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At a glance commentary:

Scientific knowledge on the subject: Extracellular vesicles (EVs) are potent mediators of
intercellular communication and have recently been implicated in chronic lung diseases.
However, the relevance of EVs in pulmonary fibrosis and their potential contribution to

pathogenesis remains unexplored.

What this study adds to the field: We report for the first time that EVs are increased in
experimental and human pulmonary fibrosis and lead to altered fibroblast function in disease.
We show that the WNT protein WNT-5A is secreted on EVs and can be found in BALF from IPF
patients. WNT-5A on EVs isolated from IPF BALF led to increased fibroblast proliferation, thus

highlighting a pathophysiological role of EVs in IPF.
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Abstract

Rationale: Idiopathic pulmonary fibrosis (IPF) is a lethal lung disease characterized by lung
epithelial cell injury, increased (myo)fibroblast activation and extracellular matrix deposition.
Extracellular vesicles (EVs) regulate intercellular communication by carrying a variety of
signaling mediators, including WNT proteins. The relevance of EVs in pulmonary fibrosis and
their potential contribution to disease pathogenesis, however, remains unexplored. Objective:
To characterize EVs and study the role of EV-bound WNT signaling in IPF. Methods: We isolated
EVs from bronchoalveolar lavage fluid (BALF) from experimental lung fibrosis as well as samples
from IPF, non IPF-ILD, non-ILD and healthy volunteers from two independent cohorts. EVs were
characterized by transmission electron microscopy, nanoparticle tracking analysis and Western
Blotting (WB). Primary human lung fibroblasts (phLFs) were used for EV isolation and analyzed
by metabolic activity assays, cell counting, gPCR and WB upon WNT gain- and loss-of-function
studies. Measurements and Main Results: We found increased EVs, particularly exosomes, in
BALF from experimental lung fibrosis as well as from IPF patients. WNT-5A was secreted on EVs
in lung fibrosis and induced by TGF-B in primary human lung fibroblasts. The phLF-derived EVs
induced phLF proliferation, which was attenuated by WNT-5A silencing and antibody-mediated
inhibition and required intact EV structure. Similarly, EVs from IPF-BALF induced phLF
proliferation, which was mediated by WNT-5A. Conclusions: Increased EVs function as carriers
for signaling mediators, such as WNT-5A, in IPF and thus contribute to disease pathogenesis.
Characterization of EV secretion and composition may lead to novel approaches to diagnose and

develop treatments for pulmonary fibrosis.

Copyright © 2018 by the American Thoracic Society

Page 4 of 53



AJRCCM Articles in Press. Published on 25-July-2018 as 10.1164/rccm.201708-15800C
Page 5 of 53

Total word count: 250

Key words: lung fibrosis, exosomes, lung fibroblasts, proliferation, WNT-5A

Copyright © 2018 by the American Thoracic Society



AJRCCM Atrticlesin Press. Published on 25-July-2018 as 10.1164/rccm.201708-15800C

Introduction

Idiopathic pulmonary fibrosis (IPF) is a lethal interstitial lung disease of yet unknown etiology
and limited therapeutic options. Current evidence suggests that IPF is a result of ongoing lung
epithelial cell injury and aberrant wound healing, which impairs epithelial to mesenchymal
crosstalk and subsequently leads to myofibroblast activation and increased deposition of
extracellular matrix components (1, 2). Extracellular vesicles (EVs) are membranous-like vesicles
with a diameter between 30-2000 nm capable of transporting proteins, lipids and nucleic acids
(3) and are mediators of intercellular communication under both physiological and disease
conditions (4). Recent studies have highlighted the potential contribution of EVs to chronic lung
diseases and have investigated the role of serum-derived EVs as potential biomarkers (5-7). The
expression and function of EVs in the local lung environment in the context of lung fibrosis and

remodeling, however, remains largely unexplored.

Alterations in the WNT signaling pathways are known to contribute to cellular (dys)functions in
pulmonary fibrosis (8-10) and more recently, it has been demonstrated that secreted WNT
proteins can be transported by EVs to exert their intercellular communication (11). The vast
majority of research has focused on the role of the WNT/B-catenin pathway in pulmonary
fibrosis, which has been linked to disturbed lung epithelial cell function and impaired repair (8-
10, 12). B-catenin independent WNT signaling in lung fibrosis is much less studied. The WNT
protein WNT-5A is largely known to exert its effects B-catenin independent and has been found
upregulated in IPF fibroblasts (13). However, its potential involvement in EV-mediated signaling

has not been investigated. In this study we aimed to characterize the EV secretion profile in
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both experimental and human pulmonary fibrosis, and to investigate the secretion of WNT
proteins on EVs. We have characterized EVs in BALF from IPF compared to non-IPF-ILD/non-ILD
patients as well as healthy volunteers in two independent cohorts. IPF-derived EVs carry WNT-
5A and we identified lung fibroblasts as a major source of EV-bound WNT-5A. IPF-derived EVs
drive fibroblast proliferation, which was largely dependent on WNT-5A. Thus, this study
highlights EVs as potential mediators of disturbed cellular function and communication in IPF.

Some of the results have been previously reported in the form of an abstract (14).

Material and Methods

Isolation and characterization of extracellular vesicles (EVs)

EVs were isolated from murine and human BALF samples, primary human cell cultures and
mouse lung tissue using ultracentrifugation (Thermofisher Scientific, Sorvall, rotors: fixed-angle
T635.5 and TFT80) following state-of-the-art protocols (15). For some EV isolations ExoQuick©
(Systems Bioscience) was used as indicated in the manuscript text and figure legends. For all EV
preparations, the EV-free-supernatant was stored at -80°C and the pellet containing EVs was re-
suspended in 30-100 pl of sterile PBS and directly used or stored at -80°C. Characterization was
performed using several methods as recommended in (15) and outlined in the supplemental

material.

