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Microparticle-Mediated Transfer of the Viral Receptors
CAR and CD46, and the CFTR Channel in a CHO Cell
Model Confers New Functions to Target Cells
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1Université Lyon 1, UCBL-INRA-EPHE UMR-754, Retrovirus & Comparative Pathology, Lyon, France, 2 Equipe labellisée Ligue 2009, Unité BM2SI, UMR 5086 CNRS-
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Abstract

Cell microparticles (MPs) released in the extracellular milieu can embark plasma membrane and intracellular components
which are specific of their cellular origin, and transfer them to target cells. The MP-mediated, cell-to-cell transfer of three
human membrane glycoproteins of different degrees of complexity was investigated in the present study, using a CHO cell
model system. We first tested the delivery of CAR and CD46, two monospanins which act as adenovirus receptors, to target
CHO cells. CHO cells lack CAR and CD46, high affinity receptors for human adenovirus serotype 5 (HAdV5), and serotype 35
(HAdV35), respectively. We found that MPs derived from CHO cells (MP-donor cells) constitutively expressing CAR (MP-CAR)
or CD46 (MP-CD46) were able to transfer CAR and CD46 to target CHO cells, and conferred selective permissiveness to
HAdV5 and HAdV35. In addition, target CHO cells incubated with MP-CD46 acquired the CD46-associated function in
complement regulation. We also explored the MP-mediated delivery of a dodecaspanin membrane glycoprotein, the CFTR
to target CHO cells. CFTR functions as a chloride channel in human cells and is implicated in the genetic disease cystic
fibrosis. Target CHO cells incubated with MPs produced by CHO cells constitutively expressing GFP-tagged CFTR (MP-GFP-
CFTR) were found to gain a new cellular function, the chloride channel activity associated to CFTR. Time-course analysis of
the appearance of GFP-CFTR in target cells suggested that MPs could achieve the delivery of CFTR to target cells via two
mechanisms: the transfer of mature, membrane-inserted CFTR glycoprotein, and the transfer of CFTR-encoding mRNA.
These results confirmed that cell-derived MPs represent a new class of promising therapeutic vehicles for the delivery of
bioactive macromolecules, proteins or mRNAs, the latter exerting the desired therapeutic effect in target cells via de novo
synthesis of their encoded proteins.
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Introduction

The extracellular milieu contains a vast family of cell-derived,

particulate elements which are heterogenous in size, depending

upon the shedding process, cell type and cellular compartments

from which they are issued. According to the most recent and

generally accepted definition, extracellular microparticles (MPs)

are membrane-derived vesicles with diameter ranging from 100 to

500 nm, which are released from virtually all cell types (reviewed

in [1–5]). Extracellular release of MPs occurs in response to certain

stress conditions [6,7] or pathological processes [8–10]. However,

MPs have also been shown to be released spontaneously and

physiologically, and are now considered as key elements in the cell-

to-cell communications [3,11–13]. This include angiogenesis [14],

blood coagulation [15,16], infection by HIV-1 [17] and other

viruses [4], carcinogenesis [18], inflammation [19], vaccinology

[20], and more generally in immunity [8,21–23]. One particular

case of MP contribution to immunological processes has been

termed ‘trogocytosis‘ [24,25].

In general, MPs carry with them membrane and cytosolic

components specific of their cellular origin [26], including proteins

and nucleic acids, such as mRNAs and microRNAs [7,11,27–30],

and are capable of transferring their cargo to recipient cells

[16,29,31–34]. During their extracellular release, MPs can also

embark components which are foreign to the cells, such as nucleic

acids, proteins or glycoproteins expressed transiently or constitu-

tively by a plasmid or viral vector. The latter scenario is

reminiscent of the process of virus or virus-like particles (VLPs)

pseudotyping by foreign glycoproteins [35–40]. MPs are not only

considered as circulating biomarkers for the molecular profiling of

certain cancers [41], but their therapeutic potential as conveyors of

bioactive factors, proteins, RNAs including miRNAs, is being

evaluated for personalized medicine and for the treatment of a

number of diseases and cellular dysfunctions [5,7,9,11,27,30,42].
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In the present study, we developed a cellular model using

Chinese hamster ovarian cells (CHO) to analyse the MP-mediated

transfer of three human transmembrane glycoproteins with

different degrees of structural complexity and cellular topology,

CAR, CD46 and CFTR. CAR (coxsackie-adenovirus receptor)

and CD46 (complement regulatory protein and pathogen recep-

tor) are well-characterized type I membrane receptors of the Ig-

like family of molecules, which carry a single transmembrane

domain (monospanins). Both CAR and CD46 can act as cell

receptors for different viruses. CAR has been identified as the cell

receptor for the human adenovirus serotype 5 (HAdV5), and other

members of species A, C, D, E and F [43–46]. CD46 acts as a

cellular receptor for several viral pathogens, including measles

virus [47] and members of human adenovirus species B1, B2

(among them HAdV35) and D [43,48,49], and also plays the role

of cofactor in the inactivation of complement components C3b

and C4b by serum factor I [50]. CD46 and CAR differ in their

cellular localization: CD46 is localized at the apical membrane of

epithelial cells [48,50,51], whereas CAR is localized at the tight

junctions [52]. The CFTR (cystic fibrosis transmembrane

conductance regulator) is a complex type III membrane glyco-

protein, with large intracytoplasmic N- and C-terminal domains

and twelve membrane-spanning domains constituting a trans-

membrane, cAMP-dependent chloride channel [53–57]. It is

mainly present at the cellular apical surface of epithelial cells

[58,59], and localised in microdomains of the plasma membrane

referred to as lipid rafts [60].

CHO cells have been shown to efficiently release MPs, even in

the absence of stressing factors [17]. CHO cells were used to

establish stable cell lines which constitutively express CAR, CD46

and CFTR (MP-donor cells). MPs derived from these cells were

first tested for their capacity to incorporate CAR, CD46 or CFTR

(MP packaging or pseudotyping), and secondly, for their compe-

tency in transferring the CAR, CD46, and CFTR proteins and

their specific functions to naive CHO cells used as target cells (MP-

recipient cells). We found that new biological functions associated

to CAR, CD46 or CFTR were acquired by the target CHO cells

after incubation with MP-CAR, MP-CD46 or MP-CFTR,

respectively. Our results demonstrated that MPs have the

therapeutic potential for the cell-to-cell transfer of bioactive

molecules. The function(s) carried over by MPs could be direct, via

MP-packaged therapeutic proteins, or indirect, via specific

mRNAs, such as the mRNA encoding the wild-type CFTR for

the correction of the defective chloride channel function in cystic

fibrosis.

Results

Isolation and Recovery of MPs from CAR- and CD46-
expressing CHO Cells
The CHO-CAR and CHO-CD46 cells were derived from the

parental CHO-K1 cell line to constitutively express and display

CAR [44] and CD46 [61–63] at their surface, respectively. The

recovery of MPs from stressed cells is usually higher than from

nonstressed cells. However, since MPs issued from stressed cells

could transfer stress signals and induce the apoptosis of recipient

cells, our starting material was the culture medium of nonstressed

CHO-CAR and CHO-CD46 cells. Extracellular MPs were

recovered by a two-step ultracentrifugation procedure which

separated MPs according to their size, consisting of a first

sedimentation at 30,0006g, followed by a second at 100,0006g.

Two populations were thus obtained, abbreviated MP30 and

MP100, respectively (Fig. S1). The MP30 fraction contained large

MPs characterized by their heterogeneity in shape and size,

ranging from 50–500 nm in diameter, consistent with plasma

membrane-shedded MPs (Fig. 1A). On the other hand, the MP100
population consisted of homogenous and regular particles, rather

spherical and relatively small in size (50–100 nm; Fig. 1B),

reminiscent of exosomes or exosome-like particles [2,28]. Anti-

bodies directed against human and mouse TSG101 and CD63,

two surface markers of exosomes, were used in attempts to further

characterize this population. However, no clear reaction was

obtained with these antibodies on CHO cell lysates or MP pellets

by Western blot or flow cytometry, respectively. Extracellular MPs

released by CHO-CAR and CHO-CD46 cells were therefore

differentiated only by their sedimentation properties, and referred

to as MP30 and MP100 in the present study.

The yields of MPs spontaneously recovered from 107 cells

(CHO-CAR or CHO-CD46) ranged from 16107 to 36107 for

MP30 after 72 h culture, and a similar recovery was obtained for

MP100. After resuspension of the MP pellets in PBS, the total MP

concentration (titer in physical MPs) of our working stocks usually

ranged between 46107 to 76107 MPs/ml for MP30 or MP100,

corresponding to total protein concentrations in the range of 700–

850 ng/ml. Considering their size and composition heterogeneity,

an average of 100 ng protein corresponded to a total number of

56106 to 76106 MP30 or MP100.

Figure 1. Electron microscopy (EM) of MPs isolated from CHO-
CD46 cells. (A), Negative staining and immuno-EM of MP30CD46. (B),
Negative staining (a), and immuno-EM (b) of MP100CD46. In (A) and (B,
b), immunogold labeling was performed using anti-C46 antibody and
10 nm-gold tagged complementary antibody. MP-associated gold
grains are indicated by arrows. (C), Ultrathin sections of pelletable
complexes of MP30CD46-HAdV5F35, shown at low (a) and high (b)
magnifications. Particles of HAdV5F35 vector (70–80 nm in diameter) in
complex with MP30CD46 are indicated by the letter V.
doi:10.1371/journal.pone.0052326.g001

Microparticles as Vehicles of CAR, CD46 and CFTR
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Efficiency of Incorporation of CAR and CD46 by MPs
MPs isolated from CHO-CAR and CHO-CD46 cells by our

two-step ultracentrifugation procedure were referred to as

MP30CAR and MP100CAR, and MP30CD46 and MP100CD46,

respectively. The proportion of CAR-positive and CD46-positive

MPs was determined by flow cytometry using specific antibodies,

as this technique detected the CAR and CD46 molecules exposed

at the MP surface, and potentially active as adenoviral receptors.

The mean value of the percentage of MP30CAR to total MPs was

5.861.4% (mean 6 SEM, n=3), corresponding to a mean

bioactive MP titer of 26105 MP30CAR/ml, and only 2.861.2%

for MP100CAR. On the other hand, the mean percentage of

MP30CD46 to total MPs was 7.561.5% (viz. a mean bioactive MP

titer of 56105 MP30CD46/ml), versus 2.261.3% for MP100CD46.

Due to the higher proportion of MPs positive for CAR and CD46

glycoproteins in the MP30 populations, MP30CAR and

MP30CD46 were used for the MP-mediated protein transfer

experiments. By taking into account the value of the bioactivity

titer of our MP30 stocks, the MP dose per target CHO cell ranged

from 5 to 50 MP30CAR or MP30CD46.

The presence of CAR or CD46 molecules at the surface of

MP30 and MP100 was confirmed by immunoelectron microscopy

(immuno-EM), using anti-CAR or anti-CD46 mouse monoclonal

antibody followed by a secondary 10 nm-gold-labeled anti-mouse

IgG. The proportion of MP30 or MP100 associated with anti-

CD46-bound or anti-CAR-bound colloidal gold grains was found

to range between 2 to 3% (Fig. 1A, B). This value was consistent

with the flow cytometry data, considering that MP30 and MP100
adsorbed on a solid support did not offer a full access to antibodies,

compared to MPs in suspension.

CD46 and CAR Molecules Displayed on MP30 were
Functional as Adenoviral Receptors
To assess the functionality of CAR and CD46 molecules on

MP30 as adenoviral receptors, samples of MP30CAR and

MP30CD46 were incubated with HAdV5-GFP or HAdV5F35-

GFP vectors for 2 h at 37uC, using equal numbers of MPs and

vector particles. The samples were then layered over a 20%-

sucrose cushion, and centrifuged at 30,0006g for 2 h. The

material which pelleted through the cushion was fixed and

embedded, and ultrathin sections were processed for observation

under the electron microscope (EM). Numerous complexes of

MP30-viral vector particles were observed in the 30,0006g-

pelletable fraction, as exemplified with MP30CD46 and

HAdV5F35-GFP (Fig. 1C). These results confirmed that CD46

and CAR molecules displayed on MP30 were functional as cellular

receptors for their specific adenoviruses. MP30CHO from

unmodified, parental CHO cells were used as negative control.

MP30CHO and MP30CD46 were incubated with aliquots of

HAdV5F35-GFP vector, as above, and the mixtures added to

monolayers of target CHO cells. Samples were harvested after 2 h

at 37uC, and processed for EM. Particles of adenoviral vector were

observed in complex with MP30CD46 at the surface of the target

cells (Fig. 2A), whereas no vector particle in association with

control MP30CHO was observed (Fig. 2B).

MP-mediated Transfer of CAR and CD46 to Target Cells
(i) Transfer efficiency. To evaluate this parameter, aliquots

of MP30CAR and MP30CD46 were added to CHO cell

monolayers (105 cells per well; 5 MP30/cell), and incubated for

2 h at 37uC. The supernatant was then removed and replaced by

prewarmed complete medium. The cells were further incubated at

37uC, and cell samples were harvested at different time intervals,

from 6 h to 10 days. The presence of CAR and CD46 molecules

on the surface of recipient cells was determined by flow cytometry.

The percentage of CAR- or CD46-positive cells was found to be

approximately 3% at 6 h posttransfer (pt), 6–7% at 24–48 h, and

15–18% after 72 h. The plateau at about 15–18% was maintained

until day-5, and progressively declined after one week (not shown).

