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ABSTRACT: Endothelial dysfunction is a hallmark of LPS-induced acute kidney injury (AKI). Endothelial cells (ECs)
acquired a fibroblast-like phenotype and contributed to myofibroblast generation through the endothelial-to-
mesenchymal transition (EndMT) process. Of note, human adult renal stem/progenitor cells (ARPCs) enhance the
tubular regenerativemechanismduringAKIbut little isknownabout their effectsonECs.FollowingLPSexposure,ECs
proliferated, decreased ECmarkers CD31 and vascular endothelial cadherin, and up-regulatedmyofibroblastmarkers,
collagen I, and vimentin. The coculture with ARPCs normalized the EC proliferation rate and abrogated the
LPS-inducedEndMT.Thegeneexpressionanalysisshowedthatmostof thegenesmodulatedinLPS-stimulatedARPCs
belong tocell activationanddefense responsepathways.Weshowed that theARPC-specific antifibrotic effect is exerted
by the secretion of CXCL6, SAA4, andBPIFA2 produced after the anaphylatoxin stimulation. Next, we investigated the
molecular signaling that underlies the ARPC protective mechanism and found that renal progenitors diverge from
differentiated tubular cells and ECs in myeloid differentiation primary response 88–independent pathway activation.
Finally, inaswinemodelofLPS-inducedAKI,weobservedthatactivatedARPCssecretedCXCL6,SAA4,andBPIFA2as
a defense response. These data open newperspectives on the treatment of both sepsis- and endotoxemia-inducedAKI,
suggesting an underestimated role of ARPCs in preventing endothelial dysfunction and novel strategies to protect the
endothelial compartment andpromote kidney repair.—Sallustio, F., Stasi, A., Curci, C.,Divella, C., Picerno,A., Franzin,
R., De Palma, G., Rutigliano, M., Lucarelli, G., Battaglia, M., Staffieri, F., Crovace, A., Pertosa, G. B., Castellano, G.,
Gallone,A.,Gesualdo,L.Renalprogenitor cells revertLPS-inducedendothelial-to-mesenchymal transitionbysecreting
CXCL6, SAA4, and BPIFA2 antiseptic peptides. FASEB J. 33, 10753–10766 (2019). www.fasebj.org
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Sepsis represents a very relevant problem in critically ill
patientsand is the leadingcauseofacutekidney injury (AKI)
(1). Despite relevant therapeutic advances,AKI still remains

associated with an increased risk for progression to chronic
kidneydiseaseanddeath(2).Gram-negativebacteriaandtheir
cell-wall component LPS are frequently involved in the path-
ogenesis of both sepsis and endotoxemia-induced AKI (3, 4).

Among the several changes encountered in sepsis, en-
dothelial dysfunction is the major complication (5–7). En-
dothelial cells (ECs) become dysfunctional, switch from a
quiescent to an activated state (8), and contribute to the
generationofacertainpercentageof renal fibroblasts through
the endothelial-to-mesenchymal transition (EndMT) (3, 8, 9).
This process allows ECs to acquire a mesenchymal phe-
notype with an overproduction of profibrotic factors
contributing to fibrosis and chronic kidney disease (3, 9).
Because EndMT contributes to the accumulation of acti-
vated fibroblasts and myofibroblasts in renal fibrosis,
targeting EndMT might have therapeutic potential.
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Dysfunctional ECs lead to altered vascular tone, in-
travascular coagulation, leukocyte adhesion and traf-
ficking, and glomerular microthrombi (10–12).

LPS activate ECs and renal tubular cells through TLR4,
LPS binding protein, myeloid differentiation protein-2,
and CD14 complex (13–15). LPS binding protein and
CD14 facilitate the transfer of LPS to the receptor complex
formed by TLR4 and myeloid differentiation protein-2
adaptor protein (16, 17), which consequently leads to the
stimulation of both myeloid differentiation primary re-
sponse 88 (MyD88)-dependent and MyD88-independent
pathways. The MyD88-dependent pathway regulates the
release of proinflammatory cytokines. Otherwise, the
MyD88-independent pathway induces expression of
IFN-inducible genes through activation of the transcrip-
tion factor IFN regulatory factor 3 (IRF3), which enhances
anti-inflammatory genes (13).

Of note, human adult renal stem/progenitor cells
(ARPCs) enhance the tubular regenerative mechanism
during AKI and could be considered an alternative ap-
proach in the treatment of kidney diseases for their mul-
tipotent differentiation ability and for their reparative
properties (18–22). Renal progenitors can induce the re-
newal of renal tissue, directly regenerating damaged cells
(23) and also repairing physical or chemical damage in
renal tubular cells through paracrine effects following
TLR2-mediated activation (18, 19).

In this study, we investigated whether ARPCs interact
with ECs andwhether renal progenitors affect the EndMT
process induced by LPS. Moreover, we studied the mole-
cules and the signal transduction by which ARPCs influ-
ence the endothelial compartment.

MATERIALS AND METHODS

Coculture experiments

We isolated and characterized human ARPCs as previously de-
scribed in refs. 18, 19, and 24. Human renal proximal tubular
epithelial cell (RPTEC)–TERT1 and human umbilical vein EC
lines were purchased from American Type Culture Collection
(ATCC-LGC Standards, Sesto San Giovanni, Italy). ARPCs,
RPTECs, andECsweremaintained in their recommendedmedia:
endothelial cell growth medium (Lonza, Basel, Switzerland)
supplemented with 20% fetal bovine serum, Prox-Up (EverCyte
GmbH, Vienna, Austria), and EndGro (Merck Millipore, Darm-
stadt, Germany), respectively. EC and RPTEC media were
serum-free, and all EC or RPTEC and ARPC cocultures were
performed in EC or RPTECmedia.