Detailed description of further material and methods is provided in the online data

supplement.
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Results

Extracellular vesicle (EV) secretion is upregulated in experimental and human lung fibrosis

First, we asked the question whether the amount of EV protein and EV number is altered in lung
fibrosis. To this end, we isolated and characterized EVs from bronchoalveolar lavage fluid (BALF)
from experimental and human lung fibrosis samples and controls (Fig. 1A). BALF was collected
from mice 14 days after intratracheal bleomycin or PBS administration, or from IPF, non-IPF-ILD
and non-ILD patients (Munich cohort, Table 1) as well as IPF patients and healthy volunteers
(UCSF cohort, Table 2). Morphological assessment of EVs by transmission electron microscopy
(TEM) revealed the presence of (i) large amounts of exosomes (smaller concave vesicles
between 30 and 200nm, Fig. 1B and E1A; arrows), and (ii) a smaller fraction of microvesicles
(irregular membranous vesicles between 200 and 1000nm, Fig. 1B and E1A; arrow heads). We
further found enriched expression of the endosomal sorting complex required for transport
component Tumor susceptibility gene 101 (TSG101), a protein commonly used to identify EVs
(16) (Fig. E1B). TSG101 was increased in BALF-EVs from fibrotic lungs compared to BALF-EVs
from control (Fig. E1B), suggesting a potential increase in EVs under fibrotic conditions.
Moreover, we found a significantly increased amount of protein content in EVs from fibrotic
compared to healthy mice (Fig. 1C, EV total ug protein/mL: PBS 51.3+25.32, Bleo 266.2+114.8,
P=0.0001). Next, we quantified EV numbers and determined the size distribution by
nanoparticle tracking analysis (NTA) (Fig. 1D) or by dynamic light scattering (Fig. E1C). By NTA,
we found increased number of EVs in the BALF from fibrotic mouse lungs compared to controls,

in particular exosomes, indicating a change in number and size distribution of EVs upon fibrosis
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development (Fig. 1D, exosome particles/ml: PBS 1.93x10%+6x10° Bleo 4.3x10%+1.9x10%,
P=0.049). We next aimed to translate these findings into the human disease. We explored
whether EVs can be found in human BALF from non-ILD, non-IPF ILD and IPF patients (Table 1,
Munich Cohort,) as well as from BALF from IPF patients and healthy volunteers (Table 2, UCSF
cohort). EVs were characterized by TEM (Fig. 1E), TSG101 expression, and the absence of
Calreticulin (an ER marker absent in EVs) (Fig. E1D). We observed a significant upregulation of
EV protein content in BALF from IPF patients compared to non-ILD/non-IPF-ILD (Fig. 1F, EV total
ug protein/mL: non-ILD/non-IPF-ILD (n=12/7) 251.6%166.6, IPF (n=16) 552.3+427.3, P=0.0212).
Further, using NTA, we found a significant increase in EVs, mainly corresponding to exosomes,
(Fig. 1G, left and middle panels) in BALF from IPF patients in comparison to non-ILD/non-IPF-ILD
(Fig. 1G, right panel, particles/mL of initial sample: non-ILD (n=7) 2.2x10%+1.8x10%, non-IPF-ILD
(n=6) 3.3x10%t2.5x10%, and IPF (n=4) 6.0x10°+3.8x10% non-ILD vs. IPF, P=0.0438; and for
combined non-IPF groups vs. IPF, P=0.0387). Importantly, we confirmed an increase in EVs in IPF
in a second independent cohort of IPF patients and healthy volunteers, although this analysis
did not reach statistical significance (Fig. 1H, particles/mL of initial sample: healthy (n=8)
5.7x107+2.5x10, IPF (n=9) 3.0x10%+3.4x10%, P=0.0633). Further analysis of this cohort suggests
that EV numbers correlate with lung function (Fig. E2A). Importantly, when combining both
cohorts, EVs were significantly increased in IPF compared to non-IPF (Fig. E2B for combined
analysis, P=0.0428). Altogether, these results strongly support the notion of enhanced secretion

of EVs into the BALF, in both experimental lung fibrosis and human IPF.
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WNT-5A is upregulated in BALF-EVs from experimental and human lung fibrosis

EVs exert their function by transporting a variety of mediators and we were wondering whether
WNT proteins upregulated in IPF (13, 17) are present on EVs. We found an increase in both
WNT-5A mRNA and protein expression in lung homogenates from bleomycin- compared to PBS-
treated mice (Fig. 2A and 2B) and upregulated WNT-5A protein in lung homogenates from IPF
compared to donor tissue specimens (Fig. 2C), expanding on a previous report (13). To
investigate whether WNT secretion is increased in lung fibrosis, we analyzed the expression of
the shuttle protein G protein-coupled receptor 177 (GPR177) required for WNT secretion on EVs
(18) and found significant increased levels in lung homogenate and BALF from bleomycin-
treated mice compared to PBS-treated controls (Fig. 2D and 2E, respectively). Upregulation of
GPR177 was further confirmed in lung homogenates from IPF patients compared to donors (Fig.

2F, GPR177 protein: donors 0.35+0.25, IPF 0.48+0.16, P=0.0262).

To study if WNT-5A is indeed secreted on EVs, we looked at WNT-5A in EVs and EV-free
supernatants and found enriched WNT-5A in EVs from BALF of fibrotic mouse lungs compared
to controls (Fig. 3A). We further found WNT-5A enriched in EVs from supernatants from fibrotic
compared to healthy 3D-lung tissue cultures (3D-LTCs), suggesting that these EVs carry WNT-5A
under fibrotic conditions and can originate from distal areas of lung tissue (Fig. 3B right panel,
WNT-5A protein: PBS 0.12+0.12, Bleo 1.34+0.33, P=0.0004). These results strongly indicate that

WNT-5A is transported by EVs in experimental lung fibrosis.

Next, we aimed to elucidate the potential clinical relevance of EV-mediated WNT-5A signaling in

IPF. EVs isolated from BALF of non-ILD, non-IPF-ILD, or IPF patients were investigated for the
7
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expression of WNT-5A along with the EV-enriched proteins TSG101 and CD81, the latter being a
tetraspanin involved in EV biogenesis (19). Analyzing the same amount of EV protein, we found
increased levels of WNT-5A in EVs from IPF patients when compared to non-IPF EVs (Fig. 3C,
WNT-5A expression: non-IPF (n=5) 24.9849.51, IPF (n=7) 72.09+43.56, P=0.0408). Notably, WNT-
5A correlated with CD81 (Fig. 3D, r2=0.4586, P=0.0156), which is described to be highly
expressed on the surface of myofibroblasts (20) and as a marker of a specific EV subpopulation
(21), as well as TSG101 (Fig. E3, r’=0.3762, P=0.0339). Collectively, these results suggest that
WNT-5A expression is increased in EVs in IPF and highlight a potential role for EV-bound WNT-

5A in intercellular communication during fibrogenesis.