(ii) Functionality of CAR and CD46 in MP-recipient cells

(MP dose-dependence). To determine whether CAR and

CD46 were functional as adenoviral receptors in MP-transduced

cells, CHO cells were incubated with increasing doses of

MP30CAR or MP30CD46, ranging from 0 to 30 MP30/cell, and

assayed at 48 h pt for their permissiveness to HAdV5-GFP and

HAdV5F35-GFP, respectively. HAdV5-GFP and HAdV5F35-

GFP were used at a constant MOI of 500 vp/cell. As negative

control, MP30CHO from parental CHO cells were used at the

same doses. With MP30CHO, or at low doses of MP30CAR and

MP30CD46 (#5 MP30/cell), 2 to 10% cells were found to become

GFP-positive (Fig. 3), which corresponded to the background of

infection of CHO cells by HAdV5 and HAdV5F35 via other cell

surface molecules, such as heparan sulfate glucosaminoglycans,

which act as alternative receptors for HAdV5 and HAdV5F35

[43,64]. However, CHO cells pre-incubated with MP30CAR or

MP30CD46, and infected with HAdV5-GFP and HAdV5F35-

GFP, respectively, showed a 2- to 3-fold increase in GFP-positive

cells. This significant increase in permissiveness to the adenovirus

Figure 2. EM of target cells incubated with control MP30CHO or
MP30CD46 in complex with HAdV5F35. (A), Ultrathin sections of
target CHO cells incubated with MP30CD46-HAdV5F35 complexes. V,
particles of HAdV5F35 vector. (B), Ultrathin sections of target CHO cells
incubated with control MP30CHO from nontransduced CHO cells, mixed
with HAdV5F35. Sections are shown at low (a) and high (b)
magnifications. Note the absence of vector particles associated with
control MP30CHO.
doi:10.1371/journal.pone.0052326.g002

Microparticles as Vehicles of CAR, CD46 and CFTR
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vectors was MP dose-dependent (Fig. 3). These results indicated

that MP30CAR and MP30CD46 were capable of transfering the

CAR and CD46 molecules to CHO target cells.

(iii) Receptor specificity in MP-recipient cells. As addi-

tional controls, we assessed the specificity of vector-receptor

recognition, by infecting MP30CD46-transduced cells with

HAdV5-GFP, and vice versa, MP30CAR-transduced cells with

HAdV5F35-GFP. Only a background GFP signal was detected

with these two heterotypic pairs, demonstrating the specificity of

the newly acquired CAR and CD46 receptor molecules towards

their respective adenoviral vectors (Fig. 3).
(iv) Functionality of CD46 as complement regulatory

factor in MP-recipient cells. The antiapoptotic activity of

CD46 transferred to CHO cells was analyzed in CHO cells

interacted with MP30CHO or with MP30CD46, then incubated

with increased doses of complement fraction C3. A significant

effect of protection against complement lysis was observed in

MP30CD46-transduced CHO cells, by comparison to control cells

(Fig. 4A).

Influence of VSV-G Incorporation on MP30-mediated
Transfer of CAR or CD46
The following experiments were designed to determine whether

the transfer of CAR or/and CD46 to target CHO cells would be

improved by the incorporation of VSV-G, the envelope glycopro-

tein G of vesicular stomatitis virus, into the MP envelope. We

found that baculovector-mediated expression of VSV-G in CHO-

CAR and CHO-CD46 cells did not enhance the production of

CAR- or CD46-pseudotyped MPs (data not shown). Likewise,

coincorporation of VSV-G with CAR or CD46 into MP30 did not

significantly increase the degree of permissiveness of CHO cells to

HAdV5-GFP or HAdV5F35-GFP after transduction by

MP30CAR-VSV-G or MP30CD46-VSV-G (Fig. S2). This implied

Figure 3. MP30-mediated transfer and functionality of (a) CAR, or (b) CD46 as adenoviral receptors in target cells. Aliquots of CHO cells
(target cells) were incubated with MP30CAR (a) or MP30CD46 (b) at different MP doses per cell, as indicated in the x-axis. At 72 h after MP30-cell
interaction, cells were infected with HAdV5-GFP or HAdV5F35-GFP vector, at the same MOI (500 vp/cell). The degree of CHO permissiveness to
HAdV5-GFP or HAdV5F35-GFP vector was evaluated by flow cytometry analysis of the intracellular GFP signal. In (a), HAdV5F35-GFP, which does not
recognize CAR as cellular receptor, was used as the negative control. In (b), HAdV5-GFP, which does not recognize CD46 as cellular receptor, was
used as the negative control. MP30 from nontransduced CHO cells (Control MP) served as the negative controls in both panels.
doi:10.1371/journal.pone.0052326.g003

Microparticles as Vehicles of CAR, CD46 and CFTR
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that VSV-G was not a facilitator of MP30 uptake by the target

CHO cells, and VSV-G was not included in the following

experiments.

Time-course Analysis of the Acquisition of New
Functionality by MP30-recipient Cells
The next issue was to determine at which time after

MP30CD46-cell interaction the CHO target cells acquired the

adenovirus receptor function carried by CD46. CHO cells were

incubated with a constant dose of MP30CD46 (20 MP30/cell), and

at different times after MP30-cell interaction, the cells were

incubated with HAdV5F35-GFP vector at constant vector MOI

(500 vp/cell) for 2 h at 37uC. At 48 h post-infection (pi), the

permissiveness of the cells to HAdV5F35-GFP was determined by

flow cytometry analysis. A progressive increase in adenoviral

permissiveness was observed, with 10% GFP-positive cells at 48 h

pi, reaching a plateau of 20–25% GFP-positive cells at 72–144 h

(Fig. 4B). Similar results were obtained with MP30CAR (not

shown). The kinetic data implied that a larger proportion of cells

became permissive to adenovirus with time, and suggested the

contribution of additional CD46 molecules. This was likely due to

newly synthesized CD46 from CD46-encoding mRNA transferred

by MP30CD46 to the target cells, as demonstrated below for MP-

mediated CFTR transfer.

Generation of CHO Cells Stably Expressing GFP-CFTR
A CHO cell line stably expressing GFP-fused human CFTR

was generated (CHO-GFP-CFTR) using the pCEP4-GFP-CFTR

episomal plasmid. The pCEP4-GFP-CFTR-directed expression of

the GFP-CFTR fusion protein in these cells showed localisation of

GFP signal in the cytoplasm, perinuclear and submembrane

regions (Fig. 5A i, ii; and Fig. S3A). A similar fluorescence

pattern was observed in CHO-CD46 cells transduced by the

HAdV5F35-GFP-CFTR vector which were used as positive

control (Fig. 5A iii, iv). In CHO-GFP-CFTR cells, the CFTR

molecules were correctly oriented in the plasma membrane, as

Figure 4. Functionality of exogenous CD46 in MP30CD46-transduced CHO cells. (A), CD46 as complement C3 regulator. CHO cells
were harvested at 48 h posttransfer, and the CD46-induced protection against complement C3-mediated cell apoptosis was assayed by the
percentage of Annexin V-positive cells determined by flow cytometry at increasing doses of complement C3. (B), Kinetics of the gain of
adenoviral receptor function by MP30CD46-transduced CHO cells. CHO cells were harvested at different times after MP30CD46-transfer, and
cell permissiveness to the HAdV5F35-GFP vector was assessed by infection with HAdV5F35-GFP at MOI 500. Cells were analyzed for GFP signal at 48 h
postinfection. The degree of permissiveness to the vector was expressed as the percentage of GFP-positive cells (left y-axis), and the relative
transduction efficiency (RTE; right y-axis). The RTE, in arbitrary units (AU), was given using the formula = (percentage of GFP-positive cells) x (MFI;
mean fluorescence intensity).
doi:10.1371/journal.pone.0052326.g004

Microparticles as Vehicles of CAR, CD46 and CFTR
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shown by the labeling of nonpermeabilized CHO-GFP-CFTR

cells with an anti-CFTR monoclonal antibody directed against the

first extracellular loop of the CFTR ectodomain (Fig. 5B).

The chloride channel function in CHO-GFP-CFTR cells was

investigated using the voltage-sensitive probe DiSBAC2(3). The

fluorescent signal of DiSBAC2(3) has been shown to vary with

changes of the membrane potential induced by the cAMP/low-

chloride-mediated activation of the CFTR [65]. Parental CHO

cells were used as negative controls, and CHO-CD46 cells

transduced by the HAdV5F35-GFP-CFTR vector were used as

positive controls. A positive fluorescent signal was observed in

CHO-GFP-CFTR cells in response to the addition of the cAMP-

based cocktail of CFTR activators, demonstrating the functionality

of the exogenous GFP-CFTR molecules as chloride channels

(Fig. 5C). HAdV5F35-GFP-CFTR-transduced cells used as

positive control showed a strong enhancement of the fluorescent

signal in the presence of CFTR activators (Fig. 5C), consistent

with the high transduction efficiency of CHO-CD46 by

HAdV5F35 [55,66]. CHO-GFP-CFTR cells were then tested

for the production of MPs carrying GFP-CFTR (MP-GFP-CFTR)

and the MP-mediated delivery of CFTR to target cells.

Isolation and Recovery of MP-GFP-CFTR
MP30GFP-CFTR and MP100GFP-CFTR were recovered from

the CHO-GFP-CFTR cell culture medium by the ultracentrifu-

gation procedure mentioned above and depicted in Fig. S1. The

presence of the GFP-tag allowed the direct tracking of GFP-CFTR

molecules in the different cell compartments, such as the vesicular

compartment and plasma membrane [55,66]. It also allowed the

detection of GFP-CFTR incorporated in MPs derived from GFP-

CFTR-expressing cells. The recovery of MP30GFP-CFTR and

MP100GFP-CFTR ranged from 16107 to 56107 per 107 CHO-

GFP-CFTR cells. Flow cytometry analysis indicated that the GFP-

CFTR signal was detected in both MP30 and MP100 populations,

although in significantly higher amounts in MP30 compared to

MP100 : 10.363.3% GFP-CFTR-positive MP30 (m6 SEM, n=3),

versus 3.663.3% for MP100. The presence of CFTR in both MP

populations was not surprising, considering the trafficking of

Figure 5. Expression, immunoreactivity and functionality of GFP-CFTR protein expressed from an episomal plasmid in CHO cells
(MP-producer cells). (A), CHO cells harboring the GFP-CFTR-encoding pCEP4 episomal plasmid, were examined by phase-contrast (i) and
epifluorescence microscopy (ii) of GFP-tagged CFTR protein. Positive controls, consisting of CHO cells transduced by the adenoviral vector HAdV5-
GFP-CFTR were similarly examined by phase-contrast (iii) and epifluorescence microscopy (iv). Scale bars, 20 mm. (B), Surface expression and correct
orientation of the GFP-tagged CFTR protein in pCEP4-GFP-CFTR harboring CHO cells, evaluated by flow cytometry using monoclonal antibody
against the first extracellular loop of the CFTR ectodomain. (C), Chloride channel activity of CFTR in negative control CHO cells (dotted bars), positive
control HAdV5F35-GFP-CFTR-transduced CHO-CD46 cells (hatched bars), and pCEP4-GFP-CFTR harboring CHO cells (black bars), evaluated using the
fluorescent probe DiSBAC2(3). The time-course analysis of DiSBAC2(3) fluorescence changes in the presence of a cocktail of CFTR activators was
monitored in regions of the cell monolayers corresponding to 20–30 cells. Bars represent the mean fluorescence value for each field of 20–30 cells 6
SEM. Symbols: *, p,0.05; **, p,0.01; ns, not significant.
doi:10.1371/journal.pone.0052326.g005
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CFTR molecules between intracellular membranal compartments

and the cell surface.

Fractionation of MP30GFP-CFTR and MP100GFP-CFTR
Populations and Distribution of GFP-CFTR between MP
Subclasses
To obtain the maximum efficiency of GFP-CFTR transfer to

target cells, it was important to determine whether a particular MP

fraction could be enriched in GFP-CFTR. To this aim, the MP30
and MP100 populations from CHO-GFP-CFTR cells were further

fractionated into subpopulations differing in density, using

ultracentrifugation in isopycnic gradients [67]. Three subpopula-

tions, corresponding to three density classes, were obtained for

each MP population (Fig. S1): (i) MPs of low density (MP30LD

and MP100LD) with a mean density (rm) of 1.10; (ii) MPs of

intermediate density (MP30ID and MP100ID; rm=1.16); and (iii)

MPs of high density (MP30HD and MP100HD; rm=1.21). Each

subclass of MP30 and MP100 populations was then assayed for the

presence of GFP-CFTR by flow cytometry analysis. The GFP-

CFTR protein was detected in all MP subclasses, with the highest

proportion of GFP-CFTR-positive MPs found in the high-density

compared to low-density subclasses: 14.5% for MP30HD versus

6.2% for MP30LD, and 8.3% for MP100HD versus 1.4% for

MP100LD (Table 1). This data suggested that CFTR glycoprotein

was associated with the higher density MPs.

Kinetics of MP-mediated Transfer of GFP-CFTR to Target
Cells
The following experiments were designed to determine the

capacity of each subpopulation of MPs to transfer GFP-CFTR to

target CHO cells. The MP30 (LD, ID and HD), and MP100 (LD,

ID and HD) subclasses were incubated with CHO cells at a ratio

of 5 MPs/cell for 2 h at 37uC. Inocula were removed, and

monolayers were postincubated with fresh, prewarmed medium at

37uC for 6 days. At different time-points, cell samples were

examined by fluorescence microscopy and flow cytometry for

qualitative and quantitative analyses of the GFP signal, respec-

tively. With the MP30 population, the GFP profiles did not differ

significantly for the three subclasses. At 2 h pt, 3.8 to 4.4% CHO

cells were GFP-positive, increasing to 5.5–6.6% at 4 h pt, followed

by a slight decrease at 6–8 h pt (Fig. 6A). At 8 h pt, the proportion

of GFP-positive cells increased progressively for the three MP30
subclasses, to attain a value of 73–83% GFP-positive cells 5 days pt

(Fig. 6A). A similar kinetics of appearance of GFP-positivity was

observed with the three MP100 subclasses: a discrete peak was

detected at 4 h pt, followed by a slight decrease at 6–8 h pt, and a

progressive increase to 57–76% GFP-positive cells after 5 days

(Fig. 6B).

The cell surface expression and proper membrane insertion of

GFP-CFTR was investigated by flow cytometry, using the anti-

CFTR ectodomain antibody as above. The maximal CFTR

display at the cell surface was observed at 2–3 days pt, with 50–

60% CFTR-positive cells after MP30-mediated transduction

(Fig. 7A). Similar levels (60–70% CFTR-positive cells) were

Table 1. Proportion of GFP-positive MPs in the different MP subclasses, and GFP-CFTR mRNA content (a).

