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Abstract

Background. Several studies demonstrated that mesen-
chymal stem cells (MSCs) reverse acute kidney injury
(AKI) by a paracrine mechanism rather than by MSC
transdifferentiation. We recently demonstrated that micro-
vesicles (MVs) released from MSCs may account for this
paracrine mechanism by a horizontal transfer of messenger
RNA and microRNA.
Methods. MVs isolated fromMSCs were injected intraven-
ously in rats (30 μg/rat) immediately after monolateral neph-
rectomy and renal artery and vein occlusion for 45 min. To
evaluate the MV effects on AKI induced by ischaemia–
reperfusion injury (IRI), the animals were divided into
different groups: normal rats (n = 4), sham-operated rats
(n = 6), IRI rats (n = 6), IRI + MV rats (n = 6), and IRI
+ RNase-MV rats (n = 6), and all animals were sacrificed
at Day 2 after the operation. To evaluate the chronic kidney
damage consequent to IRI, the rats were divided into
different groups: sham-operated rats (n = 6) and IRI rats
(n = 6), IRI +MV rats (n = 6), and all animalwere sacrificed
6 months after the operation.
Results. We found that a single administration of MVs,
immediately after IRI, protects rats from AKI by inhibiting
apoptosis and stimulating tubular epithelial cell prolifera-
tion. The MVs also significantly reduced the impairment
of renal function. Pretreatment of MVs with RNase to
inactivate their RNA cargo abrogated these protective
effects. Moreover, MVs by reducing the acute injury also
protected from later chronic kidney disease.
Conclusion. MVs released from MSCs protect from
AKI induced by ischaemia reperfusion injury and from
subsequent chronic renal damage. This suggest that
MVs could be exploited as a potential new therapeutic
approach.

Keywords: acute kidney injury; chronic kidney disease; ischaemia–
reperfusion injury; mesenchymal stem cells; microvesicles

Introduction

Bone marrow (BM) mesenchymal stem cells (MSCs) were
extensively investigated for their reparative, regenerative
and immunomodulatory properties [1,2]. Several studies,
using different animal models of diseases, showed that
treatment with exogenous MSCs ameliorates acute kidney
injury (AKI) [3–8]. Moreover, few studies addressed the
potential beneficial effects of MSC treatment in chronic
kidney disease (CKD) [9–14]. The effect of MSCs both
in the acute and chronic models was related to a paracrine
action rather than a transdifferentiation into renal resident
cells [15–21]. In this context, MSCs may act by mitigating
injury and/or favouring repair by delivering critical signals
to the differentiated cells which survived the injury. These
may include soluble factors that in a paracrine or even
endocrine manner modify the cell behavior favouring kid-
ney recovery [5,15–21]. Recent studies have suggested that
cells may communicate also by circular membrane frag-
ments called microvesicles (MVs) [22]. We recently de-
monstrated that MVs released from MSCs may mimic the
beneficial effect of MSC treatment in a glycerol-induced
model of AKI [23]. In this model, MVs induced epigenetic
changes in resident cells by delivering their messenger
RNA (mRNA) cargo leading to reentry into the cell cycle
and activation of tissue regenerative programmes [23].

MVs may originate either as exosomes derived from the
endosomal compartment [24,25] or as shedding vesicles
from direct budding of the cell plasma membrane [26,27].

MVs released from a given cell type may interact
through specific receptor ligands with other cells transfer-
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ring proteins, biological reactive lipids and receptors
[27,28]. It has been recently shown that MVs may also
transfer mRNAs and microRNAs (miRNA) that may ac-
count for epigenetic changes in target cells [29–31]. Ra-
tajczak et al. [29] first demonstrated that MVs derived
from murine embryonic stem cells may induce reprogram-
ming of haemopoietic progenitor cells. We found that MVs
derived from endothelial progenitor cells may activated an
angiogenic programme in endothelial cells by a horizontal
transfer of mRNA [30]. More recently, we demonstrated
that MVs derived from human stem cells may also deliver
human mRNA to mouse cells in vivo, resulting in protein
translation [31,32]. Yuan et al. [33] showed that besides
mRNA, MVs may transfer in target cells also miRNA that
may modulate their phenotype. Recent studies by Quesem-
berry and Aliotta [34–37] proposed that MVs play a crit-
ical role in the continuum model of stem cell biology.