EVs from primary human lung fibroblasts transport WNT-5A and induce fibroblast

proliferation

WNT-5A has been recently found to be upregulated in lung fibroblasts in chronic lung disease
(22). We thus investigated whether lung fibroblasts secrete EV-associated WNT-5A in the distal
lung and isolated EVs from cell culture supernatants from primary human lung fibroblasts
(phLFs) and alveolar epithelial type 1l (phATIl) cells (Fig. 4A and B, and Fig. E4). We found an
enrichment of WNT-5A in EVs from phlLFs compared to EVs from phATIl cells (Fig. 4C),
suggesting that phLFs are a major source of WNT-5A secretion via EVs in the distal lung.

To address the potential functional implications of EVs, we investigated lung fibroblast
proliferation, which has been linked to lung fibrosis (13, 23). We collected EVs from phlLFs
supernatant and treated phLFs in an autocrine fashion as outlined in detail in M&M. Upon EV

treatment, phLFs exhibited a significant increase in their metabolic activity compared to phLFs

8
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treated with EV-free-medium (Fig. 4D, % increase in metabolic activity to control: 0.01ug EVs
19.7+10.4, P=0.0064, 0.5ug EVs 17.6£12.45, P=0.0199). Similarly, we found a significant increase
in the number of cells upon EV treatment (Fig. 4E). Notably, the proliferative effect was
significantly decreased in disrupted EVs treated with detergent prior to treatment when
compared to intact EVs (Fig. 4F). Notably, next to an effect on proliferation, we observed
decreased gene expression of the myofibroblast markers FN1, ACTA2, COL1A1 and TNC upon EV
treatment (Fig. E5). These data indicate that EV-bound WNT-5A promotes a proliferative and

not a synthetic cellular phenotype of fibroblasts.

EV-induced proliferation in lung fibroblasts is mediated by WNT-5A

To elucidate whether the effects of EVs on lung fibroblast proliferation are mediated by WNT
proteins, we used the inhibitor of WNT production molecule 2 (IWP2), which inhibits overall
WNT (24). Pre-treatment of phLFs with IWP2 efficiently decreased WNT-5A secretion in phLFs
supernatants (Fig. 5A), and importantly, reduced the proliferative capability of EVs in the
recipient phLFs when compared to EVs from vehicle-treated cells (Fig. 5B, % increase in
metabolic activity to control: DMSO (vehicle)-EV 45.8+26.6 vs. IWP2-EV 27.0+12.3). To further
confirm that the proliferative effect was mediated specifically by WNT-5A, we performed siRNA-
mediated silencing of WNT-5A in phLFs prior to EV-isolation, which efficiently inhibited WNT-5A
secretion while not modifying the expression of the EV-enriched proteins CD81 and TSG10 or
the EV secretion profile (Fig. 5C and Fig. E6A and E6B). Notably, WNT-5A-depleted EVs exhibited
significant reduced potential to induce proliferation (Fig. 5D, % increase in metabolic activity:

scramble siRNA-EV 23.7415.5 vs. WNT-5A siRNA-EV 4.249.1, P=0.0401). These results are

9
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further supported by the finding that WNT-5A silencing in fibroblasts decreased mRNA and
protein expression of the cell cycle regulator Cyclin-D1 (Fig. 5E and 5F, respectively). To further
confirm these results and exclude off-target effects on EV composition by silencing WNT-5A, we
incubated EVs with a WNT-5A neutralizing antibody (WNT-5A-AB) prior to phLFs stimulation,
which also decreased the potential of EVs to induce proliferation (Fig. 5G, % increased
metabolic activity: EV+IgG 23.8+10.3 vs. EV+WNT-5A-AB 10+14.6, P=0.0449). In summary, these
results provide evidence that WNT-5A mediates the pro-proliferative effect of EVs on lung

fibroblasts.

TGF-B leads to increased WNT5A secretion on EVs and exaggerated proliferation of phLFs
Transforming growth factor (TGF)-B is a key profibrotic cytokine (25) and has recently been
reported to induce WNT-5A expression in lung fibroblasts (23). TGF-B stimulation of phLF led to
an increased secretion of GPR177 when compared to control-EVs (Fig. 6A), and further
increased WNT-5A in EVs (Fig. 6B, WNT5A protein in EVs: ctrl 0.5240.33, TGFB 1.68+0.66,
P=0.0262). Of note, WNT-5A was particularly enriched in the EV fraction compared to the EV-
free supernatant (Fig. 6B). Accordingly, we further observed that TGF-B-derived EVs induced a
dose-dependent increase in proliferation (Fig. 6C). This effect was reduced when EVs were

incubated with WNT-5A antibody before treatments on EV recipient cells (Fig. 6D).

10
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EVs from BALF of IPF patients increase lung fibroblast proliferation in a WNT-5A-dependent

manner

Finally, we wondered if EV-associated WNT-5A in BALF from IPF patients was able to induce
fibroblast proliferation. We isolated EVs from different IPF-BALFs and all of them significantly
increased phLF proliferation in a dose-dependent manner as measured by total metabolic
activity (WST-1 assay), cell counting, as well as by a DNA-synthesis based method (BrdU assay)
(Fig. 7A, B and C, respectively). An intact EV structure was required for the effect on
proliferation (Fig. 7D). Importantly, the induction of proliferation was significantly decreased
when IPF-EVs were pre-incubated with a WNT-5A-AB (Fig. 7E, % increased metabolic activity:

EV+IgG 19.3+10 vs EV+W5A-AB 8+13.9, P=0.0284).

11
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Discussion

Extracellular vesicles (EVs), including exosomes, are secreted membranous vesicles known to
drive biological processes by transporting a variety of cargos depending on the cellular source
and context (5). Within the last years, EVs have emerged as essential vehicles of both
physiological and pathological processes by harboring specific mediators of a (diseased) cell and
facilitating communication with other cellular compartments and tissues. Within the lung, our
understanding of EV function in disease has just recently begun to grow, with studies
highlighting a potential role of EVs in lung cancer and inflammatory lung disease (5, 26, 27).
However, besides an observational study detecting increased tissue factor activity in
microparticles from BALF from ILD patients (28), EV function in the context of fibrotic processes
in the lung, remains unknown. Here, we demonstrate for the first time that 1) EVs, in particular
exosomes, are increased in experimental and human pulmonary fibrosis, that 2) WNT-5A can be
detected on EVs derived from lung biosamples, and that 3) EVs - in part via WNT-5A - contribute

to fibroblast function, and thus disease pathology.

