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Extracellular vesicles derived from patients with antibody-
mediated rejection induce tubular senescence and endothelial
to mesenchymal transition in renal cells
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Extracellular vesicles (EV) are emerging mediators in several diseases. However, their
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poorly investigated. Here, we investigated the role of EV isolated from AMR patients
in inducing tubular senescence and endothelial to mesenchymal transition (EndMT)
and analyzed their miRNA expression profile. By multiplex bead flow cytometry, we
characterized the immunophenotype of plasma AMR-derived EV and found a prevalent
platelet and endothelial cell origin. In vitro, AMR-derived EV induced tubular senescence
by upregulating SA-B Gal and CDKN1A mRNA. Furthermore, AMR-derived EV induced
EndMT. The occurrence of tubular senescence and EndMT was confirmed by analysis of
renal biopsies from the same AMR patients. Moreover, AMR-derived EV induced C3 gene
upregulation and CFH downregulation in tubular epithelial cells, with C4d deposition on
endothelial cells. Interestingly, RNase-mediated digestion of EV cargo completely ab-
rogated tubular senescence and EndMT. By microarray analysis, miR-604, miR-515-3p,
miR-let-7d-5p, and miR-590-3p were significantly upregulated in EV from AMR group

Abbreviations: AAMR, acute antibody-mediated rejection; AKI, acute kidney injury; AMR, antibody-mediated rejection; CAMR, chronic antibody-mediated rejection; EndMT,
endothelial to mesenchymal transition; EV, extracellular vesicles; SASP, senescence-associated secretory phenotype; TX Ctrl, control transplanted recipients.
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1 | INTRODUCTION

Antibody-mediated allograft rejection (AMR) represents the leading
cause of graft failure in renal transplant patients.”? Current methods
for surveillance and diagnosis of AMR rely on donor specific anti-
bodies detection.® However, early diagnostic approaches are lacking
and mechanisms underlying acute and chronic AMR are still poorly
understood.

Extracellular vesicles (EV) are membrane bound particles able to
influence genome and proteome of target cells through the trans-
fer of their biologically active cargo (i.e., DNA, miRNA, mRNA, pro-
teins, or lipids).* Recent evidences shed a new light on the pivotal
role of EV in several kidney diseases, such as acute kidney injury
(AKI), diabetic nephropathy, renal cell carcinoma, or glomerulone-
phritis.>” In the context of solid organ transplantation, EV genomic
and proteomic profiling have been described as promising source of
biomarkers, reducing the need of high invasive renal biopsy.8 When
compared with whole blood or kidney biopsies, high-throughput
analysis, EV showed important advantages. Firstly, the lipid bilayer
of EV can protect nucleic acids from degradation and proteins from
proteolytic cleavage during transiting into the extracellular environ-
ment. Secondly, circulating EV could be considered as the vehicle
of damage signal, reflecting the state of inflammation of an organ
or tissue.

From a molecular perspective, recent investigations support the
concept that acute and chronic stress in transplantation (i.e., over-
whelming immunological response, oxidative stress and DNA dam-
age) can induce a premature renal aging”*° leading to the common
histological features often observed in elderly patients.n'13

The aim of our study was to investigate the effect of AMR
plasma-derived EV in vitro and to explore overall expression
profile of EV-associated miRNA profile in acute (AAMR), chronic
(CAMR) rejection compared with stable graft function (TX Ctrl)

recipients.

2 | METHODS
2.1 | Patientrecruitment

Patients were recruited from Department of Translational Medicine,

University of Eastern Piedmont, Novara and Department of
Emergency and Organ Transplantation, University of Bari, Italy. All

compared with transplant controls, whereas miR-24-3p and miR-29a-3p were downreg-
ulated. Therefore, EV-associated miRNA could act as active player in AMR pathogenesis,
unraveling potential mechanisms of accelerated graft senescence, complement activa-

tion and early fibrosis that might lead to new therapeutic intervention.

antibody-mediated allograft rejection, aging, cellular senescence, complement system,
extracellular vesicles, miRNA

patients presented written informed consent for the use of this ma-
terial for research purposes.

We enrolled 39 kidney transplant recipients who were trans-
planted between January 2009 and August 2016 in the two cen-
ters. Among these patients, 14 developed biopsy-proven acute AMR
(AAMR), 14 presented biopsy-proven chronic AMR (CAMR) and 11
patients presented a stable graft function (TX Ctrl). In addition, as
additional control, healthy volunteers collected-EV were also used
(n=5).

AMR was diagnosed based on the Banff 2013 classification.
One-third of AMR patients showed positive glomerular and peritu-
bular C4d staining. Median age of recipient was 48.8years (range
26-60) for AAMR, 49 years (24-61) for CAMR and 61years (36-75)
for TX Ctrl group. AMR developed at median 12.5months post-
transplant, whereas CAMR developed at a median of 7years after
transplantation. Maintenance immunosuppression regimen encom-
passed calcineurin inhibitors (tacrolimus 95%, cyclosporine A 5%),
mycophenolate mofetil as antiproliferative agent and corticosteroids
(Table 1).

2.2 | Characterization of EV

Plasma purified EV were characterized as previously described,**°
according to the criteria suggested by ISEV 2018 guideline.* For fur-
ther details, see Supporting Information.

2.3 | EV stimulation of renal tubular epithelial and
endothelial cells

RPTEC (human renal proximal tubular epithelial cells) between 3 and
5 passages and human umbilical vein endothelial cells lines (HUVEC)
(ATCC-LGC Standards, Italy) were grown in RGEM medium (Lonza)
and EndGro (Merck Millipore). Cells were exposed to AMR-derived
EV and TX Ctrl, healthy control EV at concentration of 5e** EV/ tar-
get cells for 24 and 48h.