The aim of the present study was to evaluate whether the
administration of MVs derived from MSCs may favour the
recovery ofAKI andCKD induced by ischaemia–reperfusion
injury (IRI).

Methods

Isolation and characterization of BM-MSCs

MSCs were obtained from Lonza (Basel, Switzerland), cultured and charac-
terized as previously described [23].MSCswere used until the 6th passage of
culture. All the cell preparations at different passages of culture expressed the
typical MSC markers: CD105, CD73, CD44, CD90, CD166 and CD146.
They also expressed Human Leucocyte Antigen (HLA) Class I. BM-MSC
preparations did not express a haematopoietic markers like CD45, CD14 and
CD34. They also did not express the co-stimulatorymolecules (CD80, CD86
and CD40), HLA Class II and the endothelial markers (CD31, von Willeb-
rand Factor and Vascular Endothelial Growth Factor Receptor 2). The adipo-
genic, osteogenic and chondrogenic differentiation ability of MSCs was
determined as previously described [23].

Human fibroblasts, used as control, were isolated from dermas and
cultured as described [38].

Isolation and characterization of MVs

MVs obtained from supernatants of MSCs or fibroblasts (F) (cell viability
>99% as detected by trypan blue exclusion), were isolated by differential ultra-
centrifugation and characterized as previously described [23]. Briefly, MVs
were obtained from supernatants of MSCs or of fibroblasts (F), cultured over-
night in RPMI deprived of fetal calf serum and supplemented with 0.5% of
bovine serum albumin (Sigma). After centrifugation at 2000 g for 20 min to
remove debris, cell-free supernatants were centrifuged at 100 000 g (Beckman
Coulter Optima L-90K ultracentrifuge) for 1 h at 4°C, washed in serum-free
medium 199 containing HEPES 25 mM (Sigma) and submitted to a second
ultracentrifugation in the same conditions. The protein content of MVs was
quantified by Bradford method (BioRad, Hercules, CA). Endotoxin contam-
ination of MVs was excluded by Limulus test (Charles River Laboratories,
Inc., Wilmington, MA). By Zetasizer Nano (Malvern Instruments, Malvern
Worcestershire, UK), transmission and scanning electron microscopy, the size
of MVs ranged from 80 nm to 1 μm, with a mean value of 135 nm [23]. Cyto-
fluorimetric analyses showed the presence of several adhesion molecules such
as CD44, CD29, α4- and α5-integrins and CD73, but not α6-integrin [23]. In
addition, MVs did not express HLAClass I at variance with the cells of origin
or HLA Class II. We previously characterized the MV content of mRNA by
microarray analysis [23] and of miRNA as well [39].

In selected experiments, MVs were treated with 1 U/mL RNase (Am-
bion Inc., Austin, TX) for 3 h at 37°C and the reaction was stopped by
addition of 10 U/mL RNase inhibitor (Ambion Inc.) and MVs were
washed by ultracentrifugation [23]. The efficacy of RNase treatment
was evaluated by MV–RNA analyses by Agilent 2100 bioanalyser (Agi-
lent Tech. Inc., Santa Clara, CA). Moreover, after RNA extraction using
TRIZOL reagent (Invitrogen), spectrophotometer analysis was performed
of total extracted RNA (untreated: 1.4 ± 0.19 μg RNA/mg protein MV;

RNase treated: <0.2 μg RNA/mg protein MV). In addition, RNA ex-
tracted from RNase-treated and -untreated MVs was labeled by oligo-
dT-driven retrotranscription and analysed on 0.6% agarose gel to show
the complete degradation of RNA by RNase treatment as previously de-
scribed [23].

