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Abstract Idiopathic pulmonary fibrosis (IPF) is a dev-
astating disease characterized by obliteration of alveolar
architecture, resulting in declining lung function and ulti-
mately death. Pathogenic mechanisms remain unclear but
involve a concomitant accumulation of scar tissue together
with myofibroblasts activation. Microparticles (MPs) have
been investigated in several human lung diseases as possi-
ble pathogenic elements, prognosis markers and therapeutic
targets. We postulated that levels and cellular origins of cir-
culating MPs might serve as biomarkers in IPF patients and/
or as active players of fibrogenesis. Flow cytometry analy-
sis showed a higher level of Annexin-V positive endothelial
and platelet MPs in 41 IPF patients compared to 22 healthy
volunteers. Moreover, in IPF patients with a low diffusing
capacity of the lung for carbon monoxide (DL;;<40%),
endothelial MPs (EMPs) were found significantly higher
compared to those with DL~;>40% (p=0.02). We then used
EMPs isolated from endothelial progenitor cells (ECFCs)
extracted from IPF patients or controls to modulate normal
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human lung fibroblast (NHLF) properties. We showed that
EMPs did not modify proliferation, collagen deposition and
myofibroblast transdifferentiation. However, EMPs from IPF
patients stimulated migration capacity of NHLF. We hypoth-
esized that this effect could result from EMPs fibrinolytic
properties and found indeed higher plasminogen activation
potential in total circulating MPs and ECFCs derived MPs
issued from IPF patients compared to those isolated from
healthy controls MPs. Our study showed that IPF is associ-
ated with an increased level of EMPs in the most severe
patients, highlighting an active process of endothelial activa-
tion in the latter. Endothelial microparticles might contribute
to the lung fibroblast invasion mediated, at least in part, by
a fibrinolytic activity.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a devastating lung
disease characterized by progressive obliteration of normal
alveolar architecture and replacement by fibrotic tissue.
The result is declining lung function, progressive dysp-
nea and ultimately death within 3-5 years of diagnosis [1].
Precise pathogenic mechanisms are still largely debated
but they involve a progressive accumulation of scar tissue
and myofibroblasts activation following epithelial injuries
of an unknown nature. IPF is also associated with a major
pulmonary vascular remodeling, an aberrant angiogenesis
with a vascular ablation associated to a decreased mobili-
zation of endothelial progenitor cells [2-4]. These angio-
genic abnormalities could largely contribute to gas exchange
impairment.

The role of extracellular vesicles (EVs) in human pul-
monary diseases both as pathogenic determinants and bio-
markers is being actively investigated. The most studied EVs
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are circulating microparticles (MPs). They are defined by a
diameter from 100 to 1000 nm, and are released by shed-
ding from the surface of different cell types upon activa-
tion: endothelial cells, platelets, leukocytes or erythrocytes.
Mechanisms regulating MPs formation include cytoskel-
eton remodeling and externalization of phosphatidylserine.
Increased numbers of MPs have been documented in sev-
eral lung diseases such as pulmonary arterial hypertension
(PAH) [5], chronic obstructive pulmonary disease (COPD),
asthma, lung cancer or parenchymal lung disease such as
systemic sclerosis (SS) [6]. Moreover, specific MP popula-
tions and/or procoagulant properties might correlate with
disease severity and/or lung function parameters in PAH [7,
8] or SS [9, 10]. More than just serving as a disease bio-
marker, evidence has accumulated showing that MPs are
involved in several biological processes. Indeed, MPs can
convey functional RNA species and proteins from one cell to
another, an open up the area of horizontal transfer of bioac-
tive molecules in cell-to-cell communication [11, 12].

To date, there are no available data assessing circulating
MPs level and characterization in the setting of IPF. We
investigated the number and cellular origin of circulating
MPs in patients with this condition and describe endothe-
lial microparticles (EMPs) as potential marker of disease
severity. We then analyzed EMPs produced by endothelial
progenitor cells (ECFCs) isolated from IPF patients or con-
trols to decipher their potential involvement in fibrogenesis.

Methods and Patients
Study Populations

Study population consisted of 41 patients with recently
diagnosed IPF (<9 months) enrolled in the « COFI »
French national cohort between 2008 and 2012. The study
was approved by the local ethic committee Tle-de-France
IT (registration number 2006 — 108). Controls were healthy
volunteers (60-90 years old), clear of any pulmonary or car-
diovascular disease and any history of cancer, enrolled in
the VIMOPEIL cohort at the Clinical Investigation Center
of European Hospital Georges Pompidou [13].

