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Abstract
Introduction  Idiopathic pulmonary fibrosis (IPF) is a devastating disease characterized by obliteration of alveolar architec-
ture, resulting in declining lung function and ultimately death. Pathogenic mechanisms involve a concomitant accumulation 
of scar tissue together with myofibroblasts activation and a strong abnormal vascular remodeling. Endothelial progenitor 
cells (ECFC subtype) have been investigated in several human lung diseases as a potential actor in IPF. We previously 
demonstrated that ECFCs are down-regulated in IPF in contrast to healthy controls. We postulated here that ECFCs might 
behave as a liquid biopsy in IPF patients and that they exert modified vasculogenic properties.
Methods and results  ECFCs isolated from controls and IPF patients expressed markers of the endothelial lineage and did 
not differ concerning adhesion, migration, and differentiation in vitro and in vivo. However, senescent and apoptotic states 
were increased in ECFCs from IPF patients as shown by galactosidase staining, p16 expression, and annexin-V staining. 
Furthermore, conditioned medium of IPF-ECFCs had increased level of interleukin-8 that induced migration of neutrophils 
in vitro and in vivo. In addition, an infiltration by neutrophils was shown in IPF lung biopsies and we found in a prospective 
clinical study that a high level of neutrophils in peripheral blood of IPF patients was associated to a poor prognosis.
Conclusion  To conclude, our study shows that IPF patients have a senescent ECFC phenotype associated with an increased 
IL-8 secretion potential that might contribute to lung neutrophils invasion during IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and 
lethal disease [1] characterized by damage to the lung 
parenchyma with excess matrix deposition. Its prognosis 
is poor with a median survival of 2–4 years after diagno-
sis [1]. The chronic progressive decline in lung function 
appears to result from persistent non-resolving injury of 
the epithelium, impaired restitution of the epithelial bar-
rier in the lung, and enhanced fibroblast proliferation. IPF 
is therefore a disease primarily of epithelial cell dysfunc-
tion in a context of multiple genetic and environmental 
risk factors [2]. The pathogenic pathways involved in the 
local fibrogenesis are still elusive. Next to the epithelium, 
pulmonary endothelial cells might play a role in IPF 
pathogenesis through several mechanisms including the 
endothelial-mesenchymal transition [3] and, as recently 
confirmed in a bleomycin murine model of pulmonary 
fibrosis [4], through modified functional capacities. It is 
noticeable that in the IPF lung parenchymal lesions are 
constantly associated to a major vascular remodeling pro-
cess associating a rarefaction of vessels in fibrotic areas 
and their aberrant proliferation in border of these areas 
[5]. It is associated with an imbalance between markers of 
endothelial activation and regeneration [6]. Mechanisms 
underlying this vascular remodeling are still to elucidate. 
One of the hypotheses could be the deregulation of angio-
genic and angiostatic factors that we and others have previ-
ously shown [7, 8].

Endothelial progenitor cells (EPCs) are now well estab-
lished as postnatal vasculogenic cells in humans [9]. It 
is now admitted that endothelial colony-forming cells 
(ECFCs or blood outgrowth endothelial cells, BOECs) [9] 
are the vasculogenic subtype. ECFCs are progenitor cells 
committed to endothelial lineage and have strong vascu-
logenic properties in preclinical models of vascularization 
[9]. They express specific endothelial lineage markers [10] 
and originate from bone marrow [9] although some organs, 
and particularly the lung, can serve as a cellular reservoir 
for ECFCs [9, 11]. Circulating ECFCs can be considered 
as a potential liquid biopsy in several pulmonary-asso-
ciated vascular disorders, due to their altered functions 
such as found during pulmonary arterial hypertension with 
BMPRII mutation [12], bronchopulmonary dysplasia [13], 
or chronic obstructive pulmonary disease [14]. We and 
others have described decreased numbers of EPCs and/or 
ECFCs in IPF [6, 15]. In addition, these cells have the abil-
ity to adopt a fibroblastic phenotype through an endothe-
lial-mesenchymal transition mechanism (TEndoM) [16]. 
Suspected to play a role in IPF pathogenesis, ECFCs have, 
however, never been characterized so far in this context in 
terms of phenotypic and functional properties.

The purpose of this study was to investigate whether 
ECFCs are dysfunctional in IPF, and to progress in the 
understanding of their potential contribution to the devel-
opment of lung fibrosis or to angiogenic disorders observed 
in IPF.

Material and methods

Study population

A French prospective and multicentric cohort of IPF (COFI) 
was started in 2008 (registry number 2006-108). Inclusion 
criteria comprised the diagnosis of IPF, dating back to less 
than 9 months, based upon either surgical biopsy or a char-
acteristic computerized tomography (CT) scan pattern of 
usual interstitial pneumonia according to the ATS/ERS con-
sensus [17]. All demographic, comorbidities, clinical and 
functional data were prospectively and serially recorded. All 
complications of the disease (acute and subacute exacer-
bations, progression, development of pulmonary hyperten-
sion, hospitalizations, death) as well as lung transplantation 
were notified during follow-up. Three teaching hospitals in 
the Ile-de-France area participated to study of the circulat-
ing endothelial compartment in these patients, specifically 
approved by the Ethics committee of Ile-de-France II (reg-
istry number 2006-108). Their leukocyte subpopulations 
were also serially assessed. To this purpose, blood samples 
were collected at inclusion into the cohort from 65 subjects. 
Their demographic and clinical characteristics are shown 
in Supplemental Table 1. Leukocyte, neutrophil, lympho-
cyte, monocyte, and platelet counts were measured using 
a LH-750 (Beckman Coulter, USA) and CD34+CD45dim 
populations corresponding to hematopoietic stem cells were 
measured using the StemKit reagents (IM3630, Beckman 
Coulter, USA).