To trace in vivo MVs by fluorescent microscopy, MVs were labeled
with PKH26 dye (Sigma) as previously described [23].

Animal model of monolateral kidney IRI

All animals received care in compliance with the Principles of Laboratory
Animal Care (NIH publication no. 86–23, revised 1985) and the institu-
tional review board approved the protocol.

Male Sprague–Dawley rats (250 g body weight) were anaesthetized with
isoflurane andN2O/O2,maintained at 37°Cunder continuousmonitorization,
and the fluid loss during surgery was replaced with 1–2 mL saline. The right
kidney was removed by a subcapsular technique and the left renal artery and
vein were occluded for 45 min by using a nontraumatic vascular clamp. Rats
were housed individually in a ventilated cage system [Tecniplast, Buguggiate
(Va), Italy] at 22 ± 1°C, 55 ± 5% humidity, on a 12-h dark/light cycle, and
were allowed free access to rat chow and water ab libitum.

To evaluate the AKI induced by IRI, the animals were divided into
different groups: normal rats (n = 4); sham-operated rats: right nephrec-
tomy without clamp and sacrificed at Day 2 after operation (n = 6); IRI
rats: right nephrectomy and clamp of left renal pedicle for 45 min and
sacrificed at Day 2 after operation (n = 6) rats; IRI + MV rats: right neph-
rectomy and clamp of left renal pedicle for 45 min, injected intravenously
immediately with 30 μg of MVs and sacrificed at Day 2 after operation
(n = 6); IRI + RNase-MV rats: right nephrectomy and clamp of left
renal pedicle for 45 min, injected intravenously immediately after IRI
with 30 μg of MVs, pretreated with RNase and sacrificed at Day 2 after
operation (n = 6) and IRI + F-MV rats: right nephrectomy and clamp of
left renal pedicle for 45 min, injected intravenously immediately with 30 μg
of MVs from fibroblasts (F-MV) and sacrificed at Day 2 after operation
(n = 6). Six rats per group were studied at Day 7 after induction of AKI
to evaluate renal function and morphology.

To evaluate the CKD induced by IRI, the rats were divided into differ-
ent groups: sham-operated rats: right nephrectomy without clamp and sa-
crificed 6 months after the operation (n = 6); IRI rats: right nephrectomy
and clamp of left renal pedicle for 45 min and sacrificed 6 months after
the operation (n = 6) and IRI + MV rats: right nephrectomy and clamp of
left renal pedicle for 45 min rats, injected intravenously immediately after
IRI with a single dose of 30 μg of MVs and sacrificed 6 months after the
operation (n = 6).

MVs were injected at a dose of 30 μg of MV protein/rat, that were
produced overnight by ∼150 000 MSCs in serum starved condition.

Renal function

Blood samples for measurement of blood urea nitrogen (BUN) and
plasma creatinine were collected at 2 days and 6 months after IRI. Serum
creatinine was measured using a colorimetric microplate assay based on
the Jaffe reaction (Quantichrom Creatinine Assay; BioAssay Systems,
Hayward, CA). BUN was measured by direct quantification of serum urea
with a colorimetric assay kit according to the instruction protocol (Quan-
tichrom Urea Assay; BioAssay Systems). Urine was collected (24 h) to
determine urinary protein by Bradford method and creatinine excretion.