Research in EV biology is highly dependent on standardized protocols for the isolation (15) and
proper characterization (29). Here, we largely used serial ultracentrifugation to isolate EVs,
which is a state-of-the-art method that does not modify the original sample. We used a variety
of methods to characterize EV populations based on morphology, number, size, and expression
of EV-enriched proteins in murine and human biosamples. These analyses resulted in the first
description of intact exosome enriched-vesicles from BALF fluid of fibrotic murine and human
lungs that exhibit functional properties.

12
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EVs are prime mediators for intercellular communication. In IPF, altered cellular crosstalk and
communication is a key feature with aberrant epithelial wound healing and fibroblast activation
and proliferation (1). Here, we describe that lung fibroblasts are a source of EVs and
demonstrated autocrine effects of EVs on fibroblast proliferation, which was enhanced by TGF-
B. Similarly, MSC-derived exosomes were found to induce dermal fibroblast proliferation (30). In
addition to lung fibroblast proliferation, myofibroblast differentiation occurs during lung
remodeling (25). It is thought that fibroblasts exert different phenotypes within a fibrotic lung
based on their spatio-temporal distribution. Notably, we did not observe that fibroblast-derived
EVs promote myofibroblast differentiation, but rather decrease mRNA levels of myofibroblast
markers and as such might promote a proliferative rather than a synthetic phenotype. Similarly,

MSC-derived exosomes have also been reported to suppress myofibroblast differentiation (31).

We found that the effect of EVs on fibroblasts was to a large extent mediated by WNT-5A.
Disturbed WNT signaling has been implicated in the pathogenesis of several chronic lung
diseases, including IPF (12, 17). WNT-5A has been found in IPF fibroblasts (13, 23) and more
recently, we found upregulated WNT-5A in early fibrotic like changes in human 3D-LTCs (32).
Thus far, most studies have focused on the WNT/B-catenin pathway in IPF, while B-catenin
independent WNT signaling is much less explored. While WNT-5A has been largely reported to
act B-catenin independent, also B-catenin dependent function can be observed. Nabhan et al.
recently reported that WNT-5A expressing fibroblasts might induce WNT/B-catenin signaling in
ATII cells (33), however, if this effect is mediated by EVs has not been investigated. Importantly,

Gross et al. discovered that WNT proteins are transported on EVs (11), thus urging us to

13
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investigate the role of EVs, and in particular EVs carrying WNT proteins, in lung fibrosis. WNT
transport on EVs has important implications with respect to the signaling range of WNT
proteins, which is thought to be rather short and limited to close neighboring cells. EV-mediated
transport can contribute to a larger signaling range of WNT proteins and thus determine the
signaling outcome on other cells. WNT-5A has also been reported to promote processes as
fibroblast adhesion (34) or invasion (35), as well as epithelial-mesenchymal transition (36),
which need to be further studied in the context of EV-associated WNT-5A. Here, we
demonstrate that WNT-5A on EVs promotes fibroblast proliferation, and importantly, this effect
could not only be attenuated by siRNA-mediated WNT-5A knockdown, but further by antibody-
mediated neutralization of WNT-5A on EVs or upon destruction of EV structure. These data

corroborate that indeed WNT-5A transported by EVs, is responsible for the observed effects.

We report that fibroblasts are a major source for WNT-5A bound EVs and our data suggest that
these contribute to EVs in BALF from IPF patients. However, it is highly likely that other cells
contribute to the EV composition of the BALF in IPF, such as epithelial cell or immune cell
subpopulations, which thus might alter the functional outcome. Therefore, it will be important
to further investigate EV heterogeneity in the BALF of IPF patients, EVs from different cellular
sources and their distinct effects on the fibrotic lung cell phenotypes. Here, we provide
evidence that WNT-5A bound EVs in IPF BALF contributes to the functional effects, thus
suggesting that fibroblast derived EVs can be found in IPF BALF. However, future studies are
needed to decipher if BALF EVs from other (fibrotic) lung disease also promote cellular

proliferation and if and how other disease-specific mediators are involved in that process. We

14
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recently reported that fibroblast-derived WNT-5A affects alveolar epithelial cell function in
COPD (22), highlighting the need to further investigate EV-mediated mesenchymal-epithelial
crosstalk. Interestingly, we found that WNT-5A was able to inhibit WNT/B-catenin driven repair
in COPD (22, 37). Nevertheless, in IPF, several lines of evidence suggest active WNT/B-catenin
signaling in the lung epithelium (38). These probably disease-specific effects on cellular
phenotype might be mediated by the distinct composition of EVs or a specific surface receptor
profile on the recipient cell. It has been demonstrated that EVs are taken up by specific cell
types due to a distinct integrin expression pattern (39). Another intriguing hypothesis is that EVs
- depending on the microenvironment - harbor diverse components of a specific pathway,
including specific signaling receptors that enable the recipient cell to exert novel functions and

phenotypes.

Our work further raises the more general question whether EVs promote lung fibrosis
development or might have a protective role in vivo. Notably, several studies to date indicate
that EVs play versatile roles depending on the (disease) specific microenvironment with MSC
derived-EVs able to facilitate tissue repair (31, 40, 41), and modulating myofibroblast
differentiation in IPF fibroblasts (42), while others have suggested proinflammatory roles
(43)(44)(27). Moreover, EVs derived from lung cancer cells modulate the tumor
microenvironment and can promote tumor metastasis (26, 45, 46). Thus, additional studies
inhibiting EV secretion or altering EV composition in vivo, ideally in a cell-specific manner, are

needed to elucidate the potential damaging versus resolving role of EVs in pulmonary fibrosis.
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We investigated a limited amount of patient samples in this study to provide first evidence that
EVs are increased in IPF and carry important functional mediator, such as WNT-5A. A
comprehensive characterization of EVs requires large amount of biosamples, which restricted
the overall number of patient samples we could investigate in this study. While both
independent cohorts showed similar results, future investigations of larger cohorts will be
essential to further confirm the potential correlation of EVs with clinical parameters, such as
lung function. These studies will need to consider the heterogeneity of the BALF samples (such
as differential cell counts), include different ILDs, and allow adjustment for parameter as age
and gender. Furthermore, it will be interesting to explore the potential role of EVs as blood
biomarkers for ILDs (47), and other EV components such as DNA, mRNA or microRNAs that

might contribute to disease (5, 26, 48).