Quantification of Circulating MP Sub-populations

Collected blood was centrifuged twice at 1500 g for 15 min
and platelet-poor-plasma was stored at — 80 °C, as previ-
ously described [14]. MPs was count by flow cytometry on
a Gallios flow cytometer (Beckman & Coulter) as previously
described [15, 16]. First, MPs were selected in an FSC/SSC
gate calibrated using 0.1, 0.3, 0.5 and 0.9 um FSC calibra-
tion beads (Megamix-Plus, Biocytex, France), following
manufacturer recommendations for the cytometer settings as
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previously described [17]. 0.1 to 1 nm selected events were
then analyzed depending on their fluorescence to classify
their sub-population origin and quantify them, in presence of
counting beads as an intern counting standard (Accucount,
Spherotech). MPs were labeled in diluted plasma (1/10 in
NaCl or 1/20 for CD62E labeling) using the following mark-
ers: annexin V-FITC (labeling PS, Beckman & Coulter),
E-selectin/CD62e-FITC (R&D), CD31-PE (Beckman &
Coulter), CD144-PE (Beckman & Coulter), platelet CD41-
PC7 (Beckman & Coulter), monocyte CD14-PE (R&D sys-
tems) and neutrophil CD66b-FITC (Beckman & Coulter).
MPs were selected by gating on FSC/SSC criteria MP sized
events (gate calibrated using Megamix-Plus FSC, Biocytex).
Data analysis used FlowJo software.

Endothelial Progenitor Cell Isolation and Vesicle
Formation

Endothelial progenitor cells subtype used here were
endothelial colony forming cells (ECFCs) known to be main
vasculogenic cells in adults [18, 19]. ECFCs were isolated
from whole peripheral blood collected on heparin from IPF
patients and controls. Blood samples were diluted with PBS/
EDTA 2 mM and centrifuged at 1200 g for 20 min, on den-
sity gradient (Histopaque, density of 1077, Sigma). Obtained
mononuclear cells were washed twice in PBS/EDTA. Cells
were sprayed on fibronectin at a density of 5x 10° per well
of 6 well-culture plate in a specific endothelial cell growth
medium (EGM2, Lonza) added with 10% fetal calf serum
(FCS). Whole blood and mononuclear cells were counted
on Sysmex XN-Series™. Culture wells were screened twice
a week, looking for ECFC growth. Each new colony was
isolated and sprayed. EMPs were obtained in vitro by stimu-
lation of cultured ECFC using TNF-a (R&D) as previously
described [20]. Briefly, ECFCs were starved overnight in
endothelial basal medium (EBM2) with 0.5% FBS before
being stimulated with 25 ng/mL TNF-« during 24 h. Super-
natant was then centrifuged twice at 1500 g for 15 min, then
at 14,000 g for 2 min in order to eliminate cell debris and
then stored at — 80 °C. To isolate EMPs from frozen condi-
tioned medium, the obtained conditioned culture medium
was centrifuged at 20,000 g for 90 min and then washed
twice using MPs washing buffer (HEPES 10 mM, NaCl
140 mM, azide 0.01%). Control cord-blood ECFCs (so-
called CB-EMPs) were obtained from cord blood mononu-
clear cells as previously described [21]. EMP quantification
from ECFC was done by flow (annexin V — FITC, acoustic
focusing cytometer Attune, Life Technologies TM) using
the same settings methods and the same calibration beads
as described above for Gallios quantification of circulating
MPs (Beckman & Coulter) settings.

EMPs count is normalized before using them for fibro-
blast activation. Numbers of EMPs were normalized to cell



Stem Cell Rev and Rep (2018) 14:223-235

225

numbers in each condition. After collection of supernatant,
cells were trypsinized and viable cells counted (tryptan blue)
for a normalization of EMPs to ECFC number in culture.
In order to appreciate the EMPs quantitative ability after
TNF-a activation of the three different sources of ECFC
(healthy adults, cord blood and IPF patients), we choose to
express this number of EMPs per 10* cells in percentage.
Thus, we then normalized every single value to the basal
mean value of the control group without activation by TNF-
o. Numbers of EMPs were normalized to cell numbers in
each condition.