Renal morphology

For renal histology, 5-μm-thick paraffin kidney sections were routinely
stained with hematoxylin and eosin (Merck, Darmstadt, Germany). Lumin-
al hyaline casts and cell lose (denudation of tubular basement membrane)
were assessed in nonoverlapping fields (up to 28 for each section) using a
×40 objective [high-power filed (HPF)] to evaluate the score of the AKI.
Number of casts and tubular profiles showing necrosis were recorded in a
single-blind fashion [8]. To evaluate the score of CKD, semiquantitative
evaluation, based on arbitrary scores, was performed by a blinded observer.
The scores for interstitial lymphocytic infiltrates, interstitial fibrosis and
tubular atrophy ranged from 0 to 3+ as follows—0: no changes, 1+: dam-
age to <25% of the interstitial area; 2+: damage to 25–50% of the intersti-
tial area and 3+: damage to >50% of the interstitial area. The scores were
assessed in nonoverlapping fields (up to 10 for each section) using a ×40
objective (HPF). [13]. Glomerular sclerosis was defined as the presence of
dense abundant deposition of Periodic acid-Schiff (PAS) positive material
at the glomerular tuft, with occlusion of capillary loops and segmental hya-
linization in 100 consecutive glomeruli by determining the percentage of
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glomeruli exhibiting sclerotic lesion [12]. Immunohistochemistry for detec-
tion of proliferation of tubular cells was performed as Bromodeoxyuridine
(BrdU) incorporation or staining for proliferating cell nuclear antigen
(PCNA) (monoclonal anti-PCNA antibody; Santa Cruz Biotechnology,
Santa Cruz, CA) as previously described [16,23]. Apoptosis was measured
by terminal transferase-mediated deoxyuridine triphosphate nick-end-label-
ing (TUNEL) assay (ApopTaq Apoptosis Detection Kit; Millipore Inc.,
Billerica, MA) according to the manufacturers’ protocol. Scoring for
BrdU-positive, PCNA-positive and TUNEL-positive cells was carried out
by counting the number of positive nuclei per field in 10 randomly chosen
sections of kidney cortex using ×40 magnification.

Confocal microscopy analysis (Zeiss LSM 5 Pascal; Carl Zeiss Inter-
national, Oberkochen, Germany) was performed on frozen sections for
localization of PKH26-labeled MVs in different organs as previously de-
scribed [23]. Nuclei were stained with Hoechst 33258 dye (Sigma).

Statistical analysis

Statistical analysis was performed by using the t-tests, analysis of variance
(ANOVA) with Newmann–Keuls’ or ANOVAwith Dunnet’s multicompari-
son tests as appropriate. A P-value of <0.05 was considered significant.

Results

MVs derived from MSCs protect against AKI induced by
ischaemia–reperfusion

A significant rise in BUN and creatinine was observed 2
days after induction of IRI (Figure 1). This was associated
with a marked tubular epithelial injury characterized by
tubular apoptosis and necrosis, loss of brush border, de-
tachment of tubular epithelial cells and presence of pro-
teinaceous casts into tubules (Figure 1). Sham-operated
rats displayed no significant functional or histological al-
terations (Figure 1). In IRI rats injected with 30 μg of MVs
immediately after reflow, the tubular lesions observed after
2 days were significantly reduced in respect to IRI rats
treated with vehicle alone (Table 1 and Figure 1). In
addition, IRI rats treated with MVs had significantly lower
serum creatinine and BUN at Day 2 after MV injection
than IRI rats injected with vehicle alone (Figure 1).

IRI rats treated with MVs had significantly higher PCNA
staining and BrdU incorporation within tubules in respect to
IRI rats untreated with MVs, suggesting that MVs enhanced
tubular cell proliferation (Figure 2).Moreover, apoptotic cells
were reduced in IRI rats treated with MVs, suggesting an
anti-apoptotic effect of MVs on tubular cells (Figure 3).

WhenMVs were incubated with RNase, the in vivo effect
on functional and morphological recovery was reduced. As
shown in Table 1 and Figure 1, RNase treatment significant-
ly reduced the recovery of BUN and creatinine as well as of
tubular lesions. In fact, at Day 2, the renal histology showed
marked tubular epithelial injury, as observed in untreated
IRI rats (Table 1 and Figure 1). Tubular cell proliferation
(Figure 2), and apoptosis (Figure 3), did not significantly
differ in rats injected with RNase-treated MVs from that
of untreated rats with IRI.