Density subclass GFP(+) MP30 (% total MP) GFP(+) MP100 (% total MP) GFP-CFTR RNA in MP30
(b) GFP-CFTR RNA in MP100

(b)

LD (rm=1.10) 6.262.5 1.460.4 82.5614.3 97.7677.0

ID (rm= 1.16) 10.461.7 1.261.2 61.6635.2 44.0632.3

HD (rm=1.21) 14.563.2 8.362.1 51.3630.7 60.5622.5

(a)The proportion of GFP-positive MPs was determined by flow cytometry, and the GFP-CFTR mRNA content by qRT-PCR analysis. Data shown in the Table are mean
values (m) 6 SEM (n= 3).
(b)The values obtained after RT-PCR amplification of a RNA fragment of 196 nt in length overlapping the GFP C-terminal and CFTR N-terminal sequences were expressed
as ng RNA per 107 MP30 or MP100.
doi:10.1371/journal.pone.0052326.t001

Figure 6. Time-course expression of GFP-CFTR in MP-trans-
duced CHO cells. (A), (B), GFP-positive cells (expressed as %) were
determined by flow cytometry analysis of MP30-transduced (A) and
MP100-transduced cells (B), harvested at different times post-transfer
(pt). Bars represent mean values 6 SEM (n= 3).
doi:10.1371/journal.pone.0052326.g006
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observed after MP100-mediated transduction (Fig. 7B). The

presence of CFTR at the cell surface progressively declined after

day-4 (Fig. 7A, B).

Interestingly, there was a slight, but significant difference in

profile between the GFP signal and the CFTR ectodomain

immunoreactivity. The proportion of GFP-positive cells remained

as a plateau after 6 days (refer to Fig. 6 A, B) whereas the display of

CFTR at the cell surface decreased after day-4 (refer to Fig. 7).

Likewise, MP30- and MP100-recipient cells examined at day-5 pt

by confocal microscopy showed that the majority of the GFP-

CFTR signal appeared as cytoplasmic dots and speckles corre-

sponding to vesicular compartment(s), and in relatively low

proportion at the plasma membrane (Fig. S3B).

Occurrence of GFP-CFTR-encoding mRNA in MPs and
MP-recipient Cells
The kinetics of appearance of GFP-positive cells shown in Fig.5

suggested an early (4 h pt) and a late phase (3 days pt) of MP-

mediated GFP-CFTR transfer. We hypothesized that at early

times after interaction of MP30 and MP100 with target cells,

membrane-inserted GFP-CFTR glycoprotein molecules were

transferred to a small number of target cells (less than 10%),

following a pathway of MP-cell binding, endocytosis and

membrane fusion. At late times, the GFP-CFTR protein detected

in the MP-recipient cells was likely due to the neosynthesis of GFP-

CFTR from MP-embarked GFP-CFTR-encoding mRNA mole-

cules. To test this hypothesis, total RNA were extracted from the

different MP30 and MP100 subclasses, and analysed for the

presence of GFP-CFTR-encoding mRNA (mRNAgfp-cftr), using

quantitative RT-PCR and specific primers overlapping the

junction of the GFP C-terminal and CFTR N-terminal coding

sequences [55,66]. All MP subclasses were found to contain

comparable amounts of mRNAgfp-cftr (Table 1). However, when

the values of the MP content of mRNAgfp-cftr were expressed as the

ratio to b-actin mRNA content used as endogenous control,

significant differences in composition were observed between the

MP subclasses (Fig. 8A, B).

Figure 7. Time-course expression of GFP-CFTR glycoprotein at the surface of MP-transduced CHO cells. Cells harvested at different
times after MP-cell transfer were analyzed by flow cytometry for the immunoreactivity of the first N-terminal loop of the CFTR ectodomain with anti-
CFTR monoclonal antibody. (A), MP30-transduced CHO cells. (B), MP100-transduced CHO cells. Bars represent mean values 6 SEM (n=3).
doi:10.1371/journal.pone.0052326.g007
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Similarly, total RNA were extracted from MP-recipient cells

incubated with MP30 (LD, ID and HD), and MP100 (LD, ID and

HD) at day-5 pt, and qRT-PCR was carried out as above, using b-

actin mRNA as internal control. As positive controls, CHO-CD46

cells transduced by HAdV5F35-GFP-CFTR were processed for

RNA extraction and qRT-PCR assays. We found that the

recipient cells incubated with all the different subclasses of of

MP30 and MP100 contained mRNAgfp-cftr, with a ratio to b-actin

content varying from 0.5- to 2-fold (Fig. 8C, D). Interestingly, the

variations in the cellular content of mRNAgfp-cftr reflected the

respective contents of the different MP subclasses. The observation

that almost 80% of the cells expressed GFP-CFTR protein at late

times pt suggested that nearly all cells received mRNAgfp-cftr

molecules when a bioactive MP-to-cell ratio of 5 MPs/cell was

used.

The efficiency of transfer of mRNAgfp-cftr was calculated as

follows. The average content of donor cells was found to be

4.46108 copies of mRNAgfp-cftr per mg total cellular RNA

extracted, with values ranging from 2.26108 to 6.66108 copies.

The average content of MP-recipient cells incubated with MP100-

GFP-CFTR was 3.56107 copies of mRNAgfp-cftr at 48 h after

transfer using 5 MPs/cell, with values ranging from 1.76107 to

5.36107 copies per mg total cellular RNA. We estimated the

transfer efficiency as the ratio 3.56107 : 4.46108 < 8%.

To eliminate the possibility of DNA transfer via MPs, CHO

cells were harvested at 48 h after incubation with each of the

different subclasses of MP30 and MP100, the DNA extracted and

probed for the episomal plasmid pCEP4-GFP-CFTR, using PCR

amplification of a 196 nt fragment overlapping the GFP-3’ and

CFTR-5’ sequences [66]. No specific DNA fragment was found at

this position in all cell samples tested (Fig. S4).

Functionality of Exogenous CFTR as Chloride Channel in
MP-recipient Cells
The next issue to address was whether target CHO cells

incubated with MP-GFP-CFTR acquired the CFTR-associated

chloride channel activity. CHO cells were taken 3 days after

incubation of MP30-GFP-CFTR or MP100-GFP-CFTR, the time

at which a maximum number of cells were observed to be GFP-

and CFTR-positive (refer to Fig. 6 and 7). The changes of the

DiSBAC2(3) fluorescent signal in MP-transduced cells in response

to the CFTR activator and inhibitor were monitored by

quantitative fluorescence microscopy (Fig. 9). As exemplified

with MP100-GFP-CFTR, the fluorescent signal increased progres-

sively in the presence of CFTR activators, and rapidly decreased

to background levels upon the addition of the CFTR inhibitor

GlyH-101 (Fig. 9). This effect was reversible, as the fluorescence

recovered progressively with the removal of GlyH-101 from the

Figure 8. Occurrence of GFP-CFTR-encoding mRNA in MPs and MP-transduced CHO cells. Bar graph representation of qRT-PCR assays of
MP30 (A), MP100 (B), MP30-transduced CHO cells (C), and MP100-transduced CHO cells (D). Data shown in the graphs are mean values (m) 6 SEM
(n=3). Symbols: *, p,0.05; **, p,0.01; ***, p,0.001; ns, not significant.
doi:10.1371/journal.pone.0052326.g008
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cAMP-containing superfusion medium (Fig. 9). Thus, the target

CHO cells showed a gain in biological function, i.e. the chloride

channel activity associated with acquired CFTR molecules.

Discussion

The current trends in biotherapy comprise the development of

stem cell technology in combination with ex vivo gene therapy, the

improvement of synthetic vectors, or the design of immunologi-

cally stealthy viral vectors, or safer viral integrative vectors with

controlled integration sites in host cells. The present study

explored an alternative strategy to transfer therapeutic biomole-

cules to target cells, using MPs as conveyors. MPs have been

reported to successfully mediate the transfer of surface molecules,

such as receptors and extracellular matrix proteases, and also

intracellular components, including proteins, lipids and RNA

molecules of different types [1–3,27].

In the present study, the cellular model for MP production and

uptake was the Chinese Hamster Ovarian (CHO) cell line, used as

MP-producer and MP-recipient cells. This choice was based on

the following considerations. (i) CHO cells did not express

orthologs of the human CAR, CD46 and CFTR glycoproteins,

Figure 9. CFTR channel activity in MP-transduced CHO recipient cells. (A), Evolution of the DiSBAC2(3) fluorescence signal. The time-
course analysis of DiSBAC2(3) fluorescence changes was monitored in regions of the cell monolayer corresponding to 20–30 cells, taken at 72 h post-
transfer, a time point corresponding to the maximal immunoreactivity of CFTR glycoprotein at the cell surface. Changes in the fluorescent signal were
expressed as Ft/F0 ratio values, in which Ft and F0 were the fluorescence values at the times t and t0, respectively, and t0 the time when the cAMP-
containing, CFTR-activating cocktail was added. The cocktail of CFTR activators was maintained throughout the experiment. The CFTR inhibitor GlyH-
101 was added for 5 min (phase II, marked by two vertical arrows). Phase III shows reversibility of the CFTR block and recovery of the fluorescent
signal. (B), Fluorescence microscopy. Photographs of cell monolayers were taken at different time-points corresponding to the four successive
phases, as indicated on the curve by the letters (a), (b), (c) and (d).
doi:10.1371/journal.pone.0052326.g009
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which made possible the assessment of the capability of MPs to

transfer the CAR-, CD46- and CFTR-specified function(s) to these

target cells. (ii) Previous experiments of expression of human

CFTR, CAR and CD46 in CHO cells have shown the

functionality of these proteins and their localisation at the plasma

membrane [44,48,63,68]. (iii) A homologous cell system, with the

maximal degree of compatibility between MP-donor and MP-

recipient cells in terms of membrane composition, would optimize

the cell-to-cell transfer of biological material.

Three types of human cell surface molecules with different

degrees of complexity were used as prototype bioactive glycopro-

teins in our study: (i) CAR and (ii) CD46, which are both

monospanins and act as high affinity receptors for human

adenovirus serotypes 5 and 35, respectively; and (iii) CFTR, a

complex transmembrane glycoprotein which functions as a

chloride channel. The MP-donor cells were CHO cell lines which

constitutively expressed CAR, CD46, or CFTR. MP-target cells

were naive CHO cells, which lacked CAR and CD46 and did not

express the equivalent of the human CFTR glycoprotein. In all the

three cases, the MP-donor cells were grown in the absence of

chemical or biological stress, to avoid the occurrence of apoptotic

factors within MPs and the possible transfer of stress signals to

recipient cells. The populations of MPs issued from CAR-, CD46-

or CFTR-expressing CHO cells were separated according to their

size by velocity ultracentrifugation, yielding MP30 and MP100
fractions.

We found that it was possible to transfer CAR and CD46 to

target CHO cells using MPs as vehicles, resulting in the acquisition

of new biological functions by the target cells. CHO cells

incubated with MP30CAR and MP30CD46 became permissive

to HAdV5 and AdV5F35 infection, respectively. In addition, cells

incubated with MP30CD46 acquired resistance to complement

C3-induced apoptosis. The MP-mediated transfer of CD46 might

have potential therapeutic applications in the control of allograft

rejection, as well as in gene therapy and/or vaccinology using

HAdV35-based vectors. The MP-mediated transfer of CAR might

be used to confer viral permissiveness to adenovirus-refractory

cells, such as tumor cells towards HAdV5-based oncolytic vectors.

The viral glycoprotein VSV-G, which has a high fusiogenic

activity, has been advantageously used to augment the efficacy of

membrane fusion between virus (or VLP) and target cells [35,37–

39,69–71]. In the present study however, coincorporation of VSV-

G at the surface of MP30CAR or MP30CD46 did not improve the

transfer efficiency of CAR or CD46 molecules to target cells.

In the case of CFTR, MPs were isolated from the culture

medium of CHO cells which were engineered to constitutively

express GFP-CFTR. MP30GFP-CFTR and MP100GFP-CFTR

obtained by velocity ultracentrifugation were further fractionated

into three density subclasses: MPs of low, intermediate and high

density, respectively. All MP subclasses incorporated significant

levels of GFP-CFTR protein as well as mRNAgfp-cftr, with no

significant variations between the different subclasses. Likewise, all

MP subclasses were competent in transferring GFP-CFTR to

target CHO cells. The kinetics of appearance of the GFP signal in

these cells showed two separate peaks, which suggested an early

(4–6 h) and late phase (3 days) of protein transfer after MP-cell

interaction. The early GFP signal detected in target cells likely

resulted from the transfer of GFP-CFTR protein via different

mechanisms described in the literature [1–4], such as the direct

fusion between MP membrane and target cell plasma membrane,

endocytosis of the MPs and recycling of GFP-CFTR to the cell

surface, or the coexistence of both mechanisms. Interestingly, the

incorrect insertion and orientation of a protein in the plasma

membrane of recipient cells have been reported [72]. In the

present study, the GFP-CFTR was inserted in the plasma

membrane of target cells in the correct in-out orientation, as

validated by an antibody recognising an extracellular loop of the

CFTR.

At the late phase after MP transfer, almost 80% of the target

cells became positive for GFP-CFTR, due to GFP-CFTR

molecules issued from de novo protein synthesis directed by

exogenous mRNAgfp-cftr (free or/and polysomal) transferred over

by MP30 or MP100. Attempts to block the protein synthesis

machinery in MP-recipient CHO cells using cycloheximide (CH)

were performed to further explore this mechanism. However, the

results were inconclusive, due to the unexpected high cytotoxicity

of CH towards GFP-CFTR-expressing CHO cells, when treated

with the protein synthesis inhibitory doses usually applied to

human cells (10 to 20 mg/mL; [73]). Of note, the half-life of the

CFTR gene products in human cells has been determined to be

,48 h for the CFTR glycoprotein [74,75], and $20 h for the

mRNAcftr [76].

MPs have been shown to carry and transfer mRNAs and

microRNAs to target cells, as a general mechanism of intercellular

communication [3,5,7,11,27,29]. MP-delivered RNA has been

termed shuttle RNA ( [11]), and has been found to be functional in

the new cellular context [7,29,77–80]. Consistent with the results

of these previous studies, our experimental data showed that our

shuttling mRNAgfp-cftr was functional, and that neosynthesized

GFP-CFTR glycoproteins were addressed to the cell surface of

target cells, correctly inserted into their plasma membrane, and

metabolically active in anion transport. Using a fluorescent voltage

sensitive DISBAC3(2) probe assay, the CFTR-associated chloride

channel activity was detected in MP-recipient cells at the late

phase (day-3), when the translational machinery from the

exogenous mRNAgfp-cftr became fully operational. The chloride

channel function was not detectable in MP-recipient cells at early

times, possibly due to a threshold in the detection of this activity

using the fluorescent probe.