Cells isolation and culture

Human umbilical cord bloods were obtained from the Cell 
therapy Unit of Saint-Louis Hospital (AP-HP, Paris). Cord-
blood endothelial colony-forming cells (CB-ECFCs) were 
isolated from the adherent mononuclear cell (MNC) frac-
tion as previously described [10]. ECFCs isolated from IPF 
patients (IPF-ECFCs) and PB-ECFCs from control adult 
samples were isolated as previously described [18, 19]. 
ECFCs were then expended on fibronectin (FN)-coated 
plates (Merck, Germany) using EGM-2MV (Lonza, USA) 
supplemented with 10% fetal bovine serum (FBS) and used 
between passages 3 to 6. Mesenchymal stromal cells (MSC) 
were isolated from the MNC fraction of healthy donor 
human adult bone marrow, as previously described [20] 
and cultivated in α-MEM medium containing GlutaMAX™ 
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(Gibco, USA) supplemented with 10% FBS and 1 ng/mL 
bFGF (R&D Systems, USA).

IPF-ECFC phenotype was compared to PB-ECFCs as 
well as to CB-ECFCs and MSCs considered, respectively, 
as references of endothelial and mesenchymal phenotypes.

Characterization of IPF‑ECFCs by RT‑qPCR

ECFCs in culture were lysed in RNable (Eurobio, France). 
RNA was extracted with chloroform and precipitated with 
isopropanol before reverse transcription in cDNA using the 
Quantitect Reverse Transcription kit (Qiagen, Germany) 
according to the manufacturer’s instructions. Quantita-
tive PCR was performed as previously described [10]. As 
an endogenous RNA control, we quantified transcripts of 
human GAPDH (4326317E, Life Technologies, USA). 
Probes for transcripts of interest were KDR (Hs00911705_
g1, Life Technologies, USA), CDH5 (Hs00901465_m1, Life 
Technologies, USA), THY1 (Hs00264236_s1, Life Technol-
ogies, USA), CXCR1 (Hs01921207_s1, Life Technologies, 
USA), and CXCR2 (Hs01891184_s1, Life Technologies, 
USA). Data were analyzed with the SDS v2.3 software and 
are expressed as “normalized mRNA level” as described 
elsewhere [21].

For quantification of CDKN1A, CDKN2A, and TP53, 
real-time polymerase chain reaction was performed as pre-
viously described [21]. Primers sequences are shown in 
Supplemental Table 2. Transcripts of TBP gene, encoding 
the TATA box-binding protein, were used as endogenous 
control.

Flow cytometry immunophenotyping

Cultured cell were detached with trypsin, washed in PBS 
containing 10% FBS, and resuspended in 100 µL of PBS/1% 
BSA. Cells were labeled with APC-Cy7 conjugated mouse 
anti-human CD31 IgG1 (WN59, Biolegend, USA), FITC 
conjugated mouse anti-human CD45 IgG1 (IM0 782U, 
Beckman Coulter, USA), PE conjugated mouse anti-human 
CD90 IgG1 (IM18400U, Beckman Coulter, USA), PE con-
jugated anti-CXCR1 (FAB330P, R&D, USA), or PE conju-
gated anti-CXCR2 (FAB331P, R&D, USA) at 1/20 dilution 
for 30 min on ice away from light. Isotype-matched anti-
mouse IgG1 from the same manufacturer were used as nega-
tive control. Acquisition of 30,000 events was performed on 
Attune acoustic flow Cytometer (Life Technologies, USA) 
and analyzed on Attune cytometer software (Life Technolo-
gies, USA). Results are expressed as median of fluorescence.

Adhesion assay

ECFCs were previously stained with CFSE (CellTrack-
erTM, Life Technologies, USA) and then plated at a density 

of 7.104 cells/well in EGM-2MV 10% FBS on MillicellsEZ 
slides of 4 wells (Merck Millipore, Germany) previously 
coated with collagen, fibronectin, or seeded with confluents 
MSC. After 30 min at 37 °C, wells were washed with PBS 
to retire non-adherent cells and adherent cells were fixed 
with methanol. For each well, 5 images (×10) were taken 
with epifluorescence microscope (Zeiss Observer D1, His-
tolab software) and adherent cells were counted with Image 
J software.

Wound healing assay

In vitro wound healing assay was performed using culture 
inserts (IBIDI, Germany). ECFCs were seeded at 104 cells/
well in EGM-2MV 10%FBS (70 µL per well). When conflu-
ence was reached, culture inserts were removed creating a 
reproducible “wound.” Photographs were taken at 0, 1, 4, 
8, 18, and 24 h after removal of inserts. These photographs 
were analyzed with Image J software: the area of injury at 
each time was measured in order to calculate a percentage 
of injury repair with respect to the area of initial wound.

Chemotactic migration assay

24-well Transwell PET membranes with 8-µm-diameter 
pores (Corning, USA) were coated with 0.2% gelatin at 
37 °C for 30 min. Then, 1.5 × 104 ECFCs/well were loaded 
in EBM-2 0.5% FBS into the upper part of the chamber. 
The lower part of the chamber was filled with EGM-2MV 
medium. Migration was allowed for 5 h at 37 °C. Mem-
branes were then fixed in 4%PFA and cells present on the 
upper face of the membrane were removed by wiping with a 
cotton bud. Mounting was achieved with Vectashield mount-
ing medium containing DAPI (H-1200, Vector Labs, USA) 
and membranes were photographed with an epifluorescence 
microscope (magnification ×20, Evos XL, Life technologies, 
USA). For each membrane, numbers of cells present on ten 
separate fields were counted with Image J software.