The specificity of MSC-derived MVs was indicated by
the absence of protective effects of MVs derived from hu-
man fibroblasts (F-MV) (Table 1 and Figures 1–3).

Using MVs labeled with PKH26, we evaluated by con-
focal microscopy their localization in different organs of
IRI rats, at different time points (2, 6 and 24 h). MVs were
detected in the ischaemic kidney already 2 h after the injec-

tion and persisted for 6 h but were not more detectable 24 h
after injection (Figure 4A–C).At 2 and 6 h after the injection,
some MVs were detected within glomeruli, but the majority
of them were within tubules (Figure 4A and B). When la-
beled, MVs were injected into normal control rats, and the
renal accumulation was minimal (Figure 4D). In contrast,
liver accumulation of MVs was detected both in normal
and in IRI rats (Figure 4E and F). The accumulation in the
spleenwas similar to that observed in the liver, whereasMVs
were minimally detected in the lung capillaries (data not
shown). Twenty-four hours after injection, MVs were no
longer detectable either in normal or AKI rats in any organs.

The functional and morphological recovery was
complete at Day 7 in both groups of IRI rats, treated or
not with MVs (creatinine: 0.6 ± 0.39 and BUN: 45 ± 5.5).

MSC-derived MVs protect against CKD induced by IRI

We evaluated the development of CKD in our model of
IRI. IRI rats showed significantly higher levels of serum
creatinine and BUN than sham-operated rats and normal
controls after 6 months from the operation (Figure 5A
and B). At this time point, IRI rats showed only some me-
sangial accumulation of matrix in glomeruli (Figure 6E)
but focal lymphocyte interstitial infiltrates and abundant
matrix deposition associated with areas of tubular atrophy
and presence of cystic formations (Figure 6A and B).

To test the possibility that MV treatment might protect
against CKD development after IRI-induced AKI, we eval-
uated the renal function and histology 6 months after IRI
in rats treated or not with MVs and in sham-operated rats.
After this period of time, the mean body weight did not
differ among the different experimental groups (sham:
585 ± 15 g; IRI: 595 ± 32 g and IRI + MV: 586 ± 24 g).

Rats treated with a single intravenous injection of 30 μg
of MVs immediately after IRI showed significantly lower
levels of BUN and creatinine than IRI rats untreated with
MVs (Figure 5A and B).

No significant difference in 24-h urine volume was ob-
served among the different experimental groups (sham:
17.3 ± 1.8 mL; IRI: 17.6 ± 1.28 mL and IRI + MV: 17.1 ±
0.89 mL). Urine analyses showed that untreated IRI rats de-
veloped proteinuriawhen comparedwith sham-operated rats.
Proteinuria in MV-treated IRI rats was significantly lower
than that in untreated IRI rats as it was similar to that of
sham-operated rats (Figure 5C). Urinary total proteins/cre-
atinine ratios in the MV-treated rats were significantly lower
than that in IRI-untreated rats (Figure 5D).

The kidneys of MV-treated rats subjected to IRI showed
less fibrosis when compared with untreated IRI rats. More-
over, interstitial lymphocyte infiltrates, tubular atrophy and
cystic formation were almost absent (Figure 6D and Table
2). In addition, MV-treated rats showed substantial reduc-
tion in the accumulation of matrix in the glomeruli in re-
spect to IRI-untreated rats (Figure 6E and F and Table 2).