For invitroexperiments, cellswereplatedat adensityof 10,000
cells/cm2, and48h later, theywere incubated inmediumaloneor
stimulated with LPS 4 mg/ml (MilliporeSigma, Burlington, MA,
USA), BPIFA2 4 ng/ml (Sino Biological, Beijing, China), SAA4
20 ng/ml, CXCL6 2.5 ng/ml, or SAA2 5 ng/ml (OriGene,
Rockville, MD). For coculture experiments, ARPCs were seeded
on the top of 0.4-mm-thick polycarbonate Transwell plates (Co-
star; Corning, Corning, NY, USA) at a density of 8000 cells/cm2

and were used for cocultures after 48 h. For TLR4 and
TLR2 inhibition assays, 4 mg/ml mouse monoclonal anti-TLR4
(Abcam, Cambridge, United Kingdom) or 0.4 mg/ml mouse
monoclonal anti-TLR2 (Santa Cruz Biotechnology, Dallas, TX,
USA) (18) were respectively preincubated alone for 1 h before
coculture with ECs and then washed out.

Cell growth determination kit

ECs were stimulated in vitro with LPS (4 mg/ml) for 48 h and
coculturedwith ARPCs for 24 h. At the end of the coculture, ECs
were plated in flat-bottomed 96-well plates at a density of 23 104

cells per well in 100 ml complete culture medium.
EC proliferation was evaluated by measuring the activity

of living cells via mitochondrial dehydrogenase activity by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide or
methylthiazol tetrazolium by a colorimetric immunoassay ac-
cording to the manufacturer’s guidelines (MilliporeSigma).

The absorbances obtained were compared with an appro-
priate absorbance-cell number curve. A total of 3 independent
experiments were performed.

Gene expression

Total RNA concentration and integrity were assessed using a
Nanodrop Spectrophotometer ND-1000 (Thermo Fisher Scien-
tific, Waltham, MA, USA) and an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA), respectively. For
transcriptomic profiling ofARPCs, labeled cRNAwas generated
using the Low Input Quick Amp Labeling Kit (Agilent Tech-
nologies) from RNA samples. Labeled cRNA was obtained
according to the manufacturer’s protocols (Agilent Technolo-
gies). Data extraction was performed using Agilent Feature Ex-
traction software (v.10.7.3).

Results of the microarray experiments are available in the
National Center for Biotechnology InformationGene Expression
Omnibus database (accession no. GSE116849; https://www.ncbi.
nlm.nih.gov/geo/).

Microarray statistical analyses were performed by Gene-
spring GX 11.0 software (Agilent Technologies). Identification of
genes differentially expressed between ARPCs and ARPCs
stimulatedwithLPSwas carriedoutwith the false-discovery rate
method of Storey bootstrapping (25), and gene probe sets were
filtered on the basis of the q value cutoff of 0.05 and fold change.
The fold change filter was set to 2-fold in each comparison. Only
genes that were significantly (adjusted value P , 0.05 and fold
change.2) modulated were considered for further analysis.

Moreover, gene set enrichment analysis (GSEA)was performed
in pairwise comparisons of ARPCs and ARPCs stimulated with
LPS.GSEAanalyzes gene expressiondata anddetermineswhether
a particular set of genes is over- or under-represented in the com-
pared samples (19). C2 curated gene sets from the Broad Insti-
tute (http://www.broad.mit.edu/index.html), based on prior biologic
knowledge, were used for the analysis. Genes were identified and
annotated by Entrez Gene (National Center for Biotechnology In-
formation, Bethesda, MD, USA, (http://www.ncbi.nlm.nih.gov/gene).
The significance of differential expression, as determined by the
enrichment analysis, was recalculated 1000 times. A corrected P
valuewasobtainedfromtheanalysisusingthe falsediscoveryrateq
value correction. Based on this correction, the cutoff for significance
was established at a value P, 0.05.

Flow cytometry analysis

The expression of TLR4 on ECs, ARPCs, and RPTECs surfaces
was analyzed using unconjugatedmousemonoclonal anti-TLR4
(Abcam) labeled with secondary antibody Alexa Fluor 488
(Thermo Fisher Scientific).

EC phenotype was analyzed by surface staining using
allophycocyanin-conjugated anti-CD31 (Miltenyi Biotec, Bergisch
Gladbach, Germany), phycoerythrin-conjugated anti–vascular en-
dothelial (VE) cadherin (Miltenyi Biotec) and FITC-conjugated
anti–N-cadherin (BD Biosciences, Franklin Lakes, NJ, USA) and
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intracellular staining using PE-conjugated anti-vimentin (Mil-
tenyi Biotec) and FITC-conjugated anti–collagen I (Millimark;
MilliporeSigma).

At the endof in vitro stimulations, the cellswerewashed twice
with PBS and removed with PBS-EDTA 2 mM and trypsin 3
0.001. For surface staining, cells were resuspended in flow
cytometry [fluorescence-activated cell sorting (FACS)] buffer (PBS
pH7.2, 0.2%bovineserumalbumin, and0.02%sodiumazide)and
incubated with FcR blocking reagent (Miltenyi Biotec) for 10 min
at room temperature. After blocking incubation, surface markers
were added for 20 min at 4°C. The unconjugated primary anti-
body was added for 25 min at 4°C, and then cells were washed
and labeledwith secondary antibody for 25min at 4°C. Then, cells
werewashedwith the FACS buffer and resuspended in each tube
with 500 ml of FACS buffer for FACS analysis.

Intracellular staining was preceded by fixation and per-
meabilization with IntraPrep Kit (Instrumentation Laboratory,
Bedford,MA, USA) before continuingwith conjugated antibody
staining. Finally, cells were washed twice and resuspended in
FACS buffer for acquisition.

Data were obtained by using an FC500 flow cytometer
(Beckman Coulter, Brea, CA, USA) and analyzed with Kaluza
software (Beckman Coulter, Brea, CA, USA). The area of posi-
tivitywas determined by using an isotype-matchedmAb, and in
total, 104 events for each sample were acquired. A total of 3 in-
dependent experiments were performed.

RNA extraction and real-time PCR analysis

Total RNA was isolated with RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions and
quantified by NanoDrop ND-1000 Spectrophotometer (Thermo
Fisher Scientific). Its quality was assessed with electrophoresis on
the agarose gel (1%). Total RNA (500 mg) was used in an reverse
transcription reaction by using the iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. Real-time quantitative PCR was performed on an
iCycler Thermal Cycler (Bio-Rad) by using SAA4, SAA2, CXCL6,
and BPIFA2 primers (Integrated DNA Technologies, Coralville,
IA,USA) in combinationwith SYBRGreenMasterMix (Bio-Rad).
The relative amounts of mRNA were normalized to b-actin
mRNA as the housekeeping gene. Data were analyzed using the
DDCt method. Primer sequences for these genes are shown in
Supplemental Table S1.