2.4 | RNA extraction and gPCR analysis

Total RNA was isolated with RNeasy Mini Kit (Qiagen) according
to the manufacturer's instructions and quantified by NanoDrop
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TABLE 1 Demographical and clinical data of patients reporting antibody-mediated rejection acute (AAMR) or chronic (CAMR) and stable

graft patients (Tx Ctrl).

Characteristic AAMR recipients (n = 14)

Recipient age median (range) 48.5 (26-60)
Sex (%)
Male 64.29
Female 35.71
Time from date of biopsy to date of Tx 12.56

(months)
Cause of renal failure IgA glomerulonephritis n = 8

Membranous
glomerulonephritis n = 2

Malformative nephropathy
n=1

Adult polycystic kidney disease

n=1
Alport syndrome n =1
Renal carcinoman=1
Immunosuppression regimen Calcineurin inhibitors:
Cyclosporine A 5%
Tacrolimus:

Antiproliferative

agents
Azathioprine 0%
MMF 100%
Corticosteroids 90%
Serum creatinine (at biopsy) 2.94+1.23
Donor Specific Antibodies 25%
ND-1000 Spectrophotometer (Thermo Fisher Scientific).
Retrotranscription was performed using the iScript cDNA

Synthesis Kit (Bio-Rad). gPCR was performed with SsoAdvanced™
SYBR® Green Supermix (Biorad) and the Light
Cycler@96 (Roche). The relative amounts of mRNA were normal-

Universal

ized to B-actin mRNA as the housekeeping gene. Data were ana-
lyzed using the AACt method.'® Primer sequences for these genes

are given in Table S1.

2.5 | FACS analysis
The immunophenotype of endothelial cells was analyzed by FACS

analysis as already described.!” See Supporting Information.

2.6 | Immunohistochemistry and confocal laser
scanning microscopy

Renal formalin fixed-paraffin embedded biopsies of the same pa-

tients enrolled for EV isolation were processed as previously de-

d17719

scribe and are indicated in Supporting Information.

95%

CAMR recipients (n = 14) Tx CTRL (n = 11)

49 (24-61) 61 (39-75)
78.57 81.82
21.43 18.18
93.14 35

IgA glomerulonephritisn =9 IgA glomerulonephritis n = 4

Membranous
glomerulonephritis n = 1

Membranous
glomerulonephritis n = 4

Adult polycystic kidney disease Unknownn=26

n=1

Calcineurin inhibitors: Calcineurin inhibitors:
Cyclosporine A 5%

95%

Cyclosporine A 5%

Tacrolimus: Tacrolimus: 95%

Antiproliferative Antiproliferative

agents agents
Azathioprine 0% Azathioprine 0%
MMF 100% MMF 100%
Corticosteroids 90% Corticosteroids 90%
1.9+0.48 2.15+0.49
20% 5%
2.7 | RNA extraction from EV and miRNA analysis

RNA extraction was performed from EV by miRNeasy mini kit
(Qiagen, cat no. 217004). The EV'’ total RNA quantification was as-
sessed using NanoDrop 1000 and the Qubit 2.0. Fluorometer.

RNA samples were processed using the Agilent’s miRNA com-
plete labeling and hybridization kit and hybridized on SurePrint
human miRNA microarrays (protocol v.3.1.1 [G4170-90011]).

The Agilent microarray data are Minimum Information About
a Microarray Experiment (MIAME) compliant, and raw data are
accessible through Experiment Array Express accession number
E-MTAB-10447.

2.8 | Microarray data analysis

Microarray data analysis was performed using Agilent Feature
Extraction Software and Genespring software. The raw expression
signals were log-transformed, normalized, and filtered for microar-
ray analysis according to the quantile corrected signal of all miRNAs
with an intensity of 100, resulting in the selection of 327 miRNAs
from the original collection of 1205 miRNAs. Using a moderate
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t-test, miRNAs showing differential expression between various
comparison groups were detected. Probe sets were sorted accord-
ing to a significant p-value and adjusted to account for multiple tests
using the Benjamini-Hochberg FDR method. We applied a filter with
FDR of 0.05 and a fold change <2 to determine the features that
were differentially expressed. PCA was carried out using tools from
Genespring (Agilent Technologies).

2.9 | miRNA target analysis

We used computational algorithms to identify the validated and pre-
dicted interactions between miRNA dataset and mRNA targets. The
algorithms used were: TargetScan 5.2 (http://www.targetscan.org/),
miRTarBase47 and DIANA TarBase v7.04 and miRBase 17.0 (http://

microrna.sanger.ac.uk).

2.10 | Statistical analysis

All results were analyzed using GraphPad Prism 5.0 (GraphPad
software, Inc.) with the integrated tests: nonparametric Kruskal-
Wallis test (or Mann-Whitney U test) and the Dunn’s multiple com-
parison post hoc test. Significance was considered at p<.05. All in
vitro results represented the means of at least three independent

experiments.

3 | RESULTS

3.1 | Platelet and endothelial cells are the main
source of plasma EV in patients with AMR

We first investigated the size and the concentration of EV with na-
noparticle tracking analysis (NTA) by Nanosight. By Kruskal-Wallis
test, we found a significant difference in the number of EV among
the four groups analyzed. In particular, we found an increased
number of EV in AAMR group compared with CAMR by multiple
comparison test (p = .02, Dunn's post hoc test) (Figure 1A). Plasma
purified EV showed a homogenous pattern of spheroid parti-
cles with a size ranging from 60 to 170 nm as seen by Nanosight
analysis and then confirmed by transmission electron microscopy
(Figure 1B,C).