Discussion

In the present study, we demonstrated that a single admin-
istration of MVs derived from MSCs, immediately after in-
duction of IRI, protects rats against AKI and CKD.
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Several studies demonstrated that the administration of
MSCs reverses AKI in different experimental models and
protects against CKD [3–14]. These beneficial effects were
shown to be associated with a transient recruitment of
MSCs within the kidney with a minimal incorporation in
the regenerating tubules [5,40,41]. Based on this observa-
tion and on findings indicating that tubular repopulation
after AKI depends on the reentry into cycle of renal tubu-

lar cells survived to injury [42,43], it has been suggested
that MSCs may provide a paracrine support to kidney repair
[41]. Consistently, Bi et al. [20] demonstrated that the
administration of conditioned medium from MSCs may
mimic the beneficial effects of the stem cell therapy in-
dicating that the tubular engraftment of the MSCs is not
necessary. We recently reported that intravenous admin-
istration of MVs derived from human MSCs has the

Fig. 1. Effects of intravenous injection ofMVs fromhumanMSCs in ratswithAKI induced by ischaemia–reperfusion. (A) Creatinine andBUNvalues atDay
2 after IRI. ANOVAwith Dunnet’s multicomparison test: *P < 0.05MV-treated IRI rats versus IRI rats; **P < 0.05 IRI rats treated or not with RNase-MVand
IRI rats treated with F-MV versus normal and sham-operatedrats. (B) Representative micrographs of renal histology at Day 2 after IRI in IRI rats, in sham-
operated rats and in IRI rats injectedwith 30 µg ofMVs orRNase-MV.Original magnication: ×400.Normal = healthy rats = right nephrectomywithout clamp;
IRI = IRI injected with saline alone; IRI + MV = IRI rats treated with 30 µg MVs; IRI + RNase-MV = IRI rats treated with 30 µg RNase-inactivated MVs.

Table 1.. Effect of MVs on renal morphology at Day 2 after IRIa,b

2 days Normal IRI Sham IRI + MV IRI + RNase-MV IRI + F-MV

Cast (n/HPF) 0 2.3 ± 1.5 0 *0.45 ± 0.2 2.75 ± 0.9 2.1 ± 1.2
Tubular necrosis (n/HPF) 0 2.7 ± 0.35 0 *0.41 ± 0.19 2.6 ± 0.82 2.4 ± 0.85

aResults are expressed as mean ± SD; ANOVA with Dunnet’s multicomparison test: *P < 0.05 treatments versus un-
treated IRI.
bIRI + MV = IRI-treated MSC-derived MVs; IRI + RNase-MV = IRI treated with RNase-treated MSC-derived MVs;
IRI + F-MV = IRI treated with fibroblast-derived MVs; HPF= high power field.
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same efficacy of MSCs on the functional and morpho-
logical recovery of glycerol-induced AKI in severe com-
bined immunodeficient mice [23].

MVs are small vesicles released by cells bearing the sur-
face antigens characteristic of the cell of origin [27,28,44]

that may enter the target cells through specific receptor–
ligand interactions transferring receptors, proteins and bio-
active lipids [28]. Moreover, it has been shown that MVs
may deliver selected patterns of mRNA and miRNA acting
as a new mechanism of genetic exchange between cells

Fig. 2. Renal cell proliferation in IRI rats untreated or treated with MVs. (A) Quantification of BrdU- and PCNA-positive cells/HPF. BrdU was injected
intraperitoneally for 2 successive days before rats being killed. All quantitative datawere obtained from six different rats for experimental conditions. ANOVA
with Dunnet’s multicomparison test: *P < 0.05MV-injectedmice versus IRI control rats; **P < 0.05 IRI rats treated or not with RNase-MVand IRI rats treated
with F-MVversus normal and sham-operated rats. (B) Representativemicrographs of PCNAor BrdU uptake staining performed on sections of kidneys 2 days
after IRI treated or not with 30 μg ofMVs. Normal = healthy rats; sham = right nephrectomy without clamp; IRI = IRI injected with saline alone; IRI +MV=
IRI rats treated with 30 μg MVs; IRI + RNase-MV = IRI rats treated with 30 μg RNase-inactivated MVs.
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[29,30]. We recently demonstrated the MV-mediated trans-
fer of functional mRNAs both in vitro and in vivo [23,32]
and of miRNAs in vitro [39].