Fibroblast Activation by EMPs Derived from ECFC

Fibroblast activation was performed with ECFC-derived
MPs at the concentration of 2x 10® AnnV*™ MPs/mL
for duration of 72 h. This concentration has been chosen
because it corresponds to circulating concentration of EMPs
in IPF patients. In proliferation tests, deposit collagen quan-
tification, fibroblasts to myofibroblasts transdifferentiation
and stress fiber formation, the amount was equivalent to 100
EMPs per target cell. For migration test in Boyden chamber
model, the amount was equivalent to 80 EMPs per target
cell.

Normal Human Lung Fibroblast (NHLF) Proliferation

NHLF (NHLF, Lonza) proliferation was studied by colori-
metric paranitrophenylphosphatase (pNPP) activity method
as previously described [22]. NHLF were seeded at a density
of 20,000 cells per well of 12 well-culture plate in fibro-
blast growth medium (FGM2) containing 10% FCS. After
an overnight starving to synchronize cell cycle and to elimi-
nate MPs present in FCS, NHLF were activated with EMPs.
Proliferation was evaluated by a daily count of cells, both
microscopically using Kova slides and automatically, using
Scepter cell counter (Merck Millipore). NHLF were incu-
bated at 37 °C with 3 mg/mL pNPP solution for 90 min and
pNPP reaction was inhibited with NaOH 1N. Absorbance
was read at 405 nm.

Collagen Deposit by NHLF

Extracellular matrix, especially type I collagen (and type
III) deposit and accumulation is a key phase observed in
fibrotic tissue in IPF. To test the capacity of EMPs to induce
collagen production and deposit in NHLF, cells were seeded
in 6 well culture plates, starved (0.5% FCS overnight) and
treated once, then at each medium change every 72 h, with
2% 10° EMPs/mL. Supernatant was centrifuged twice at
1500 g for 15 min to eliminate cell debris. Collagen from
basal lamina was extracted with cold acetic acid/pepsin
overnight at 4 °C. Quantitation was realized using Sircol

Soluble Collagen Assay (Biocolor), following manufacturer
recommendations in extracted collagen and in cell culture
supernatant.

Mpyofibroblast Differentiation of NHLF

Fibroblast to myofibroblasts differentiation is also a
key phase in IPF. To test the ability of EMPs to induce
NHLF differentiation into myofibroblasts, EZ slides cul-
ture chamber were seeded with NHLF in the presence
or absence of 2 x 10°EMPs/mL. Culture medium was
changed every 72 h and supplied with EMPs. After a
6 days culture in vitro, cells were fixed with cold pure
methanol on ice for 10 min. Differentiated NHLF were
incubated with a mouse anti-human aSMA (Sigma), fol-
lowed by incubation with anti-mouse IgG-FITC for 1 h at
RT. After washing, slides were mounted using Vectash-
ield mounting medium, staining cells nuclei with DAPI
(Vector Laboratories).

NHLF Migration in Boyden Chamber

To test IPF-EMP effects on NHLF migration capacity, we
used a Boyden chamber model with 8 um pores transwells
coated with 0.2% gelatin, under growth factor gradient
density conditions (recombinant-fibroblast growth factor,
added with 10% FCS) for chemoattraction. NHLF were
treated once with 2 x 105 EMPs/mL during 5 days of cul-
ture, or untreated (control). Cells were trypsinized, washed
with PBS and stained with 5 uM intra-vital fluorescent cell
trace (Cell Trace CFSE, Life Technologies). They were
then washed again and suspended in EBM2 at a density
of 10° cells/mL. One hundred microliter of this suspen-
sion were dropped on the upper face of the transwell, the
bottom face was inserted in 600 uL of chemoattractive
medium in 24 well plate. After 5 h of incubation at 37 °C,
cells were fixed with HBSS Mg+ + Ca+ + 1.1% glutaral-
dehyde. The permeable support was cut out and deposited
on a slide. We used Vectashield mounting medium that
contains DAPI (Vector Laboratories) to stain migrant cells
nuclei. Cells were observed by fluorescence microscopy,
using green filter for cell localization with CFSE colora-
tion. Blue filter was also used for cell’s nucleus localiza-
tion labeled with DAPI, as a counting control. Each sup-
port membrane was analyzed on 10 fields and the final
result was a mean number of cells having migrated per
surface unit. Support membrane surface was measured
using image J.

Stress Fiber Formation in NHLF

The effect of EMPs on filamentous actin fiber (F-actin)
formation in NHLF was analyzed. NHLF were overnight
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starved, cultured on EZ slides (Merck Millipore) and
treated with 2 x 10° EMPs/mL for 15 and 30 min. They
were fixed with cold pure methanol for 10 min and F-actin
fibers were stained using phalloidin and observed by fluo-
rescent microscopy using rhodamine filter. NHLF nuclei
were stained with Vectashield mounting medium. F-actin
fibers were quantified using Image J fluorescence image
analysis.

