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Abstract

Tubulointerstitial inflammation is a common characteristic of acute and chronic kidney injury. However, the
mechanism by which the initial injury of tubular epithelial cells (TECs) drives interstitial inflammation remains
unclear. This paper aims to explore the role of exosomal miRNAs derived from TECs in the development of
tubulointerstitial inflammation. Global microRNA(miRNA) expression profiling of renal exosomes was examined in a
LPS induced acute kidney injury (AKI) mouse model and miR-19b-3p was identified as the miRNA that was most
notably increased in TEC-derived exosomes compared to controls. Similar results were also found in an adriamycin
(ADR) induced chronic proteinuric kidney disease model in which exosomal miR-19b-3p was markedly released.
Interestingly, once released, TEC-derived exosomal miR-19b-3p was internalized by macrophages, leading to M1
phenotype polarization through targeting NF-kB/SOCS-1. A dual-luciferase reporter assay confirmed that SOCS-1
was the direct target of miR-19b-3p. Importantly, the pathogenic role of exosomal miR-19b-3p in initiating renal
inflammation was revealed by the ability of adoptively transferred of purified TEC-derived exosomes to cause
tubulointerstitial inflammation in mice, which was reversed by inhibition of miR-19b-3p. Clinically, high levels of
miR-19b-3p were found in urinary exosomes and were correlated with the severity of tubulointerstitial inflammation in
patients with diabetic nephropathy. Thus, our studies demonstrated that exosomal miR-19b-3p mediated the
communication between injured TECs and macrophages, leading to M1 macrophage activation. The exosome/miR-
19b-3p/SOCSI axis played a critical pathologic role in tubulointerstitial inflammation, representing a new therapeutic
target for kidney disease.
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Table 1 Primers for quantitative

RT-PCR Primer Forward (5'-3") Reverse (5'-3")

Mouse IL-18 TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC
Mouse IL-6 AAAGAGTTGTGCAATGGCAATTCT AAGTGCATCATCGTTGTTCATACA
Mouse TNF-a CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
Mouse GAPDH GCATGGCCTTCCGTGTTC GATGTCATCATACTTGGCAGGTTT
Mouse MCP-1 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA
Mouse SOCS-1 CACTCACTTCCGCACCTTCC CAGCCGGTCAGATCTGGAAG
Mouse iNOS CAGATCGAGCCCTGGAAGAC CTGGTCCATGCAGACAACCT

Recent studies revealed that the crosstalk between the
tubular epithelium and the interstitial cells might play
important role in both repair/regeneration and disease
progression [4]. TECs are a rich source of chemokines and
cytokines in response to injury, which in turn promote
renal injury by recruiting inflammatory cells into the
injured kidneys. Macrophages are the predominant
immune cells that mediate the inflammatory process [5].
However, the mechanisms by which TEC-derived
inflammatory signals spread to macrophages during the
development of interstitial inflammation remain largely
unknown.

Exosomes are extracellular vesicles released by all cell
types and are initially considered to be cellular garbage
[6-8]. Over the past decades, numerous studies have
determined that exosomes mediate intracellular commu-
nication by transferring cell-specific cargo, including
proteins, lipids and genetic information, to recipient cells
[9]. Our previous studies revealed that exosomal transfer
of CCL2 mRNA from TECs to macrophages constitutes a
critical mechanism of albumin-induced tubulointerstitial
inflammation [10]. MicroRNAs(miRNAs) are a class of
small noncoding RNAs that modulate gene expression via
binding target mRNAs for degradation or translational
repression. Recent studies found that miRNAs are com-
monly enriched in exosomes and are merging as crucial
regulators of cellular function through vesicle mediated
cellular communication [11, 12]. miR-486-5p movement
from endothelial colony forming cells to endothelial cells
through exosomes could protect against endothelial injury
[13]. Immune cells could also take up exosomal miRNAs
to regulate the inflammatory responses as previously
reported [14]. Increasing evidence has also demonstrated
the crucial role of miRNAs in the development of kidney
disease and inflammatory disease [15, 16, 17]. However,
the role of exosomal miRNAs in the development of
tubulointerstitial inflammation remains largely unclear.
In the study, we posited that exosomal miRNA released
by TECs could initiate tubulointerstitial inflammation
through conveying the injury signals to activate
macrophages.

Materials and methods
Animal models of acute and chronic kidney injury

All the mice were purchased from the Beijing Vital River
Laboratory Animal Technology Co., Ltd. and were studied
with protocols approved by the Ethics Committee of
Southeast University. For acute kidney injury (AKI) model,
6—8-week-old male BALB/c mice (n =6 per group,) were
administered intraperitoneally with either LPS (L2630,
Sigma Aldrich, USA) at a dose of 10 mg/kg body weight
dissolved in 200pul PBS or control PBS randomly as
reported before [10]. At 24 h after LPS or PBS injection,
mice were euthanized and blood and urine were collected
for serum creatinine and urinary protein excretion detection.
Renal cortex was harvested and processed for further ana-
lysis. For miRNA array screening, exosome samples were
purified from kidney of mice with LPS treatment and con-
trols (n=4 per group). For chronic proteinuric kidney
disease model, male C57BL/6J mice (n=6 per group)
received a single intravenous injection of either 18 mg/kg
body weight adriamycin (ADR, D1515, Sigma Aldrich,
USA) dissolved in ddH,O or an equal volume of ddH,O
randomly. Urine was collected 0, 7, 14, and 21 days after
injection of ADR or ddH,0. At 23 days after injection,
blood and renal cortex were collected from both groups of
mice. To specifically identify the role of exosomal miR-
19b-3p in kidney injury, 8-week-old male BALB/c mice (n
=6 per group) were randomly intrarenally injected with
exosomes generated in vitro by 8x 10° TECs that were
transfected with miR-19b inhibitor or negative control
under high BSA conditions (20 mg/ml, Sigma Aldrich,
USA). Mice were sacrificed 24 h after exosome injection.