Next, we evaluated EV phenotype by MACS multiplex bead-
based flow cytometry assay described recently.zo’21 Data analysis re-
vealed that EV were positive for tetraspanins CD9, CD81, and CD63.
Moreover, platelet markers (CD41b, CD42) and endothelial markers
such as CD31 were increased in CAMR and AAMR compared with
TX Ctrl. Extracellular vesicles adhesion molecules (CD29) was sig-
nificantly augmented in CAMR. AMR-EV were negative for epithelial
makers as CD326 (epithelial cell adhesion molecule, EpCAM), mes-
enchymal markers (CD105). Moreover, EV exhibited low detectable

expression of leukocyte (CD45) and antigen presenting cells markers
(CDA40, Figure 1D).

3.2 | EV from AMR patients induced cellular
senescence in RPTEC culture

To elucidate the role of EV on renal cells, we cultured tubular epi-
thelial cells in the presence of AMR-derived EV. Compared with
untreated cells and to EV-derived from healthy control, RPTEC
exposed to AMR-derived EV showed reduced proliferation
(Figure 2A) without induction of early/late apoptosis or necrosis
(Figure S1A). Next, we performed SA-B-gal staining in RPTEC to
assess the occurrence of cellular senescence, defined as a state of
stable growth arrest in the absence of apoptosis. Compared with
untreated cells and to healthy control EV (Figure 2B), we found
that acute and chronic AMR-derived EV significantly induced cel-
lular senescence as measured by the increased number of SA-p-
gal-positive cells (Figure 2B). Furthermore, we decided to evaluate
the mRNA levels of cell cycle arrest markers as p21 together with
well-known anti-aging factors such as Klotho.1%22:23 Interestingly,
in RPTEC exposed to AMR-derived EV, we found a statistically
significant augment of p21"9/PL(CDKN1A) and IL-6 transcripts
and a reduction in KL mRNA levels (Figure 2C-E). Taken together,
these data suggest that AMR-derived EV can induce the estab-
lishment of a senescence state in RPTEC, as observed by a stable
cell cycle arrest without apoptosis and the positivity to the com-
mon senescent and Senescence-Associated Secretory Phenotype
(SASP) markers.?* Based on the data obtained in cell culture, we
then decided to evaluate whether the tubular senescence and pa-
renchymal SASP occurred also in renal biopsies of the same pa-
tients with diagnosis of acute and chronic AMR (Figure 3). For that
purpose, we stained for P16ink4a, a cell cycle inhibitor associated
with senescence whose increased expression has been linked to
the biological renal aging’ and for IL-6, one the most important
SASP marker.

We found that patients with AAMR and CAMR presented in-
creased tissue expression of tubular nuclear senescence marker
pl6INK4a and IL-6 compared with TX Ctrl biopsies. Importantly,
also glomerular cells appeared positive to p16é staining particularly
in CAMR group.

3.3 | EV from AMR patients induced endothelial to
mesenchymal transition (EndMT)

We then decide to evaluate the effect of AMR-derived EV on en-
dothelial cells. Firstly, MTT test revealed that the endothelial cell
treated with AMR-derived EV did not show reduced prolifera-
tion compared with untreated cells (Figure 4A). By FACS analysis,
we found that AMR-derived EV induced EndMT by decreasing
significantly constitutive endothelial markers, such as CD31 and
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FIGURE 1 Characterization and (A)
guantization of AMR-derived EV.

(A) Quantization of EV isolated from
plasma of AMR patients was assessed

Concentration (particles / ml)

4x1011
by nanoparticle tracking analysis
(Nanosight™ technology, NTA EV/ml) E 3%1011
after isolation by ultracentrifugation. ﬁ
Kruskal-Wallis test (p = .031) revealed a E 2x1011+
significant difference among all groups g
(Healthy EV n = 5, for TX Ctrl, AAMR 8 11079
and CAMR n = 9). Dunn’s multiple 5
comparisons post hoc test confirmed
a significant increase in the number of
EV in the AAMR group compared with Q@b
the CAMR (p = .02). (B) Size distribution
of plasma EV by nanoparticle tracking (D)

analysis. (C) Representative transmission
electron microscopy showing EV size of a
TX Ctrl patient. (D) Multiplex bead-based
flow cytometry analysis was performed
by MACsplex exosome capture beads
containing a cocktail of 39 different
markers. Experiments were performed
with EV from four patients for TX

Ctrl, AAMR, and CAMR groups, graph
indicated values after normalization of the
raw median fluorescence intensity (MFI).
Raw MFI was subtracted with the MFI

of the negative/blank control used in the
same run experiment to avoid nonspecific
signals. Values below the corresponding
control were indicated as negative and
were not showed. (TX CTRL, AAMR,

and CAMR n = 4, data are expressed as
mean+SD; *p value <.05, Kruskal-Wallis
test.) [Color figure can be viewed at
wileyonlinelibrary.com]

VE-cadherin. Furthermore, we observed an increased level of fibro-
blast markers, such as Vimentin expression with the production of
Collagen | (Figure 4B). Representative plots are shown in Figure S2.
Taken together, these data indicated that AMR-derived EV pro-
moted EndMT.