In vitro capillary‑like growth assay

Matrigel™ Matrix Growth Factor Reduced (BD Biosciences, 
USA) was deposed at 4 °C in 48-well plates (200 µL/well) 
on crushed ice. Polymerization of the gel was achieved by 
incubating the plate at 37 °C for 1 h. 5.104 cells/well were 
added in 500 µL of EGM-2MV medium supplemented with 
10% FBS. Formation of pseudo-tubes was observed after 
1, 4, 8, 18, and 24 h incubation at 37 °C and images were 
taken with an inverted microscope with phase contrast mode. 
Quantification of the total length of pseudo-tubes formed at 
8 h and 24 h was performed with the macro Angiogenesis 
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Analyzer on Image J (http://image​.bio.metho​ds.free.fr/Image​
J/?Angio​genes​is-Analy​zer-for-Image​J).

3D sprouting assay

Three-dimensional fibrin gel assays were performed as pre-
viously described [22]. ECFCs were seeded on Cytodex-3 
beads (Sigma-Aldrich, Germany) and then embedded in 
2.5 mg/mL fibrin gel at the concentration of 250 beads/well 
in 4-well Lab-TekII (Nunc, USA). MSCs were plated on top 
of the gel (80,000 cells/well) in EGM-2MV medium. After 
7 days of culture, MSCs were trypsinized and gels fixed 
with 4% PFA. Gels were stained with Alexa Fluor-488-con-
jugated phalloidin (Thermo Fischer Scientific, USA) and 
TO-PRO-3 (Thermo Fischer Scientific, USA). Images were 
acquired by confocal microscopy (Leica Confocal laser scan-
ning microscope TCS SP8 and Leica Las X Lite software). 
Number of sprouts and cumulative lube length per bead were 
measured using Fiji Macro as previously described [23].

In vivo matrigel implant assay

All animal experiments were performed at the Animals facil-
ity of the faculty of Pharmacy of Paris Descartes Univer-
sity and approved by the ethic comity Paris V (project no. 
201610201540639). For Matrigel™ implant assay, 1.5 × 106 
ECFCs and 1.5 × 106 MSCs were resuspended in 200 µL of 
Matrigel™ (BD MatrigelTMMatrix, BD Biosciences, USA) 
and injected subcutaneously in the back of NMRI-Fox1nu/1nu 
MALE mice (Janvier Laboratories, France). Manipulation 
of Matrigel before injection was done on ice to prevent from 
early polymerization. Implants were removed after 10 days 
under anesthesia by a mix oxygen-isoflurane 2%. Implants 
were fixed in 4% PFA and embedded in paraffin. Slides were 
stained with hematoxylin and eosin (Olivia Bawa, Labora-
toire de Pathologie Expérimentale, Institut Gustave Roussy, 
France). For each implant, three non-contiguous sections 
were analyzed by counting functional vessels containing 
red blood cells on five images for each section (×40). For 
the neutrophil recruitment implant assay, conditioned media 
(CM) were 40-fold concentrated with Amicon-3k devices 
(Merck Millipore, USA). 50 µL of concentrated CM was 
mixed with 200 µL of Matrigel™ (BD MatrigelTMMatrix, 
BD Biosciences, USA) and injected subcutaneously in the 
back of male NMRI-Fox1nu/1nu mice (Janvier Laborato-
ries, France). In indicated experiments, antibody against 
CXCL-8 (AF-208-NA, R&D Systems, USA) or its corre-
sponding isotype (10 µg/implant) was added to concentrated 
CM. After 2 days, implants were explanted, fixed with 4% 
PFA, and embedded in paraffin. Infiltration by neutrophils 
was evaluated after MPO staining (dilution 1/200e, ab9535, 
Abcam, United Kingdom) and counterstained with Bluing 

Reagent performed on a BenchMark ULTRA system (Ven-
tana, USA). For each implant, three non-contiguous sections 
were analyzed: area of infiltrated surface was quantified with 
Image J software and normalized to the perimeter of the 
corresponding section.

Soluble factors secreted by ECFCs

Cells in culture were growth for 48 h in EBM-2 supple-
mented with 0.5% FBS. Conditioned medium (CM) was har-
vested, centrifuged twice (at 405 g for 5 min then at 16,435g 
for 2 min), and stored at − 80 °C. Simultaneously, cells were 
numbered. Concentrations of VEGF-A (BMS80277F), 
FGF-2 (BMS82074FF), sVEGFR-1 (BMS80268FF), 
sVEGFR-2 (BMS82019FF), G-CSF (BMS82001FF), 
HGF (BMS8269FF), MIP-1α (BMS8229FF), MIP-1β 
(BMS82030FF) ,  IL -8  (BMS8204FF) ,  MCP-1 
(BMS8281FF), t-PA (BMS8258FF), PAI-1 (BMS82033FF) 
were determined with Flowcytomix Simplex Kit (eBio-
science, USA) according to manufacturer’s instructions. 
Briefly, conditioned media was incubated with fluorescent 
beads coupled with a panel of antibodies, each one being 
specific for a factor. Hybridization of a second antibody cou-
pled with biotin allowed to quantify precisely the amount of 
soluble factor after addition of streptavidin–phycoerythrin. 
Analysis was realized with Flowcytomix Pro Software.