Cell culture

An immortalized mouse tubular epithelial cells (mTECs)
(a gift from Dr. Jeffery B. Kopp, National Institutes of
Health) were maintained in DMEM-F12(Hyclone, USA)
supplemented with 1%(v/v) penicillin streptomycin (P/S,
Gibco, USA) and 10% fetal bovine serum (FBS, Gibco,
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USA). Raw264.7 macrophages were cultured in RPMI 1640
(Hyclone, USA) media supplemented with 1%(v/v) peni-
cillin streptomycin (P/S, Gibco) and 10% FBS (0500, Sci-
encell, USA). Bone-marrow derived macrophages (BMMs)
were harvested from femurs of wild type C57BL/ 6]
mice and differentiated into macrophages using DMEM/
F12 supplemented with 10%(v/v) FBS, 1%(v/v) P/S,

40 ng/ml mouse recombined M-CSF (416-ML, R&D
System, USA) for 7 days.

Isolation and characterization of exosomes

For kidney exosome isolation, 100 mg renal cortex was
harvested and digested with collagenase and trypsin for 2 h
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Fig. 1 MiRNA profile of renal exosomes in LPS-induced AKI model.
a Serum levels of creatinine (Scr, **p =0.0015 vs Ctrl-mice) and
urine albumin-to-creatinine ratios (ACR, *p = 0.0249 vs Ctrl-mice) in
LPS-induced acute kidney injury model at 24 h. b Histologic and
immunohistologic changes in LPS-induced mice, with PAS staining
and F4/80 immunostaining, respectively. Tubular injury (black arrow)
and F4/80 positive macrophages in tubulointerstitium were indicated
(red arrow). The fold change of the numbers of F4/80 positive loci
between two groups were calculated. **p = 0.0073 vs Ctrl-mice. Scale
bar, 50 um. ¢ Representative electron micrograph of exosomes purified
from the kidneys. Scale bars, 200 and 100 nm. d The size of renal
exosomes analyzed by NTA. The mean vesicle diameter was 94 +
28.6nm and 95 +33.8 nm for control and LPS mice. e The volcano
plot of miRNAs analyzed by miRCURY LNA Arrays (Exiqon, Den-
mark) from kidney exosomes. The volcano plot was constructed with
log, expression of fold change and the corresponding tempered log, p-
value of all miRNAs. The vertical lines correspond to 2.0-fold up and
down, respectively, and the horizontal line represents a p-value of
0.05. f Top ten miRNAs increased or decreased in renal exosomes
from LPS-treated mice vs control mice. Data show fold change in
kidney-exosomes of LPS-mice vs of Ctrl-mice. g Expression of miR-
19b-3p in the renal exosomes of LPS-injected or control mice vali-
dated by real time RT-PCR (*p = 0.0461 vs Ctrl-mice). h Expression
of miR-19b-3p in the tubule-derived exosomes from LPS-injected or
control mice (***p =0.0004 vs Ctrl-mice). Data presented as mean +
SD or mean = S.E.M. of individuals included in each group. P values
were calculated using unpaired Student’s r-test. (n = 6 for each group
of mice. In the miRNA array analysis, exosome samples from four
mice for each group were included for the screening.). Exo exosomes

at 37°C. Then the renal homogenate was subjected for
exosome extraction as reported before [10]. To isolate tub-
ular exosomes, tubular fragments were isolated by 80-mesh
stainless sifter, followed by exosome purification with
ultracentrifugation [18]. For in vitro experiments, TECs
were cultured in the presence or absence of 20 mg/ml BSA
in serum-free DMEM/F12 medium for 24 h. And then cells
were cultured 24 h in medium without serum and BSA for
exosome purification. Urinary samples were collected from
diabetic nephropathy (DN) and type 2 diabetes mellitus
(T2DM) patients for exosome purification using differential
ultracentrifugation as described previously [10]. All patients
were given the written informed consent and the study was
approved by The Ethics Committee of Zhongda Hospital.
Briefly, the samples were centrifuged at 2000 x g and
13,500xg for 20 min to eliminate the cell debris and large
vesicles, respectively. The pellet was washed once with PBS
and purified by centrifugation at 200,000xg for 2 h (Type 70
Ti rotor, Beckman Coulter Optima L-80 XP).

Transmission electron microscope (TEM)

The exosome samples were diluted 5 times with PBS and
then applied to 200-mesh nickel grids. Samples were
stained with 2% phosphotungstic acid for 5 min at room
temperature, and air-dried. Exosomes were detected through
transmission electron microscope (Hitachi HT 7700, Japan)
at 80kV.

ZetaView nanoparticle tracking analysis (NTA)

NTA was performed with the ZetaView PMX 110 (Particle
Metrix, Meerbusch, Germany). Purified exosomes were
diluted with PBS buffer to measure the particle size and
concentration. The corresponding software, ZetaView
8.04.02, was used to analyze the data. To convert the yield
from concentration to an accurate number of particles,
dilution factors and resuspension volumes were used.

miRNA expression profiling

The renal exosomes isolated from control (n = 4) and LPS-
treated (n =4) mice were lysed and total RNAs were
extracted using miRNeasy Micro Kit (217084, QIAGEN,
Germany) according to the manufacture’s protocol. We
performed miRNA expression profiling using the miR-
CURY LNA Array (version 11.0, Exiqon, Denmark) sys-
tem. RNA labeling and array hybridization were performed
according to Exigqon’s manual and analyzed with the Axon
GenePix 4000B microarray scanner. Significance of
differentially-expressed miRNAs between two groups were
identified through fold change and P-value. Hierarchical
clustering was performed to show distinguishable miRNA
expression profiling among samples.