We then decided to investigate the possible occurrence of
EndMT in renal biopsies of AMR patients (Figure 4C-H). Renal bi-
opsies from TX Ctrl (Figure 4C) showed a«SMA expression predom-
inantly in smooth muscle cells (wall of renal arteries) and CD31
staining at level of interstitial peritubular capillaries. In the AAMR
and CAMR renal tissues (Figure 4D,E, white arrows), interstitial cells
upregulated aSMA together with an intense reduction in CD31 ex-
pression, indicating EndMT. The increase in aSMA associated with
the decrease of CD31 occurred predominately in peritubular capil-
laries and arterioles and was more evident in CAMR compared with
AAMR. (Figure 4l). Finally, we identified the presence of EndMT

T T
100 200 0 400 00 L T00 00 00 1000
Size (nm)

Bl TXCtrl
B AAMR
3 O CAMR

CD45

CD69

CD29

-
CD44-¢
[

CD42L—- *

i *

CD41b

CD81

CD62P

CD40

CD63

HLA-1

CD9

0 5 10 15
MFI normalized

also at glomerular level where we found upregulated aSMA and co-
localization with CD31 (Figure 4H, white arrow).

3.4 | EV from AMR patients induced complement
activation in tubular and endothelial culture

Complement system is a well-recognized player in AMR?>%¢; for in-
stance, CAMR biopsies exhibited higher C3 gene transcripts.27 To
elucidate the role of circulating EV in modulating complement, we
assessed gene transcripts C3 and CFH in RPTEC. After stimulation
for 24 h with AMR-derived EV, we found a significant increase of
C3 gene level in RPTEC (Figure 5A,B) and a decrease of CFH gene
expression. A similar trend was observed in primary endothelial
cell culture (data not showed). We then decided to study the role
of EV in functional complement activation. For this purpose, we
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FIGURE 2 AMR-derived EV induced cellular senescence in RPTEC culture. (A) RPTEC were plated in 96-well plate, treated with EV
purified from plasma of AMR patients (5e+* EV/cells target for 24 h) and MTT assay was performed. Untreated cells (indicated as basal), cell
exposed to healthy EV and to TX Ctrl patients were used as controls. H,0, (0.5mM) was used as positive control for cell viability reduction.
Data represent the mean+SD; n = 3, *p<.05, **p<.01, one-way ANOVA nonparametric test. (B) SA-p Gal staining in RPTEC treated with
EV purified from AMR patients plasma in early passage RPTEC (5e™* EV/cells target for 24 h). Increased SA-B-Gal* cells were observed
after AAMR and CAMR EV exposition. Compared with untreated cells and to healthy EV and TX Ctrl EV exposed cells, AAMR, and CAMR
EV-treated cells were positive to SA-p Gal, appeared enlarged, with formation of larger and polynucleated cells (arrows and boxes). H,0,
(0.5-1mM) exposed cells were used as positive control of senescence (not showed). Scale bar: 200 pm. The graph shows the quantification
of SA-B-Gal™ cells. The ratio of cells positive for SA-p-gal activity was calculated in five not overlapping fields per condition (six-well plate).
Data are shown as mean+SD of three independent experiments and the medians were analyzed by Kruskal-Wallis test (p <.05 between all
groups) with an option for multiple comparisons (#p <.01 vs. untreated cells, *p <.05 vs. TX Ctrl). (C) Gene expression of p21"/cP{(CDKN1A),
(D) KL and IL-6 evaluated by qPCR in RPTEC exposed to EV for 24h (5e** EV/cells target). Data were normalized to p-actin housekeeping
gene. Data are shown as mean +SD of three independent experiments and the medians were analyzed by Mann-Whitney U test. *p <.05,
**p<.01. H,0, at 0.3-0.5mM exposed cells were used as positive control of senescence.

cultured primary endothelial cells in serum-free media in the pres-
ence of AMR-derived EV. Cell culture supernatants were collected
after 24 h and loaded in a complement enzyme immunoassay for
the functional determination of classical, lectin, and alternative
pathways activation (Figure 5C). Compared with untreated cells
and TX Ctrl, culture media derived from endothelial cells exposed
to AAMR and CAMR-derived EV activated classical and lectin
pathways (Figure 5C). Next, we evaluated the deposition of C4d
in endothelial cells. Interestingly, immunofluorescence analysis

revealed strong C4d deposits in AAMR and CAMR conditions
(Figure 5D,E).

3.5 | miRNA characterization from AMR-
derived EV

We used microarray analysis to compare the miRNA profiles of
EV isolated from AAMR and CAMR comparing with TX Control
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FIGURE 3 Increased p16INK4a
expression in renal biopsies of AMR
patients. Immunohistochemical stainings
showing the p16INK4a expression in
kidney biopsies at tubular (A-C) and
glomerular level (D-F) and IL-6 (G-I).

IHC was performed on paraffin kidney
sections. Arrows indicate positive tubular
staining. Fields indicated by arrows in
A-C, field indicated is enlarged at the
bottom. Tubular and glomerular p16
expression in AAMR (B, E) and in CAMR
(C, F) was increased compared with TX
Ctrl biopsies (A, D). Scale bar as indicated
(100 pm). (J) Graphical representation of
p16INK4a and IL-6 (K) expression level
reported as the ratio of no. positive
cells/500 pm2 in the different groups.
Data are displayed as median plus
interquartile range and were analyzed

by Kruskal-Wallis test with an option for
multiple comparison (Tukey’s multiple
comparisons test) (n = 8,"p<.05, **p<.01).