IL-8, IL-6, TNF-α, and TGF-β1 were quantified with 
Quantikine ELISA kits (R&D Systems, USA) according to 
manufacturer’s instructions. All results were expressed in 
ng/106 cells.

Cell proliferation assays

To evaluate proliferation potential, bromodeoxyuridine 
(BrdU, reference B5002, Sigma-Aldrich, Germany) was 
added to cells in culture (30 µM) and incubated for 15 min at 
37 °C. Cells were then detached with trypsin and fixed with 
ethanol 100% for 30 min at 4 °C. After acid lysis (HCl 2M), 
cells were resuspended in a buffer containing normal goat 
serum (1/200e, X907 Dako, Denmark), Tween 20 (1/200e, 
P2287, Sigma-Aldrich, Germany), and Hepes (1/50e, 15630-
056, Invitrogen USA) in PBS. Incorporation of BrDU was 
detected with anti-BrDU antibody (1/25e, MAS250B, 
Seralab, Interchim, France) and secondary antibody Goat 
Anti-Rat IgG FITC (20 µg/mL, 3030.2, product Southern 
Biotechnologie, Cliniscience, France). DNA amount was 
evaluated by incorporation of propidium iodure (25 µg/mL, 
28707-5, Sigma-Aldrich, Germany). Acquisition was per-
formed on Attune cytometer (Life technologies, USA).

http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ
http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ
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Senescence assay

ECFCs were seeded in triplicate in 24-well plates at a den-
sity of 10,000 cells/cm2. Senescence was quantified with col-
orimetric detection of senescence-associated ß-galactosidase 
(SA-β-gal) using a Senescence Detection Kit (Promocell, 
Germany) according to the manufacturer’s instructions. S-β-
gal-positive cells were counted in nine randomly selected 
microscopic fields (objective ×20). Results were expressed 
in percentage of total cells.

Apoptosis assay

Apoptosis was quantified with Annexin V/7-AAD kit (Beck-
man Coulter, USA) according to manufacturer’s instructions 
on Attune cytometer (Life technologies, USA). Results were 
expressed as a percentage of viable cells (Annexin V − 7 
AAD −), early apoptosis cells (Annexin V + 7 AAD −), late 
apoptosis cells (Annexin V + 7 AAD +), dead cells (Annexin 
V − 7 AAD +).

IL‑8 quantification by ELISA in plasma samples

IL-8 concentration in 50 plasma samples of IPF patients 
included the COFI cohort described above and 10 of control 
healthy patients as previously described [24] were deter-
mined with Quantikine HS Elisa kit (R&D Systems, USA) 
according to manufacturer’s instructions.

Neutrophil migration assay

Blood samples collected on EDTA were obtained from 
healthy volunteers from Etablissement Français du Sang 
(EFS, convention n° 13/EFS/64). Neutrophils (PMNs) were 
isolated with MACSxpress Neutrophil Isolation Kit (Milte-
nyi Biotech, Germany) according to manufacturer’s instruc-
tion. 24-well Transwell PET membranes with 3 µm pore 
diameter (Corning, USA) were blocked with EBM-2 0.5% 
FBS at 37 °C for 30 min. Then, 1 × 105 PMNs/well were 
loaded in EBM-2 into the upper part of the chamber. The 
lower part of the chamber was filled with conditioned media. 
For indicated experiments, CXCL8 antibody (AF-208-NA, 
R&D Systems, USA) was added at a 5 µg/mL concentration. 
Migration was allowed for 90 min at 37 °C. Then, medium 
in the lower part of the chamber was collected and neutro-
phils were counted with flow cytometry (Accuri, Beckton 
Dickinson, USA).

This Ab has also been used in immunoanalysis of IL-8 
expression in lungs (Supplementary Fig. 1).

Neutrophil staining on human lung biopsies

Human IPF lung specimens were recovered after surgical 
biopsies performed for diagnosis purposes (n = 6). Three-
mm-thick paraffin-embedded sections were stained with 
hematoxylin and eosin to evaluate parenchyma and vessel 
morphology. Tissues obtained after lung resection for a 
localized tumor served as controls.

Lung tissue neutrophil density was evaluated after MPO 
staining (dilution 1/200e, ab9535, Abcam, United King-
dom) and counterstained with Bluing Reagent performed 
on a BenchMark ULTRA system (Ventana, USA). For each 
biopsy, 6 fields were photographed (objective x40) and neu-
trophils were counted with Image J software. Results are 
expressed as a number of neutrophils /mm2.

Statistics

All analyses were performed with Prism software 5 (Graph-
Pad). Results were analyzed with non-parametric test of 
Mann–Whitney or Kruskal–Wallis test followed by Dunn 
multiple comparisons post-test if there were more than two 
groups. p value < 0.05 was considered as statistically sig-
nificant. Aberrant values were identified with Dixon test and 
excluded from analysis. Kendall rank correlation test was 
used to analyze the association between IL-8 plasma levels 
and the white blood cells and neutrophils.