In summary, our present study reports for the first time that EVs can be found in in
experimental and human pulmonary fibrosis, carry fibrotic mediator such as WNT-5A, and
contribute to fibrogenesis. Further investigations of EVs in this devastating disease to better
understand the contribution to fibrotic pathomechanisms, as well as to elucidate their potential

as therapeutic and biomarkers are warranted.
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Tablel

Characteristics Control, CoP HP IPF All
non-ILD*

N = 12 2 5 16 35

Male gender, no. (%) 3 (25%) 1 (50%) 3 (60%) 10 (63%) 17 (49%)

Age (years + SD) 57.4+14.3 73+1.5 55.6+5.9 68.7+£11.0 63.8%+12.3

FVC (L £ SD) 49+04 5.0+0.8 4.2+0.7 3.4+0.7 3.8+0.8

DLCO (% pred +SD)  77.1+10.7  82+11 439+7.16 543+126 60.3+185

Tablel. Characteristic of the patients included in the Munich cohort.

Footnotes: *control non-ILD group: diagnostic evaluation of unclear cough (n=10), Previous breast
cancer metastasis (n=1) and post-transplantation (n=1). All with no signs of ILD. Abbreviations; COP:
Cryptogenic organizing pneumonia, HP: Hypersensitivity pneumonitis, FVC: Forced vital capacity, DLCO:
diffusing capacity of the lung for carbon monoxide.
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Table 2

Characteristics Healthy IPF All
volunteers

n= 8 9 17

Male gender, no. (%) 4 (50%) 9 (100%) 13 (76%)

Age (years + SD) 57.5+£6.7 71.1+£33 64.7 £ 8.6

FVC (L SD) 4310 3612 4011

DLCO (% pred £SD)  no data 479+129 -

Table2. Characteristic of the patients included in the UCSF cohort.

Footnotes: Abbreviations; FVC: Forced vital capacity, DLCO: diffusing capacity of the lung for carbon

monoxide.
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Figure legends

Figure 1. Extracellular Vesicle (EV) secretion is increased in experimental and human pulmonary
fibrosis. (A) Scheme of the protocols used for the isolation of EVs in bronchoalveolar lavage fluid
(BALF) and cell culture (supernatant (SN)). Abbreviations: extracellular vesicle pellet: EV-P,
extracellular vesicle-free supernatant: EV-free-SN. (B) Representative transmission electron
microscopy image of EVs isolated from BALF of mice treated with PBS (vehicle) or bleomycin
(BALF-EV PBS, BALF-EV Bleo, respectively). BALF was collected at day 14 post-instillation. Arrows
indicate exosomes and arrowheads indicate microvesicles. (C) Total protein quantification in EVs
isolated from BALF from PBS- and bleomycin-treated mice (n=8 per group). (D) Histogram
showing the results of nanoparticle tracking analysis (NTA) performed on same samples as in B
(measurements in triplicates; n=3 per group) (left), graph of the vesicles grouped in exosomes
(Exo; 30-200nm) or microvesicles (MVs; 200-2000) (middle), and statistics for the exosomal
fraction (right). Data is represented as particles/mL of EV fraction. (E) Representative
transmission electron microscopy images of EVs isolated from BALF from non-ILD or IPF
patients. (F) Total protein quantification in EV-pellets isolated from BALF from non-ILD/non-IPF-
ILD (n=12/7) and IPF (n=16) patients. (G) NTA analysis determining the size and number of the
vesicles isolated from BALF from non-ILD (n=7), non-IPF-ILD (n=6), and IPF (n=4) patients.
Measurements were done in 5 replicates (right), graph representing the results in Exo (30-
200nm) versus MVs (200-1000nm) (middle), and statistics representing the amount of EVs in in
the three groups (left). Data is represented as particle/mL related to initial sample. (H)

Quantification of EVs isolated from BALF of healthy volunteers or patients with IPF from a
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second cohort of patients (Table 2). Data is represented as particle/mL related to initial sample.

All EVs were isolated by ultracentrifugation. Student’s t-test; *p<0.05, ***p<0.001.

Figure 2. WNT-5A is upregulated in lung homogenates from experimental and human
pulmonary fibrosis. (A-B) Expression of WNT-5A (A) protein and (B) mRNA level in lung
homogenates from PBS- or bleomycin-treated mice (n=3-8 mice per group). (C) Protein analysis
of WNT-5A expression in lung homogenates from donors and IPF patients and subsequent
densitometry analysis (n=6 per group). (D-E) Expression of the WNT shuttle protein GPR177 in
(D) lung homogenates and (E) BALF from PBS- or bleomycin-treated mice (n=3 per group).
Ponceau S staining was used as loading confirmation. (F) Protein expression of GPR177 in lung
homogenates from donors (n=7) and IPF (n=7) patients and subsequent densitometry. Student’s

t test was used in all statistics; *p<0.05, **p<0.01, ***p<0.001.

Figure 3. Increased WNT-5A is carried on EVs in pulmonary fibrosis. (A-B) Analysis of TSG101
and WNT-5A in (A) whole EV-Pellets from BALF (n=3 per group) and (B) EV-Pellets isolated from
3D-lung slices culture supernatants from PBS- and bleomycin-treated mice by ExoQuick® (n=4
per group). Equal amount of EV pellets was loaded (10ug). Densitometry analysis of panel B:
WNT-5A expression relative to Ponceau (right panel), Student’s t test. (C) Protein analysis of EV-
enriched proteins TSG101 and CD81, as well as WNT-5A in EV-P isolated by ultracentrifugation
in BALF from non-ILD (n=3), IPF (n=7) and Hypersensitivity Pneumonitis (HP) (n=2), and
corresponding densitometry of WNT-5A relative to Ponceau, Student’s t test. (D) Correlation
between WNT-5A and CD81 expression (dots represent single values; linear regression test).

Ponceau S staining was used for loading confirmation. *p<0.05, **p<0.01.

4
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Figure 4. Human lung fibroblasts are a source of EVs, which induce lung fibroblast proliferation.
(A) Representative transmission electron microscopy images of EVs isolated from (A) primary
human lung fibroblasts (phLFBs) and (B) primary human epithelial type Il (phATIl) cell culture
supernatants. (C) Comparison of the EV-enriched proteins TSG101 and CD81, as well as WNT-
5A, in equally-loaded EV Pellets isolated from phLFBs or phATII cell culture supernatants.
Ponceau S staining was used as loading control. (D-E) Assessment of proliferation by WST-1
assay (D) or cell counting (E) of phLFs stimulated with EVs at the indicating concentrations for
48h (n=3 and n=6 respectively; 1way ANOVA; Dunnett’s post-test; p<0.05). (F) Proliferation
analysis by WST-1 assay in phLFs stimulated with autocrine EVs alone (EV) or pre-treated with

detergent (EV+triton). N=3 per group. Paired Student’s t test; p<0.05.