Glomeruli

positive cells area fraction

i

X Ctrl

patients (Figure 6). By microarray miRNA profiling, we detected
42 miRNA downregulated and 34 miRNA upregulated (Table 2)
with FDR <0.05 and Fold change >2 (Figure 6A). The principal
component analysis showed that these 76 miRNAs were able to
distinguish ABMR-derived EV from TX control EV (Figure 6B). We
then searched whether differences in EV-miRNAs content were
present between AAMR and CAMR patients. We found nine miR-
NAs differentially expressed in the two AMR groups whose eight
downregulated and only one upregulated in AAMR compared with
CAMR (Table 3 and Figure 6C). Interestingly, these miRNAs were
able to distinguish AAMR-derived EV from CAMR EV by PCA
(Figure 6D).

L L3 Ll
AAMR  CAMR TXCtl AAMR CAMR

We investigated the possible target genes of identified miR-
NAs (Tables 2 and 3). miRNA candidates were picked according
to their expression, their fold change, the p value, and prediction
score. Several targets were associated with CDKN1A and CDKN2A
genes regulation as miR-24-3p, miR-let-7d-5p, miR-101-3p, mir-
345-5p, miR-20-5p, and miR-132-3p. Since our group has previously
demonstrated that premature senescence and EndMT represent
central mechanisms involved in the progression of chronic graft de-

1819.28.29 \ye selected miRNA

terioration after renal transplantation,
that specifically target senescence-associated genes as CDKN1A,
CDKN2A, together with early fibrosis genes as Collagen I, TGFB, and

complement-related genes. Using different databases (TargetScan,
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FIGURE 4 AMR patients-derived EV induced EndMT in vitro, in vivo EndMT was observed in renal biopsies of the same patients.
Primary endothelial cells (HUVEC) were incubated with healthy volunteers EV, control transplant patients EV, and AMR-derived EV (5¢**
EV/cells target for 24 and 48h). (A) MTT assay performed on HUVEC plated in 96-well plate, treated with EV purified from plasma of AMR
patients for 24 h. Untreated cells (indicated as basal), cell exposed to healthy control EV and H,0, (up to 0.5mM) were used as controls.
Data represent the mean+SD; n = 3. (B) Flow cytometry analysis showed a significant reduction of constitutive endothelial markers CD31
and VE-cadherin and an increased expression of dysfunctional fibroblast-like markers collagen | and vimentin after 48 h of treatment
(representative plot are shown in Figure S2). Data are shown as median+ interquartile range, *p value p <.05, **p value p<.01, Mann-
Whitney test). (C-H) Analysis of EndMT on renal biopsies. Endothelial cells were double-stained for the constitutive CD31 (green) and
myofibroblast-like a-SMA marker (red) to investigate the occurrence of EndMT. (C) In control transplant biopsies, a-SMA expression was
limited to the wall of renal arteries and aSMA+ glomerular cells were barely detectable. (D) The tubule interstitium of acute and (E) chronic
AMR biopsies showed an increased a-SMA expression as indicated by white arrows. (H) In addition, strong and diffuse expression of a-SMA
was observed also in the glomerular capillaries of the biopsies with chronic AMR, lesser than in acute AMR (G). The fluorescent dye To-pro
3 was used to counterstain nuclei (blue). (F-H) Glomeruli. (I) Quantitative analyses of CD31-SMA double-positive/high-power (630x) fields
(HPF) cells (were expressed as median +interquartile range [IQR], n = 5). (p value as indicated, Mann-Whitney test). Magnification 630x
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FIGURE 5 Complement activation in tubular and endothelial cells culture after AMR-derived EV exposition. (A, B) C3 and CFH gene
transcript level in RPTEC after AMR-derived EV stimulation (5e™ EV/cells target for 24 h). Gene expression was assessed by gPCR

and compared with normal untreated RPTEC cultured for 24 h. LPS, IFNy and H,O, exposed cells were used as positive control of C3
complement increase (not showed). Gene expression levels were normalized to the housekeeping gene B-actin. Data are displayed as
means+SD, n = 5, one-way ANOVA, *p <.05. (C) Primary human endothelial cells were cultured in serum-free media, then exposed to EV
5e** EV/cells target for 24 h. (C) Complement activation in cells culture, supernatants were assessed by complement functional assay with a
protocol adapted for cell culture, data are displayed as mean +SD of percentage of complement activation compared with a positive control,
medians were compared with a Mann-Whitney U test **p <.01, n = 5 per group. (D, E) Immunofluorescence analysis for C4d complement
fragment. Endothelial cell grown in serum-free conditions were exposed to AMR-derived EV for 24 h (5™ EV/cells target) then labeled

by immunofluorescence for C4d. Scale bar: 50 um. Magnification, 630x. (D) Data are shown as mean+SD and were analyzed by one-way
ANOVA test (n = 3 per group), *p <.01 versus TX Ctrl group, §p <.001 versus untreated cells.

miRDB, miRTarBase, and DIANA TarBase) and filtering for the pre-
diction target score, we identified and validated two miRNA down-
regulated in AMR-derived EV versus TX Ctrl: mir-24-3p that targets
CDKN1A, CDKN1B, TGFB, CDKé, and CFP (Properdin: Position 18-24
of CFP 3' UTR, 7mer-8m with 98 context score percentile rank); mir-
29a-3p which modulates COL1A1, COL1A2, COL3A1, and COL4A1
pro-fibrotic genes (Figure 7A,B). Furthermore, even if not yet

validated, we also found the downregulation of miR-101-3p which
was associated with Klotho (KL), CDKN1A, and C3 gene regulation
(Table 2, Fold change 5.34, p = .053).