Cell transfection with miRNA mimics and inhibitors

Both Raw 264.7 and bone marrow derived macrophages
(BMMs) were transfected with control mimic or miR-19b-
3p mimic (GenePharma, China), negative control (NC)
inhibitor or miR-19b-3p inhibitor (GenePharma, China) at a
concentration of 100nM using Lipofectamine 2000
(11668019, Invitrogen, USA) as instructed by the manu-
facturer’s protocols. miR-19b-3p mimic, and miR-19b-3p
inhibitor sequences are as follows:

miR-19b-3p mimic (5'-UGUGCAAAUCCAUGCAAAA
CUGA-3’

3’-AGUUUUGCAUGGAUUUGCACAUU-5")

miR-19b-3p inhibitor (5'-UCAGUUUUGCAUGGAUU
UGCACA-37)

Luciferase reporter assay

293T cells (10°) were transfected with 3°UTR luciferase
reporter constructs (3’'UTR-NC, 3'UTR-SOCSI1, 3'UTR-
SOCS1-mutant), miRNA (miRNA-NC or miR-19b-3p) and
Renilla luciferase using Lipofectamine 2000, according to
manufacturer’s instructions (Genechem, Shanghai, China).
After 48 h of transfection, luciferase activity of cells was
measured using a Dual Luciferase Assay Kit (Promega,
E1910) and microplate reader (BioTeK, H1). Luciferase
activity of each groups was calculated and graphed. Renilla
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<« Fig. 2 miR-19b-3p increased in kidney exosomes in adriamycin-

induced proteinuric disease model. a A schematic review of in vivo
experiment. b Proteinuria in mice at 0,7,14 and 21 days. Adriamycin
(ADR) mice developed severe proteinuria 2 weeks after injection.
(**p =0.0012 for 14 days and *p =0.01 for 21 days vs Ctrl-mice)
¢ Histologic (PAS staining) changes at 23 days after injection of ADR
or PBS. ADR induced significant tubular injury and protein cast,
which were pointed by arrows and stars. Scale bar, 50 um. d mRNA
expression of inflammatory cytokines in the kidney by real-time PCR.
ADR mice showed significant upregulation of MCP-1(*p = 0.0267 vs
Ctrl-mice), IL-6 (**p =0.0033 vs Ctrl-mice) in the kidney. e Repre-
sentative western blotting results from three independent experiments
and quantification of P-p65(***p =0.0002 vs Ctrl-mice), p65(**p =
0.0019 vs Ctrl-mice). f Representative western blotting and quantifi-
cation of exosomal markers (Alix, CD9 and CD63) in renal exosomes
(*¥***%p <(0.0001, **p =0.0046 vs Ctrl-mice). g Expression of miR-
19b-3p in the renal exosomes of ADR-injected or control mice (*p =
0.0463 vs Ctrl-mice). Data presented as mean + S.E.M. of individuals
included in each group. p values were calculated using unpaired
Student’s r-test (n =6 for each group of mice). Exo exosomes, Ctrl
control

luciferase was used to normalize the value of firefly
luciferase.

Isolation and tracking of labeled exosomes

TECs were cultured in serum free medium for 24 h. Then
cells were stained by DiO dye (5 mg/ml, Beyotime, China)
for 30 min at 37 °C and the free dye was washed away with
PBS. Labeled exosomes were isolated from cell super-
natants using ultracentrifugation and applied to the
Raw?264.7 macrophages that were grown in exosome-free
medium. After 24 h, uptake of labeled exosomes was
visualized by the confocal microscope Fluoview FV1000
Version2.1 (Olympus) using a 488 nm laser.

Co-culture experiments

To mimic the interaction between TEC-derived exosomes
and macrophages, Transwell Permeable Support systems
(Corning) for 12-well plates with a 0.4 um pore-size filter
were used as the manufacturer’s protocols. Donor TECs
were plated in upper chamber followed by DiO-labeling.
Medium were removed and replaced by serum-free DMEM/
F12, while recipient macrophages were then seeded in 12-
well plates without serum. All co-cultured experiments were
conducted in the presence or absence of 20 mg/ml BSA for
24 h. Uptake of DiO-labeled exosomes was visualized by
the confocal microscope Fluoview FV1000 Version2.1
(Olympus) using a 488 nm laser.

RNA isolation and detection of mRNA and miRNA

Total RNA isolation was performed using TRIzol following
the manufacturer’s instruction (TAKARA, Japan). miRNAs

were reverse-transcribed and detected with All-in-One
miRNA First-Strand cDNA Synthesis Kit and All-in-One
miRNA ¢gPCR Kit (QP015, GeneCopoeia, USA),
U6 snRNA was used as internal control. Primers of miR-
19b-3p and U6 were purchased from GeneCopoeia. mRNA
was reverse transcribed using PrimeScript RT reagent Kit
(TAKARA) and PCR was conducted using SYBR Premix
Ex Taq and 7300 Real-Time PCR System (Applied Bio-
systems). The data was normalized to the expression of
GAPDH. Primer sequences are shown in Table 1.

Western blotting analysis

Cells, renal tissues and purified exosomes were lysed in ice-
cold RIPA Lysis buffer (89901, Thermo Scientific, USA)
supplemented with protease inhibitor cocktail and protein
concentration was determined by BCA assay (KeyGEN,
BioTECH). Proteins were subjected to 10% SDS-PAGE
(Thermo Scientific) and transferred to PVDF membranes
(Millipore). The membranes were blocked with 5% wi/v
BSA (Biosharp) in TBST and incubated overnight with
primary antibodies as followed: anti-Alix (1:500, sc-53540,
Santa Cruz Biotechnology), anti-CD9 (1:2000, ab92726,
Abcam), anti-CD63 (1:2000, ab213090, Abcam), anti-
SOCS-1 (1:1000, ab62584, Abcam), anti-P-p65 (1:1000,
3033S, Cell Signaling Technology), anti-p65 (1:2000,
82428, Cell Signaling Technology), anti-p-actin (1:5000,
sc-47778, Santa Cruz Biotechnology), anti-iNOS (1:2000,
ab15323, Abcam). Goat anti-mouse or anti-rabbit secondary
antibodies (Cell Signaling Technology) were used for
detection on ImageQuant LAS 500(GE Healthcare).