Isolation of MPs from Plasma

Defrosted MPs were centrifuged first at 13,000 g, 2 min
in order to eliminate cryoprecipitate debris. Supernatant
plasma was centrifuged at 20,000 g, 90 min. The pellet
was washed twice in washing buffer (HEPES 10 mM, NaCl
140 mM, azide 0.01%) and centrifuged again at 20,000 g,
90 min. Final pellet was suspended in 20 pL in the same
buffer and then frozen at —20 °C overnight before being
stored at — 80 °C. MPs (10 puL) were lysed by five succes-
sive cycles of freezing/defrosting — 196 °C (in liquid nitro-
gen) and 37 °C. MP proteins were quantified using a Nan-
oDrop® spectrophotometer, using BSA as standard (from
0.1 to 1 mg/mL).

Fibrinolytic Potential of MPs

EMP fibrinolytic potential was measured using zymogra-
phy as a qualitative method and plasmin generation test
as a quantitative one. For zymography, MPs were isolated
from 8 mL of patients or healthy controls blood plasma with
sodium dodecylsulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) 8%, pH 8.3 at 110 volts. After migration, the
gel was rinsed twice 30 min in a 2.5% triton solution to
eliminate SDS and then for 15 min in pure water. The gel
was finally transferred onto a fibrin/agarose gel obtained by
coagulation at 37 °C of 1 mg/mL bovine fibrinogen (Bovo-
gen Biological, Australia) with 0.2u/mL bovine thrombin
in type VII agarose (Sigma®). This gel was enriched with
plasminogen (100 nM). The overlapped gels were incubated
at 37 °C for 36 h. Zymography on lysed EMPs was also
performed.

The second test was realized in 96 wells u-bottom micro-
plates, containing 10 uL. of MPs suspension, 1 uM of plasmi-
nogen and 0.75 mM plasmin chromogenic substrate (CBS,
Stago), in a final volume of 60 pL of phosphate buffer. At
37 °C, MP plasminogen activators convert plasminogen to
plasmin, which cleaves the CBS. The resulting paranitroani-
line absorbs at 405 nm. Optical density was measured each
120 s during 12 h. We used u-PA as standard and positive
control. Initial velocity determined the plasmin genera-
tion activity of MPs samples. We also realized the plasmin
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generation test by IPF-EMPs and CB-EMPs as described
above. We used the same method to quantify ECFCs isolated
EMPs plamin generation activity.

Measurement of Soluble u-PA and t-PA

Plasma levels of urokinase were measured with highly sen-
sitive ELISAs as recommended by the manufacturer (refer-
ence DU-PAQO, R&D Systems, Minneapolis, MN, USA).
Plasma level of t-PA antigen was measured with Asser-
achrom® t-PA kit (Diagnostica Stago, Asnieres-Sur-Seine,
France).

Circulating Cell Transcriptome Analysis

Total circulating cells RNA was isolated from patients and
controls whole blood using PAXgene blood RNA kit (Qia-
gen®) following the manufacturer procedures. RNA was
quantified by measuring absorbance at 260 nm on NanoDrop
ND-1000 (Labtech®). Reverse transcription to complemen-
tary DNA (cDNAs) was realized using QuantiTect Reverse
Transcription kit (Qiagen®) following the manufacturer pro-
cedures. Tagman® technique was used for quantitative PCR
for PLAT gene (t-PA gene, Hs00263492_m1, Applied®)
and PLAU gene (u-PA gene, Hs01547054_m1, Applied®).
GAPDH gene (4326317E, Applied®) was used to normalize
results. Each well contained 5 pL. of Master Mix (Universal
PCR Master MIX, Applied®), 0,5 uL. of GAPDH primer,
0,5 pL of interest gene primer, 2 uL of sample cDNAs and
2 uL of pure water. We performed 50 amplification cycles
during 10 min at 90°, 15 s at 95° and 10 min at 60° on
TagMan 7900 HT FAST (Applied Biosystems®). Results
were analyzed on SDS v2.3 software and were expressed as
a normalized ratio regarding to the quantification Ct limit
arbitrary fixed at 35.