Four miRNAs were upregulated: miR-604, miR-590-3p, miR-let-
7d-5p, and miR-515-3p. In particular, miR-604, miR-590-3p were
found to interact with canonical conserved 8mer and 7mer sites that
fit the seed region of each miRNA at 3'-UTR of CD59, CFD, CFHR4,
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FIGURE 6 Analysis of miRNAs differentially expressed in plasma EV from patients with AMR compared to TX Control patients. (A)
Volcano plot shows the relationship between fold change and statistical significance. The red and blue points in the plot represent the
differentially expressed mRNAs with statistical significance. 34 miRNAs were upregulated (red points) and 42 miRNA were downregulated
(blue points) in AMR patients compared with TX Control with FDR <0.05 and Fold change >2. (B) Principal component analysis (PCA) built
on all expressed miRNAs among the three groups. Principal component analysis showing 76 miRNAs able to distinguish AMR-derived EVs
from EV derived from TX Ctrl. Analysis of miRNAs differentially expressed in plasma EV from patients with AAMR compared with CAMR.
(C) Volcano plot showing 1 miRNA upregulated and 8 miRNAs downregulated in EV from AAMR compared with CAMR. (D) Principal
component analysis showing the 9 miRNAs able to distinguish AAMR-derived MVs from EV derived from CAMR. (E) The heatmap of the
differentially expressed miRNAs in the AMR group (AAMR and CAMR) versus TX Ctrl group displayed according to fold-changes value. The
red indicated higher miRNA expression level in AMR-derived EV compared with TX Ctrl, whereas the blue showed lower miRNA expression
level. Fold change and p value details are indicated in Table 2 (n = 8 for each group).

and CFH complement components. Whereas miR-let-7d-5p and
miR-515-3p target CDKN1A, H2AFX, (associated to senescence and
DNA damage response) and COL1A1, COL1A2, and TGFBR1/2 genes
(associated to fibrosis). We validate their expression by qPCR, con-
firming the microarray data (Figure 7C-F). Regarding miR-590-3p,
by microarray data, it was upregulated in AAMR-EV compared with
CAMR EV and displayed the same trend in gPCR analysis. However,

no statistical significance was reached (Figure 7F).

4 | RNAse digestion of EV revert the
tubular senescence, reduced the C3 gene
expression level and EndMT in vitro

Finally, we reasoned that the effect induced by EV could be regu-
lated by a putative horizontal transfer of RNAs. Thus, we investi-
gate whether the degradation RNA contained as cargo inside EV
could interfere with processes of senescence and EndMT. Given
their significant ability to induce senescence and EndMT, a pull of
CAMR-derived EV was treated with RNase A at 1U/ml with sapo-
nin.2% Interestingly, the RNase pretreatment significantly reduced
EV-induced tubular senescence, as observed by decreased positiv-
ity at SA-p Gal staining (Figure 8A,B). Furthermore, RNase reduced
C3 gene expression increase (Figure 8C) and reverted the EndMT
(Figure 8D). In particular, flow cytometry analysis showed a signifi-
cant abrogation of EndMT as observed by conserved expression of
constitutive endothelial markers CD31, VE-cadherin and the lack of
increased expression of dysfunctional fibroblast-like markers colla-

gen | and vimentin after 48 h of treatment (Figure 8D).

5 | DISCUSSION

In this study, we demonstrated that patients with AMR have cir-
culating EV characterized by pro-inflammatory, pro-aging and pro-
fibrotic effects on tubular and endothelial cells. In addition, we
demonstrated that AMR-derived-EV are characterized by a different
miRNA profile compared with EV isolated from stable graft func-
tion patients and that this RNA-based cargo is pivotal to induce their
pathogenic effect.

EV are membrane bound particle, continuously released by dif-
ferent cell types that reflect the state of cell of origin. Their plasma

level can be significantly altered in several renal diseases.®>%? In

the AMR patients, EV increase correlated with severity of rejec-

t%3 and the occurrence of cardiovascu-

tion, response to treatmen
lar complications.34’36 Consistent with all these results, we found
that the level of EV appeared significantly higher in AAMR patients
compared with TX Ctrl, suggesting an ongoing active process pos-
sible correlated with endothelial damage and thrombosis. Using
a multiplexing approach, we demonstrated that AMR-derived EV
originated from platelets and endothelial cells. Furthermore, these
vesicles were positive for adhesion molecules, leukocyte and anti-
gen presenting cell markers, suggesting also a potential source from
dendritic cells, thus a role for EV in the modulation of antigen pre-
sentation to T lymphocytes.”

Recently, a large plethora of studies depicted the cargo of EV
purified from urine and blood.3%%? Based on their content, EV could
be able to directly reflect deterioration of renal function®® or to pre-
dict the occurrence of rejection.”*42 Here, to better elucidate their
biological role, we investigated the direct effect of AMR-derived
EV on tubular and endothelial cells. We found that AMR-derived
EV induced tubular senescence that represents a state of irrevers-
ible growth arrest characterized by the increased level of cyclin-
dependent kinase inhibitor (i.e., p16Ink4a and p21).43 Effectively,
plélnk4a level has been associated with senescence-related renal
disease.”**=4¢ Our results are in line with previous findings showing
higher level in late (>3 months) episodes compared with early epi-
sodes.*” In accordance, compared with AAMR-EV, EV from CAMR
patients were characterized by a stronger capacity to induce senes-
cence. That results are in agreement with findings from Zhang Hao
et al.*? that detected gp130 mRNA, a central receptor of IL6, a SASP

mediator,*84?

in circulating EV from AMR patients; furthermore, ac-
tivation of IL-6 amplifier was recently assessed in urinary exosomes
of CAMR patients.50