Immunofluorescence

Immunofluorescence microscopy was used to identify
the subcellular localization of SOCS-1 in the renal
cortex from DN patients with renal biopsies. The slides of
kidney were incubated with primary antibody
against SOCS-1(1:200, ab62584, Abcam) followed by
incubation with FITC-tagged secondary antibodies (Bioss,
bs-0295D, Beijing, China). All samples were treated with
DAPI dye for nuclear staining and detected by the
confocal microscope Fluoview FV1000 Version2.1
(Olympus).

Statistical analysis

Data are expressed as mean =+ standard deviation (SD) or as
mean + standard error of mean (S.E.M) of each group. A
two-tailed unpaired Student’s t-test was used for compar-
ison between two groups, and one-way ANOVA were
performed for comparisons of data with more than two
groups followed by Bornferroni correction for multiple
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« Fig. 3 Increasing internalization of TEC-derived exosomes promoted

M1 macrophage activation. a Representative electron micrograph
images of exosomes isolated from TEC conditioned medium. Scale
bar, 200 and 100nm. b Shown are size distribution of exosomes
isolated from TECs conditioned medium by nanoparticle analysis
(NTA). ¢ Representative western blotting and quantification of exo-
somal markers (including Alix, CD9 and CD63) in TEC-derived
exosomes with or without BSA (****p <0.0001 vs exosomes from
control TECs). d DiO-labeled TECs were co- cultured with recipient
Raw264.7 macrophages using transwell system in the absence/pre-
sence of BSA for 24 h Relative fluorescence intensity was quantified
to identify the uptake of exosomes. (*p = 0.012 vs Ctrl). Scale bar, 10
um. e Exosomes were purified from DiO-labeled TECs and were then
applied to recipient Raw264.7 macrophages. Relative fluorescence
intensity was calculated (*p =0.0461 vs Ctrl-exosomes). f Repre-
sentative western blotting and quantification of iNOS, P-p65, p65 in
recipient Raw264.7 macrophages treated with TEC-derived exosomes
in the absence or presence of BSA. g Inflammatory cytokine mRNA
(MCP-1, IL1B, TNF-a, IL6) and iNOS mRNA expression in recipient
RAW264.7 macrophages were detected by real-time PCR. **p <0.01;
*#*%p <0.001; ****p <(0.0001 compared with cells without exosomes;
#p <0.05; #p <0.01; #¥p <0.001 compared with cells with Ctrl-exo.
Ctrl exo exosomes from TECs without BSA, p values were calculated
using one-way ANOVA test. Bornferroni-corrected a threshold was
used for statistical significance of multiple comparison. BSA-exo
exosomes from TECs with BSA treatment. Data presented as mean +
S.E.M. of three independent experiments

comparisons. All analyses were carried out by GraphPad
Prism 5.0. P <0.05 was considered statistically significant.

Results

The miRNA expression profile of renal exosomes in
AKI model

In order to explore the miRNA profile of renal exosomes in
the acute kidney injury (AKI) model, AKI was induced by
LPS administration as previously reported [19]. Levels of
serum creatinine and urinary albumin-to-creatinine ratios
were significantly increased in LPS-injected mice compared
with control mice (Fig. la). Histologically, LPS induced
significant renal tubular vacuolization, as well as CD68-
positive macrophage infiltration in the tubulointerstitium
(Fig. 1b). Exosomes from the kidneys of AKI mice were
then isolated for miRNA profile detection. TEM showed a
typical size and shape of purified renal exosomes with
membrane structures (Fig. 1¢). Exosomes from control and
LPS-treated mice had a mean particle size of 94 +28.6 nm
and 95+33.8nm, respectively (Fig. 1d). The exosomal
protein markers Alix, CD9 and CD63 were readily detected
by western blot analysis, as reported before [10].

We next characterized the miRNA signature of renal
exosomes using the miRCURY LNA Array (version 11.0)

system (Exiqon, Denmark). Renal exosomal miRNAs
expression differed profoundly between LPS and PBS-
treated mice as demonstrated by the fold change and
p-value as shown in Fig. le. Hierarchical clustering analysis
of miRNA expression detected that of 1178 miRNAs, 176
(68 upregulated and 108 downregulated) were differentially
expressed (Supplementary Fig. 1, Supplementary Table 1).
Of these miRNAs, the top 10 miRNAs with remarkable
upregulation and downregulation based on the fold change
and p value in exosomes were shown in Fig. 1f. Among the
top miRNAs, miR-19b-3p was previously reported to reg-
ulate inflammation [20],and it was selected for further
studies.

To confirm the miRNA profile, we measured the
expression of miR-19b-3p in renal exosomes via quanti-
tative reverse transcription-polymerase chain reaction
(qRT-PCR). A 2.73-fold increase of miR-19b-3p com-
pared to controls was demonstrated (p < 0.05, Fig. 1g). To
determine to what extent tubular exosomal miRNAs
contribute to the expression in the whole kidney, exo-
somes were then isolated from tubular fraction of
the kidney tissue. Interestingly, the upregulation of miR-
19b-3p was much more dramatic with 59.7 folds
change compared to the whole kidney exosomes (Fig. 1h).
Thus, miRNAs were selectively loaded into secreted
exosomes in the kidneys, especially in TECs, in the
AKI model.

miR-19b-3p is increased in kidney exosomes in an
adriamycin-induced proteinuric disease model