ELISA

Supernatants were collected from ECs cultured alone or in the
presence of LPS 4mg/ml for 48 h andARPCs cultured alone or in
the presence of LPS 4 mg/ml for 48 h, and ECs cocultured with
ARPCs alone or in presence of LPS 4 mg/ml sera were collected
from all animals.

BPIFA2, CXCL6, SAA2, and SAA4weremeasured by ELISA
using commercially available kits fromMyBioSource (SanDiego,
CA, USA), Elabscience (Houston, TX, USA), and R&D Systems
(Minneapolis, MN, USA).

Animal model

The experimental model of endotoxemia was performed in do-
mestic pigs at the Section of Veterinary Clinics and Animal Pro-
duction, Department of Emergency and Organ Transplantation,
University of Bari Aldo Moro after approval by the Ethical
Committee of the Italian Ministry of Education, University and
Research (MIUR), Protocol 823/2016-PR. Animals were

introduced 1 wk before the initiation in order to acclimatize
according to the standard guidelines of care for experimental
animals. The animals were homogeneous in body weight
(45–55 kg) and age (6 mo) and without signs of clinical disease.
Overnight food removal with free access to water until premed-
ication was expected in all cases. All animals were premedicated
with an intramuscular mixture injection of tiletamine and zola-
zepam4mg/kg (Zoletil 100; Virbac, Carros, France) and atropine
0.04 mg/kg (atropine sulfate 0.1% MilliporeSigma) and 2 mg/kg
of dexmedetomidine (Dexdomitor 0.5 mg/ml; Orion Corp.,
Espoo, Finland). After a satisfactory level of sedation was
achieved, 1 of the auricular veins was accessed using a 20-gauge
catheter for the administration of fluids and drugs. Animals were
induced using 5 mg/kg propofol (Proposure 10 mg/ml, i.v.;
Merial, Lyon, France) intubated with an orotracheal cuffed tube,
and then connected to the anesthetic circuit for themaintenance of
anesthesia with isoflurane (Isoba; Schering-Plough, Kenilworth,
NJ,USA) inpureoxygen.All pigs receiveda constant rate infusion
of dexmedetomidine at 1 mg/kg/h for the entire duration of the
experiment and were maintained in spontaneous breathing. The
depth of anesthesia was considered satisfactory when the palpe-
bral reflex was absent, the eye had a ventromedial position, the
mandibular tone was attenuated, and spontaneous movements
were limited. However, the end point was to guarantee immo-
bility of the animals and simulate to the greatest possible extent a
physiologic state of sleep.Once the anesthetic planwas stabilized,
an18-gauge catheterwasplaced to either anauricular or a femoral
artery, and through a dedicated transducer, all pigs were con-
nected to thepressure recordinganalyticalmethodmonitor for the
systemic hemodynamic monitoring.

A double-lumen catheter (7 Fr3 8 in central venous catheter;
Arrow International, Cleveland, OH, USA) was introduced un-
der ultrasonographic guidance (11 MHz linear array probe,
ProSeries; General Electric, Boston,MA,USA) to the jugular vein
and was destined for the LPS and drug administration. All pigs
were catheterizedwith a Foley catheter Fr. size 10 connected to a
urine collection bag for the monitoring of urine production.

All the parameters were registered on a data sheet by an un-
aware operator every 30 min. Ventilation parameters (Datex
Ohmeda S/5; General Electric) included respiratory rate
(breaths/min), end-expired CO2 (mmHg), capillary oxygen
hemoglobin saturation (%) andpeak airwaypressure (cmH2O).
Physiologic parameters included body temperature (°C), fluid
intake (ml/h), and urine output (ml/kg/h) andwere clinically
evaluated by the dedicated operator. Hemodynamic monitor-
ing (pressure recording analytical method) included heart rate
(beats/min), systolic arterial pressure (mmHg), mean arterial
pressure (mmHg), diastolic arterial pressure (mmHg), carbon
monoxide (L/min), confidence interval (L/min/m2), and sys-
temic vascular resistance (dyn×s/cm5). All hemodynamic data
were also automatically registered every 30 s and then trans-
ferred thanks to dedicated software on a personal computer
allowing for better posterior analysis.

The induction of sepsis was performed in all groups using
300mg/kg of LPSmembrane ofEscherichia colidiluted in 10ml of
saline solution as previously described by us (3). The LPS in-
jection was administered ;15 min after the stabilization of the
anesthetic plan and infused over 30 min. At h 24, the surviving
pigswere euthanized using an overdose of intravenous propofol
immediately followed by 10 ml i.v. of an oversaturated potas-
sium chloride solution (2 mEq/ml; Galenica Senese, Monteroni
d’Arbia, Italy). Kidneys were harvested, and a portionwas fixed
in buffered formalin (4%) for 12 h and embedded in paraffin by
using standard procedures.

Urine samples were collected from all animals, and urinary
outputwasmeasured and recorded every hour. Swine serawere
collected at h 0, at intermediate time points, and at h 24 from an
arterial blood catheter. Renal function was measured by creati-
nine measurements and histologic analysis.
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Histologic staining

Tissue samples were processed for routine histologic staining
[hematoxylin and eosin, periodic acid-Schiff, silver methena-
mine, Masson’s trichrome, and Sirus red/fast green
(MilliporeSigma)].

Digital slides were then acquired by the Aperio ScanScope
CS2device (Aperio,Vista,CA,USA). To characterize thepossible
development of renal fibrosis, we quantified the green-stained
area of Masson’s trichrome staining using Adobe Photoshop
software (Adobe, San Jose, CA,USA) and expressed it as positive
pixel/totalpixel by2 independentobserversblinded to theorigin
of the slides.