Results

Phenotypic characterization of IPF‑ECFCs

IPF-ECFCs as well as PB-ECFCs were positive for CD31 
and negative for CD45 and CD90 by flow cytometry analy-
sis, consistent with the current literature (Fig. 1a). No dif-
ference in median of fluorescence intensity ([min–max]) 
was noticed between the two populations (IPF-ECFC 
vs PB-ECFC: CD31 44,448 [22,632–77,614] vs 32,282 
[20,810–43,754], CD45 46 [0-175] vs 4 [0–8], CD90 15 
[0–92] vs 3 [4–15]). Endothelial and mesenchymal marker 
gene expression was further quantified by RT-qPCR. IPF-
ECFC and PB-ECFCs expressed endothelial markers CDH5 
(VE-cadherin) and KDR (VEGFR-2) similarly to CB-
ECFCs. However, THY1 (mesenchymal marker CD90) was 
only expressed in MSCs (Fig. 1b).

IPF‑ECFCs have vasculogenic properties comparable 
to controls

To date, several reports have shown decreased numbers of 
EPCs and/or ECFCs in IPF patients but no data are avail-
able concerning their vasculogenic properties. We evaluated 
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adhesion, migration, and differentiation capacities of IPF-
ECFCs in comparison to PB-ECFC controls.

Adhesion properties of IPF-ECFCs on several supports 
(plastic, fibronectin, collagen, MSCs) were assessed. No 
significant difference was observed irrespective of the 
support used (p = 0.49; 0.07; 0.96 and 0.27 for plastic, 
fibronectin, collagen, and MSCs, respectively) (Fig. 2a). 
Migration properties of IPF-ECFCs were studied using 
two models: wound healing assay and Transwell® assay. In 
both models, IPF-ECFC migration properties were similar 

to those of PB-ECFCs (p = 0.82 and 0.39, respectively) 
(Fig. 2b, c). Finally, IPF-ECFC differentiation capacities 
were evaluated by vessel formation in a Matrigel™ model 
in vitro and in vivo. In vitro, IPF-ECFCs were able to form 
pseudo-tubes similarly to PB-ECFCs and there was no sig-
nificant difference between the two populations in terms 
of total length of formed tubes at 8 h or 24 h (p = 0.73 
and 0.11, respectively) (Fig. 3a). In vivo, IPF-ECFCs were 
again comparable to PB-ECFCs, forming similar numbers 
of functional vessels properly connected to the mouse 

Fig. 1   Characterization of IPF-ECFCs compared to PB-ECFCs, CB-
ECFCs or MSCs. a Typical experiment showing expression of CD45, 
CD31 or CD90 evaluated by cytometry (red curve: specific mAb, 

blue curve: control isotype). b Quantitative expression of CDH5, 
KDR, and THY-1 genes measured by RT-qPCR (n = 3)
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vascular system and filled with red blood cells (p = 0.64) 
(Fig. 3b). These results were further completed by a 3D 
sprouting assay where PB-ECFCs are known to form very 
few sprouts compared to CB-ECFCs [25]. Again, no sig-
nificant difference was observed in this assay between 
IPF-ECFCs and PB-ECFCs in terms of sprout numbers or 
length (p = 0.63 and 0.40, respectively) (Fig. 3c).

IPF‑ECFCs exhibit increased senescence markers 
compared to controls

Senescence was assessed in culture by ß-galactosidase stain-
ing of ECFCs aged 30 or 45 days. At 30 days, ß-galactosidase 

positivity was significantly higher in IPF-ECFCs than in PB-
ECFCs (p = 0.015). At 45 days, the difference was no longer 
significant despite a marked trend (Fig. 4a). Results were con-
firmed by cell-cycle analysis that revealed a cell-cycle arrest 
in G0-1 phase in IPF-ECFCs (Fig. 4b). Then, we quantified 
the level of apoptosis of IPF-ECFCs and PB-ECFCs aged 30 
days. The percentage of cells in early apoptosis state (posi-
tive annexin-V cells) was significantly higher in IPF-ECFCs 
than in controls (p = 0.015) (Fig. 4c). We further assessed this 
difference in senescence by quantifying gene expression of 
three senescence regulators, CDKN1A (p21), TP53 (p53), 
and CDKN2A (p16) and reported a significantly increased 
CDKN2A expression in IPF-ECFCs compared to controls 

Fig. 2   Vasculogenic properties of IPF-ECFCs compared to PB-
ECFCs. a Adhesion of IPF-ECFCs on plastic, fibronectin, collagen, 
or MSCs (ECFCs stained with CFSE, magnification ×10), quan-
tification of adhesion (% of control) (n = 5–6). b Wound healing 

assay, images taken at 1 h, 4 h, 8 h, 18 h or 24 h (scale 1000 µm), 
% of wound closure (n = 7). c Chemotactic migration assay (ECFCs 
stained with DAPI, scale 200  µm), number of migrated cells/mm2 
(n = 3–5). ns p > 0.05
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(p = 0.04) (Fig. 4d). Altogether, these data suggest that IPF-
ECFCs are more senescent than PB-ECFCs.

IPF‑ECFCs exhibit a higher IL‑8 release capacity 
than controls

Several soluble factors secreted by ECFCs were quanti-
fied, including angiogenesis mediators (VEGF-A, FGF-2, 
sVEGF-R1, sVEGF-R2, HGF, G-CSF) as well as mol-
ecules related to Senescence-associated secretory phe-
notype (SASP) (complex pro-inflammatory response of 
senescent cells: IL-8, MCPs, MIPs, TGF-ββ, PAI-1, t-PA) 
[26]. Results presented in Table 1 show that IPF-ECFCs 
have a higher capacity to secrete IL-8 in vitro, compared 
to PB-ECFCs (p = 0.03). This fivefold increase was only 
observed for IL-8 as all other angiogenesis and SASP 
molecules were comparable to controls. As these data 
are generated in a limited number of samples in a mul-
tiplex system, we replicated results in a more consistent 
experimental setting using ELISA, and confirmed the 
increased IL-8 release capacity of IPF-ECFCs compared 
to PB-ECFCs (p = 0.001) (Fig. 5a). In order to determine 

whether this increase was specific to IL-8 or also con-
cerned other inflammatory mediators, IL-6 levels were 
assessed in conditioned medium. No difference was 
observed between IPF-ECFCs and PB-ECFCs (data not 
shown). We further tested relevance of this increased IL-8 
secretion in plasma. Indeed, as shown in Fig. 5b, IL-8 
concentration is significantly increased in IPF patient’s 
plasmas compared to control plasmas (p < 0.0001).