The AMR pathophysiology is profoundly characterized by en-
dothelial injury.z’51 Intriguingly, after vascular injury, EV can also
trigger an acceleration of graft rejection.sz*53 In our experiments,
EndMT occurred in AMR patients and was more evident in CAMR
group compared with AAMR. These results are in line with previous
findings showing increased expression of mesenchymal proteins (as
vimentin) at level of peritubular capillaries that diagnose AMR and
predict long-term graft dysfunction.54 During the development of
AMR, complement activation is widely considered a central contrib-

utor to graft injury and strongly associated to poorer survival.’>5-57
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TABLE 2 Fold change and p value of differentially expressed miRNAs in the AMR group (AAMR and CAMR) versus TX Ctrl group
displayed according fold-changes value. [Color table can be viewed at wileyonlinelibrary.com]

FC (abs) ((ABMR]
miRNA p value Type of regulation vs. [TX ctrl])

.000231032 Up 7.1829104
.00020372 Up 6.5069966
.000327536 Up 6.3115873
.005988951 Up 5.602683
.001084423 Up 5.4909964
.004616148 Up 5.314596
.002111625 Up 4.746104
.005424898 Up 4.689974
.011246364 Up 4.417236
.005480804 Up 4.39079
.006755393 Up 4.024569
.01050784 Up 4.0186687
.006916957 Up 3.9541354
.01596405 Up 3.7634454
.005297408 Up 3.763288
.021932283 Up 3.6821675
.03728327 Up 3.6744018
.024133574 Up 3.4917197
.01091803 Up 3.381615
.011575868 Up 3.312046
.01954987 Up 3.173741
.019990016 Up 3.1378903
.026489267 Up 3.0356672
.016340833 Up 2.9995658
.029457007 Up 2.9695976
.019094761 Up 2.9312422
.035594154 Up 2.8882592
.044051122 Up 2.826196
.040416576 Up 2.7849436
.041143194 Up 2.6930864
.03985014 Up 2.6801581
.047119707 Up 2.6354783
.041045405 Up 2.5954452
.04837202 Up 2.4694357
.000163911 Down 7.4328017
.000800563 Down 5.940329
.004084985 Down 5.553976
.000570207 Down 5.4789815
.002482388 Down 5.45685
.005373681 Down 5.33553
.036215696 Down 5.2734694
.000843328 Down 5.235151
.002429962 Down 5.127467

.000709711 Down 5.058566




FRANZIN ET AL.

| 2151

AJT
TABLE 2 (Continued)
FC (abs) ((ABMR]
miRNA p value Type of regulation vs. [TX ctrl])

.000879938 Down 4.909253
.01128544 Down 4.5670714
.009809131 Down 4.347662
.003773427 Down 4.2727685
.008081804 Down 4.2644567
.0021057 Down 4.2475104
.008069614 Down 4.1372747
.010832398 Down 4.0668645
.010658938 Down 4.0623984
.022574209 Down 3.8788292
.005614921 Down 3.7752542
.012564858 Down 3.7415555
.007675583 Down 3.7364385
.008537401 Down 3.6363204
.030444378 Down 3.5527856
.010209671 Down 3.4723613
.01506753 Down 3.462885
.011553774 Down 3.4159129
.006867504 Down 3.382768
.016001152 Down 3.228435
.03231347 Down 3.2009394
.040677994 Down 3.1773596
.026190298 Down 3.1373172
.04505775 Down 3.1284726
.01689237 Down 3.1228726
.024324922 Down 3.1080406
.040294994 Down 3.0671146
.037424956 Down 3.0119717
.039695513 Down 2.9911106
.041248452 Down 2.9115572
.029810114 Down 2.7526343
.044837527 Down 2.7435393

Note: Red indicates a higher miRNA expression level in AMR-derived EV compared to TX Ctrl, whereas the blue shows a lower miRNA expression

level.

C4d deposition has been considered for a long time a reliable
footprint marker of active AMR?® even though cases of C4d-
negative AMR have currently emerged.® In the course of AMR,
increased number of plasma C4d-positive endothelial-derived
EV were detected and associated with severity and response to
treatment.®°? Similar results were provided also in chronic kid-
ney disease (CKD) patients®? where C3-positive EV were released
in the circulation from platelet and monocytes. Next, leucocytes-
derived EV can bind Cl1q and activate classical pathway, leading
to C4 and C3 deposition.®®? In our study, we found that AMR-
derived EV can activate the classical and lectin pathway in su-
pernatants of endothelial cells leading to C4d deposition also in

absence of serum. The importance of C3 complement component
in EV was underlined by Braun et al.®? that analyzed the proteomic
profile of urinary EV from living donors and recipients after kid-
ney transplantation.63 Similarly, we found that AMR-derived EV
could exacerbate local and extrahepatic complement production
by tubular cells.®*%>

Here, we demonstrated that AMR-derived EV were able to in-
duce C3 gene upregulation and CFH decrease. In addition to activa-
tor functions, EV could also take part in regulation of complement
system by evading complement attack through C5b-9 removal from
their surface.?>%¢ Likewise, we found that AMR-derived EV were
positive for C5b-9 when compared with controls (Figure S1B).
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miRNA
hsa-miR-590-3p

p value ([AAMR] vs.
[CAMR])

.03
.04
.05
.04
.04
.03
.03
.04
.03

Type of regulation
Up

Down

Down

Down

Down

Down

Down

Down

Down

FC (abs) ((AAMR]
vs. [CAMR])

2.4417171
2.9411678
2.827694
2.7434256
2.4806325
2.4635694
2.1735005
2.1345708
2.0780954