Figure 5. Human lung fibroblast-derived EV induced lung fibroblast proliferation is WNT-5A
dependent. (A) Detection of WNT-5A protein in phlLFs supernatants after treatment with
inhibitor of WNT protein secretion IWP2 or DMSO as control (data show n=3 independent
experiments). (B) Proliferation analysis by WST1-assay after 48 h stimulation of phLFs with 0.5
ug prot./ml of autocrine EVs isolated in phLFs following treatment with IWP2 (IWP-EV) or DMSO
control (DMSO-EV) (n=4 per group). (C) Analysis of WNT-5A protein in supernatants from phLFs
treated with WNT-5A siRNA (siW5A) or scrambled siRNA control (scr) for 24h. Ponceau S
staining was used for loading confirmation of the supernatants. (D) Proliferation assay after 48 h
stimulation of phLFs with 0.5 pg protein/ml of EVs isolated from phLFs after treatment with
WNT-5A siRNA (siW5A-EV) or scrambled (scr-EV) (n=3 per group). (E) mRNA levels and (F)

protein expression of cyclin D1 gene (CCND1) after 24 h stimulation of phLFs with siWNT-5A
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(siW5A) or scrambled siRNA (scr) as control. n=3 per group. (G) Proliferation assay after 48 h
stimulation of phLFs with 0.01 pg proein./ml of autocrine EVs that have been incubated with 1
pug of WNT-5A neutralizing antibody (EV+W5A AB) or IgG control (EV+IgG) (n=3 per group)..

Paired Student’s t test for all; P<0.05.

Figure 6: TGF-B induces WNT-5A expression in phLFs-EVs. (A) Protein levels of secreted GPR177
in the supernatants of phLFs after stimulation with TGF-B and subsequent densitometry relative
to Ponceau. n=3 per group, paired Student’s t test; p<0.05. (B) Protein expression analysis of
endoplasmatic reticulum protein Calreticulin, the EV-enriched protein CD81 and WNT-5A in: cell
lysates (CL), pure supernatants (pSN), EV-Pellets (EV-P) and EV-free-supernatants (EV-free-SN)
from phLFBs treated with TGF-B (2ng/ml) for 48 h, and respective densitometry analysis of
WNT-5A relative to CD81 (graph represents 3 independent experiments; paired Student’s t test;
p<0.05). (C-D) Assessment of proliferation by WST-1 assay of phLFs stimulated for 48h with (C)
EVs from TGF-B-stimulated phLFs at the indicating concentrations (n=4; 1way ANOVA, Dunnett’s
post-test (*), Bonferroni post-test (#); p<0.05), and (D) same EVs incubated with WNT-5A

antibody, paired Student’s t test; p<0.05.

Figure 7: WNT-5A on BALF-EVs from IPF patients drive lung fibroblast proliferation. Assessment
of proliferation by (A) WST-1 assay, (B) cell counting or (C) BrdU assay of phLFs stimulated with
EVs isolated from human IPF-BALF at the indicating concentrations for 48h (1way ANOVA,
Dunnett’s post-test, n=7, n=3 and n=8; respectively). (D) Proliferation analysis by WST-1 assay in
phLFs stimulated with IPF-EVs alone (EV) or pre-treated with detergent (EV+triton). N=4 per

group. Paired Student’s t test; p<0.05. (E) Proliferation assay by WST-1 of donor phLFs after 48h

6
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treatment with human IPF-BALF-EVs incubated with WNT-5A antibody (W5a AB) or I1gG control

(n=7 per group; paired Student’s t test; p<0.05).
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Online Data Supplement

Increased extracellular vesicles mediate WNT-5A signaling in idiopathic pulmonary fibrosis

Supplemental materials and methods

Patient cohorts for bronchoalveolar lavage fluid (BALF) analysis

Bronchoscopy with bronchoalveolar lavage (BAL) was performed in a single sub-segment of the right
middle lobe or lingual and BAL fluid (BALF) was collected according to a standardized protocol (1) with a
total of 100 mL of sterile saline instilled, and similar returns among subject groups; analytes were
normalized by volume. The BALF was kept on ice and processed within 1 hour of collection then frozen at
—80C. BALF was collected in two independent cohorts (Munich and UCSF, respectively). All patient
diagnoses were made in accordance with established criteria (2). In case of Non-ILD patients, BALF was
performed for diagnostic evaluation (unclear cough) and ILD was excluded (see also Table 1). The
diagnosis of non-IPF ILD and IPF was determined by a pathology core consisting of two pulmonary
pathologists, a radiology core consisting of three pulmonary radiologists, and a clinical core consisting of
five pulmonary physicians. Informed consent was obtained from every patient in order to collect human
BALF from both cohorts of patients. The Munich study was approved by the ethics committee at the
LMU (Ludwig-Maximilians Universitdit Minchen, Germany, Ethics Approval 382-10) and patient
characteristics are presented in Table 1. The UCSF study cohort was approved by the University of
California San Francisco (UCSF) ethics committee (study #12-09662) and patient characteristics are

presented in Table 2.

Patient cohorts for lung tissue homogenates and cell isolations

All lung tissue samples were collected in frame of the European IPF registry (eurlPFreg) and provided by

either the UGMLC Giessen Biobank (member of the DZL Platform Biobanking, Ethics Approval No. 111/08
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and 58/15) or the CPC Bioarchive CPC-M at the University Hospital Grosshadern of the Ludwig
Maximilian University (Ethics Approval 333-10, 455-12). Control tissue was obtained from transplant
specimens that failed lung transplantation criteria. Lung tissue homogenates from 6 patients with
sporadic IPF (mean age (years): 51 (42-61) and 6 non-disease controls (organ donors; mean age (years):
54 (42-62) were used for Western Blot analysis in Figure 2C. Lung tissue homogenates from 7 patients
with sporadic IPF (mean age (years)): 49 (34-61) and 7 non-disease controls (organ donors; mean age
(years): 54 (42-61) were used for Western Blot analysis in Figure 2F. The phATII cells were isolated as

previously described (3, 4) and the isolation of phLFs was also performed as previously described (5).