Statistics

Data are shown as means + SD. Intergroup comparisons
were based on the Mann and Whitney nonparametric test.
All statistical tests were performed using the Stat View
software package (SAS, Cary, NC, USA). Differences with
P <0.05 were considered statistically significant.

Results

Endothelial Microparticles are Increased in Patients
with Severe IPF

Study population consisted of 41 patients with IPF with a
sex ratio of 5 (M/F) and a median age of 71 years. They were
compared to 22 healthy controls aged 60 to 90 years.
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Flow cytometry analysis showed an increase of
Annexin-V positive MPs in IPF patients compared to
healthy volunteers (respectively with mean of 14,141 +336
vs 27,151 £ 4723, with a p=0.02). This increased level
was represented by endothelial E-selectin MPs and
platelet MPs (PMPs) (E-selectin MPs in IPF patients
vs healthy volunteers: 124 +47 vs 1032 +295, respec-
tively, p =0.0003; PMP in IPF and controls: 1550+ 246
vs 7039 + 2650, respectively, p=0.001). We didn’t found
any significant difference between CD31 and CD144 posi-
tive MPs (with respectively a p=0.27 for CD144-MPs and
0.82 for CD31-MPs), in contrary of E-selectin MPs. CD14
positive monocyte MPs were decreased in IPF patients
(705196 vs 230 + 150 in IPF and controls, respectively,
p=0.01). No difference was observed in neutrophil MPs
(p=0.82) (Fig. 1). To confirm relevance of our results on
EMPs and PMPs, we analyzed circulating MPs quantifica-
tion in percentage of annexin-V positive MPs. PMPs repre-
sent 50% of annexin-V positive MPs while EMPs represent
1 to 10% of annexin-V positive MPs according to disease
status. By expressing circulating MPs quantification in
percentage of annexin-V positive MPs, we did not found
any significant increase in PMPs (p =0.73). The difference
between controls and IPF patients is always clearly signifi-
cant for E-selectin positive MPs while it becomes slightly
significant for other EMPs subpopulations (CD144 and
CD31 EMPs, both with a p=0.04) as shown in Fig. 2a,
confirming relevance of EMPs in IPF and pointing out
a specific involvement of endothelial activation state in
IPF. We then sought to determine whether circulating MP
levels might reflect IPF severity as evaluated by one of
its most relevant functional parameters i.e. the Diffusing
capacity of the Lung for Carbon monoxide (DL¢). DL
is areliable guide to outcome and values of less than 40%
predicted are generally indicative of advanced disease.
EMPs markedly differed according to the DL threshold.
Indeed, subjects with a DL, < 40% predicted, i.e. the
most severe ones, exhibited a significant increase in EMP
counts compared to those with a DL >40% predicted
(Fig. 2b) with values of 7590 + 2729 vs 2840 + 1302 in
DLcg < 40% and DL > 40%, respectively (p =0.02).
Conversely, no difference was observed for PMPs (Fig. 2¢)
or other MPs.

EMPs Generated from IPF Patients-Endothelial
Progenitor Cells Induce Fibroblast Migration Potential

ECFCs obtained from cord blood, whole blood of healthy
volunteers or IPF patients were treated with TNF-a to
induce EMPs release. Interestingly, all ECFC origins were
able to give rise to a significant EMPs generation. In par-
ticular, EMPs from ECFCs derived from IPF patients were
found threefold higher after TNF-a (Fig. 3a, p=0.002).

ECFC-derived EMPs were further used in vitro to assess
their potential capacity to modulate the fibrogenic proper-
ties of NHLF (Fig. 3b). For this purpose, they were used
at concentrations comparable to circulating EMPs counts
found in IPF patients. Because increase after TNF-a was
comparable in CB and PB-ECFC, we only used CB-EMPs
derived ECFC as controls to activate fibroblast in our next
experiments.

EMPs addition to NHLF culture medium had no effect
on cell viability (data not shown), nor on collagen dep-
osition (Fig. 4a) or transdifferentiation potential into
myofibroblasts (Fig. 4b). Conversely, NHLF pretreated
with IPF-EMPs showed a significantly enhanced migra-
tory capacity compared to those treated with control-
EMPs (p =0.0003) and controls (p <0.0001) (Fig. 5a)
when using a Boyden chamber. Furthermore, a signifi-
cantly increased formation of F-actin fibers was observed
in NHLF pretreated with IPF-EMPs compared to those
treated with cord blood-EMPs (p =0.03) and controls
(p =0.0004) (Fig. 5b), in line with a pro-migratory
phenotype.