Note: Red indicates a higher miRNA expression level in AAMR-derived EV compared to CAMR-
derived EV, whereas the blue shows a lower miRNA expression level.
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TABLE 3 Fold change and p value of
differentially expressed miRNAs in the
AAMR versus CAMR group displayed
according fold-changes value. [Color table
can be viewed at wileyonlinelibrary.com]

FIGURE 7 miRNA validation by qPCR.
miRNA validation in EV from AAMR,
CAMR, and TX Ctrl patients. Box plots
representing the miRNAs that were
upregulated or downregulated in AAMR
and CAMR compared with TX CTRL
group. Center lines show the medians;
box limits indicate the 25th and 75th
percentiles as determined by R software,
whiskers extend from each quartile to the
minimum or maximum. One-way ANOVA,
nonparametric test. Tukey test was used
to correct for multiple comparisons using
statistical hypothesis testing (n = 8 for
each group).
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FIGURE 8 RNA digestion of AMR-derived EV is sufficient to inhibit tubular senescence, C3 gene transcript increase and EndMT. A pull
of CAMR-derived EV was treated with RNase A at 1U/ml and saponin. Pretreatment with RNase A significantly reduced CAMR EV-induced
senescence, as observed by SA-p GAL staining, reduced the C3 gene increased level and reverted EndMT. (A) SA-B Gal staining in RPTEC
treated with a pull of EV purified from CAMR patients plasma (5e™* EV/cells target for 24 h). Increased SA-p-gal* cells were observed

after CAMR EV treatment. Compared with CAMR-derived EV, the RNase-digested EV-treated cells were barely positive to SA-p Gal.

H,0, (0.5-1mM )-exposed cells were used as positive control of senescence (not shown). Scale bar: 200 um. (B) Quantification of SA-p-
Gal+ cells. The ratio of cells positive for SA-B-gal activity was calculated by in five not overlapping fields per condition (six-well plate). The
results are presented as the mean+SD of three independent experiments. p value as indicated. (C) C3 gene transcript level in RPTEC after
CAMR-derived EV untreated/treated with RNase (5e** EV/cells target for 24 h). Gene expression was assessed by qPCR and compared
with normal untreated RPTEC cultured for 24 h. Gene expression levels were normalized to the housekeeping gene $-actin. Data are shown
as means=+SD, n = 3, p value as indicated, one-way ANOVA nonparametric. (D) Flow cytometry analysis showed a significant abrogation
of EndMT as observed by conserved expression of constitutive endothelial markers CD31 and VE-cadherin and the lack of increased
expression of dysfunctional fibroblast-like markers collagen | and vimentin after 48 h of treatment. Results are means+SD, n = 3, *p<.05.
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In the last decade, miRNAs emerged as pivotal mediators in
acute and chronic AMR proposing their potential value as nonin-
vasive biomarkers.®” In this study, we provided the miRNA profile
of AMR-derived EV and described the involvement of miR-24-3p,
miR-29b-3p in the regulation of tubular senescence and EndMT
possibly through the modulation of CDKN1A, CDKN2A, TGFp, and
collagen-related genes. miR-24-3p is highly upregulated at renal
level during ischemia/reperfusion injury, predominately by endo-
thelial cells.®®7°

Members of the miR-29 family are critically involved in renal fi-
brosis by targeting the 3’ UTR of collagen genes.”*”® Thus, it has
been suggested that their modulation is a potential antifibrotic ther-
apy and AK| biomarker.”*

Next, we confirmed increased level of miR-604 in AAMR
and CAMR-derived EV. The validated target genes of miR-604
included both senescence markers as Lims1 (LIM and senescent
cell antigen-like-containing domain protein 1), cell cycle control
proteins (as CDC42 and Tumor protein p73), and complement
regulators as CD59, CFD, and CFHR4. Regarding miR-515-3p, it
has been shown to directly regulate vimentin and matrix metal-
loproteinase-3 (MMP3) expression by binding to the coding
sequence and 3'UTR region in the process of Epithelial-to-
Mesenchymal Transition associated with metastatic esophageal
cell carcinoma.”

Furthermore, miR-590-3p plays a key role in cellular aging, can-
cer,”® AKI,”7 correlated with severity of IgA nephropathy’® and tar-
geted genes associated with inflammasome (NLRP1/IL-1p) and renal
oxidative stress (NOX4).”? This target was upregulated in AAMR
group compared with CAMR and even if no statistical significance
was reached, it could represent a potential marker for differential
diagnosis.

We acknowledge that the present study has a limited number
of patients enrolled. However, we were able to perform EV iso-
lation and characterization according to the guidelines of MISEV
2018.% In addition, our cohort was homogeneous for recipient
and donor age, immunosuppressive therapies, and primary cause
of nephropathy. Furthermore, as other limitation, in this initial
study, we performed a whole RNAse treatment digestion instead
of a specific miRNA inhibition to establish the potential role of
EV-associated RNAs in AMR complications and their yet under-
estimated effect on renal graft cells. Additional studies are re-
quired to identify the exact correlation of EV-miRNA on tubular
senescence and EndMT. Our data describe that EV play a pivotal
role in the inflammatory, aging, and pro-fibrotic kidney response.
Extensive studies are necessary to validate our in vitro findings
and to assess the utility of EV molecular profile to predict onset
of renal rejection.

In conclusion, our data describe that EV play a pivotal role in the
inflammatory, aging, and pro-fibrotic kidney response during the de-
velopment of AMR through their miRNA content. These data open a
new window of opportunity for potential therapeutic targets worthy
of further research.
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