Confocal laser scanning microscopy

Swine paraffin-embedded renal sections were stained or double
stained for CD133 (Abcam), BPIFA2 (Novus Biologicals, Cen-
tennial, CO,USA), SAA4, andCXCL6 (Thermo Fisher Scientific).
All the antibodies crossreactwith pig tissue. Tissue sectionswere
deparaffinized through xylene and alcohol and underwent epi-
tope retrieval through 3 microwave (750 W) cycles of 5 min in
citrate buffer (pH = 6). Then, they were incubated with specific
blocking solution, primary antibodies [rabbit polyclonal anti-
CD133 1:100, rabbit polyclonal anti-SAA4 1:30, rabbit polyclonal

anti-CXCL6 1:50, mouse monoclonal anti-BPIFA2, mouse
monoclonal anti–a-smooth muscle actin (a-SMA) 1:100, and
rabbit polyclonal anti-CD31 1:30] and the corresponding sec-
ondary antibodies (Alexa Fluor 555 goat anti-rabbit; Alexa Fluor
488 goat anti-rabbit, and Alexa Fluor 488 goat anti-mouse;
Thermo Fisher Scientific). All sections were counterstained with
TO-PRO-3 (Thermo Fisher Scientific) and mounted with fluo-
romount. Negative controls were prepared by omitting the pri-
mary antibody.

Image acquisition was performed with the confocal micro-
scope Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany).
The number of CD31+/a-SMA+ cells was evaluated in $10
high-power fields (HPFs) (3630)/section by 2 independent ob-
servers blinded to the origin of the slides. In the final counts, there
was not interobserver variability.20%.

Statistical analysis

For renal function measurements and quantitation of
CD31+/a-SMA+ cells in renal tissue, data were expressed
as medians 6 interquartile range and compared with a
Mann-Whitney U test. Statistical analysis was performed
using the Student’s t test or ANOVA, as appropriate. A value
of P, 0.05 was considered significant. Data are expressed as
means 6 SEM.

BA

C

B
as

al
LP

S

98.89%

59.17%

62.73%

12.70%

28.56%

20.86%

CD31-APC
N-

CADHERIN-PE
VE-

CADHERIN-PE

90.17%

22.31%

46.23%

R
el

at
iv

e 
C

el
l C

ou
nt

COLLAGEN I

14.30%

72.44%

67.34%

LP
S

 +
co

cu
ltu

re
R

P
TE

C
R

el
at

iv
e 

C
el

l C
ou

nt
R

el
at

iv
e 

C
el

l C
ou

nt

Figure 1. ARPCs normalized EC proliferation rate and abrogated LPS-induced EndMT. A) EC proliferation rate was evaluated by
the methylthiazol tetrazolium (MTT) test. After 48 h of LPS stimulation, EC proliferated. In addition, ARPCs in coculture with
ECs normalized the endothelial proliferation rate and decreased the cell growth rate after only 24 h of coculture. B) ECs were
incubated alone or in coculture with ARPCs after LPS stimulation. In ECs alone, flow cytometry analysis showed a significant
reduction of specific EC markers CD31 and VE-cadherin and an increased expression of dysfunctional fibroblast markers
collagen I and vimentin. In coculture with ARPCs, ECs preserved their phenotype. C) RPTEC coculture did not abrogate LPS-
induced EndMT. After LPS stimulation, ECs were incubated alone or in coculture with RPTECs. In ECs alone, flow cytometry
analysis showed a significant reduction of specific EC markers and an increased expression of dysfunctional fibroblast markers.
RPTEC coculture did not preserve endothelial phenotype. APC, allophycocyanin; ARPC, adult renal progenitor cells; PE,
phycoerythrin. Results are representative of 5 independent experiments on 5 different cell lines. ***P # 0.001.

10756 Vol. 33 October 2019 SALLUSTIO ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by (151.45.79.242) on April 15, 2020. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 10753-10766.

http://www.fasebj.org


TABLE 1. Defense response gene set composed of genes modulated by LPS in ARPCs (q , 0.05, fold change .2)

Gene
EntrezGene
identifier

FC
(ARPC+LPS
vs. ARPC)

LogFC
(ARPC+LPS
vs. ARPC) Description

BPIFA2 140683 8.35 3.06 Homo sapiens BPI fold containing
family A, member 2, mRNA
(NM_080574)

CCL5 6352 6.05 2.60 H. sapiens chemokine
(C-C motif) ligand 5 transcript
variant 1, mRNA (NM_002985)

CXCL6 6372 4.17 2.06 H. sapiens chemokine
(C-X-C motif) ligand 6, mRNA
(NM_002993)

SAA2 6289 3.42 1.77 H. sapiens serum amyloid A2,
transcript variant 1, mRNA
(NM_030754)

CAMK2A 815 3.40 1.77 H. sapiens
calcium/calmodulin-dependent
protein kinase II a, transcript
variant 1, mRNA (NM_015981)

CCL25 6370 3.36 1.75 H. sapiens chemokine
(C-C motif) ligand 25, transcript
variant 1, mRNA (NM_005624)

SAA4 6291 2.89 1.53 H. sapiens serum amyloid
A4, constitutive, mRNA
(NM_006512)

MYOM1 8736 2.76 1.46 H. sapiens myomesin 1,
transcript variant 1, mRNA
(NM_003803)

BLK 640 2.49 1.32 H. sapiens BLK
proto-oncogene, Src family
tyrosine kinase, mRNA
(NM_001715)

DEFB134 613211 2.24 1.16 H. sapiens defensin,
b 134, mRNA (NM_001302695)

TNFRSF25 8718 22.07 21.05 H. sapiens tumor necrosis
factor receptor superfamily,
member 25, transcript variant
12, mRNA (NM_001039664)

CYSLTR1 10800 22.08 21.06 H. sapiens cysteinyl
leukotriene receptor 1,
transcript variant 3,
mRNA (NM_006639)

CCL21 6366 22.13 21.09 H. sapiens chemokine
(C-C motif) ligand 21, mRNA
(NM_002989)

IL-4 3565 22.22 21.15 H. sapiens IL-4, transcript
variant 1, mRNA (NM_000589)

SPN 6693 22.29 21.19 H. sapiens sialophorin,
transcript variant 1,
mRNA (NM_001030288)

ANO6 196527 22.29 21.20 H. sapiens anoctamin 6,
transcript variant 3, mRNA
(NM_001142679)