Microparticles from IPF Patients Have a Higher
Plasmin Generation Potential

One of the potential mechanisms underlying cell migration
is matrix proteolysis. We firstly describe global fibrinolytic
potential in IPF patients by quantifying both urokinase-type
plasminogen activator (u-PA) and tissue-plasminogen acti-
vator (t-PA) in platelet poor plama (PPP). We found higher
circulating levels of both u-PA and t-PA (IPF vs controls,
p=0.01 and p=0.03, respectively for u-PA and t-PA)
(Fig. 6a). No differences between whole blood cells u-PA
and t-PA mRNA levels were observed in (Fig. 6b). These
data might suggest that the enhanced fibrinolytic protein
levels observed in IPF patient’s plasma do involve MPs
themselves and not an increased expression by circulating
hematopoietic cells.

EMPs have been shown to bear fibrinolytic properties;
we thus explored the ability of MPs isolated from of IPF
patients and controls plasma to generate plasmin. Figure 6¢
shows a significant increase in plasmin generation by total
circulating MPs from IPF patients compared to healthy
controls (p =0.006), further confirmed by the zymogra-
phy assay showing a largest MP fibrinolytic activity. Since
we described that EMPs are linked to severity of the dis-
ease and are probably linked to a profibrotic phenotype,
we quantified plasmin generation by EMPs derived from
ECFCs from IPF patients compared to healthy control.
As described in Fig. 6d, plasmin generation quantification
shows that IPF-EMPs display a higher activity than CB-
EMPs, suggesting that the total MPs plasmin generation
activity is due to EMPs.
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«Fig. 1 Quantification of circulating MPs in IPF. Left and center pan-
els: cytograms for healthy controls (left) and IPF patients (center).
Gray: negative control for annexin V labeling (a), or isotypic controls
(b to e); Green: annexin V labeling (total MP, a) or specific antibod-
ies for endothelium (Eselectin, b), platelets (CD41, ¢), monocytes
(CD14, d) and neutrophils (CD66b, e). Right panel: quantitative
analyses of MP counts. Open bars: healthy controls, closed bars: IPF
patients.

Discussion

We have demonstrated in this study that IPF is associated
with an increase in circulating endothelial microparticles
particularly in the most severe patients i.e. those with a
low DLCO. This increase, in addition to being a marker
of endothelial lesion and/or activation, might also reflect a
pathogenic role of EMPs in the disease as we have shown
that those isolated from endothelial progenitor cells from
IPF patients could stimulate fibroblasts migration, at least
in part through an increase in their plasmin generation
capacity.

Microparticles have been largely shown to influence
hemostasis, given their procoagulant potential due to the
exposure of phosphatidylserine and tissue factor (TF) [23,
24] on their surface. More recently, they have been shown to
have a fibrinolytic potential with a strong ability to generate
plasmin [25]. An association between blood coagulation
and pulmonary fibrosis is well recognized [26]. Based on
the role of microparticles in blood coagulation, micropar-
ticles-bound TF (MP-TF) procoagulant activity has been
previously quantified in subjects with diffuse parenchy-
mal lung disease [27]. Increased levels of MPs have also
been shown in the bronchoalveolar lavage fluid of patients
with interstitial lung diseases, in particular IPF. However,
circulating MPs have never been quantified so far in IPF
patients. Therefore, we assessed circulating microparticles
in a consistent number (n=41) of IPF subjects in rela-
tion with their disease severity. The present study showed
increased PMP and EMP counts in IPF patients compared
to controls. PMP is the most abundant MP population in
normal peripheral blood, accounting for around 70-90% of
all MPs. They exhibit a strong procoagulant phenotype. A
role for the activation of blood coagulation and thrombin
receptor PAR-1-mediated signaling by FXa is now clear
in IPF [28]. A contribution of locally synthesized FX to
fibrotic responses to lung injury has been demonstrated
[29]. Procoagulant MPs originating from platelets could
be involved in these coagulation and profibrotic signals. We
did not find any correlation between PMP counts and dis-
ease severity in our study. We hypothesize that circulating
PMPs levels reflect more a consequence of the deregulation
of hemostasis present in IPF than a true actor of its patho-
genesis. One of the explanation could also be a technical
point: however we used platelet-poor plasma according to

recommendations [30], measurement of AnV + MPs and
PMPs could result from the degranulation of the residual
platelets to the defrosting of the residual platelet in platelet-
poor plasma and be just artefactual in accordance to absence
of clinical correlation.