Cell culture

The phATII cells were cultured in Dulbecco’s Modified Eagle’s medium/Nutrient mixture F12 medium
(DMEM/F-12) supplemented with 10% (v/v) FCS (Pan-Biotech, Germany), and 1% (v/v) antibiotics (100
ug/ml streptomycin and 100 U/ml penicillin, Gibco, USA). 48h post-isolation, cells were washed with PBS
and cultured for 48h in DMEM/F-12 supplemented with 1% of extracellular vesicle (EV)-depleted FCS
(System Biosciences, USA) and 1% (v/v) antibiotics. The phLFs were grown to 80% confluence in
DMEM/F-12 supplemented with 20% (v/v) FCS, and 1% (v/v) antibiotics (100 ug/ml streptomycin and 100
U/ml penicillin). Cells were then starved in 0.1% FCS 1% antibiotics medium for 24 h and, afterwards, all
treatments were performed for 48 h in EV-depleted medium; DMEM/F-12 supplemented with 1% EV-
depleted-FCS (System Bioscience, USA), and 1% antibiotics. The phLFs were treated with TGFB (2ng/ml)
or BSA as control prior to EV isolation. 50ml of the supernatants from each condition were used for EV
isolation. Depletion of WNT ligand secretion was performed by treatment of phLFs with 100nM of IWP2
(Sigma Aldrich) or DMSO as vehicle (treatments were refreshed once after 24 h by adding IWP2 or DMSO
to the supernatants). 1ml of the supernatants was collected to confirm WNT-5A depletion, and the

remaining volume was subjected to EV isolation.
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Animals

Female C57BL/6N mice free of pathogen of 8-10 week-old (Charles River Laboratories, Sulzfeld,
Germany) were used for experimental lung fibrosis. All animal studies were conducted under strict
governmental and international guidelines and approved by the local government for the administrative
region of Upper Bavaria (Project 55.2-1-54-2532-88-12). To induce lung fibrosis, mice were instilled
intratracheally with 2U of Bleomycin (Almirall, Barcelona, Spain) per kg body weight dissolved in 50 pl of
sterile PBS applied as a single dose per animal using the Micro-Sprayer Aerosolizer, Model IA-1C (Penn-
Century, Wyndmoor, PA). PBS alone was instilled as control. At day 14 post-instillation, mice were
sacrificed for the extraction of BALF and lung lobes. The 3D-Lung Tissue Cultures were generated from
bleomycin- or PBS-treated mice (day 14 post-instillation) as described in (6) and kept in culture for 72
hours in EV-depleted medium supplemented with 2.5% amphotericin B (Sigma Aldrich, St Louis, MO) for

subsequent EVs isolation.

WNT-5A inhibition

For WNT-5A neutralizing antibody experiments, EV-Pellets from phLFs were incubated with 1ug of either
aWNT-5A antibody (RND systems: MAB645) or control IgG antibody (RND systems: MABOO6) for 30 min
before stimulation. For WNT-5A siRNA experiments, phLFs were transfected as described before (5). To
analyze Cyclin-D1 expression, cells were further starved in 0.1% FCS, 1% antibiotics DMEM/F-12 medium
for 24 h. For the other analysis, cells were kept in EV-depleted medium for 48 h prior to the isolation of

EVs that were used for functional experiments.

Proliferation assay

Protein content was quantified by Pierce™ BCA Protein Assay Kit (Thermofisher Scientific, Massachusetts

USA) in EV-Pellets obtained from the treatments in phLFs mentioned above or from BALF from IPF
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patients. Next, EV-Pellets were used at concentrations of 0.01, 0.5 or 1.5 pg protein/ml to treat donor
phLFs (previously seeded in a 96-well plate at density of 5.000 cells/well) for 48 h. Proliferation was
assessed by cell counting, WST-1 Cell Proliferation Reagent (ab155902, Abcam, Cambridge, UK) and BrdU

cell proliferation kit (#6813, Cell Signaling, USA) according to manufacturer’s instructions.

Immunoblotting

Cells, lung homogenates and EV-Pellets were lysed in Radio-Immunoprecipitation Assay (RIPA) buffer
supplemented with protease and phosphatase inhibitors (Roche Diagnostics, Mannheim, Germany) and
protein concentrations were quantified using a BCA assay (Bio-Rad). Samples were concentrated if
necessary by Amicon Ultra-0.5 centrifugal filters (Merck Millipore, Amsterdam, The Netherlands).
Reducing conditions (4x Laemmli loading buffer: 150 mM Tris HCl, 275 mM SDS, 400 mM dithiothreitol,
3.5% (w/v) glycerol, 0.02% bromophenol blue) were used for the detection of GPR177 and non-reducing
(without dithiothreitol) for the rest of proteins. For murine BALF-EVs, whole EV-Pellets lysates were
loaded into the gel, whereas a constant protein amount (10 pg) was used for comparison of EVs
obtained from 3D-LTCs, human BALF and phLFs or phATII cell culture supernatants. Samples were loaded
into a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane that was blocked afterwards in 1x
RotiBlock (Carl Roth, Germany). Blocked membranes were incubated with primary antibodies directed
against TGS101 (HPAOO06161, Sigma Aldrich), CD81 (DLN-09707, Dianova, Hamburg, Germany),
Calreticulin (#2891S, Cell Signaling, USA), GPR177 (sc-13635, Santa Cruz Biotechnology, CA, USA) or
WNT-5A (MAB645, R&D systems, Abingdon, UK) at dilution of 1:1000 in 1x RotiBlock. Finally, membranes
were incubated with HRP-conjugated secondary antibodies anti-rabbit (NA934V) and anti-rat (NA935V)
from GE healthcare (Munich, Germany). The signal was detected by enhanced chemiluminescence

reagents (Pierce ECL, Thermo Scientific, UIm, Germany) and it was imaged at ChemiDoc™ XRS+ system
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(Biorad, Munich, Germany). Ponceau S staining (Sigma Aldrich) or HRP-conjugated B-actin (A3854, Sigma

Aldrich) were used as loading controls.