DKKL1 27120 22.30 21,20 H. sapiens Dickkopf-like 1,
transcript variant 1, mRNA
(NM_014419)

ITGB1 3688 22.35 21,23 Integrin b1 (fibronectin receptor,
b polypeptide, antigen CD29;
includes MDF2 and MSK12)
(ENST00000439974)

(continued on next page)
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RESULTS

ARPCs can inhibit EndMT and
endothelial dysfunction

To study whether ARPCs can affect EndMT, we
stimulated ECs with and without 4 mg/ml LPS
and cultured them alone or in coculture with ARPCs.
We have previously shown that only a small per-
centage of ECs underwent apoptosis and a significant
proliferation was instead described after LPS stimu-
lation in a swine model of LPS-induced AKI (3).
Therefore, we analyzed the EC proliferation rate fol-
lowing LPS stimulation in the coculture system, and
we observed increased proliferation of ECs after 48 h
of stimulation (1.7-fold compared with basal condi-
tion; P , 0.05). Interestingly, ARPCs in coculture
with ECs significantly decreased the EC growth rate,
even in the presence of LPS, after only 24 h of coculture
(Fig. 1A).

Next, we characterized ARPC effects on LPS-
induced EndMT by flow cytometry analysis. Here,
we confirmed that LPS induced EndMT, decreasing
significantly specific EC markers such as CD31 (67 vs.
97% basal; P = 0.01) and VE-cadherin (31 vs. 96% basal;
P = 0.001) and up-regulating markers of EC dysfunc-
tion such as collagen I (73 vs. 14% basal; P = 0.03) and
vimentin (50.86 vs. basal 30%; P = 0.001). In addition,
ARPCs in coculture with ECs abrogated the LPS-
induced EndMT by restoring the high expression of
CD31 (95 vs. 66% ECs without ARPCs; P = 0.005)
and VE-cadherin (96 vs. 31% ECs without ARPCs;
P = 0.001) and the low expression of collagen I (18 vs.
73% ECs without ARPCs; P = 0.001) and vimentin
(35 vs. 50.86% ECs without ARPCs; P = 0.03).

Our data revealed that ARPCs inhibited endothelial
dysfunction and restored constitutive endothelial and
dysfunctional fibroblastic markers to the basal levels
(Fig. 1B). This protective effect was specific to ARPCs
because the replacement of ARPCs with RPTECs in the

TABLE 1. (continued)

Gene
EntrezGene
identifier

FC
(ARPC+LPS
vs. ARPC)

LogFC
(ARPC+LPS
vs. ARPC) Description

ESR2 2100 22.55 21.35 H. sapiens estrogen receptor 2 (ER
b), transcript variant a, mRNA
(NM_001437)

LILRB3 11025 22.57 21.36 H. sapiens leukocyte
immunoglobulin-like receptor,
subfamily B, member 3,
transcript variant 2, mRNA
(NM_006864)

IL-5 3567 22.58 21.37 H. sapiens IL-5, mRNA
(NM_000879)

CCL4L2 9560 22.73 21.45 H. sapiens chemokine
(C-C motif) ligand 4-like 2,
transcript variant CCL4L2b2,
mRNA (NM_001291470)

SIRPB1 10326 22.80 21.49 H. sapiens signal-regulatory protein
b 1, transcript variant 1, mRNA
(NM_006065)

RPS6KA5 9252 23.09 21.63 Ribosomal protein S6 kinase,
90 kDa, polypeptide 5
(Source :HGNC;
Symbol;Acc: HGNC:10434)
(ENST00000614987)

TIAL1 7073 23.12 21.64 TIA1 cytotoxic granule-associated
RNA binding protein-like
1 (Source: HGNC;
Symbol;Acc: HGNC:11804)
(ENST00000369086)

LILRA1 11024 23.58 21.84 H. sapiens leukocyte
immunoglobulin-like receptor,
subfamily A, member 1,
transcript variant 1, mRNA
(NM_006863)

TNFRSF14 8764 24.87 22.28 H. sapiens TNF receptor
superfamily, member 14,
transcript variant 1, mRNA
(NM_003820)

Entrez Gene (National Center for Biotechnology Information, Bethesda, MD, USA; http://www.ncbi.nlm.nih.gov/gene).
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coculture system did not induce the blocking of EndMT
(Fig. 1C).

Gene expression screening of ARPC response
to LPS

To identify genes activated in ARPCs that could be in-
volved in the reversion of the EndMT process, we per-
formed a genome-wide gene expression screening on the
whole transcriptome of ARPCs alone or after 24 h of in
presence of LPS.We found that LPS down-regulatedmost
of the genes of ARPCs in coculture (695 genes; q , 0.05;
foldchange.2), andoverexpressed305genes (Fig. 2Aand
Supplemental Table S2).

Then, to define whether LPS in ARPCs give rise to a
coordinatedexpressionor enrichment ina setof functionally
relatedgenes,weperformedGSEA, identifying25processes
differentially regulated during the 24 h of LPS exposure.
Among the most significant modulated biologic processes,
we found “defense response,” “positive regulation of cell
communication,” “regulation of cell death,” and “response
to endogenous stimulus” (q, 0.05; Supplemental Table S3).

In particular, in the defense response gene set, composed
of 10 up-regulated and 17 down-regulated genes (Fig. 2B
andTable 1; q, 0.05; fold change.2) specifically involved
in damage-limiting biologic processes or preventing or re-
covering from infection causedbyexternal agents,we found
a cluster of 4 up-regulated genes implicated in the systemic
septic response: BPIFA2, CXCL6, SAA2, and SAA4.

Validation of the 4 gene signatures

To validate microarray results and to study whether LPS
increased CXCL6, SAA2, SAA4, and BPIFA2 expression
only in ARPCs or also in other kinds of cells, we validated
the 4 genes identified by the microarray studies by
RT-PCR on an independent set of ARPCs (Fig. 3A) and
also on RPTECs and ECs. The LPS stimulation signifi-
cantly increased the 4 genes’ expression in ARPCs (fold
increase of 5.4, 8.5, 5.8, and 3.4 for CXCL6, SAA2, SAA4,
and BPIFA2, respectively), whereas it did not increase
their expression in RPTECs (Fig. 3A, B). Interestingly, in
ECs, LPS can induce a gene expression increment for
CXCL6 but did not augment SAA2 and BPIFA2 mRNA
levels (Fig. 3C). The increase in SAA4 transcript is not
significant and it is less strong with respect to that in
ARPCs. However, the endotoxin-induced a CXCL6 ex-
pression gain of 1.5-fold higher in renal progenitors com-
pared with ECs.