In contrast, we showed that plasma levels of MPs of
endothelial origin were largely increased in IPF, particu-
larly so in advanced stages of the disease. These findings
might suggest that an increased endothelial activation is
associated to fibrotic processes. Indeed, IPF is associated
with abnormal and heterogeneous vascular remodeling.
This aberrant vascular architecture close to fibrotic areas
[31] has been hypothesized to result from an imbalance
between angiogenic growth factors. The endothelium
plays a central role in pulmonary vascular regulation and
endothelial dysfunction is increasingly viewed as critical
for disease initiation and progression of IPF. Our group
confirmed these data by showing an imbalance in circulat-
ing endothelial cells and their progenitors in IPF arguing
for the presence of endothelial activation in IPF [2].

Experimental studies have demonstrated the ability of
EMPs to promote vascular inflammation and angiogenesis,
to interfere with coagulation pathways and to regulate vas-
cular tone, thus pointing to a number of biologic mecha-
nisms by which EMPs may contribute to tissue remodeling
in IPF. In order to have enough material to assess potential
EMPs profibrotic effects, we used those generated in vitro
by endothelial progenitors, namely ECFCs (for endothelial
colony forming cells), activation rather than EMPs iso-
lated from patient’s plasma. MPs derived from ECFC are
thought to reproduce most progenitor cells effects through
a horizontal protein and RNAs transfer [32]. Endothelial
progenitor cell-derived MPs have been described as vec-
tors of remodeling process [33, 34]. We generated ECFC
MPs upon TNF-a activation [20] and firstly showed that
ECFCs from IPF patients had an enhanced ability to gen-
erate MPs. We then used the latter to activate normal lung
fibroblasts and showed that IPF-EMPs exhibited enhanc-
ing effects on NHLF migratory capacity in vitro.

MPs, and in general microvesicles, may play a role
in intercellular communication by acting as signaling
complexes that directly stimulate target cells, transfer
receptors between cells, deliver proteins to the target
cells and mediate a horizontal transfer of genetic informa-
tion. Migration is largely dependent on enzymatic func-
tions derived from matrix metalloproteinases (MMPs)
and plasmin. Since MPs has been described as vectors
of fibrinolytic activity, we focused our attention on the
ability of circulating MPs from IPF patients to gener-
ate plasmin. Circulating MPs display indeed a range of
plasmin generation in various pathological conditions and
this activity is partially generated by endothelial MPs,
supporting blood fibrinolytic activity. Their surface
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Fig. 2 EMPs are the main actor in circulating MPs in IPF. a E-selec-
tin, CD144 and CD31 are all significantly increased in IPF compared
to healthy controls when MPs count are expressed by percentage of
annexin-V positive MPs. b Numbers of EMPs counted in IPF patients
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Fig. 3 Vesicle formation ECFC isolated from cord blood, controls
and IPF patients. a Histograms show the numbers of MPs generated
from ECFCs upon TNF-alpha activation, quantified by flow cytome-
try. Respectively from the left to the right, cord blood ECFCs, healthy

plasminogen activation is a functional feature that dif-
fers between healthy and diseased subjects [25, 35]. Our
results show that this activity is significantly increased
in IPF patients and that a pro-fibrinolytic and a plasmin
proteolytic activity might be mediated by EMPs in this
disease. Plasmin generation systems have been shown to
enhance fibroblasts migration [36, 37]. It is clear that MP
composition drives these effects. EMPs ability to induce
migration might also modulate fibrocytes migration to the
lung. Fibrocytes are a distinct population of blood-born
cells that co-express hematopoietic cell antigens (CD45+)
and fibroblasts markers (collagen 1+). They contribute to
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eration, in gray, TNF-alpha activated EMPs generation. b Potential
effects mediated by EMPs secreted in vitro by TNF-alpha activation
on ECFCs

lung fibrogenesis in several interstitial pneumonitis such
as IPF [38] and scleroderma [39]. Attenuation of fibro-
blasts homing in mouse models directly correlates with a
reduction in pulmonary fibrosis [40, 41] and we have pre-
viously described a key role for fibroblasts in IPF-associ-
ated aberrant vascular remodeling [42]. Increased EMPs
which we have shown here to be markedly elevated in
IPF might play a role in fibroblasts migration to the lung
and therefore contribute to local fibrogenesis. Our study
has several limitations. First of all, we compared MPs
generation capacities between IPF-ECFC and healthy
controls-ECFC (including those isolated from healthy
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Fig. 4 IPF-EMPs do not mod-
ify fibroblast collagen deposit
and myofibroblast formation. a
Collagen quantification in cell
culture deposit ECM. b Fluores-
cence microscopy: Alpha-SMA
staining shows no effects of
MPE on fibroblast to myofibro-
blast transdifferentiation. Upper
panel : CB-MPs treated NHLF;
lower panel: IPF-MPs treated