To examine renal exosome secretion in a chronic kidney
injury model, we subjected C57BL/6 J mice to adriamycin
(ADR) injury. A single intravenous injection of ADR
(18 mg/kg) was administered and mice were sacrificed at
day 23 (Fig. 2a). As expected, mice injected with ADR-
developed severe proteinuria 2 weeks after ADR injection
(Fig. 2b). At 3 weeks after ADR injection, prominent
tubular dilation accompanied by intraluminal protein casts
and significant increases in mRNA expression of inflam-
matory cytokines, including MCP-1 and IL-6 developed
in ADR-injected mice (Fig. 2c, d). Moreover, the
expression of p65 as well as the phosphorylated p65
(P-p65), one of the subunits of the nuclear factor-kB (NF-
kB) family, was upregulated in the diseased kidney
(Fig. 2e). Of note, the number of kidney exosomes
was also increased, as shown by western blot analysis
with Alix, CD9 and CD63 (Fig. 2f). This was associated
with a marked increase in the expression of miR-19b-3p
in renal exosomes (Fig. 2g). Therefore, miR-19b-3p was
enriched in kidney exosomes in a chronic kidney injury
model.
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Fig. 4 TECs exosomes promoted M1 macrophage activation via miR-
19b-3p. a-c Expression of miR-19b-3p in TEC-derived exosomes
(*p =0.0225 vs Ctrl TEC-derived exosomes), TEC cells (*p = 0.0491
vs Ctrl TECs) and recipient Raw264.7 macrophages treated with TEC-
derived exosomes (#p =0.0495 vs Ctrl Raw264.7 macrophages),
respectively. d Expression of miR-19b-3p in TEC-derived exosomes
with Rab27a silencing. *p = 0.0269 vs NC. e Inflammatory cytokines
and iNOS expression in macrophages treated with exosomes from
TECs transfected with miR-19b-3p inhibitor or NC. Exosomes were
purified and applied to recipient Raw264.7 macrophages. Upregulation
of IL6, MCP-1 and iNOS mRNA was remarkably reversed in TEC-
exo with miR-19b-3p inhibitor. ***p =0.0007; ****p <0.0001 vs
cells with NC inhibitor. f, g Raw264.7 macrophages were transfected
with NC or miR-19b-3p inhibitor in the presence of BSA. f Repre-
sentative western blotting of three independent experiments, and
quantification of P-p65(****p <0.0001 versus NC) and p65 in
Raw264.7 macrophages. g Inflammatory cytokine (IL6, **p = 0.0025;
MCP-1, *p =0.0463; TNF- a, **p = 0.0072 vs NC) and iNOS mRNA
expression (**p =0.0299 vs NC) in Raw264.7 macrophages was
detected by RT-PCR. h, i Bone marrow-derived macrophages
(BMMs) were transfected with NC or miR-19b-3p inhibitor in the
presence of BSA. h Representative western blotting of three inde-
pendent experiments, and quantification of P-p65(**p = 0.0089 versus
BMMs with NC inhibitor), p65(**p = 0.0023 versus BMMs with NC
inhibitor) in BMMs after transfection. I Inflammatory cytokine (IL6;
MCP-1, ***p =0.00045; TNF- a, p=0.0277 vs NC) and iNOS
(*p =0.014 vs NC) mRNA expression in BMMs was detected by RT-
PCR. NC negative control, Ctrl exo exosomes from TECs without
BSA, BSA-exo exosomes from TECs with BSA treatment. Data pre-
sented as mean + S.E.M. of three independent experiments. p values
were calculated using unpaired Student’s #-test

Increasing internalization of TEC-derived exosomes
promotes M1 macrophage activation

In order to understand the effect of TEC exosomes on
macrophage activation, exosomes were then purified from
the culture medium of TECs. TEM showed typical
vesicle structure and size of exosomes as detected by
phosphotungstic acid staining (Fig. 3a). The average size of
the vesicles purified from TECs treated with BSA or
untreated were 121.2+422nm and 125.0+44.0 nm,
respectively (Fig. 3b). Western blot analysis showed that
these exosomes were positive for Alix, CD9 and CD63, and
BSA-treated TECs secreted more exosomes than control
group (Fig. 3c).

To explore the communication between TECs and
macrophages, we established a co-culture system where
DiO-labeled TECs were cultured together with macro-
phages, separated by a 0.4 um Transwell filter, which
would avoid the direct cell-cell contact or the shift
of larger particles. The internalization of fluorescent
exosomes was observed inside the naive macrophages
and was enhanced by BSA treatment (Fig. 3d). In addi-
tion, to further confirm the direct transfer of exosomes
between cells, we isolated and purified DiO-labeled TEC-
derived exosomes by ultracentrifugation and applied
them to macrophages. As expected, macrophages

internalized more fluorescently labeled exosomes when
purified from BSA-treated TECs (Fig. 3e). Interestingly,
as the result of direct communication through exosomes,
levels of p65 and P-p65 protein were increased in
exosome-exposed macrophages. This was associated
with a significant upregulation of inflammatory cytokines
including MCP-1, IL-1p, IL-6 and TNF-a(Fig. 3f, g).
Notably, both mRNA and protein expression of iNOS,
a marker of M1 macrophages, was sharply increased
in BSA-treated TEC exosomes, indicating that the
TEC exosomes polarize macrophage toward a pro-
inflammatory M1 phenotype.