Our observation that MP30 and MP100 produced by CHO-

GFP-CFTR donor cells were equally capable of transferring

mRNAgfp-cftr to target cells implied that both populations were

competent for CFTR delivery. Fractionation of MP30 or MP100 by

isopycnic ultracentrifugation did not result in any significant

enrichment of a particular subclass in mRNAgfp-cftr molecules.

However, in future studies using MPs issued from donor cells of

human origin, fractionation of MPs specifically carrying mRNAcftr

using MP sorting based on surface markers available in human

cells, would be advantageous for a higher efficiency of CFTR

delivery. Cell-derived MP30 or MP100 appeared therefore as

promising biological vehicles of therapeutic mRNAs exerting their

therapeutic function(s) indirectly, via their encoded proteins. In

particular, in the case of cystic fibrosis, MPs have a potential

application in nongenic, cell-to-cell autologous transfer of human

mRNAcftr and the restoration of the normal chloride channel

function in CFTR-deficient cells.

Materials and Methods

Cells and Plasmids
HEK-293 cells, obtained from the ATCC (Manassas, VA), were

maintained as monolayers in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco-Invitrogen) supplemented with 10% fetal bovine

serum (FBS, Gibco-Invitrogen), penicillin (100 U/ml) and strep-

tomycin (100 mg/ml) at 37uC and 5% CO2. Chinese hamster

ovarian cells (CHO-K1 or simply CHO) was obtained from the

ATCC, CAR-expressing CHO cells (CHO-CAR) from Dr. J.

Bergelson [44], and CD46-expressing CHO cells (CHO-CD46)

Microparticles as Vehicles of CAR, CD46 and CFTR
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from Dr. D. Gerlier [63].They were grown in Iscove’s medium

supplemented with 10% FBS and 50 mg/ml gentamicin (Invitro-

gen). To generate the CHO cell line stably expressing GFP-

CFTR, the GFP-CFTR gene was excised from the plasmid pGFP-

CFTRwt described in a previous study [55], using Nhe I and Sma I

digestion, and inserted into pCEP4 (Invitrogen, Life Technologies).

This plasmid vector was designed for high-level, constitutive

expression from the CMV promoter, and which contains the

EBNA-1 gene for episomal maintenance in human cell lines. Sfi I-

linearized and blunted pCEP4 was further digested with Nhe I.

After purification by agarose gel electrophoresis, the Nhe I-cut

pCEP4 was ligated with the GFP-CFTR-containing Nhe I-Sma I

DNA fragment, generating the pCEP4-GFP-CFTR vector. CHO

cell monolayers were transfected with pCEP4-GFP-CFTR, using

Lipofectamine-2000 (Invitrogen), according to the manufacturer’s

instructions. CHO cells harboring pCEP4-GFP-CFTR (referred to

as CHO-GFP-CFTR) were selected using culture medium alpha-

MEM with ribonucleosides (Invitrogen), supplemented with 5%

FBS, penicillin (100 U/ml), streptomycin (100 mg/ml) and hygro-

mycin-B (50 mg/mL). The episomal plasmid pCEP4-GFP-CFTR

was found to be maintained in transfected cells for at least six

months under hygromycin-B selection pressure.

Isolation of MPs Carrying Human Glycoproteins CAR (MP-
CAR), CD46 (MP-CD46) or GFP-CFTR (MP-GFP-CFTR) (Fig.
S1)

(i) Velocity ultracentrifugation. MPs were recovered from

the culture medium of nonstressed cells, consisting of control

CHO (MP-CHO), CHO-CAR (MP-CAR), CHO-CD46 (MP-

CD46 and CHO-GFP-CFTR (MP-GFP-CFTR). This was carried

out by using a previously published centrifugation protocol [81]

with the following modifications. Cells were seeded at 70–80%

confluence, grown for 48 h to reach confluence (107 cells), then

maintained for an additional 24 h. Culture medium was clarified

from cell debris by centrifugation for 2 min at 13,0006g and 4uC.

This clarified supernatant (S0) was the source of MPs. S0 was

centrifuged at 30,0006g and 4uC for 2 h. The pellet P1 was kept,

and referred to as MP30. The supernatant (S1) was centrifuged at

100,0006g and 4uC for 2 h, to obtain pellet P2, referred to as

MP100. Pellets P1 and P2 were resuspended in 200 ml phosphate

buffered saline (PBS) with gentle mixing, for further analysis by

flow cytometry, and stored at 4uC before use for MP-mediated

protein transfer, or further MP fractionation.

(ii) Isopycnic ultracentrifugation. MP30 and MP100 were

further fractionated by ultracentrifugation of flotation in isopycnic

gradient, to separate the MP30 and MP100 fractions into subclasses

differing by their apparent density [67]. Samples of MP30 or

MP100 in PBS were placed at the bottom of a preformed linear

sucrose-D2O gradient (10 ml total volume; 0.25 to 2.5 M sucrose).

The 2.5 M sucrose solution was made in D2O buffered to pH 7.2

with NaOH, and the 0.25 M sucrose solution was made in 10 mM

Tris-HCl, pH 7.2, 150 mM NaCl, 5.7 mM Na2EDTA. The

gradients were centrifuged for 18 h at 100,0006g in a Beckman

SW41 rotor. Fractions of 0.4 ml were collected from the top, and

density measured by weighing 100 ml-aliquots, using a precision

scale. Fractions were pooled according to their apparent density,

and three pools were constituted : MPs of low density (MP30LD

and MP100LD, respectively) corresponded to pooled fractions 1–7,

with densities (r) ranging from 1.06 to 1.14 (mean r : rm=1.10),

MPs of intermediate density (MP30ID and MP100ID) to fractions

8–14 (1.14# r #1.18; rm=1.16), MPs of high density (MP30HD

and MP100HD) to fractions 15–21 (1.18# r #1.25; rm=1.21).

Pooled fractions were diluted with 5 vol PBS, and MP30 pelleted

by ultracentrifugation for 2 h at 30,0006g and 4uC, and MP100

pelleted by ultracentrifugation for 2 h at 100,0006g and 4uC.

Pelleted MPs were resuspended in 200 ml PBS, further analyzed by

flow cytometry, and stored at 4uC before use in our experiments of

MP-mediated cell transfer of GFP-CFTR protein.

MP Titration
(i) Titer in total MPs. Quantification of the total MP

content in samples resuspended in PBS was determined by flow

cytometry, using a FACSCantoTM II cytometer and the DIVA6

software (Becton Dickinson Biosciences). The CountBrightTMAb-

solute Counting Beads kit (Invitrogen Catalog# C-36950) and the

Flow Cytometry Size Calibration kit (Nonfluorescent Micro-

spheres; Invitrogen Catalog # F-13838) were used for the

calibration of MP number and size, respectively. A total of

20,000 events was acquired for each sample for the calculation of

the titer in total MPs.

(ii) Titer in bioactive MPs: MP-CAR, MP-CD46 and MP-

GFP-CFTR. The proportion of MPs which displayed CAR,

CD46 or GFP-CFTR at their surface and were potential

conveyors of functional molecules was also determined by flow

cytometry, using CAR or CD46 antibodies. For MP-GFP-CFTR,

both GFP signal of the tagged CFTR protein and anti-CFTR

antibody were used for flow cytometry analysis. The titer in CAR-,

CD46 or GFP-positive MPs/ml was the one taken into account for

MP-mediated cell transduction.

MP-mediated Transfer of CAR, CD46 or GFP-CFTR into
Target Cells
Samples of CHO cell monolayers (56105 cells/well) were

incubated with 200 ml-aliquots of MP-CAR, MP-CD46 or MP-

GFP-CFTR suspensions in PBS mixed with prewarmed serum-

free medium, at a constant transducing dose of 5 MPs per cell.

After 2 h MP-cell interaction at 37uC, the 200 ml-mix was

removed and replaced by 500 ml of prewarmed complete medium.

The cells were further incubated for 48 h at 37uC, and assayed for

newly acquired functions, i.e. permissiveness to adenovirus,

resistance to complement induced apoptosis, GFP signal, or

chloride channel activity. MP-transduced cells were taken at 72 h

after MP interaction, and incubated with HAdV5-GFP or

HAdV5F35-GFP at 500 vp/cell. GFP-expression was monitored

in live cells using a Zeiss Axiovert-135 inverted microscope

(magnification: 620) equipped with an AxioCam digital camera.

Cells were then harvested at 48 h pi, and GFP expression

quantitated using flow cytometry.

CD46 Anti-complement Activity
MPs isolated from the culture medium of CHO cells (negative

control MP-CHO) or CHO-CD46 (MP-CD46) were incubated

with aliquots of recipient CHO cells for 2 h at 37uC and 5% CO2,

as above described. The culture medium was then removed and

replaced by fresh medium containing complement fraction C3

(Sigma-Aldrich) at the concentrations of 1, 10, and 100 mg/mL,

and cells further incubated for 48 h. The degree of cell apoptosis

was measured by flow cytometry, using the Annexin V-FITC

apoptosis detection kit (Sigma-Aldrich) according to the manufac-

turer’s instructions.

PCR Analysis
(i) Real-time RT-PCR quantification of GFP-CFTR-

encoding mRNA. Total RNA was extracted from MPs released

from GFP-CFTR-expressing cells, or from MP-GFP-CFTR-

transduced cells, using the Nucleospin RNA II kit (Macherey

Nagel). Aliquots of 1 mg RNA was reverse transcribed using the
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SuperScriptTM III First Strand Synthesis SuperMix kit (Invitrogen)

and real-time PCR was performed using the LightCycler and a

LightCycler DNA Master SYBR Green I kit (Roche). Quantitative

real-time PCR was performed using an antisense primer designed

from the 59 end of the CFTR gene (nucleotide position 78 in the

CFTR gene; 59-GCGCTGTCTGTATCCTTTCCTCAA) and a

forward primer designed from the 39 end of the GFP gene

(nucleotide position 621; 59-AACGAGAAGCGCGATCA-

CATG). The PCR-amplified fragment was 196 nucleotides in

length and overlapped the GFP and CFTR junction sequence

[66].

(ii) GFP-CFTR DNA. The GFP-CFTR gene carried by the

pCEP4-GFP-CFTR plasmid vector was detected using the same

primers as above, on the host cell genomic DNA substrate

obtained using the DNeasy Blood and Tissue kit (Qiagen).

CFTR Channel Function Assayed by Membrane Potential-
sensitive Oxonol Probe and Cell Imaging
The fluorescent voltage sensitive probe bis(1,3-dialkylthiobarbi-

turic acid)oligomethine oxonol (DiSBAC2(3)) was used as previ-

ously described [65]. In brief, cells were loaded for 30 min with

100 nM DiSBAC2(3) in a normal chloride solution containing

136 mM NaCl, 4 mM KCl, 1 mM CaCl2, 1 mMMgCl2, 2.5 mM

glucose and 10 mM Hepes (pH 7.4). Cells were then superfused

with DiSBAC2(3) in a low chloride solution, whereby NaCl was

replaced by sodium gluconate, and supplemented with a cAMP

cocktail consisted of 200 mM dibutyryl-adenosine 39:59-cyclic

monophosphate, 200 mM of 4-chlorophenylthio)-cAMP, 20 mM

Forskolin and 50 mM 3-isobutyl-1-methylxanthine. Fluorescent

cells were viewed on an inverted TMD300 microscope (Nikon

AG, Kürsnacht, Switzerland) equipped with a high-sensitivity

black and white CoolSNAP HQ2 CCD camera (Visitron Systems

GmbH, Puchheim, Germany). DiSBAC2(3) was excited at

546 nm with a 100-W xenon lamp and the emitted fluorescence

was collected through a 580 nm barrier filter. Images were

captured every 10 sec, stored and processed using Metafluor

version 8.01 software (Universal Imaging Corp., Downington, PA).

Regions of interest were delineated for up to 30 cells and changes

in the fluorescent signal measured in each region were expressed

as the Ft/F0 ratio, in which Ft and F0 were the fluorescence values

at the time t and at the time when the cAMP cocktail was added,

respectively. The cell-permeable glycinyl hydrazone compound

(GlyH-101; Calbiochem) was used as a selective inhibitor of CFTR

at 20 mM.

Chemicals and Antibodies
Cycloheximide was purchased from Boehringer (Mannheim,

Germany). DiSBAC2(3) was purchased from Invitrogen. Mono-

clonal antibodies against VSV-G (clone P5D4), human CD46

(clone 122-2) and human CAR (clone 3C100) were purchased

from Santa Cruz Biotechnology. Polyclonal antiserum against

human, mouse, rat, bovine, equine, canine and porcine TSG101

(ref. M-19, from goat), and against human, mouse, rat, canine and

porcine CD63 (ref. H-193, from rabbit) were also purchased from

Santa Cruz Biotechnology. Alexa FluorH 568-conjugated goat

anti-mouse IgG antibody were purchased from Invitrogen. The

10-nm colloidal gold-tagged goat anti-mouse IgG antibody was

purchased from British Biocell International Ltd (Cardiff, UK).

The anti-human CFTR antibody (LS-C14758-LSBio; LifeSpan-

Biosciences, UK) was a mouse monoclonal IgM directed against

an epitope located within the first extracellular loop, spanning

amino acid residues 103–117. Alexa FluorH 568-conjugated goat

anti-mouse IgM was purchased from Invitrogen.

Viral Vectors
(i) Adenoviral vectors. HAdV5-GFP and HAdV5F35-GFP

vectors have been described in previous studies [36,55,64]. The

capsid of HAdV5F35-GFP consisted of hexon and penton base

capsomers of HAdV5, and of chimeric fibers made up of the shaft

and knob domains of serotype 35 fiber (F35) fused to HAdV5 fiber

tail. Chimeric vector HAdV5F35-GFP-CFTR has been previously

described [66]. HAdV5F35-GFP-CFTR encoded the wild-type

(wt) allele of the CFTR gene fused to the 39 end of the GFP gene.

Vector stocks were produced and titrated on HEK-293 cell

monolayers [82].