IL‑8 released by IPF‑ECFCs induces neutrophil 
migration in vitro and in vivo

As IL-8 is a key mediator for neutrophil recruitment, we 
tested the capacity of IPF-ECFC-conditioned medium 
(CM) to induce neutrophil migration in a Transwell® 
assay. A significant increase in neutrophil migration was 
observed toward IPF-ECFC-CM compared to PB-ECFC-
CM (p = 0.003). Importantly, this effect was abolished by 
the addition of an anti-IL-8 antibody to IPF-ECFC-CM 
(p = 0.03) indicating that IL-8 was largely responsible for 
CM chemoattractive effects (Fig.  6a). These data were 
further explored using a Matrigel implant assay in vivo 

Fig. 3   Differentiation of IPF-ECFCs. a Formation of pseudo-tube in 
Matrigel™ model in vitro: images taken after 24 h (scale 1000 µm), 
length of tubes formed after 8  h or 24  h (n = 4 or 5). b Formation 
of functional vessels (arrow) in a Matrigel™ model in  vivo (scale 

100  µm), quantification of number of vessels/mm2 (n = 3). c 3D 
sprouting assay, number of sprout/beads, total length of sprouts 
(n = 3). ns p > 0.05
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in which ECFCs and MSCs are known to recruit myeloid 
cells through a paracrine mechanism [27, 28]. We tested the 
effects of IPF-ECFC-CM in this model on neutrophil recruit-
ment comparatively to PB-ECFC-CM. There was a trend 
toward an increased chemotactic capacity of IPF-ECFC-CM 
compared to PB-ECFC-CM (p = 0.057). The addition of an 
anti-IL-8 antibody in the implant significantly abolished this 
effect (p = 0.03) (Fig. 6b, c). We further tested relevance of 
correlation between IL-8 and PMNs in plasma. IL-8 con-
centration in patients’ samples is correlated with their level 
of neutrophils (p = 0.02) and leucocytes (p = 0.01) (data not 
shown). As shown in Fig. 6d, patients with PMNs above 
9G/L have a significant higher level of IL-8. Finally, in order 
to evaluate the relevance of IL-8/neutrophil mobilization 
in IPF lung, we performed IL-8 staining by IHC on lung 
sections of IPF patients and controls. We never found any 
positive vessels in control lungs (Supplementary Fig. 1, left 
panel) in contrast to IPF lung vessels (Supplementary Fig. 1, 
right panel). We also assessed the contribution of neutrophil 
infiltration to the histopathology of human IPF. There was a 
trend toward a more pronounced infiltration of neutrophils 
in IPF lungs compared to controls (p = 0.07) (Supplementary 
Fig. 2).

Increased PMNs in IPF patients are associated 
to a worse prognosis

We evaluated the potential prognostic value of blood neutro-
phil count in IPF patients in relation with the main complica-
tions of the disease (progression of IPF, acute exacerbation, 
development of pulmonary hypertension, requirement for 
lung transplantation, death). We show that in IPF subjects 
(n = 65) included into our prospective cohort, blood leuko-
cyte and neutrophil counts at admission significantly corre-
lated with a composite end-point regrouping the subsequent 
occurrence of IPF complications such acute exacerbation, 
disease progression, pulmonary hypertension, transplanta-
tion, or death (p = 0.02 and 0.01 for leukocytes and neutro-
phils, respectively) (Table 2).

Discussion

The mechanisms underlying the aberrant vascular remod-
eling process constantly observed in the IPF lung are still 
elusive. The endothelium compartment is known to be dys-
functional in this disease. This has been shown through local 
[5] as well as circulating markers of endothelial lesions [6]. 
Endothelial cells have been described to contribute to pul-
monary fibrogenesis by promoting transition from fibroblasts 
to myofibroblasts [29]. In addition, we have recently shown 
that endothelial microvesicles isolated from IPF patients 
could also be involved in fibrogenesis by inducing fibroblast 

migration [19]. Access to pulmonary vascular endothelial 
cells is tough and makes their functional evaluation diffi-
cult. ECFCs, which can be isolated from peripheral blood, 
may be an adequate substitute in this case. In the oncologic 
field, circulating tumor cells (CTC) are considered as “liquid 
biopsies.” They are mostly used as biomarkers but it has also 
been shown that CTC cell lines can express cancer stem cell 
properties [30]. Similarly to CTCs, ECFCs might be consid-
ered as “liquid biopsies” of the endothelial compartment and 
represent a poorly invasive tool to explore the endothelium 
compartment functional properties. We previously described 
that ECFCs were decreased in IPF compared to healthy con-
trols. We now hypothesized that their vasculogenic proper-
ties could be modified in IPF. For this purpose, we evaluated 
adhesion, migration, and differentiation capacities of ECFCs 
recovered from IPF patients and showed that they were simi-
lar to control PB-ECFCs. Similarly, angiogenic pathways 
assessed in IPF-ECFC secretome were comparable to that 
of PB-ECFCs.