TECs exosomes promote M1 macrophage activation
via miR-19b-3p

In cultured TECs exposed to BSA, miR-19b-3p was enri-
ched in secreted exosomes but decreased in cells, which
indicated the relocation of miR-19b-3p from cellular com-
partment to exosomes (Fig. 4a, b). Interestingly, macro-
phages treated with TEC-derived exosomes exhibited high
levels of miR-19b-3p (Fig. 4c). These results indicated that
BSA could enhance miR-19b-3p loading into exosomes and
transfer to recipient macrophages. Previous studies sug-
gested that Rab27a is essential for cargo secretion via
exosomes. To identify the effect of the Rab27a-dependent
pathway on the secretion of miR-19b-3p, Rab27a siRNA
was transfected in TECs, followed by BSA treatment.
Notably, TEC-derived exosomal miR-19b-3p sharply
decreased after transfected with Rab27a siRNA (Fig. 4d).
To investigate whether miR-19b-3p mediates the effects of
TEC exosomes in M1 macrophage activation, exosomes
from TECs with miR-19b-3p inhibition using anti-miR
oligonucleotides were isolated and applied to macrophages.
Notably, inhibition of miR-19b-3p significantly decreased
the expression levels of IL-6, MCP-1 and iNOS mRNA in

recipient macrophages treated with TEC exosomes
(Fig. 4e).
Moreover, treatment of BSA-exposed Raw264.7

macrophages with an miR-19b-3p inhibitor ameliorated
NF-xkB activation and reversed the upregulation
of inflammatory cytokines, including IL-6, MCP-1, TNF-
o and iNOS (Fig. 4f, g). The same findings were also-
confirmed in isolated bone marrow derived-macrophages
(BMMs). (Fig. 4h, i), demonstrating that TEC-exosomes
promote M1 macrophage activation via an miR-19b-3p-
NF-xB signaling-dependent pathway.

Exosomal miR-19b-3p activates NF- kB in
macrophage via targeting SOCS-1

Next, we sought to understand the mechanism through
which miR-19b-3p promotes M1 macrophage activation.
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Fig. 5 Exosomal miR-19b-3p activates NF- kB in macrophage via
targeting SOCS-1. a Shown are miR-19b-3p binding sites in the
SOCS-1 3’ UTR. The binding sequence of miR-19b-3p are located
at nucleotide 292 to 299 from the 3" UTR as predicted in TargetScan
Release 7.0. b mRNA and protein expression of SOCS-1 in reci-
pient Raw264.7 macrophages treated with TEC-exo by RT-PCR
and western blot analysis. Representative blots and quantification
showed significant repression of SOCS1 in BSA-exo group. *p =
0.0344; *¥p =0.0026 vs Ctrl; *p =0.0261; *p =0.0054 vs Ctrl-
exo. ¢, d Overexpression of miR-19b-3p in Raw264.7 macrophages
and BMMs induced significant reduction of SOCS-1 protein
revealed by western blot. **p =0.0035; ****p <0.0001 vs mac-
rophages with NC mimic. e, f Inhibition of miR-19b-3p in
Raw264.7 macrophages and BMMs induced significant upregula-
tion of SOCS-1 protein. *p =0.0129; **p =0.0058 vs Raw264.7
macrophages with NC inhibitor, **p=0.0049 and 0.0019 vs
BMMs with NC inhibitor. NC negative control. BSA. g Luciferase
reporter assay was performed with constructs with negative control
(NC), SOCS-1 3’ untranslated region(UTR) or SOCS-1 3’ -UTR-
mutant. 293T cells were transfected with these constructs and
the miR-19b-3p overexpressed plasmid. *p = 0.032, compared with
the NC+ miR-19b-3p group. h The expression of SOCS-1
in macrophages treated with exosomes from TECs transfected
with miR-19b-3p inhibitor or NC. *p = 0.0416, compared with cells
with NC inhibitor. Data presented as mean + S.E.M. of three inde-
pendent experiments. p values were calculated using unpaired
Student’s t-test for two groups comparison. For multiple compar-
ison, p-values were calculated using one-way ANOVA test,
Bornferroni-corrected o threshold was wused for statistical
significance

Based on bioinformatics analysis, SOCS-1 (suppressor of
cytokine signaling) was found to be the putative target
genes for miR-19b-3p and was also a negative regulator
of NF-xB signaling pathway (Fig. 5a).To test whether
exosomal miR-19b-3p targets SOCS-1 in recipient mac-
rophages, miR-19b-3p-enriched exosomes from BSA-
treated TECs were applied to macrophages. The results
showed that both mRNA and protein expressions of
SOCS-1 were concomitantly inhibited (Fig. 5b) in reci-
pient macrophages. In both Raw264.7 macrophages
and BMMs, overexpression of miR-19b-3p suppressed
the expression of SOCS-1, while miR-19b-3p inhibitor
significantly upregulated expression of SOCS-1
(Fig. 5c—f). Next, a dual luciferase reporter assay was
conducted, and the results showed that the activity of
luciferase reporters was markedly reduced by miR-19b-
3p overexpression, while the activity of the SOCS-1
3’UTR -mutant luciferase reporter was not affected,
demonstrating that SOCS-1 was the direct target gene of
miR-19b-3p (Fig. 5g). Furthermore, the reduction of
SOCS-1 was detected in RAW264.7 exposed to exo-
somes from tubular epithelial cells transfected with miR-
19b-3p inhibitor (Fig. Sh). Thus, TEC exosomal miR-
19b-3p may activate NF-kB signaling in macrophage via
targeting SOCS-1.

TEC exosomes promote tubulointerstitial
inflammation through miR-19b-3p in vivo

We next investigated the functional role of miR-19b-3p in
TEC exosomes in vivo. TECs treated with or without NC
or miR-19b-3p inhibitor were stimulated with BSA and
exosomes were isolated and transferred into mice via
renal injection. Mice were euthanized 24 h after injection.
Exosomes from BSA treated TECs caused significant
tubular injury and tubulointerstitial inflammation, while
exosomes from miR-19b-3p-depleted TECs resulted in
less severe tubular injury and decreased F4/80 positive
macrophage infiltration (Fig. 6a). Accordingly, BSA-
treated TEC-derived exosomes increased the expression
of renal inflammatory cytokine compared to control mice,
while mice injected with TEC-derived exosomes
with miR-19b-3p inhibition showed decreased levels of
renal inflammation by downregulating IL-6 and MCP-1
mRNA expression (Fig. 6b). The results suggested that
miR-19b-3p can be functionally delivered to the renal
tissue and trigger renal inflammation via TEC-derived
exosomes.