(ii) Baculoviral vector AcMNPV-VSV-G. The coding se-

quence for the glycoprotein G of vesicular stomatitis virus (VSV-

G) was inserted into the genome of Autographa californica Multi-

Capsid NucleoPolyhedrosis Virus (AcMNPV) in the polyhedrosis

gene locus, under the control of the CMV immediate-early

promoter. The infectious titer was determined by the plaque assay

method in Sf9 cells, and expressed as plaque-forming units per mL

(pfu/mL). The titer in physical virus particles of AcMPV-VSV-G

vector was determined by adsorbance measurement at 260 nm

(A260) on 1-mL samples of SDS-denatured virions (0.1% SDS for

1 min at 56uC) in 1-cm pathlength cuvette, using the following

formula : A260 of 1.0 = 0.361012 vp/mL, considering the length of

134 kbp for the viral genomic DNA. Infectious titers of stocks of

AcMPV-VSV-G concentrated by ultracentrifugation were usually

56109 to 161010 pfu/mL, and the corresponding physical particle

titers ranged between 161012 and 561012 vp/mL [36].

Electron Microscopy
(i) Negative staining of MPs. Samples were applied to

carbon-coated grid and negatively stained with 1% uranyl acetate,

pH 7.5. They were examined under a Jeol JEM-1400 electron

microscope (EM), equiped with an ORIUSTM digital camera

(Gatan France, 78113-Grandchamp).

(ii) Immunogold staining of MPs. Samples of MP suspen-

sion (10 ml) were deposited on top of carbon-coated grids. 30 sec

later, the excess of liquid was removed by blotting with filter paper.

10 ml of a 50-fold diluted solution of primary antibody (anti-CAR

or anti-CD46) was placed on the grid and incubated for 2 min at

room temperature. The antibody solution was then removed by

filter paper adsorption, and replaced by 10 ml Tris-buffered saline

(TBS). After three steps of rinsing with TBS, grids were post-

incubated with 10-nm colloidal gold-conjugated goat anti-mouse

IgG antibody (British BioCell International, Cardiff, UK; diluted

to 1:50 in TBS) for 2 min at room temperature. The secondary

antibody solution was then removed by filter paper adsorption,

and replaced by 10 ml of stain (2% uranyl acetate, pH 7.4). After a

further 1 min, the grid was dried on filter paper, and examined

under the EM as above.

(iii) EM analysis of MP-adenovirus complexes and cell

sections. Samples of MPs incubated with adenoviral vectors,

with or without postincubation with target CHO cells, were fixed

with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer

(pH 7.4), pelleted, and post-fixed with osmium tetroxide (1% in

0.1 M cacodylate buffer, pH 7.4). The specimens were dehydrated

and embedded in Epon resin and sectioned. Sections were stained

with 7% uranyl acetate in methanol, post-stained with 2.6%

alkaline lead citrate in H2O, and examined under the EM as

above.

Statistics
Results were expressed as mean 6 SEM of n observations. Sets

of data were compared with an analysis of variance (ANOVA) or a

Student’s t test. Differences were considered statistically significant
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when P,0.05. Symbols used in figures were (*) for P,0.05, (**) for

P,0.01, (***) for P,0.001, and ns for no significant difference,

respectively. All statistical tests were performed using GraphPad

Prism version 4.0 for Windows (Graphpad Software).

Supporting Information

Figure S1 Schematic procedure for MP isolation and
fractionation.
(TIFF)

Figure S2 Influence of VSV-G-pseudotyping on the
efficiency on the efficiency of MP-mediated transfer of
CAR and CD46. (a), The effect of the fusiogenic VSV-G

glycoprotein on the efficiency of CAR transfer was evaluated by

the degree of CHO permissiveness to the HAdV5-GFP vector.

Aliquots of CHO cells were incubated with MP30CAR at different

MP doses per cell, as indicated in the x-axis. At 72 h after

MP30CAR interaction, cells were infected with HAdV5-GFP

vector. Adenoviral vector HAdV5F35-GFP, which does not

recognize CAR as cellular receptor, was used as the negative

control. (b), The effect of VSV-G on the efficiency of CD46

transfer was evaluated by the degree of CHO permissiveness to the

HAdV5F35-GFP vector. Aliquots of CHO cells were incubated

with MP30CD46 at different MP doses per cell, as indicated in the

x-axis. At 72 h after MP30CD46 interaction, cells were infected

with HAdV5F35-GFP vector. Adenoviral vector HAdV5-GFP,

which does not recognize CD46 as cellular receptor, was used as

the negative control. In (a) and (b), MP30 lacking CAR or CD46

and carrying VSV-G alone were used as negative controls for

CAR and CD46 receptor activity, respectively.

(EPS)

Figure S3 Cellular localization of GFP-tagged CFTR
glycoprotein in MP-donor and MP-recipient CHO cells.

(A), MP-donor cells. CHO cells expressing the GFP-CFTR

fusion glycoprotein from the pCEP4-GFP-CFTR episomal plas-

mid were examined in confocal fluorescence microscopy. (B),

MP-recipient CHO cells. CHO cells harvested at day-5 after

interaction with MP30-GFP-CFTR were examined as above. (a),

Cell observed in the GFP channel. (b), Merging of image (a) and

DAPI staining. Scale bar, 10 mm.

(TIFF)

Figure S4 DNA analysis of MP-GFP-CFTR-recipient

cells. CHO cells were harvested at day-5 after interaction with

the following MP subclasses: MP30-LD (lane 1), MP30-ID (lane 2),

MP30-HD (lane 3), MP100-LD (lane 4), MP100-ID (lane 25),

MP100-HD (lane 6). DNA was extracted and analysed by PCR for

the possible occurrence of pCEP4-GFP-CFTR, visualized by a

specific 196-nt fragment. DNA from CHO-CD46 infected with

Ad5F35-GFP-CFTR was used as positive control (lane 7). Lane 8,

1kb-DNA ladder (Fermentas).

(TIFF)
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62. Christiansen D, Devaux P, Réveil B, Evlashev A, Horvat B, et al. (2000)
Octamerization enables soluble CD46 receptor to neutralize measles virus
in vitro and in vivo. J Virol 74: 4672–4678.

63. Devaux P, Loveland B, Christiansen D, Milland J, Gerlier D (1996) Interactions
between the ectodomains of haemagglutinin and CD46 as a primary step in
measles virus entry. J Gen Virol 1477–1481.

64. Corjon S, Gonzalez G, Henning P, Grichine A, Lindholm L, et al. (2011) Cell
entry and trafficking of human adenovirus bound to blood factor X is
determined by the fiber serotype and not hexon:heparan sulfate interaction.
PLoS ONE 6: e18205.

65. Coclet-Ninin J, Rochat T, Poitry S, Chanson M (2002) Discrimination between
cystic fibrosis and CFTR-corrected epithelial cells by a membrane potential-
sensitive probe. Exp Lung Res 28: 181–199.

66. Granio O, Ashbourne Excoffon KJD, Henning P, Melin P, Gonzalez G, et al.
(2010) Adenovirus 5-fiber 35 chimeric vector mediates efficient apical correction
of the cystic fibrosis transmembrane conductance regulator defect in cystic
fibrosis primary airway epithelia. Hum Gene Ther, 21: 1–19.

67. DaFonseca S, Blommaert A, Coric P, Hong SS, Bouaziz S, et al. (2007) The 3-
O-(39,39-dimethylsuccinyl) derivative of betulinic acid (DSB) inhibits the
assembly of virus-like particles in HIV-1 Gag precursor-expressing cells.
Antiviral Ther 12: 1185–1203.

68. Tabcharani JA, Chang XB, Riordan JR, Hanrahan JW (1991) Phosphorylation-
regulated Cl- channel in CHO cells stably expressing the cystic fibrosis gene.
Nature 352: 628–631.

69. Abe A, Miyanohara A, Friedmann T (1998) Enhanced gene transfer with
fusogenic liposomes containing vesicular stomatitis virus G glycoprotein. J Virol
72: 6159–6163.

70. Roche S, Albertini AA, Lepault J, Bressanelli S, Gaudin Y (2008) Structures of
vesicular stomatitis virus glycoprotein: membrane fusion revisited. Cell Mol Life
Sci 65: 1716–1728.

71. Roche S, Rey FA, Gaudin Y, Bressanelli S (2007) Structure of the prefusion form
of the vesicular stomatitis virus glycoprotein G. Science 315: 843–848.

72. Hudrisier D, Clemenceau B, Balor S, Daubeuf S, Magdeleine E, et al. (2009)
Ligand binding but undetected functional response of FcR after their capture by
T cells via trogocytosis. J Immunol 183: 6102–6113.

73. D’Halluin JC, Milleville M, Boulanger P (1980) Effects of novobiocin on
adenovirus DNA synthesis and encapsidation. Nucl Acids Res 8: 1625–1641.

74. Benharouga M, Haardt M, Kartner N, Lukacs GL (2001) COOH-terminal
truncations promote proteasome-dependent degradation of mature cystic fibrosis
transmembrane conductance regulator from post-Golgi compartments. J Cell
Biol 153: 957–970.

75. Heda GD, Tanwani M, Marino CR (2001) The Delta F508 mutation shortens
the biochemical half-life of plasma membrane CFTR in polarized epithelial cells.
Am J Physiol Cell Physiol 280: C166–174.

76. Bartoszewski R, Rab A, Twitty G, Stevenson L, Fortenberry J, et al. (2008) The
mechanism of cystic fibrosis transmembrane conductance regulator transcrip-
tional repression during the unfolded protein response. J Biol Chem 283: 12154–
12165.

77. Collino F, Deregibus MC, Bruno S, Sterpone L, Aghemo G, et al. (2010)
Microvesicles derived from adult human bone marrow and tissue specific
mesenchymal stem cells shuttle selected pattern of miRNAs. PLoS One 5:
e11803.

78. Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M, Tetta C, et al. (2007)
Endothelial progenitor cell derived microvesicles activate an angiogenic program
in endothelial cells by a horizontal transfer of mRNA. Blood 110: 2440–2448.

79. Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, et al. (2006) Embryonic stem
cell-derived microvesicles reprogram hematopoietic progenitors: evidence for
horizontal transfer of mRNA and protein delivery. Leukemia 20: 847–856.

80. Yuan A, Farber EL, Rapoport AL, Tejada D, Deniskin R, et al. (2009) Transfer
of microRNAs by embryonic stem cell microvesicles. PLoS One 4: e4722.

81. Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, et al. (1999) In vitro
generation of endothelial microparticles and possible prothrombotic activity in
patients with lupus anticoagulant. J Clin Invest 104: 93–102.

82. Franqueville L, Henning P, Magnusson MK, Vigne E, Schoehn G, et al. (2008)
Protein crystals in adenovirus type 5-infected cells: requirements for intranuclear
crystallogenesis, structural and functional analysis. PLoS One 3: e2894.

Microparticles as Vehicles of CAR, CD46 and CFTR

PLOS ONE | www.plosone.org 15 December 2012 | Volume 7 | Issue 12 | e52326





















±
±

± ±





























, la











RESEARCH ARTICLES

Transfer of the Cystic Fibrosis Transmembrane Conductance
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Cystic fibrosis (CF) is a genetic disease caused bymutations in the CF transmembrane conductance regulator
(CFTR) gene, resulting in a deficiency in chloride channel activity. In this study, extracellular vesicles (EVs),
microvesicles, and exosomes were used as vehicles to deliver exogenous CFTR glycoprotein and its encoding
mRNA (mRNAGFP-CFTR) to CF cells to correct the CFTR chloride channel function. We isolated microvesicles
and exosomes from the culture medium of CFTR-positive Calu-3 cells, or from A549 cells transduced with an
adenoviral vector overexpressing aGFP-taggedCFTR (GFP-CFTR).Bothmicrovesicles and exosomeshad the
capacity to package and deliver the GFP-CFTR glycoprotein and mRNAGFP-CFTR to target cells in a dose-
dependentmanner.Homologous versusheterologousEV-to-cell transferwas studied, and it appeared that the
cellular uptake of EVswas significantlymore efficient in homologous transfer. The incubation of CF15 cells, a
nasal epithelial cell line homozygous for the DF508 CFTR mutation, with microvesicles or exosomes loaded
with GFP-CFTR resulted in the correction of the CFTR function in CF cells in a dose-dependent manner. A
time-course analysis of EV-transduced CF cells suggested that CFTR transferred asmature glycoprotein was
responsible for theCFTR-associated channel activity detected at early times posttransduction, whereasGFP-
CFTR translated from exogenous mRNAGFP-CFTR was responsible for the CFTR function at later times. Col-
lectively, this study showed the potential application of microvesicles and exosomes as vectors for CFTR
transfer and functional correction of the genetic defect in human CF cells.

INTRODUCTION

MOST EUKARYOTIC CELLS naturally release into the

extracellular environment a heterogeneous popu-

lation of membrane-enveloped microparticles, re-

ferred to as extracellular vesicles (EVs).1 These

EVs are classified as microvesicles (MVs) and

exosomes (EXos), based on their size, ultrastruc-

tural and biochemical properties, and their mode

of release. MVs are relatively large (100–1000nm),

nonhomogeneous vesicles, generated by the out-

ward budding and shedding from the cell plasma

membrane.2,3 They are sometimes referred to as

ectosomes or shedding MVs.4,5 EXos represent a

more homogenous population of smallermembrane-

coated particles (30–100nm in diameter), gener-

ated by the inward budding of endosomal mem-

branes within large multivesicular bodies (MVBs).