Increased senescence has previously been shown in 
ECFCs from smokers and in COPD patients compared to 
non-smoking controls [14] but also in ECFCs from cord 
blood of premature babies [31]. We have shown here for the 
first time that a senescence profile is also found in ECFCs 
isolated from IPF patients. Senescence, and particularly 
that of alveolar epithelial cells, is now recognized as a 
major pathogenic pathway in IPF pathophysiology [32]. 
This abnormal epithelium secretes numerous mediators 
that trigger fibroblasts activation and lung remodeling [2]. 
ß-galactosidase and p16 expression were indeed increased 
in IPF-ECFCs as well as their early apoptosis and associated 
to a cell-cycle arrest. Therefore, our findings suggest accel-
erated aging of ECFCs in IPF patients and possibly reflect 
a systemic effect of lung fibrosis on circulating compart-
ment. Interestingly, ECFCs from IPF, expanded in culture 
in non-oxidant conditions, retained a strong vasculogenic 
potential but a senescent phenotype. Endothelial senescence 
is a process known to increase the risk of atherosclerosis 
and cardiovascular disease. Therefore, one can hypothesize 
a participation of senescent ECFCs in the pathogenesis of 
cardiovascular comorbidities frequently reported during IPF 
[1].

In IPF-ECFCs, we found that senescence-associated 
secretory phenotype (SASP) was also significantly modified 
with a strong increase in IL-8 in the IPF-ECFC-conditioned 
medium. These data are in agreement with the literature in 
which IL-8 is demonstrated to be secreted by most senescent 
cell types [26] and to be associated to senescence in ECFCs 
[33]. However, in this paper from Medina’s group, late-
passage ECFCs are clearly non-responsive to IL-8 proan-
giogenic effects. These experiments have been conducted 
with CB-ECFCs. In contrary, we worked with PB-ECFCs 
or IPF-ECFCs that where already all senescent (even if 
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IPF-ECFCs were more senescent than PB-ECFCs) and can 
been considered similar as late passages cord-blood ECFCs 
according to Yoder’s classification of endothelial colonies 

(HPP and LPP colonies [34]). This can explain why we did 
not observe any difference between IPF-ECFCs and controls 
in terms of angiogenic effects. Nevertheless, IL-8 effect on 
ECFC remains controversial. Indeed, the presence of the 
two IL-8 receptors CXCR1 and CXCR2 in ECFCs is not a 
consistent result. Their presence has been described in sev-
eral papers so far [35]; however, we have never been able to 
demonstrate the presence of these receptors on cord-blood 
and adult ECFCs [36]. We repeated these results here in 
complete independent experiments on IPF-ECFCs and we 
were not able to show the presence of CXCR1 or CXCR2 
in our cell by RT-qPCR (data not shown) and flow cytom-
etry (Supplementary Fig. 3), in contrast to fibroblasts. Thus, 
we remain doubtful about the physiological role of IL-8 in 
ECFC senescence and/or proliferation. However, we clearly 
think that IL-8 is a consequence of ECFC senescence as a 
“SASP” molecule and exerts its effect of chemoattraction 
on PMNs or other cell types and not as an autocrine ligand 
of ECFCs. In 2008, we previously described that IL-8 is 
not secreted at basal level by ECFCs but can be expressed 
after an inflammatory stress like thrombin activation by 
PAR1-activating peptide. Thus, this IL-8 secretion after a 
cell stress could be in line with IL-8 secretion in case of 
ECFC senescence.

Several reported data strongly argue for a deregulation 
of IL-8 in IPF as well as for an involvement in its pathogen-
esis [7]. Previously described as secreted mostly by alveolar 
macrophages [37], fibroblasts, and alveolar cells [38], IL-8 
exhibits increased levels in the bronchoalveolar lavage fluid 
of IPF patients, these levels being correlated with neutrophil 
count and disease severity [39], as well as in plasma [40] and 

Fig. 4   Evidence for senescence of IPF-ECFC. a β-galactosidase 
staining on IPF-ECFCs and PB-ECFCs, % of positive cells (n = 3–5). 
b Cell-cycle assessment by BrDu incorporation (% cells in G0-1, S, 
or G2- phase) (n = 4–5). c Apoptosis by cytometry (% of viable cells, 
early apoptosis, late apoptosis, or dead cells) (n = 4–5). d Quantifi-
cation of gene expression of CDKN1A, TP53, and CDKN2A by RT-
qPCR (n = 6). *p < 0.05 **p < 0.005

◂

Table 1   Secretome analysis of IPF-ECFC and PB-ECFC

Results are expressed in ng/106 cells

Soluble factor IPF-ECFC PB-ECFC p

t-PA 128.1 ± 97.26 111.0 ± 76.91 ns
PAI-1 64.92 ± 31.91 40.29 ± 3.92 ns
VEGF-A 1.12 ± 2.50 0.86 ± 1.02 ns
FGF-2 5.65 ± 8.96 1.99 ± 2.46 ns
sVEGF-R1 166.2 ± 115.4 157.4 ± 209.1 ns
sVEGF-R2 91.28 ± 71.68 58.51 ± 77.23 ns
G-CSF 0.11 ± 0.261 2.46 ± 4.09 ns
HGF 17.36 ± 15.33 2.42 ± 4.08 ns
MCP-1 987.2 ± 705.0 257.4 ± 137.1 ns
IL-8 231.0 ± 118.7 44.63 ± 56.63 < 0.05
IL-6 6.73 ± 6.06 1.69 ± 2.03 ns
MIP-1α 2.31 ± 2.81 0.56 ± 0.77 ns
MIP-1β 10.59 ± 15.48 0.87 ± 1.48 ns
TGF-β1 7.16 ± 5.13 5.03 ± 3.88 ns
TNF-α ND ND

