’s t-test was employed. For comparisons of more 
than two groups, one-way analysis of variance (ANOVA) 
was used to evaluate significant differences in the means 
and post hoc multiple comparisons were performed 
using the Tukey-Kramer test. A p-value < 0.05 was con-
sidered statistically significant.
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