The fusion of the MVBs with the cell plasma

membrane results in the release of the EXos into

the extracellular milieu.2–7

EVs participate in normal biological processes

such as tissue repair,8,9 immune surveillance,10

blood coagulation,11 and stem cell maintenance,12

by delivering effectors such as transcription fac-

tors, small and large noncoding regulatory RNAs,

as well as mRNAs. They act as mediators of inter-

cellular communications via the transfer of pro-

teins, lipids, and nucleic acids.3,6,10 They are also

associated to several diseases such as tumorigen-

esis,13,14Alzheimer’s andParkinson’s diseases,15,16
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the spread of the prion protein PrPc,17,18 the dis-

semination of HIV-1,19 or the reactivation of latent

HIV-1.20 The EVs have a natural ability to transfer

membrane, cytoplasmic, and genetic material to

neighboring and distant cells, and thus have been

exploited as vehicles for the delivery of therapeutic

molecules such as bioactive proteins, lipids, and

nucleic acids.8 Several protocols of EV-based vac-

cination and antitumor therapy are already at the

preclinical or clinical stage.21

Cystic fibrosis (CF) is an autosomal recessive ge-

neticdiseasecausedbymutations inasinglegene, the

CF transmembrane conductance regulator (CFTR)

gene. TheCFTR is a type IIImembrane glycoprotein,

with large intracytoplasmic N- and C-terminal do-

mains and 12 membrane-spanning domains consti-

tuting a transmembrane, cAMP-dependent chloride

channel.22,23 It is present at the apical surface of ep-

ithelial cells, and localized in the lipid raft micro-

domains of the plasmamembrane.24–26 In a previous

study, we showed that MVs and EXos were able to

achieve the transfer of the human CFTR mature

glycoprotein and CFTR-encoding mRNA molecules

(mRNACFTR) in a Chinese hamster ovarian (CHO)

cell model, resulting in the gain in CFTR chloride

channel function by MV- and EXo-recipient cells.27

In the present study, we investigated the feasi-

bility of MV- and EXo-mediated delivery of the

exogenous CFTR glycoprotein and CFTR-encoding

mRNA molecules to CFTR-deficient cells derived

from CF patients (CF cells) to restore the CFTR

chloride channel function. We used a GFP-CFTR

fusion construct, which has been shown to be bio-

logically active and capable of correcting the

transepithelial chloride transport,28,29 to track the

exogenous CFTR protein in EV-recipient cells. We

found that both MVs and EXos were capable of

packaging GFP-tagged CFTR and mRNAGFP-CFTR,

and transferred both types of molecules to target

CF cells, resulting in the correction of the CFTR

defect in CF cells. The CFTR chloride channel ac-

tivity newly acquired by EV-transduced CF cells

was measurable until day 3 after the EV-mediated

transfer, and still detectable at day 5. Experi-

mental results suggested that the maintenance of

this function was performed by newly synthesized

CFTR molecules translated from exogenous

mRNAGFP-CFTR. This is, to our knowledge, the first

demonstration that EVs can be exploited as ther-

apeutic vectors for a genetic disease.

MATERIALS AND METHODS

Cells

A549 and HEK-293 cells were obtained from the

American Type Culture Collection (ATCC; Mana-

ssas, VA). HEK-293 (ATCC CRL-1573) and A549

cells (ATCC CCL-185), adenocarcinomic human

alveolar basal epithelial cells, were maintained as

monolayers in Dulbecco’s modified Eagle’s medium

(DMEM; Life Technologies) supplemented with

10% fetal bovine serum (FBS; Life Technologies),

penicillin (200U/ml), and streptomycin (200 lg/ml)

at 37"C and 5% CO2. Calu-3 cells, derived from

human bronchial submucosal glands, were ob-

tained from the laboratory ofM.J.Welsh.30,31Calu-

3 cell monolayers were grown at 37"C and 5% CO2

in a combinedmediummade up of 3⁄4 DMEMand 1⁄4
Ham’s F12 (Life Technologies), supplemented with

FBS, penicillin, and streptomycin at the same do-

ses as above. CF15 cells, human nasal epithelial

cells homozygous for the DeltaF508 CFTR muta-

tion,30,32 were obtained from the laboratory of M.

Chanson.32,33 CF15 were grown as monolayers in

collagen I-coated flasks (BioCoat; BD Biosciences)

at 37"C and 5%CO2 in CNT-17medium (CellNTec),

supplemented with penicillin and streptomycin.

Adenoviral vectors

Human adenovirus type 5 (HAdV5)-derived

vectors HAdV5-GFP and HAdV5-GFP-CFTR have

been described and characterized previously.28,29

HAdV5-GFP-CFTR encoded the wild-type allele

of the CFTR gene, fused to the 3¢ end of the GFP

gene. Vector stocks were produced and titrated

on HEK-293 cell monolayers, as described previ-

ously.28,29,34,35

Isolation of microvesicles and exosomes

from extracellular vesicles

EVs were recovered from the culture medium of

Calu-3, A549, and A549 transduced by HAdV5-

GFP or HAdV5-GFP-CFTR, using a previously

published protocol.27 In brief, cells grown to 80–

90% confluency in T150 flasks (5 · 107 cells/flask)

were rinsed 3 times with phosphate buffered saline

(PBS), and fresh culture medium, preclarified by

ultracentrifugation at 100,000 · g for 16hr at 4"C,

was added to the cells. The EVs in the culture

medium were then recovered at 24, 48, and 72hr,

by two successive steps of ultracentrifugation. The

culture medium was first centrifuged for 5min at

13,000· g and 4"C to remove the cell debris, before

the first ultracentrifugation step at 30,000· g and

4"C for 2hr, to obtain the first pellet originally

called MP30 (now identified as MVs). The super-

natant was then subjected to a second round of

ultracentrifugation at 100,000· g and 4"C for 2hr,

which gave the second pellet called MP100 (now

identified as EXos). The MV and EXo pellets were

resuspended in 200ll PBS with gentle mixing, and
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stored at 4"C. They were usedwithin 10 days in our

experiments of EV-mediated cell transfer assays.

Protein assay

Aliquots of each EV sample were kept for protein

estimation using the Bradford Reagent (Sigma-

Aldrich Corp.). Triplicates of MV and EXo prepa-

rations, usually diluted 1:10 to 1:20 in PBS, were

lysed with 0.01% SDS at room temperature for

30min, and then reacted with the Bradford re-

agent, according to manufacturer’s recommen-

dations. Values were extrapolated from a standard

curve of serially diluted bovine serum albumin

(BSA) samples.

Titration of microvesicles and exosomes

by nanoparticle tracking analysis

The concentrations of MV and EXo preparations

were subjected to NTA, using the NanoSight LM10

system (Malvern Instruments Ltd.), equipped with

a 405nm laser and a high-sensitivity digital cam-

era (Scientific CMOS trigger camera). Videos were

collected and analyzed using the NTA software

(version 2.3), with the minimal expected particle

size, minimum track length, and blur setting, all

set to automatic. Camera sensitivity and detec-

tion threshold were set to maximum (16) to detect

small particles. Ambient temperature was re-

corded manually, ranging from 22"C to 27"C. Each

sample was diluted in sterile PBS (Life Technolo-

gies) to obtain concentration range between 108

and 109 EVs/ml, and the number of completed

tracks per sample was between 500 and 1500. The

screen gain was 6 for EXos and 12 for MVs, with a

capture time of 60 sec.

Gel electrophoresis and Western blot analysis

Polyacrylamide gel electrophoresis of SDS-

denatured protein samples (SDS-PAGE), and im-

munoblot analysis have been described in previous

studies.36–39 Briefly, samples were denatured in

SDS/beta-mercaptoethanol-containing loading buf-

fer at 100"C for 2min, and proteins electrophoresed

in SDS-denaturing 10% polyacrylamide gel and

electrically transferred to nitrocellulosemembrane

(Hybond-C-extra; GE Healthcare Life Sciences).

Blots were blocked in 5% skimmed milk in Tris-

buffered saline (TBS) containing 0.05% Tween-20

(TBS-T), rinsed in TBS-T, and then successively

incubated with primary antibody and peroxidase-

labeled secondary antibodies. Blots were reacted

with SuperSignal West Pico chemiluminescence

substrate (Thermo Fisher Scientific Inc.), and ex-

posed to autoradiographic film (Hyperfilm MP; GE

Heathcare Bio-Sciences). The apparent molecular

weights of proteins were estimated by comparison

with prestained protein markers (Precison Plus

Protein Standards, Dual Color; Bio-Rad Labora-

tories, Inc.).

Antibodies and reagents

Mouse monoclonal antibody against the human

CFTR C-terminus (mouse IgG2A; Clone 24-1;

MAB25031) was from R&D Systems. Goat poly-

clonal anti-CD63 antibody was purchased from

Santa Cruz Biotechnology (Catalog No. SC-15363).

Mouse monoclonal anti-GFP antibody (mixture of

clones 7.1 and 13.1) was from Roche Applied Sci-

ence. Peroxidase-coupled monoclonal anti-b-actin

antibody was purchased from Sigma-Aldrich (Cat-

alog No. A3854). Peroxidase-labeled rabbit antigoat

IgG antibody (Catalog No. A5420) and sheep anti-

mouse IgG antibody (Catalog No. A5906) were also

purchased from Sigma-Aldrich.

Metabolic inhibitors of endocytic pathways in-

cluded two inhibitors of the clathrin-dependent

endocytosis, chlorpromazine and the lysosomotro-

pic agent chloroquine; NH4Cl, an inhibitor of the

acidification of the endosomes; Bafilomycin A1,

a proton-pump inhibitor that blocks the vacuolar

ATPase and the endosome/lysosome fusion; the

isoflavone drug genistein and the polyene macro-

lide antibiotic filipin III, two inhibitors of the

clathrin-independent, caveolin-mediated endocy-

tosis; cytochalasin B (CytB), nocodazole (NDZ), and

latrunculin A (LatA), which all disorganize the

cell cytoskeleton, and have individual preferential

negative impacts on endocytosis (CytB), intracyto-

plasmic trafficking (NDZ), and macropinocytosis

(LatA); and the proteasome inhibitor MG132. All

drugs were purchased from Sigma-Aldrich and

prepared according to the manufacturer’s instruc-

tions. They were used under sterile conditions, and

at concentrations that did not decrease the cell vi-

ability to levels lower than 75%, as determined by

the MTT assay (not shown). For testing the inhib-

itor effects, cell monolayers, taken at 80% conflu-

ence, were pretreated with each drug for 1 hr at

37"C before MVsGFP or EXosGFP addition. After a

6hr incubation at 37"C with EVs (2 ·104 EVs/cell)

in the presence of the drug, the cells were collected,

fixed, and analyzed by flow cytometry.

EV-mediated transfer of GFP

and GFP-CFTR into target cells

In a typical experiment, samples of GFP-loaded

EVs (MVsGFP and EXosGFP) and GFP-CFTR-loaded

EVs (MVsGFP-CFTR and EXosGFP-CFTR) in PBSwere

mixed with an equal volume of prewarmed serum-

free medium, and 50–100ll aliquots added to A549
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or CF15 cell monolayers (2 · 105 cells/well). The

total input (50–100ll) contained 5–50lg protein

and 2· 109 to 10 ·109 EVs, with transducing doses

ranging from 5· 103 to 5· 104 EVs/cell. The cells

were further incubated at 37"C, and theGFP signal

was monitored in live cells using a Zeiss Axiovert-

135 inverted microscope equipped with an Ax-

ioCam digital camera. Cells were harvested at

different time periods, and GFP-positive or GFP-

CFTR-positive cells were quantitated using flow

cytometry. CFTR-associated chloride channel ac-

tivity was measured using an iodide-selective mi-

croelectrode, as described below.

DNA and RNA isolation, and PCR analyses

DNA from cells and EVs was extracted using the

QIAamp DNA Mini Kit (Qiagen). Total RNA was

extracted from cells using the Nucleospin RNA II

kit (Macherey Nagel), and from EVs using the

QIAamp viral RNA Mini kit (Qiagen). Aliquots

(100ng) of RNAwere reverse transcribed using the

Iscript DNA synthesis kit (BioRad). Real-time PCR

(RT-PCR) was performed using the KAPA Sybr

Fast qPCR kit (KAPA Biosystems) and the Ste-

pOnePlus apparatus (Thermofisher). Quantitative

RT-PCR (qRT-PCR) analysis of RNA was per-

formed using the protocol described in ref.40 and

the ribosomal protein RPL27 RNA transcript as

internal standard, amplified with the following

primers: sense 5¢-ATCGCCAAGAGATCAAAGA

TAA-3¢; antisense 5¢- TCTGAAGACATCCTTAT

TGACG-3¢. For the CFTR gene, a PCR-amplified

fragment of 415 nucleotides (nt) in length, over-

lapping exons 3 and 5 of the CFTR gene, was

obtained with the following primers41: sense 5¢-

AGAATGGGATAGAGAGCTGGCTTC-3¢ (exon 3);

antisense 5¢-TTCATCAAATTTGTTCAGGTTGT

TG 3¢ (exon 5). In the case of theGFP-CFTR fusion,

a fragment of 196nt in length, overlapping the

GFP and CFTR junction sequence,28,29 was ob-

tained using a forward primer designed from the 3¢

end of the GFP gene (nucleotide position 621; 5¢-

AACGAGAAGCGCGATCACATG), and an anti-

sense primer designed from the 5¢ end of the CFTR

gene (nucleotide position 78 in the CFTR gene; 5¢-

GCGCTGTCTGTATCCTTTCCTCAA). For theGFP

gene, a fragment of 99nt within the GFP gene was

obtained using the following primers: sense 5¢-

ATGGTGAGCAAGGGCGAGGA-3¢; antisense 5¢-

CTCGCCGGACACGCTGAACT-3¢. For theHAdV5

hexon gene, a fragment of 465nt was obtained us-

ing the following primers: forward 5¢- GCTGTATT

TGCCCGAC-3¢; reverse 5¢-CATGGCCTCAAGCG

TG-3¢, corresponding to the genome nt 20,276–

20,291 and 20,726–20,741, respectively.

Iodide efflux assay

The iodide efflux assay, which reflected the ac-

tivity of the CFTR channel, wasmeasured using an

iodide-selective microelectrode.42 The experimen-

tal setup included the MicroIodide Ion Electrode

(LIS-146ICM; Lazar Research Laboratories), con-

nected to an ORP-meter (ORP Model 62; Jenco

Instruments Inc.), and the protocol described by

Aleksandrov et al.43 Replicates of cell monolayers

were loaded with sodium iodide by incubation for

30min at 37"C in prewarmed iodide-loading buffer

(ILB:136mM NaI, 3mM KNO3, 2mM Ca[NO3]2,

11mM glucose, 20mM HEPES, pH 7.4 with

NaOH). Cells were then washed 10 times with ef-

flux buffer (EB; 136mMNaNO, 3mMKNO3, 2mM

Ca[NO3]2, 11mM glucose, 20mM HEPES, pH 7.4

with NaOH) to completely remove extracellular

iodide. The CFTR stimulation mixture (10 lM

forskolin, 100lM dibutyryl-cAMP, 1mM 3-isobutyl-

1-methylxanthine [IBMX] as enhancer of intracel-

lular cAMP) was added at time 0, to activate efflux

through CFTR channels. The values of the voltage

generated by iodide in solution were extrapolated

from the standard curve generated by measuring

the voltages of standard NaI solutions. Iodide efflux

values, expressed in nmol/min, represented the

mean–SEM of the amount of iodide released from

the cells during each 1min interval (n=3). At the

end of each assay, efflux buffer containing 0.1%

NP-40 was added to release the whole bulk of in-

tracellular iodide.