Increased exosomal miR-19b-3p in urine from
patients with diabetic nephropathy correlates with
the severity of tubulointerstitial inflammation

To confirm our findings clinically, we isolated and purified
exosomes from the urine samples of patients with type II
diabetes (T2DM, n=15) and biopsy-proven diabetic
nephropathy (DN) (n = 28). The clinical characteristics of the
cohorts are listed in Table 2. The median levels of BUN and
SCr were significantly elevated and eGFR was decreased in
DN patients compared with T2DM patients. The median
level of urinary ACR was significantly increased in patients
with DN, whereas T2DM patients were negative for urinary
ACR. Compared with T2DM patients, the protein
levels of exosomal markers were increased in urinary exo-
somes from DN patients. Importantly, AQP2, the tubular
epithelial marker, was also detected in exosomes purified
from urinary samples of DN patients, indicating the
TEC source of the urinary exosomes (Fig. 7a). Notably, RT-
PCR analysis revealed a marked elevation of miR-19b-3p
expression in the urinary exosomes from DN patients com-
pared with T2DM patients (Fig. 7b). Moreover, the expres-
sion of urinary exosomal miR-19b-3p was positively
correlated with the severity of albuminuria (Fig. 7¢), which
was associated with a marked tubulointerstitial inflammation
(Fig. 7d). Interestingly, DN patients with lower levels of
urinary exosomal miR-19b-3p had higher levels of SOCS-1,
as shown by immunofluorescence staining in the kidney
(Fig. 7e).
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Fig. 6 TEC exosomes promoted tubulointerstitial inflammation
through miR-19b-3p in vivo. TECs were cultured and treated with
BSA or PBS for 24 h after transfection of NC or miR-19b-3p inhibitor.
Exosome was transferred to BALB/c mice through renal injection.
Mice were euthanized 24 h after injection (n =06 for each group).
a Histologic (PAS staining) changes and F4/80 positive macrophage
infiltration in the kidney. The number of F4/80 positive loci were
quantified. **p =0.0036 vs mice with Ctrl-exo and *p = 0.0036 vs
mice with NC inhibitor. b RT-PCR analysis showed mRNA

Discussion

Tubulointerstitial inflammation is a common pathological
feature of acute and chronic kidney injury and determines

SPRINGER NATURE

expression of renal inflammatory cytokines (IL-6, MCP-1) in the
kidney. BSA-exo NC group showed significant upregulation of IL-6
(**%%p < 0.0001 vs mice with Ctrl-exo, #p <0.0001 vs with NC
inhibitor) MCP-1(***p = 0.0002 vs mice with Ctrl-exo, #*5 <0.0001
vs with NC inhibitor) mRNA, while miR-19b-3p inhibitor reverse the
upregulation significantly. Scale bar, 50 um. For multiple comparison,
p-values were calculated using one-way ANOVA test, Bornferroni-
corrected a threshold was used for statistical significance. Ctr/ control,
NC negative control

the outcome of kidney disease. However, the mechanism by
which the initial injury of TECs drives interstitial inflam-
mation remains unclear. In this study, we demonstrate a
novel mechanism through which the exosomal miR-19b-3p/
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Table 2 Human subject characteristics of T2DM and DN patients

T2DM (n=15) DN (n =28)
Males 8(53%) 15(53%)
Age(years) 52(42-68) 60(54-69)
BMI(kg/m?) 25.79(23.61-28.46) 24.65(22.24-27.93)

Total cholesterol(g/L) 4.76(4.28-5.55) 4.44(3.74-6.79)

Triglyceride(mg/dL) 2.47(1.55-3.87) 1.8(1.37-2.22)
BUN(mmol/L) 5.85(4.93-9) 11.6(6.4-16.5)%*
SCr(umol/L) 85(70.5-107) 184(98-249)*
UA(umol/L) 328(284-366) 367(328-475)

Plasma albumin(g/L) 42(40-43)
eGFR(ml/min/1.73 m2)  83.72(58.29-99.62)
Urinary ACR (mg/g) 0

31(27-35)
32.47(19.40-73.18)*
579(208-707)%*

BMI body mass index, BUN blood urea nitrogen, SCr serum
creatinine, UA uric acid, eGFR estimated glomerular filtration rate.
eGFR has been calculated using the CKD-EPI Creatinine formula (ml/
s per 1.73 m2). Values are expressed as median (IQR) (Mann-Whitney
U test; *p <0.05; **p <0.01; ****p <0.0001)

SOCS1 axis mediated cellular communication between
TECs and macrophages and subsequently induced tubu-
lointerstitial inflammation (Fig. 8). Our findings may pro-
vide a novel molecular target for the treatment of
tubulointerstitial inflammation.

Firstly, microarray analysis revealed that miRNAs,
especially miR-19b-3p, were selectively loaded into
exosomes in TECs in both LPS-induced acute
kidney injury and ADR-induced chronic kidney injury
models. Exosomes purified from kidney tubules
in vivo and cultured TECs had a remarkably high
expression of miR-19b-3p compared to that of controls.
Previous studies showed that miRNA expression in
TECs changed under pro-inflammatory conditions and
with fibrosis, which limited or promoted the injury
response [17, 21-23]. Specific miRNAs might be
actively sorted into exosomes under different pathologi-
cal conditions to convert the regulatory roles of exosomes
[24]. However, the excretion of miRNAs in TEC
exosomes has not been investigated in kidney
disease. This study clearly showed the significant differ-
ential profile of exosomal miRNAs in TECs and
indicated the potential role of exosomal miRNA in kidney
disease.