ARPCs regulated endothelial dysfunction
by secretion of CXCL6, SAA2, SAA4, and
BPIFA2 chemokines

Our microarray and quantitative PCR data revealed a
significant up-regulation of CXCL6, SAA2, SAA4, and
BPIFA2 gene expression in ARPCs. To further validate
data and to verify that these transcripts lead effectively
to the release of the relative proteins by ARPCS, we

performed ELISA assays using supernatants of ARPCs
grownalone,ARPCs treated for 48 hwithLPS, ECs grown
alone, ECs treated for 48 h with LPS, and ECs put in
coculture with ARPCs in the presence or absence of LPS
(Fig. 4).

We showed that ARPCs expressed these proteins in
normal growing conditions and that their expression sig-
nificantly increased after LPS stimulation.

Moreover, we observed that ECs did not increase the
release of these proteins in basal condition or after stimu-
lation with LPS. On the contrary, in the coculture system,
in presence of LPS, therewas a significant increase in these
molecules.Altogether, these results are consistentwith the
idea thatARPCs specifically secreted this protein cluster in
response to LPS, modulating endothelial behavior and
phenotype.
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Figure 2. LPS-modulated genes in ARPCs. A) Scatter plot
showing genes modulated by LPS in ARPCs on the basis of the
q value cutoff of 0.05 and fold change of 2. LPS down-regulated
695 genes and up-regulated 305 genes of ARPCs. B) Profile
plot showing the gene set defense response deriving from the
gene set enrichment analysis composed of 10 up-regulated and
17 down-regulated genes in ARPCs by LPS with a value of q ,
0.05 and fold change .2.
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CXCL6, SAA4, and BPIFA2 reverted EndMT

We then investigated whether CXCL6, SAA2, SAA4, and
BPIFA2 were sufficient to block the EndMT process in the
presence of LPS. Simulating the coculture system, after
24 h from LPS stimulation, ECs were treated for 24 h with
these factors at the same concentrations found in ELISA
measurements and analyzed by FACS (Fig. 5).

As expected, LPS induced phenotypic changes in ECs
with the acquisition of a myofibroblast phenotype: CD31
and VE-cadherin significantly decreased, and collagen I
and vimentin significantly increased. In addition, the
identified chemokines, also individually, could preserve
endothelialphenotypeandcounteract theLPSdetrimental
effects.Weaker resultswere observed in response to SAA2
for collagen I expression (Fig. 5). This result suggests that
SAA2 can not completely stop the EndMT process.

These data suggest that these proteins might interfere
with the activation of the endothelial compartment, lim-
iting early fibrosis in sepsis-induced AKI.

LPS-stimulated ARPCs activated the
MyD88-independent pathway

We investigated the intracellular signaling activated in
ECs, RPTECs, and ARPCs following LPS stimulation.
First, we analyzedwhether TLR2, expressed onARPCs, is
involved together with TLR4 in the LPS-induced activa-
tion of ARPCs. We blocked the TLR2 or the TLR4 in
ARPCsby the corresponding specificmAband cocultured
them with ECs. We found that ARPCs pretreated for
anti-TLR4did not revert theLPS-inducedEndMTprocess,
confirming the role of TLR4 in sensing the LPS and acti-
vating the downstream pathway. In addition, the TLR2
blockingdidnot lead to any significant functional effect on
ARPCs. They abrogated the EndMT process likewise
progenitors without any blocking (Supplemental Fig. S1).

Then, we studied whether a different expression of
TLR4 (i.e., the LPS receptor) could explain a dissimilar
protective role in preventing endothelial dysfunction of
ECs, RPTECs, and ARPCs. We found that TLR4 was
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Figure 3. Validation of target genes by real-time
PCR. ARPCs (A), ECs (B), and RPTECs (C)
were stimulated with LPS for 24 h. The relative
expression of CXCL6, SAA2, SAA4, and BPIFA2
was evaluated by real-time PCR. The LPS
stimulation significantly increased the 4 genes’
expression in ARPCs (A), whereas it did not
increase their expression in RPTECs (B). In
ECs, LPS can induce a gene expression in-
crement only for CXCL6 (C). Data are
expressed as the mean 6 SEM of 5 independent
experiments on 5 different cell lines. *P , 0.05.
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expressed almost at the same level as the 3 kinds of cells
and that it was not modulated by LPS (Fig. 6A).

TLR4 activates 2 separate signaling pathways: the
MyD88-dependentandMyD88-independentpathways.The
suppressive effect of ARPCs on endothelial dysfunctionwas
examined with regard to the activation of these 2 signals.

In ARPCs, phosphorylation of IRF3 was found to in-
crease significantly after 30 and 60 min from LPS stimu-
lation compared with basal conditions (P , 0.01) in a
time-dependent manner. Also, TIR domain-containing
adapter-inducing IFN-b (TRIF) was augmented 24 h after
TLR4 engagement (Fig. 6A). Interestingly, in ECs, IRF3
was expressed but it was not phosphorylated following
LPS stimulation and TRIF was not modulated (Fig. 6B).
Finally, inLPS-stimulatedRPTECs, therewasno significant

phosphorylation of IRF3 and increase of TRIF (Fig. 6B). We
then studied the activation of the MyD88-dependent path-
way through PI3K/protein kinase B (Akt) signaling and
observed a significant increase in PI3K phosphorylation
only in ECs at 60min upon LPS stimulation (Fig. 6C). LPS
cannot activate the PI3K/Akt signaling in ARPCs or in
RPTECs, at least in a short time. Altogether, our data
showed that ARPCs differ in MyD88-independent path-
way activation following LPS stimulation.