Flow cytometry

Cells were seeded in completemedia in 24- or 48-

well plates to obtain a confluency of 70–80% the

following day. The cells were then incubated with

MVs or EXos at 37"C and further incubated for

different lengths of time. At the end of the incu-

bation periods, the cells were rinsed with PBS, and

detached with PBS containing 0.05% trypsin and

1mM Na2EDTA. After centrifugation, the cells

were fixed in PBS containing 1% paraformalde-

hyde, and analyzed in an LSRII flow cytometer

(Becton Dickinson Biosciences).

Cell imaging

Fluorescence microscopy. Cell monolayers were

fixed with 1% paraformaldehyde in PBS, and per-

meabilized with 0.1% (v/v) Triton X-100 in PBS.

Cells were then blocked in 1% BSA in PBS for 1hr

at room temperature and incubated with primary

monoclonal antibodies against Rab5 (clone C8B1;

Cell Signalling), Rab4a (D-20; Santa CruzBiotech),

Rab11 (cloneH-87; SantaCruzBiotech), andLamp1

(or CD107a; BD Biosciences), following dilutions
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recommended by the manufacturer. Samples were

then rinsed in PBS and incubated with Alexa Fluor

568-conjugated goat antimouse IgG antibody, di-

luted 1:1000 (Molecular Probes, Invitrogen) for

1 hr at room temperature, rinsed, and treated with

DAPI before being mounted on slides. Observa-

tions were performed using an Axioimager Z1 epi-

fluorescence microscope (Carl Zeiss France) and a

confocal microscope (LSM710; Carl Zeiss). Images

were analyzed using the Zen software (Carl Zeiss).

Electron microscopy. For negative staining of

MVs and EXos, samples were adsorbed on gold

grids, and negatively stained with 2% uranyl ace-

tate before EM observation.44 For ultrathin sec-

tions, cell samples incubated with MVs or EXos

were fixed with 2% glutaraldehyde in 0.1M sodium

cacodylate buffer pH 7.4, pelleted, and postfixed

with osmium tetroxide (1% in 0.1 M cacodylate

buffer, pH 7.4). The specimens were dehydrated

and embedded in Epon resin, sectioned, and pro-

cessed as previously described.27,38 Ultrathin

sections were examined under a JEM-1400 Jeol

electron microscope equipped with an Orius-Gatan

digital camera (Gatan France, 78113 Grandchamp).

Statistics

Results were expressed as mean–SEM of n ob-

servations. Comparison between two samples was

performed using the Student’s t test (Excel); mul-

tiple samples were compared using the one-way

ANOVA test. Differences were considered statisti-

cally significant when p< 0.05.

RESULTS

Isolation, characterization, and nomenclature

of EVs recovered from human cells

Human epithelial cell lines Calu-3 (human bron-

chial submucosal glandular cells) and A549 (human

adenocarcinoma alveolar basal epithelial cells)

were tested as EV-producing cells. Calu-3 cells are

considered as a pertinent in vitro model of respi-

ratory functions and chloride channel activity.45

On the other hand, A549 cells are permissive to

human adenovirus serotype 5 (HAdV5), and to the

adenoviral vectors HAdV5-GFP or HAdV5-GFP-

CFTR, which express the green fluorescent protein

(GFP) or GFP-CFTR, a GFP-fused version of the

human CFTR glycoprotein.28,29 EVs that are nat-

urally released in the culture supernatant of A549

and Calu-3 cells were separated into two popula-

tions, using a two-step ultracentrifugation proce-

dure. The first fraction, MP30, was recovered in the

pellet after centrifugation at 30,000· g, and the

second fraction, MP100, was pelleted after a second

round of centrifugation at 100,000· g. The two EV

populations could be distinguished by their mor-

phology under the EM, their size, and protein

surface markers.

As exemplified by EV samples from A549 cells,

MP30 consisted of large particles characterized

by their size heterogeneity, ranging from 200 to

1200nm in diameter (Fig. 1a, left panel). The

MP100 population, however, showed more homog-

enous regular particles, rather spherical and rel-

atively small in size, ranging from 15 to 60 nm

(Fig. 1a, right panel). Size measurements were

performed using dynamic light scattering (DLS),

and representative DLS patterns obtained with

EVs from Calu-3 cells are shown in Fig. 1b. A

similar range of values as those estimated by EM

was found for both types of EVs: 100–1000nm for

the diameter of MP30 (320– 280nm; mean –SEM;

n = 2,272 k counts/s), and 20–200nm (65– 24nm;

n = 1,770 k counts/s) for MP100 (Fig. 1b, compare

the left and right panels).

MP30 and MP100 issued from Calu-3 cells were

also analyzed with respect to their CD63 content, a

specific marker of the exosomal compartment.46

Only the MP100 fraction, and not MP30, was found

to contain CD63 (Fig. 1c, left panel), indicating that

MP100 fraction was essentially composed of exo-

somes, whereas the MP30 fraction contained a

majority ofMVs. Thus, for the rest of this study, the

terminology of microvesicles (abbreviated MVs)

and exosomes (abbreviated EXos) was used instead

of MP30 and MP100, respectively. The term ‘‘extra-

cellular vesicles’’ (EVs) included bothMVs and EXo

populations.

Production and recovery of extracellular EVs

Culture supernatants of Calu-3 or A549 cells

were collected three times over a period of 72hr,

successively at 24, 48, and 72hr. After pooling the

three samples, the recovery of MVs and EXos was

assayed by nanoparticle tracking analysis (NTA).

From 2.5·108 EV-producing cells, we obtained

4.92 –0.96 · 1010 MVs and 10.8 –2.1· 1010 EXos

with A549, and 4.46 – 0.59· 1010 MVs (mean –

SEM; n = 6) and 8.20 –1.35 · 1010 EXos with Calu-3

cells. The yields did not significantly differ for the

two types of EV-donor cells, which corresponded to

about 200 MVs per cell and 300–400 EXos per cell,

over a 72hr period culture. After resuspension in

200ll PBS, the EV titer was*2.5·108/ll for MVs,

and 5 ·108/ll for EXos. The protein concentrations

ranged between 0.25 and 0.5lg/ll, that is, a ratio of

2 ·108 MVs or EXos per lg protein. This ratio was

consistent with the values reported in the litera-
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ture for exosomes preparations obtained by ultra-

centrifugation and titrated by NTA (6 ·108 EXos/

lg; see ref.47).

EV-mediated delivery of chloride

channel activity to human CF cells

In an earlier study, we generated a CHO cell line

that stably expressed the GFP-CFTR protein and

released MVs and EXos containing the GFP-CFTR

glycoprotein and GFP-CFTR-encoding mRNA

(mRNAGFP-CFTR). We showed that both types of

molecules were transferable to target CHO cells.27

Because Calu-3 cells are known to naturally ex-

press CFTR at relatively high levels,45we assumed

that MVs and EXos isolated from Calu-3 would

contain high amounts of CFTR and mRNACFTR.

Figure 1. Morphological, biophysical, and biochemical characterization of extracellular vesicles (EVs) isolated from human cells. (a) Electron microscopy (EM).

MP30 pellet (microvesicles [MVs], left panel ) and MP100 pellet (exosomes [EXos], right panel) were isolated from A549 cell culture medium by differential

ultracentrifugation at 30,000 · g and 100,000 · g, respectively, and negatively stained for observation under the EM. (b)Diffusion light scattering (DLS). Populations

ofMP30 (MVs, left panel ) andMP100 (EXos, right panel) isolated from Calu-3 cell culture mediumwere analyzed by DLS. (c) Protein content. MP30 andMP100 pellets

isolated from Calu-3 cells were analyzed by SDS-PAGE and Western blotting, using anti-CD63 antibody (left panel), or anti-CFTR antibody (right panel); b-actin

(42 kDa) was used as internal control of protein loads. Lane mm, protein markers, with their molecular masses indicated in kDa. CFTR, CF transmembrane

conductance regulator. Color images available online at www.liebertpub.com/hum
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This was confirmed by SDS-PAGE and Western

blot analysis, which showed that CFTR glycopro-

tein was detectable in both MVs and EXos, but

in higher amounts in MVs compared with EXos

(Fig. 1c, right panel). RT-PCR performed on MV

and EXo samples normalized to the same EV titer

showed that both types ofEVs containedmRNACFTR,

but MVs had an apparent higher mRNACFTR con-

tent, compared with EXos (Fig. 2a).

We next determined whether MVs and/or EXos

isolated from the Calu-3 cell culture medium (re-

ferred to as [Calu-3]MVs and [Calu-3]EXos) were

capable of conferring the CFTR-associated chloride

channel function to CF15 cells, a human nasal ep-

ithelial cells homozygous for the DF508 CF muta-

tion.30,32,33 CF15 cells were incubated for 6hr at

37"C with [Calu-3]MVs or [Calu-3]EXos at the

transducing dose of 200 EVs/cell. Fresh culture

medium was then added, and cells were further

incubated for 72hr at 37"C. At the end of this pe-

riod, the medium was removed, and the cells were

tested for the cAMP-dependent CFTR chloride

channel activity, measured by the iodide efflux

assay using an iodide-selective microelectrode.42,43

Curves representative of the cyclic cAMP-stimulated

iodide efflux response in EV-transduced CF15 cells

were compared with the curves of untreated CF15

cells (negative control), and of Calu-3 cells (positive

control). A peak of CFTR channel activity was de-

tected in EV-treated CF15 cells, suggesting the

restoration of the CFTR function in these target

cells (Fig. 2b). The CFTR chloride channel activity

measured in EXo-treated CF15 cells was slightly

lower, compared with that of MV-treated CF15

cells (Fig. 2b, c). Interestingly, the peak of channel

activity was obtained at 4min in EV-treated CF15

cells, a slight delay compared with the peak of

Calu-3 that occurred at 2–3min (Fig. 2b, c). Even

though the levels of CFTR channel activity ob-

served in EV-treated CF15 cells were 10- to 20-fold

lower than that of the Calu-3 cells, this positive

result incited us to pursue our studies, in an at-

tempt to improve the efficiency of the CFTR

transfer in human cells. The factors that could in-

fluence the transfer of the CFTR function included

the nature of the EV-donor and EV-recipient cells,

the EV cargo and the EV doses, and the experi-

mental conditions of EV-cell interaction. These

different parameters were investigated in the fol-

lowing experiments.

Characterization of EV-donor cells

Fluorescent EVs loaded with GFP or GFP-

tagged CFTR were used to help us track and

quantitate the uptake of EVs by target cells.27 We

Figure 2. CharacterizationofCalu-3asEV-donorcells. (a)RNAcftrcontent of EVs.

MP30 (MVs) and MP100 (EXos) isolated from Calu-3 cell culture medium were

analyzed by RT-PCR, using CFTR-specific primers. Control MP100 and control MP30
corresponded to the fractions recovered by ultracentrifugation at 100,000·g and

30,000·g, respectively, from medium that had not been in contact with any cells.

Control MP100 and MP30 were subjected to the same RT-PCR as MP100 and MP30
isolated from Calu-3 cell culture media. The 415-nucleotide (nt) fragment amplified

from the CFTR mRNA is indicated by arrows. (b) CFTR chloride channel activity in

Calu-3 (EV-donor cells) and CF15 cells (EV-recipient cells). Aliquots of CF15 cells

(1.5·106) were incubatedwithMVs or EXos isolated from the 72hr culturemedium

ofCalu-3 (1.5·107cells), at 200EVspercell, for6hrat 37"C.ControlCalu-3 (EV-donor

cells), untreated CF15, and MV- or EXo-treated CF15 cells were first loaded with

iodide, and cAMP-containing stimulation cocktail was then added at time 0 (arrow)

to activate the anion efflux through CFTR channels. The amount of iodide released

from the cells wasmeasured at 1min intervals, using an iodide-selective electrode

(mean–SEM; n=3). Shownare representative curves of the iodide efflux. (c)CFTR

activity ratios. The CFTR Cl- channel activity in Calu-3 and CF15 cells was deduced

from experimental curves, as exemplified in (b). The values of CFTR Cl- channel

activity determined in untreated CF15, and in MV- or EXo-transduced CF15 cells

were expressed as the percentage of the mean value obtained with Calu-3 cells,

attributed the 100% value. *p£0.05; **p£0.005. Note the log scale of the y axis.
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assumed that EVs isolated from A549 cells trans-

duced by HAdV5 vectors overexpressing either

the GFP or GFP-CFTR protein would incorporate

relatively higher amounts of GFP or GFP-CFTR

glycoproteins and their corresponding mRNAs,

compared with EVs from Calu-3 cells. SDS-PAGE

and Western blot analysis, using anti-CFTR and

anti-GFP antibodies, were performed on A549 cell

lysates and compared with Calu-3 cell lysates.

As expected, the CFTR glycoprotein content of

HAdV5-GFP-CFTR-transduced A549 cells could be

estimated to be 10–30 times higher than the en-

dogenous CFTR content of Calu-3 cells, after nor-

malization to equivalent protein loads (Fig. 3a).

RT-PCR amplified a 415nt fragment from the

endogenous mRNACFTR present in Calu-3 cells,

and the same fragment was amplified from the

mRNAGFP-CFTR transcript coding for the GFP-

CFTR fusion protein in HAdV5-GFP-CFTR-

transduced A549 cells. No endogenous mRNACFTR

was detectable in control, nontransduced A549

cells, or in CF15 cells (Fig. 3b, left panel). A 99nt

fragment, amplified from the GFP gene, and a

196nt fragment, specific of the GFP-CFTR junc-

tion, were found only in the RT-PCR samples of

HAdV5-GFP-CFTR-transduced A549 cells, and not

in the other samples (Fig. 3b, right panel). We

therefore used HAdV5-GFP-CFTR-transduced

A549 cells as EV-donor cells, and both A549 and

CF15 as target cells for homologous and heter-

ologous EV cell transfer, respectively.