Next, the functional impact of miRNA in TEC exo-
somes in the setting of interstitial inflammation was
investigated in this study. We demonstrated that
TEC exosomes were capable of triggering M1 macro-
phage activation via the miR-19b-3p-dependent
mechanism, which provided a new insight into the
mechanism of macrophage polarization in kidney disease.

It is well-known that phenotype switching of macro-
phages can be triggered by cytokine or ligand-receptor
interaction during kidney injury [25-27]. Our studies
revealed that exosome-mediated cellular communication
is an alternative approach to initiate M1 macrophage
activation. Since the first report that exosomes contain
both mRNA and microRNA, which can be delivered
to another cell as functional cargoes [12], exosomal
RNAs have been regarded as new paradigm in gene
regulation. Exosome-associated miRNAs can regulate
target gene expression in recipient cells upon inter-
nalization. Alternatively, miRNAs released by cell EVs
have been shown to bind to TLRs and contribute to
inflammation [28]. Our results here suggest that exosomal
miR-19b-3p excreted from TECs could exert its reg-
ulatory role through vesicle mediated internalization by
macrophages.

More importantly, as shown in this study, adoptive
transfer of exosomes enriched with miR-19b-3p induced
renal inflammation. In contrast, exosomes derived from
TECs with inhibition of miR-19b-3p abrogated renal
inflammation. Thus, miR-19b-3p could be transferred to
macrophages as a functional molecule from TEC exosomes
and promote tubulointerstitial inflammation. miR-19b-3p is
known to play key roles in oncogenic processes and is often
overexpressed in several cancers, including pancreatic
cancer and breast cancer [29, 30]. The validated targets of
miR-19b-3p are related to cell death, the immune response,
and proliferation [31, 32]. Our study here reported a novel
function of miR-19b-3p in exosomes as a regulator of
macrophage activation and tubulointerstitial inflammation
in kidney disease. The exosome-mediated inflammatory
pathway may be a new mechanism responsible for the
development of renal inflammation by promoting TEC-
macrophage communication.

The mechanism through which exosomal miR-19b-3p
regulated the M1 macrophage activation was further
investigated by demonstrating its repressive effect on the
expression of SOCS-1, a negative regulator of NF-kB sig-
naling pathways. SOCS-1 was initially identified as an
intracellular negative-feedback molecule that ubiquitinated
RelA/p65 [33, 34]. The data here showed a significant
reduction of SOCS-1 protein in macrophages when
treated with TECs exosomes enriched with miR-19b-3p.
miR-19b-3p inhibitors or mimics could remarkably alter
SOCS-1 protein expression. Thus, we suggested that the
exosome/miR-19b-3p/SOCS1 axis plays a critical patho-
genic role in M1 macrophage activation and tubulointer-
stitial inflammation.

Interestingly, we demonstrated the remarkable increase
of exosome excretion in DN patients compared to
patients with T2DM without albuminuria. Importantly,
urinary exosomes were demonstrated to originated
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« Fig. 7 Increased exosomal miR-19b-3p in urine from patients with

diabetic nephropathy (DN) were associated with the severity of
tubulointersitial inflammation. a Representative western blotting and
quantification of exosomal markers (Alix, CD9 and CD63) and tubular
marker AQP2 in urinary exosomes from T2DM and DN patients. Alix,
*##E%p <0.0001; CD63, ***p =0.0003; CD9, ***p =0.0009; AQP2,
*#*%p = (0.0002 vs T2DM patients. b Urinary exosome miR-19b-3p in
DN patients. The expression of miR-19b-3p in urinary exosomes of
DN patients (n =28) was significantly higher than type 2 diabetes
(T2DM) patients (n=15). ***p=0.001 compared with T2DM
patients. ¢ Plots of correlation between miR-19b-3p in urinary exo-
somes and urinary ACR in DN patients (r = 0.6378, p <0.05). d The
level of miR-19b-3p in urinary exosomes of DN patients with normal
(0, n=06), mild (<25%, n = 14) or marked (>25%, n = 8) interstitial
inflammation. Patients with marked interstitial inflammation showed
the highest levels of urinary exosomal miR-19b-3p (**p = 0.0089 vs
DN patients without tubulointerstitial inflammation). e Immuno-
fluorescence of renal biopsies from patients with DN by using anti-
SOCS-1(green). DN patients with lower level of miR-19b-3p in
urinary exosomes shows higher expression of SOCS-1 in the tubu-
lointerstitium(left). Relative fluorescence intensity of SOCS-1 was
shown in lower panel (*p =0.012). p values were calculated using
unpaired Student’s #-test for two groups comparison. For multiple
comparison, p-values were calculated using one-way ANOVA test,
Bornferroni-corrected o threshold was used for statistical significance.
Scale bar, 20 um

inflammation. Patients with higher levels of urinary
exosomal miR-19b-3p showed a lower expression
of SOCS-1 in the kidney. Thus, these clinical
data further support our findings that TEC exosomal
miR-19b-3p contributed to tubulointerstitial inflammation
by targeting SOCS-1 in macrophages and might
serve as potential biomarker of kidney disease.

In conclusion, we have demonstrated that exosomal miR-
19b-3p mediated the cross-talk between TECs and macro-
phages and contributed to M1 macrophage activation. The
exosome/miR-19b-3p/SOCS1 axis played a critical role in
the development of tubulointerstitial inflammation. The
findings suggested that exosomal miR-19b-3p might
represent a new therapeutic target for the progression of
kidney disease.
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Fig. 8 Working model. Tubular epithelial cells (TECs) secrete exo-
somes containing miR-19b-3p upon injury, which are internalized by
macrophages. And miR-19b-3p enhance NF-Kb activity through
directly targeting SOCS-1, promoting the M1 macrophage activation.
The communication between TECs and macrophages via exosomal-
miR-19b-3p augmented the initial injury signal from TECs and pro-
moted the development of tubulointerstitial inflammation
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