The present study extends the effect of MSC-derivedMVs
to a model of kidney injury induced by ischaemia–reperfu-
sion. In this model, MVs were found to prevent AKI. After
injection,MVs accumulated transiently within glomeruli and
injured tubules and stimulated tubular cell proliferation. In
addition, MVs may act by a mechanism of renal protection
that limits the extent of injury as they significantly reduced
tubular cell apoptosis. These biological effects were specific
for MSC-derived MVs as MVs obtained from fibroblasts

were ineffective. It is known that MVs protect RNA from
physiological concentrations of RNAse. However, as seen
in previous studies [23,30,32], pretreatment of MVs with
high concentrations of RNase inactivate RNAs. This reduces
the biological effect ofMVs based on the delivery ofRNAs to
target cells [23,30,32]. We previously demonstrated that size
and expression of surface adhesionmolecules did not change
in RNase-treated MVs. Moreover, internalization of RNase-
treated MVs in target cells did not differ from that of untreat-
ed MVs [23]. Here, we show that RNAse-treated MVs lost
their protective effect on functional andmorphological altera-
tions induced by IRI. Indeed, MVs derived from MSCs con-

Fig. 3. Renal cell apoptosis in IRI rats untreated or treated with MVs. (A) Quantification of TUNEL-positive cells/HPF. All quantitative data were
obtained from six different rats for experimental conditions. ANOVA with Dunnet’s multicomparison test: *P < 0.05 MV-injected mice versus IRI
control rats; **P < 0.05 IRI rats treated or not with RNase-MV and IRI rats treated with F-MV versus normal and sham-operated rats. (B)
Representative micrographs of TUNEL assay performed on sections of kidneys 2 days after IRI treated or not with 30 μg of MV. Normal =
healthy rats; sham = right nephrectomy without clamp; IRI = IRI injected with saline alone; IRI + MV = IRI rats treated with 30 μg MVs; IRI +
RNase-MV = IRI rats treated with 30 μg RNase-inactivated MVs.
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Fig. 5. Renal function parameters 6 months after IRI and MV treatment. (A) BUN; (B) creatinine; (C) proteinuria in 24-h urine collection; (D)
proteinuria/creatinine (mg/mg) ratio in 24-h urine collection. All quantitative data were obtained from six different rats for each experimental
conditions. ANOVA with Dunnet’s multicomparison test: *P < 0.05 MV-injected mice versus IRI control rats; **P < 0.05 IRI rats versus normal
and sham-operated rats. Normal = healthy rats; sham = right nephrectomy without clamp; IRI = IRI injected with saline alone; IRI + MV = IRI
rats treated with 30 μg MVs.

Fig. 4. Detection of MVs after in vivo injection. (A–F) Representative confocal micrographs of frozen tissue sections of mice injected with PKH26-
labeled MVs (red) and stained with laminin antibodies (green staining). MVs were detectable, after 2 h within glomeruli and within the lumen of tubules
(A); after 6 h, several tubular cells contained red MVs (B); at 24 h (C), red MVs were not detectable in kidneys of IRI rats. In a normal control rat, red
MVs were not detected in tubular cells (D). Liver accumulation of red MVs was detected in IRI rats 6 and 24 h after injection (E and F). Nuclei were
counterstained with Hoechst dye; original magnifications: ×400. Per each time points, two animals were studied with similar results.
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tained mRNA involved in the control of transcription, prolif-
eration and cell immune regulation [23] and miRNAs in-
volved in multi-organ development, cell survival and
differentiation [39]. Few selected miRNAs were also asso-
ciated with the regulation of the immune system [39]. Taken
together, these observations open new research perspectives
on the use of MVs to transfer RNA-based information from
stem cells/precursors to target differentiated cells.

It has been previously shown that after an initial recov-
ery in IRI-induced AKI, renal fibrosis and chronic injury
may develop [45,46]. In the present study, we found that a
single injection at the time of IRI of MVs purified from
MSCs not only prevents AKI but also CKD, indicating that

limiting the initial injury may also protect the kidney from
development of chronic injury.