In vivo validation of antiseptic CXCL6, SAA4,
and BPIFA2 proteins secreted by ARPCs

To validate also in vivo that the 3 proteinswere secreted by
ARPCs following an endotoxemic event, we used a swine
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Figure 4. Validation of target genes by ELISA.
ELISA for CXCL6, SAA2, SAA4, and BPIFA2
using supernatants of ARPCs or ECs grown
alone or in coculture with ARPCs and in the
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proteins were expressed by ARPCs in normal
growing conditions and were up-regulated
after 48 h of LPS stimulation. B) ECs did not
increase the release of these proteins in basal
conditions or after stimulation with LPS.
CXCL6, SAA4, SAA2, and BPIFA2 were se-
creted only when ARPCs were in coculture
with LPS-stimulated ECs. Results represent the
mean 6 SEM of 5 independent experiments on
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***P , 0.001.
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model of LPS-induced AKI, in which pigs were infused
with 300 mg/kg of LPS. Control pigs received 10 ml of
sterile saline solution. As described in results from the
previous experimental endotoxemic swinemodel (3), LPS
infusion induced an extensive collagen deposition at
tubulointerstitial level, diffuse glomerular thrombi and
tubular vacuolization that were not detectable in control
animals (Supplemental Fig. S2A–C). Moreover, we ob-
served that the development of acute fibrosis and in-
flammation was associated with the increment of serum
creatinine (h 24: 2.356 0.475 vs. h 0: 1.35 6 0.375 mg/dl;
P = 0.01) and the strong decrease of urinary output
(P = 0.001), suggestive of acute renal dysfunction.

We confirmed that, in the same way of the previous
swine model (3), LPS administration leads to a significant
increase in CD31+/a-SMA+ cells in the interstitium that
were rarely detectable in control pigs (Supplemental
Fig. S3).

We found that in healthypig kidneys,ARPCs (CD133+)
werenormally expressedboth in glomeruli and in tubules,
and CXCL6, SAA4, and BPIFA2 were not expressed or
expressed at low levels (Fig. 7 and Supplemental
Fig. S4). In addition, in endotoxemic pigs, CXCL6, SAA4,
and BPIFA2 were highly expressed (especially close to
ARPCs); this was even more evident in tubules or glo-
meruli whose structure was not damaged by LPS (Fig. 7).

We then checked whether these 3 chemokines were
expressed and modulated at serum level in our animal
model.We found that only BPIFA2 significantly increased
after 24 h from LPS infusion (unpublished results).

DISCUSSION

Among the several disorders encountered in sepsis, AKI is
the major complication and is mainly characterized by
dysfunction of ECs that acquire a myofibroblast pheno-
type by EndMT, contributing to the renal fibrosis (26–28).
Here, we investigated the effects of ARPCs on endothelial
dysfunction, and for the first timewe found thatARPCs, in
addition to their ability to repair damaged renal tubular
cells (18) and regenerate renal tubules and glomeruli
(23), can also revert the sepsis-induced EndMT process
that contributes to the accumulation of activated fibro-
blasts and myofibroblasts in kidney fibrosis (29–32). In
fact, following LPS stimulation, ARPCs restored consti-
tutive endothelial and dysfunctional fibroblastic CD31,
VE-cadherin, collagen I, and vimentin markers to basal
levels. Moreover, they normalized the EC proliferation
rate altered by LPS.Wedemonstrated that this antifibrotic
effect, specific to ARPCs, is exerted by the secretion of
CXCL6, SAA2, SAA4, and BPIFA2. Effectively, these

Figure 5. Effects of CXCL6, SAA2, SAA4, and
BPIFA2 on ECs in vitro. ECs were stimulated by
LPS and after 24 h were treated with CXCL6,
SAA2, SAA4, or BPIFA2. Endothelial and
myofibroblast markers were analyzed by flow
cytometry analysis. LPS induced a CD31 and
VE-cadherin significant decrease and a colla-
gen I and vimentin significant increase. In
addition, CXCL6, SAA2, and BPIFA2 preserved
endothelial phenotype and counteracted the
LPS detrimental effects. APC, allophycocyanin;
PE, phycoerythrin. These data are representa-
tive of 3 independent experiments.
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molecules alone were sufficient to completely block the
EndMTprocess, asdemonstratedbyour experimentswith
exogenous synthetic molecule administration. Therefore,
once again, ARPCs proved to be capable of producing a
precise positive effect through a paracrine mechanism.
Additionally, the secreted molecules are different and
specific for a particular damage setting; in the case of
physical or chemical damage on RPTECs, renal progeni-
tors secreted regenerativemolecules suchas inhibin-Aand
decorin (18), whereas in the case of a septic shock, they
secreted CXCL6, SAA4, and BPIFA2. The last chemokines
belong to an antimicrobial peptide family that attenuates
local inflammatory response and decreases the systemic
toxicity of endotoxins (33). Granulocyte chemotactic pro-
tein 2/CXCL6 is a CXC chemokine expressed by macro-
phages, ECs, andmesenchymal cells during inflammation
and it has strong antibacterial activity against Gram-
positive and Gram-negative bacteria by membrane dis-
ruption and leakage. It contributes to direct antibacterial
activity during localized infection (34). CXCL6 is associ-
atedwith lung fibrosis (34) and is expressed in ECs (36), as
confirmed also byourdata.However, for the first time,we
found a high expression in response to LPS in renal cells
and particularly in ARPCs at a concentration sufficient to
block EndMT. In fact, as shown by ELISA experiments,

this increase is significant only inARPCsandnot inECs. In
addition, LPS did not induce the CXCL6 increase in
RPTECs.

SAA2 and SAA4 belong to the SAA apolipoprotein
family, which comprises 4 human gene loci (SAA1, SAA2,
SAA3P, and SAA4) (37, 38). In humans, they have con-
sistently been found to be some of the most highly and
quickly induced acute phase proteins, with increases in
serum concentrations up to 1000-fold (39), even if their
function is not very clear (40). SAA2 mRNA has been
foundtobe inducedbyLPS inmousekidneyproximal and
distal convoluted tubule epithelia (41). Recently, SAA2
and SAA4 isoforms have been found to be specific re-
sponses tobacterial infection in the liver and lungpigs (42).
In this paper, we observed, for the first time, increased
expressionof SAA4 isoform inendotoxemic renal tissue, in
particular at the tubular level in correspondence with
ARPC localization. Interestingly,weobserved thatARPCs
expressed SAA4 protein both in vivo and in vitro, which
influenced endothelial behavior, preventing the EndMT
process. Moreover, SAA4 expression was significantly
induced by LPS in ARPCs respect to ECs and primary
tubular cells. These results suggested that SAA4 is the
major inducible SAA isoform in ARPCs, which is able to
preserve endothelial phenotype.