Fig. 5   IL-8 quantification in conditioned medium of IPF-ECFC and 
relevance in IPF patients. a Quantification of IL-8 in conditioned 
medium of IPF-ECFC (n = 20) and PB-ECFC (n = 8) by ELISA. b 

Quantification of IL-8 in IPF patients (n = 50) and controls healthy 
patients (n = 10) plasmas by ELISA. **p < 0.005 ***p < 0.0001
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serum [41] exhibiting an association with a poor prognosis. 
Importantly, a minor allele of the SNP rs4073T > A in IL-8 

gene promoter is associated to an increase of IL-8 expres-
sion as well as to IPF [42]. In a murine model, inhibition of 
MIP-2 (macrophage inflammatory protein-2), a functional 
homolog of IL-8, decreases bleomycin-induced pulmonary 
fibrosis [38]. Altogether, these data argue for an overexpres-
sion of IL-8 in the alveolar compartment of the IPF lung 
with a strongly suggested role in its pathogenesis and disease 
progression.

We showed using Boyden chambers that IPF-ECFC-
CM induced an IL-8-dependent neutrophil migration. This 
result was confirmed in vivo using a Matrigel implant model. 
Matrigel implant vascularization is dependent on myeloid 
cell recruitment during the first days of implantation, and 
their recruitment is induced by paracrine secretion of cells 
implanted in the plug [27, 28]. In our study, inflammatory 
infiltrates were increased in plugs containing IPF-ECFC-CM 

Fig. 6   Effects of IL-8 in conditioned medium of IPF-ECFCs on neu-
trophil migration. a Migration of neutrophils toward conditioned 
medium of PB-ECFCs (n = 5), IPF-ECFCs (n = 10), or IPF-ECFCs in 
the presence or in the absence of a IL-8 blocking antibody (n = 6). b 
Images of plug edges for each condition (HES staining, scale 50 µm). 

c Quantification of neutrophil infiltration in Matrigel implants 
induced by PB-ECFC-CM or IPF-ECFC-CM (n = 3–5). d IL-8 con-
centration in IPF patients’ plasma according to PMN level (< 3.5 g/L, 
3.5–7 g/L, 7–9 g/L or > 9 g/L). *p < 0.05 **p < 0.005

Table 2   Hazard ratios of association between initial blood cell counts 
and exacerbations, suspicions of pulmonary hypertension, pro-
gression, transplantation, or death in 65 IFP patients prospectively 
enrolled

Bold values indicate significant results, p < 0.05

Blood cell counts Hazard ratio CI 95% p value

Leukocyte count 1.15 (1.03; 1.28) 0.015
Neutrophil count 1.14 (1.02; 1.27) 0.02
Lymphocyte count 1.02 (0.68; 1.52) 0.93
Monocyte count 2.22 (0.63; 7.87) 0.22
Platelet count 1 (1; 1) 0.59
HSC (CD34+) count 1 (1; 1) 0.97
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and largely inhibited by the concomitant use of an anti-IL-8 
blocking Ab. Our study suggests a participation of IL-8 to 
the pulmonary infiltration by neutrophils, consistent with 
the observation of neutrophil infiltration in IPF lungs and 
neutrophil correlation with the poorest IPF prognosis at 
inclusion. Inflammation was once suspected to be one of 
the potential triggers of IPF pathophysiology but this was 
subsequently denied by the demonstration of a deleterious 
effect of immunosuppressive therapies in this disease [43]. 
However, a current hypothesis suggests that the recruitment 
and activation of immune cells can modulate the current 
fibrotic response of the last stages of fibrogenesis [44]. In 
particular, among inflammatory cells, neutrophils might play 
a pathogenic role as yet not elucidated. Mice deficient in 
neutrophil elastase (NE), a neutrophil-derived serine pro-
tease, are protected from bleomycin-induced lung fibrosis 
[45] and administration of NE inhibitor (sivelestat) is pro-
tective in this model [46]. In vitro, NE can induce fibroblast 
proliferation and differentiation [47]. Neutrophils could also 
be involved in the IPF pathophysiology via the regulation of 
metalloproteinase and in particular MMP-2, MMP-8, and 
MMP-9 [48]. A MMP inhibitor was indeed able to prevent 
bleomycin-induced pulmonary fibrosis [49]. Finally, neutro-
phil extracellular traps (NETs) have been implicated in fibro-
blast differentiation [50] further suggesting a pathogenic role 
of neutrophils in fibrogenesis.

In summary, our data show an up-regulation of IL-8 
production by senescent ECFCs isolated from IPF patients. 
Blocking IL-8 impairs neutrophil migration, suggesting a 
mechanism for ECFC-mediated inflammatory cell migration 
in IPF. Increased neutrophil infiltration in IPF lung and cor-
relation between circulating neutrophils and disease wors-
ening in this prospective clinical cohort might be related 
to senescent endothelial cells. The use of ECFCs as liquid 
biopsy also provides a better understanding of the patho-
genesis of cardiovascular disease reported in IPF patients.
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