Quantitative RT-PCR

Total RNA was isolated from cells or lung homogenates using the RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions. Reverse transcription was performed by
SuperScriptll (Life Technologies) and cDNA products were subjected to quantitative RT-PCR using SYBR
Green and LightCycler 480 system (Roche). Mouse and human Hypoxanthine-guanine
phosphoribosyltransferase (Hprt) was used as housekeeping gene for all the experiments. The following

primers were used for the reactions: human WNT-5A 5 CCAAGGGCTCCTACGAGAGTGC3’,

3"CACATCAGCCAGGTTGTACACCGS'; human CCND1 5'CCGAGAAGCTGTGCATCTACAC3’,
5'AGGTTCCACTTGAGCTTGTTCAC3’; human FN1 5'GGATGTGTGGCAGATAGGATGTATT3’,
3"CAATGCGGTACATGACCCCTS; human ACTA2 5"CGAGATCTCACTGACTACCTCATGAS3’,

3"AGAGCTACATAACACAGTTTCTCCTTGAS'; human COL1A1 5’CAAGAGGAAGGCCAAGTCGAG'3,
5" TTGTCGCAGACGCAGATCC'3; human TNC 5'CCATCTATGGGGTGATCCGG3’,
3'TCGGTAGCCATCCAGGAGAGS, and mouse Wnt-5a 5"GACTCCGCAGCCCTGCTTTG3',

5"CCAATGGGCTTCTTCATGGCGAG3'.

Nanoparticle tracking analysis

Quantification and size distribution assessment of EV following isolation were analyzed using a particle-
tracking system (NanoSight NS300, Malvern Panalytical, UK). In brief, diluted EV samples (in 500ul of
PBS) were injected at a constant flow into the fluidic chip using a single syringe pump module. Vesicle
courses were recorded with a fast video capture system for a total of 5 records of 30 sec each. Based on
the dynamic light scattering and the Brownian motion of individual vesicles, the dedicated software (NTA

3.1, Malvern Panalytical, UK) reported a profile of the EV preparation with both vesicle size and
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concentration. For quantification of EV, concentration of EVs has been calculated from 3 (for mouse
BALF) or 5 (for human BALF) replicate measurements according to the sample volumes and expressed as

number of EVs per ml of initial sample.

Transmission electron microscopy

To characterize the morphology of the vesicles by transmission electron microscopy, EVs were serial
diluted and collected in carbon-coated copper grids, then the samples were stained with uranyl acetate

and imaged using a Zeiss Libra 120 Plus microscope (Carl Zeiss NTS GmbH).

Disruption of EV membrane by detergent

EV-Pellets from phLFs or BALF from IPF patients were incubated with 0.075% triton (diluted in 0.1% EV-
depleted FCS containing medium) for 30 minutes as previously described (7) and then used to treat
donor phlFs at the concentration of 0.5ug EV prot./mL for the functional analysis. EV-free medium at the

same concentration of triton without EVs was used as control.

Statistical analysis

All data is expressed as meantSD and analyzed with GraphPad Prism 5 software (La Jolla, CA, USA).
Student’s t test was used with comparison between PBS and bleomycin groups, whereas paired
Student’s t test was applied to experiments involving phLFs. For comparison of more than 2 groups, One-
way ANOVA was used followed by Dunnett’s or Bonferroni post-hoc test. Normal distribution of the data
distribution was determined by Kolmogorov-Smirnov testing with Lilliefors’ correction before applying

unpaired Student’s t test.
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Supplementary Figure Legends

Supplementary figure E1: Characterization of EVs isolated in mouse and human BALF. (A) Representative
images of transmission electron microscopy, and (B) protein analysis of the EV-marker TSG101 in EV-
free-supernatants (EV-free-SN) and EV-Pellets (EV-P) of BALF from PBS- or bleomycin-treated mice. (C)
Analysis of the size distribution of EVs by dynamic light scattering in BALF-EVs from PBS- (left) and
bleomycin-treated mice (right). EV-Pellets were serial diluted to fit the range of sensitivity. EVs were
isolated by ExoQuick®. Pool of 2 mouse BALFs per n; n=3 per group. (D) Protein analysis of the ER-marker
Calreticulin and the EV-enriched protein TSG101 in cell lysates (CL), pure BALF (pBALF), EV-Pellets (EV-P)
and EV-free-BALF-supernatants (EV-free-SN) of human BALF sample from patients with non-IPF ILD, IPF
or non-ILD. EVs were isolated by ultracentrifugation. Ponceau S staining was used as loading

confirmation.

Supplementary figure E2: EV are dysregulated during IPF. (A) Correlation of lung function parameter
(%FVC) with EV amount isolated from BALF of patients with IPF (UCSF Cohort, Fig 1H). Dots represent
single patient values, correlation coefficient is indicated. (B) Comparison of EV amount secreted in BALF
from non-IPF and IPF patients. Quantification by nanoparticle tracking analysis of EV amount in BALF
from non-IPF (n=21) and IPF (n=13) patients. The data of 2 different cohorts was combined (white;
Munich cohort, grey; UCSF cohort). Measurements were done in 5 replicates. Unpaired Student’s t test,

*P<0.05.

Supplementary figure E3: Correlation of WNT-5A with TSG101 expression in EVs isolated from human
BALF. Graph representing the band intensity of WNT5A and TSG101 from Fig. 3D (dots represent single

values; linear regression test; P<0.05).
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Supplementary figure E4: Characterization of EVs isolated from cell culture supernatants. Nanoparticle
tracking analysis (meantSD; 5 measurements performed each) of EVs isolated from primary human lung

fibroblasts.

Supplementary figure E5: Effect of primary human lung fibroblasts-derived EVs on (myo)fibroblast gene
expression. phLFs were treated with EVs derived from the same patient at the concentration of 1.5ug EV
prot/mL (n=6-9) and mRNA levels of FN1, ACTA2, COL1A1 and TNC were assessed. Paired Student’s t

test; *P<0.05, **P<0.01.

Supplementary figure E6: Characterization of EVs upon WNT-5A silencing in primary human lung
fibroblast. (A) Protein analysis of the EV-enriched proteins TSG101 and CD81 in EV-Pellets isolated from
phLF transfected with a siRNA targeting WNT-5A or a control siRNA (left panel). Ponceau S staining was
used as loading confirmation and to normalize protein expression. Densitometry of CD81 (middle) and
TSG101 (right) relative to Ponceau are presented. (B) Quantification by nanoparticle tracking analysis of
EV secretion from phLF transfected with a siRNA targeting WNT-5A or a control siRNA. Paired Student’s t

test.
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Supplement figure E1
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Supplement figure E3
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Supplement figure E4
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Supplement figure E6
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