In conclusion, MVs released from MSCs mimic the ef-
fect of the cells suggesting that they could be exploited as
a new therapeutic approach for regenerative medicine. An
advantage of using MVs rather than the MSCs themselves
is to avoid the possible long-term maldifferentiation of en-
grafted cells [11] or tumour generation [47].
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Fig. 6. Renal morphology 6 months after IRI and MV treatment. (A–D) Representative photographs of Masson’s trichrome-stained kidney sections at 6
months post-IRI to visualize interstitial lymphocyte infiltrates, tubular atrophy and cystic formation: control IRI rat injected with saline alone (A and B);
sham-operated rat (C) and IRI rat injected with MVs (D). (E and F) Representative photographs of PAS-stained kidney sections at 6 months post-IRI to
asses the degree of glomerular sclerosis: IRI rat injected with saline alone (E); IRI rat injected with MVs (F); magnification: ×400.

Table 2. Histological assessment of renal damage 6 months after IRI in the MV-treated group versus the untreated
groupa,b

6 months ILI IF TA % GS

Sham 0 0 0 0
IRI 2.4 ± 0.5 1.5 ± 0.5 2.1 ± 0.4 19 ± 4.5
IRI + MVs 0.2 ± 0.1* 0.7 ± 0.3* 0.2 ± 0.1* 7 ± 2.5*

aResults are expressed as mean ± SD; ANOVAwith Dunnet's multicomparison test: *P < 0.05 treatments versus untreated IRI.
bILI, interstitial lymphocyte infiltration; IF, interstitial fibrosis; TA, tubular atrophy; % GS, percentage of glomerular sclerosis.
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Abstract
Background.Renal proximal tubule epithelial cells (PTEC)
respond and contribute to the pathological process in a range
of kidney diseases. Within this disease setting, PTEC up-
regulate surface antigens which may enable them to act as
non-professional antigen-presenting cells and become tar-
gets for infiltrating T cells in the context of disease and allo-
graft rejection. In order to define, for the first time, whether
PTEC modulate immune responses within the autologous
human system, we monitored their interaction with T and
B cells in the presence of stimuli which mimic immuno-
logical signalling.
Methods. The expression of PTEC surface antigen in res-
ponse to inflammatory mediators was monitored by flow
cytometry. Purified T and B lymphocyte subsets and peri-
pheral blood mononuclear cells were cultured in the pres-
ence or absence of autologous activated PTEC, and their
responses to specific activators were monitored by prolif-
eration, cytokine secretion and surface antigen expression.
Some experiments were performed in the presence of
blocking antibodies to PD-L1.
Results. The presence of activated primary autologous
PTEC resulted in significantly decreased T- and B-cell pro-
liferative responses, which were only partly mediated by
programmed death ligand 1. This modulation was not in-
duced by a decrease in activation markers or an increase

in T regulatory cells but was accompanied by strong signifi-
cant skewing of cytokine profiles. Significant decreases in
gamma-interferon, interleukin-2 and tumour necrosis factor
and increases in interleukin-4 were detected in the presence
of PTEC, indicating that these cells induce a shift away from
an inflammatory Th1 effector profile to a Th2 type profile.
Conclusion. Human PTEC do modulate autologous im-
mune responses. We hypothesize that such mechanisms
may have developed to help dampen inflammatory res-
ponses and macrophage activation seen within kidney inter-
stitium in many immune-mediated kidney diseases.

Keywords: immune modulation; proximal tubule epithelial cells

Introduction

Proximal tubule epithelial cells (PTEC) of the kidney are
known to respond to and mediate the disease process in a
wide range of kidney diseases [1–4]. Many of the che-
mokines secreted by PTEC in the perturbed disease state,
including transforming growth factor beta (TGF-β),
RANTES, MCP-1 and IL-8, result in a pro-inflammatory
phenotype within the interstitium of the kidney. This attracts
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