Figure 6. MyD88-independent pathway activation in vitro. ARPCs, ECs, and RPTECs were exposed LPS for 48 h. A) TLR4
expression was evaluated by FACS analysis. LPS did not modulate TLR4 expression. Results are representative of 3 independent
experiments. B) ARPCs, ECs, and RPTECs were exposed to LPS for the times indicated and then assayed for IRF3
phosphorylation and TRIF content by Western blotting. Phosphorylated IRF3 (pIRF3) increased significantly in ARPCs after 30
and 60 min from LPS stimulation in a time-dependent manner. TRIF was augmented in ARPCs at 24 h after TLR4 engagement.
In ECs, IRF3 was expressed but it was not phosphorylated following LPS stimulation. C) ARPCs, ECs, and RPTECs were exposed
LPS for the times indicated and then assayed for PI3K phosphorylation by Western blotting. Phosphorylated PI3K (pPI3K)
increased in ECs at 60min upon LPS stimulation. Each blot is representative of 3 experiments. Data are expressed as the mean 6
SEM from 3 independent experiments. *P , 0.05, **P # 0.01.
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BPIFA2plays a role in the local antibacterial response in
nose, mouth, and upper respiratory pathways. The enco-
ded soluble salivary protein binds LPS and inhibits bac-
terial growth (43–46). Very recently, it has been identified
as an early biomarker of AKI, and its plasma levels have
been found to be increased during injury induced by LPS
(47). Here, we found that in endotoxemic pigs, BPIFA2
was also expressed locally in the renal tubular compart-
ment upon LPS infusion. In particular, we observed that
ARPCs preferentially expressed BPIFA2 upon LPS stim-
ulation both in vivo and in vitro compared with primary
tubular cells and ECs. More interestingly, exogenous ad-
ministration of BPFIA2 completely abrogated the LPS
detrimental effects onECs. Therefore, BPIFA2 is not only a
useful biomarker in the prognosis of sepsis-induced AKI
but also could contribute to arresting the progression of
early fibrosis and the development of chronic kidney
disease.

Considering our in vitro data about the 4 chemokines
overall, it is noteworthy that CXCL6, SAA4, BPIFA2,
andSAA2 were secreted by ARPCs selectively following
LPS damage. Interestingly, in our animal model of
LPS-induced AKI, ARPCs secreted these proteins in the

renal parenchyma, plausibly contributing to locally con-
trolling the renal fibrosis induced by LPS. However, fur-
ther studies should be addressed to investigate the
potential antiseptic effects of thesemolecules at the renalor
the systemic level in reducing renal fibrosis induced by
LPS. In fact,dependingon thespecific clinical setting,other
chemokines and factors may counterbalance their effects
in vivo. We also investigated the molecular mechanism of
LPS-inducedARPCactivation andwhether a difference of
TLR4 expression in ARPCs, ECs, and RPTECs could de-
termine the different activation in these cells. However,
when examined,wedidnot findanydifference in receptor
expression between these cells, suggesting that the differ-
ence in LPS response leading to ARPC antifibrotic effects
may be due to the activation of specific signaling
pathways. Effectively, triggering of TLR4 results in the
activation of 2 distinct intracellular pathways: theMyD88-
dependent and MyD88-independent pathways (48). In
particular, the MyD88-independent pathway leads to the
phosphorylation of IRF3 upon TIR-domain-containing
adaptor-inducing IFN-b (TRIF) activation. The IRF3 acti-
vation induces the suppression of proinflammatory cyto-
kines and the promotion of anti-inflammatory or
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Figure 7. Expression of CXCL6, SAA4, and BPIFA2 by ARPCs in vivo. CD133+ renal progenitors (red) were normally expressed
both in glomeruli and in tubules of healthy pig kidneys (left panels). CXCL6, SAA4, and BPIFA2 (green) were not expressed or
expressed at low levels. In addition, in endotoxemic pigs (right panels), CXCL6, SAA4, and BPIFA2 (green) were highly
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immunoregulatory cytokines (49). Therefore, we exam-
ined the intracellular pathways involved in ARPC acti-
vation by LPS conferring on them antifibrotic effects.
Interestingly, ARPCs can only activate the MyD88-
independent pathway (through IRF3 phosphorylation
and increased expression of TRIF) after LPS stimulation;
this may explain their peculiar protective effects on the
endothelial compartment. In addition, in ECs exclusively,
the MyD88-dependent pathway is activated following
LPS stimulus. These data are supported by previous
studies reporting that the major players involved in elic-
iting the functional effects of LPSwithin ECs are activated
through theMyD88-dependent pathway, in particular by
(PI3K)/Akt signaling, which regulates the balance be-
tween cell viability and inflammation (11, 50–52). Con-
sidering our data overall, ARPCs diverge from RPTECs
and fromECs inMyD88-independent pathway activation
followingLPS stimulation, at least in the short term.These
results indicate that the ARPC protective role on endo-
thelial dysfunction could be mediated by the MyD88-
independent pathway.

In summary, we demonstrated for the first time that
ARPCs canpreserve endothelial phenotype bypreventing
the development of the LPS-induced EndMT process. We
identified the secretion of CXCL6, SAA4, and BPIFA2
antiseptic peptides as the principal mechanism that can
counteract the effect of LPS in our model. The peculiar
ARPC protective and antifibrotic effects on endothelial
compartmentmay be explained by the selective activation
of the MyD88-independent pathway. Considering that
endothelial dysfunction is pivotal in the development of
sepsis and kidney injury, we hypothesize that the identi-
fied molecules might represent a future therapeutic strat-
egy to shield the renal endothelial compartment and
promote kidney repair.
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