Q
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% expression of «-SMA positive cells

adult donors and from cord blood). Healthy adult donors
ECEFC are difficult to obtain and more than that, as oth-
ers and we previously described [13, 18, 43, 44], number
of ECFC and their expansion properties are lower than
cord blood ECFC. We described in Fig. 3a than despite
these discrepancies in ECFC from healthy donors and
cord blood ECFC, we have the same ability of both ECFC
sources to form EMPs. Thus, we performed all functional
analysis on fibroblast activation with CB-ECFC derived-
EMPs. Moreover, circulating MPs should have been also
a good positive control to activate fibroblasts. However,
suspension of isolated MPs from peripheral blood would
lead a stimulation of NHLF with all sub-populations of
MPs and not only EMPs. Purifying EMPs from total cir-
culating MPs is a tricky point with technical limitations.
Moreover, due to the high amount of EMPs needed to

Ci

treated NHLF

15.0

125 4

10.0

TGF-B1
treated NHLF

IPF-EMPs
treated NHLF

B-EMPs

*p=0.0004

untreated CB-EMPs IPF-EMPs TGF-B1

perform these experiments, the volume of acceptable col-
lected blood from IPF patients is not high enough. ECFC
has been described to be a good reflect of vessel and a
“liquid biopsy” of vessels in particular in pulmonary dis-
ease [3], thus we think it's a good cell type to reproduce
effect of pathological EMPs from patients with IPF or
controls. Another limitation of our study is the absence of
exploration of microvesicles subtypes according to size in
plasma [45] or ECFC conditioned medium [46] as previ-
ously described.

Thus, our results indicate that according to the pathologi-
cal environment associated to the donor health status, the
properties of ECFC in term of tissue repair potential can
be affected with significant alterations of EMPs properties.
EMPs from ECFC isolated from patients with IPF could
increase devastating fibrotic process because of higher

@ Springer



232

Stem Cell Rev and Rep (2018) 14:223-235

Fig. 5 IPF-EMPs induce a a
fibroblast promigratory pheno-
type. a IPF-EMPs treated NHLF
display an increased migra-

tory capacity in vitro. Cells

are traced with intravital dye
CFSE. b Increased F-actin fib-
ers in fluorescence microscopy
(stained with phalloidin) in IPF-
EMPs treated NHLF supporting
a promigratory phenotype

Untreated NHLF

fibrinolytic properties. We also can anticipate that EMPs
from patients-derived ECFC can have some deleterious
effect on vascular system and participate to endothelial
lesion in IPF. Since extracellular vesicle has been pro-
posed in regenerative medicine, we need to identify bioen-
gineering strategies able to control the molecular compo-
sition and thereby to enhance the therapeutic potential of
microvesicles.
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In conclusion, this study has shown a marked increase
in circulating endothelial MPs in IPF. EMPs might be key
actors of pulmonary fibrogenesis in this disease through
their fibrinolytic capacities and enhancing effects on
fibroblasts migration. Their serial assessment during the
follow-up and their analysis in relation with the develop-
ment of IPF complications and outcome would help us
to evaluate their potential value of biomarkers of disease
severity.
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Fig. 6 MP from IPF patients have an increased ability to generate
plasmin. a Circulating levels of fibrinolysis mediators: healthy con-
trols (white bars) and IPF patients (black bars). Both u-PA and t-PA
are increased in IPF patients (left and right respectively). b mRNA
levels of fibrinolysis mediators in whole blood circulating cells: in
white healthy controls, in black IPF patients. u-PA and t-PA are not
significantly different in IPF patients and controls. ¢ Plasminogen
activation detected with zymography in total circulating MPs. Right
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panel: IPF-MPs generate plasmin which lysis fibrin gel comparing
to controls. Left panel: quantification of generated plasmin: IPF-
MPs have increased plasminogen activation potential. d Plasminogen
activation detected with zymography in EMPs derived from ECFCs.
Right panel: IPF-ECFCs generate plasmin which lysis fibrin gel com-
paring to controls. Left panel: quantification of generated plasmin:
IPF-ECFCs have increased plasminogen activation potential
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