Characterization of EVsGFP and EVsGFP-CFTR

from A549 cells

MVs and EXos prepared from control, non-

transduced A549 cells and from HAdV5-GFP- or

HAdV5-GFP-CFTR-transduced A549 cells were

analyzed for their GFP fluorescent signal by flow

cytometry (Fig. 4a). Over 80% MVs and EXos from

HAdV5-GFP-transduced A549 cells carried the

GFP fluorescent signal (Fig. 4a). In contrast, the

populations of EVs recovered from HAdV5-GFP-

CFTR-transduced A549 cells contained only 10–

12% fluorescent MVs, and 2–3% fluorescent EXos,

namely, 4–5-fold less for the latter (Fig. 4a). These

results were consistent with the fact that GFP is

an abundant cytoplasmic and nuclear protein,

whereas GFP-CFTR is a tightly regulated channel

protein, localized in specialized microdomains of

the cell plasma membrane.24–26

Figure 3. Characterization of EV-donor cells. Calu-3 and A549 cells, as indicated at the top of the panels, were probed for their CFTR or GFP-CFTR

glycoprotein contents (a), and corresponding mRNAs (b). (a) SDS-PAGE and Western blot analysis. Whole cell lysates were analyzed using anti-CFTR

(left panel), or anti-GFP antibodies (right panel). The CFTR band is indicated by a dot, and free GFP by an arrowhead. (b) RT-PCR analysis. RT-PCR was

performed using different pairs of primers, specific to the CFTR gene (left panel), or specific to the GFP gene and GFP-CFTR junction (right panel ). The

amplified fragments were 415 nt in length for CFTR, 99 nt for GFP, and 196 nt for the GFP-CFTR junction, respectively.
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Samples ofMVsGFP-CFTR andEXosGFP-CFTRwere

then analyzed by SDS-PAGEandWestern blotting,

using anti-GFP or anti-CFTR antibodies to detect

the GFP-CFTR fusion protein (Fig. 4b). The GFP-

CFTRprotein signal inMVsGFP-CFTRwasestimated

to be 10–20-fold higher, on a per-EV basis, com-

paredwith that of EXosGFP-CFTR (Fig. 4b). Of note, a

single band of the CFTR protein migrating with an

apparent molecular mass of 210–220kDa was vis-

ible in the EXosGFP-CFTR fraction, which was com-

patible with that of the GFP-fused mature CFTR

glycoprotein (25 +190kDa). In the MVsGFP-CFTR

samples, however, several bands were detected,

including a major doublet band at 200–220kDa,

and extra bands of immatureCFTRand/or cleavage

products (Fig. 4b).

MVsGFP-CFTR and EXosGFP-CFTR isolated from

the A549 cell culture medium at different times

after transduction with HAdV5-GFP-CFTR were

then probed for their mRNAGFP-CFTR content. RT-

PCR analysis, performed using primers over-

lapping theGFP-CFTR junction, or primers within

the CFTR gene sequence, suggested that the max-

imum incorporation of mRNAGFP-CFTR into both

MVs and EXos was attained during the first 48hr

after cell transduction with HAdV5-GFP-CFTR

(Fig. 4c). This was confirmed by quantitative RT-

PCR, which also showed that the mRNAGFP-CFTR

content was twofold higher in MVsGFP-CFTR, com-

pared with EXosGFP-CFTR (Fig. 4d).

Because MVsGFP-CFTR and EXosGFP-CFTR were

isolated from A549 cells transduced by the HAdV5-

GFP-CFTR vector, we determined whether these

EVs could also contain adenoviral vector DNA or

fragments thereof. Quantitative PCR using prim-

ers specific of the GFP-CFTR gene junction was

performed on MVsGFP-CFTR and EXosGFP-CFTR sam-

ples harvested at 24 and 48hr after HAdV5-GFP-

CFTR transduction. Vector DNAwas found in both

types of EVs, and their DNA content increased

with time posttransduction. There was no signifi-

cant difference in vector DNA content between

MVs
GFP-CFTR

and EXosGFP-CFTR (Supplementary

Fig. S1a; Supplementary Data are available online

Figure 4. Characterization of EVs isolated from A549 cells. (a) Flow cytometry. MVs and EXos were isolated from the culture medium of untreated A549 cells

used as negative controls, A549 cells transduced with HAdV5-GFP, and A549 cells transduced with HAdV5-GFP-CFTR at 72 hr posttransduction (pt). The isolated

MVs and EXos were analyzed for the intensity of the GFP signal by flow cytometry. (b) GFP-CFTR glycoprotein content. MVs and EXos isolated from HAdV5-

GFP-CFTR-transduced A549 cells at 72 hr pt were probed for GFP-CFTR, using SDS-PAGE and Western blot analysis with antibodies (Ab) against CFTR (left

panel ), or GFP (right panel ). Lane WCL, whole cell lysates were used as positive controls. Lane mm, molecular markers. (c) RNAGFP-CFTR content (RT-PCR). MVs

and EXos from untreated A549 or HAdV5-GFP-CFTR-transduced A549 cells were collected at different times pt, and subjected to RT-PCR analysis, using

CFTR-specific primers. (d) Quantitative RT-PCR of RNAGFP-CFTR. The qRT-PCR analysis of MVs and EXos was performed using the pair of primers amplifying the

GFP-CFTR junction (196 nt fragment), with RPL27 RNA as the internal standard.
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at www.liebertpub.com/hum). To further character-

ize thevectorDNAincorporated inEVs,MVsGFP-CFTR

and EXosGFP-CFTR were tested by plaque assays on

HEK-293 cells, a trans-complementing cell line for

rescuing E1A+E1B-deleted HAdV5 vectors such as

HAdV5-GFP-CFTR. No viral plaques were obtained

at any of the EV doses tested, implying that no viable

adenoviral vector could be rescued from the EVs (not

shown).

Cellular uptake of MVsGFP-CFTR

and EXosGFP-CFTR by target cells

EV dose dependence of the GFP-CFTR transfer.
MVsGFP-CFTR andEXosGFP-CFTR fromHAdV5-GFP-

CFTR-transducedA549 cells were added to A549 or

CF15 cell monolayers (5 · 105 cells per well) at

different transducing doses, ranging from 5 ·103 to

4 ·104EVs/cell, and incubated for 6hr at 37"C. The

cells were then harvested, and cell-associated

fluorescent signal was analyzed by flow cytometry.

There was a progressive increase in GFP-positive

cells from 5% to 40% with increasing doses of

MVsGFP-CFTR. A dose-dependent progressive aug-

mentation of GFP-positive cells was also observed

with EXosGFP-CFTR, reaching a maximum of 10%

GFP-positive cells at thehighest dose tested (Fig. 5a).

Cytotoxicity of MVsGFP-CFTR and EXosGFP-CFTR.
The potential cytotoxicity of MVsGFP-CFTR and

EXosGFP-CFTRwas tested at different doses on A549

and CF15 cells, using MTT assays. The viability

of EXosGFP-CFTR-transduced A549 cells decreased

to 60% at the highest dose of 4 ·104 EVs/cell, but

the other cell samples showed more that 80% via-

ble cells within the range of 2· 104 to 4 ·104 EVs/

cell. Interestingly, the CF15 cells showed the

highest degree of tolerance to both MVsGFP-CFTR

and EXosGFP-CFTR, with no significant cytotoxity

detected at the highest dose of 4 ·104 EVs/cell

(Fig. 5b).

Temperature dependence. We next explored

the effect of the incubation temperature on the

cellular attachment and uptake of EVs in both

homologous and heterologous systems. Aliquots of

MVsGFP and EXosGFP fromHAdV5-GFP-transduced

A549 cells were added to A549 or CF15 cell mono-

layers (2 ·104 EVs per cell), and cells were incu-

bated for 2 hr at 37"C, 22"C, and 4"C, respectively.

At the end of this period, cells were collected, fixed,

and analyzed by flow cytometry. The uptake of

MVsGFP and EXosGFP was temperature dependent

for both types of cell targets, with a progressive

decrease of the EV-mediated transduction with the

lowering of the incubation temperature (Fig. 5c). In

comparison to MVsGFP-transduced A549 cells at

37"C, a reduction of about 25% was observed at

22"C, and 50% at 4"C. InMVsGFP-transduced CF15

cells, the reductions were 50% and 90% at 22"C and

4"C, respectively. Because of the relatively low

values at 37"C, the variations with the tempera-

ture lowering were less pronounced for the cellular

uptake of EXosGFP by both targets (Fig. 5c). In

addition, the proportion of transduced cells and the

transduction efficiency were significantly higher

in the homologous cellular uptake compared with

the heterologous uptake at all temperatures tested

(Fig. 5c; compare upper and lower pairs of panels).

These results suggested that the cellular uptake

of A549-issued MVsGFP and EXosGFP by A549

and CF15 cells was a temperature-dependent, dy-

namic process, which required an optimal fluidity

of the membrane lipid bilayers. However, the ab-

sence of total inhibition of cellular uptake of EVs at

4"C suggested that a temperature-independent

mechanism might also be involved, such as the

recognition between receptor and/or adaptor mol-

ecule(s) between the EVmembrane and cell plasma

membrane.

Homologous versus heterologous

cellular uptake

To evaluate the efficiency of homologous and

heterologous EV-to-cell transfer, GFP-tagged EVs

(MVsGFP andEXosGFP) were prepared fromHAdV5-

GFP-transduced A549 cells. The advantage of us-

ing GFP-loaded EVs was the high proportion of

fluorescent EVs for GFP (over 80%), comparedwith

GFP-CFTR (around 10%; refer to Fig. 4a). For ho-

mologous cellular uptake of EVs, EVs isolated from

A549 cells were incubatedwith A549 cells, whereas

for heterologous cellular uptake, EVs isolated from

A549 cells were incubated with CF15 cells. In-

cubation was carried out at 37"C for 1, 2, 3, 4, 6, 12,

and 24hr, at an input of 2 ·104 EVs/cell. At each

time point, the target cells were fixed for fluores-

cencemicroscopy and assayed by flow cytometry for

the proportion of GFP-positive cells and the index

of transduction efficiency (TE). The TE, expressed

in arbitrary units (AU), was calculated using the

following formula:TE=GFP-positive cells (%)·MFI.34

Homologous cellular uptake (Fig. 6a). About

60% of A549 cells were GFP-positive after 3hr in-

cubation with MVsGFP, and 75% after 6 hr. The

proportion of GFP-positive cells reached a plateau

of 80% after 12hr. The values obtained for

EXosGFP-transduced cells were lower, with 5% and

10% at 3 and 6hr, respectively, and a plateau at
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25% after 12hr. The transduction efficiency was

significantly higher with MVsGFP, compared with

EXosGFP, with values ranging from 4- to 8-fold

higher at all time points (Fig. 6a, upper and lower

leftmost panels). Fluorescence microscopy obser-

vation showed that GFP dots were more abundant

in MVsGFP-transduced cells than in EXosGFP-

transduced cells at all time points tested (Fig. 6a,

upper and lower rightmost panels).

Heterologous cellular uptake (Fig. 6b). The up-

take of heterologous EVs was slower, and its effi-

ciencywas significantly lower (about 2-fold), compared

with homologous EV uptake: only 40% MVsGFP-

Figure 5. Dose dependence, cytotoxicity, and temperature dependence of EV-mediated transduction of target cells. (a) EV dose dependence. A549 cells were

incubated with increasing doses of MVsGFP-CFTR or EXosGFP-CFTR, and the cellular GFP signal was analyzed by flow cytometry (mean – SEM; n = 4). (b)

Cytotoxicity. A549 or CF15 cells incubated with MVsGFP-CFTR or EXosGFP-CFTR at different doses were analyzed for cell survival using the MTT assay. Data shown

are the percentages of viable cells compared with untreated samples. (c) Temperature dependence. Target cells, A549 (homologous EV-to-cell transfer; top

panels) or CF15 (heterologous EV-to-cell transfer; bottom panels), were incubated with samples of MVsGFP-CFTR or EXosGFP-CFTR (as indicated under the x axis) at

the indicated temperatures. Cells were collected after 6 hr incubation, and analyzed by flow cytometry to quantitate the percentage of GFP-positive cells (left

panels), and the transduction efficiency (right panels). The transduction efficiency (TE) was expressed as arbitrary units (AU), using the following formula:

TE =MFI · % GPF-positive cells. MFI, mean fluorescence intensity.
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transduced CF15 cells were found to be GFP-

positive at 12hr, and a maximum of 50% at 24hr.

This difference was also observed with EXosGFP-

transduced CF15 cells, which showed no fluores-

cent signal over the background before the 4hr

time point, and a maximum value at 5% GFP-

positive cells at 12 and 24hr. As observed with

A549 cells, the difference in transduction efficiency

between MVsGFP and EXosGFP ranged between

6- and 8-fold within the late time period (Fig. 6b,

Figure 6. Homologous versus heterologous EV-mediated cell transduction. (a) Homologous EV-to-cell transfer. A549 cells were incubated with MVsGFP or

EXosGFP isolated from HAdV5-GFP-transduced A549 cells, collected at different times, and analyzed by flow cytometry (left panels), and epifluorescence

microscopy (right panels). (b) Heterologous EV-to-cell transfer. CF15 cells were incubated with MVsGFP or EXosGFP isolated from HAdV5-transduced A549 cells,

collected at different times as in (a) and analyzed by flow cytometry (left panels), and epifluorescence microscopy (right panels). Data presented in the left

panels are mean– SEM (n = 3). The images of epifluorescence microscopy shown in the right panels were taken after 24 hr incubation.
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upper and lower leftmost panels), which was con-

firmed by fluorescence microscopy (Fig. 6b, upper

and lower rightmost panels). These results sug-

gested that the cellular uptake of EVs was more

efficient in homologous EV-to-cell transfer system,

compared with the heterologous type, with MVs

being more efficient than EXos in both cases.

Mechanisms of cellular uptake of EVs

Cell entry inhibitors. Metabolic inhibitors48,49

were used to further explore the cell entry pathway

of MVsGFP and EXosGFP in homologous and heter-

ologous transfer systems. Only cytochalasin B,

a cytoskeletal drug that acts as an endocytosis

blocker,48,49 and the macropinocytosis inhibitor

amiloride50 provoked a significant diminution

(about twofold) of the GFP signal in EV-treated

cells. This suggested that clathrin-dependent en-

docytosis and macropinocytosis were involved to

some extent in the cellular uptake of EVs. The ef-

fects observed with the other drugs weremoderate,

and varied with the cell types and the nature of the

EVs, in the negative or positive sense (data not

shown). This implied that MVs and EXos used

different mechanisms and/or alternative internal-

ization pathways, of which the relative importance

would depend on the nature of EVs and the type of

target cells. In the presence of a given metabolic

inhibitor responsible for the blockade of one path-

way, the EVs might be redirected to alternative

routes for cell entry, which, paradoxically, would

result in an apparent higher transduction effi-

ciency. This confirmed the diversity of mechanisms

of cellular attachment and uptake of EVs previ-

ously observed.21,51

Imaging of EV–cell interaction by electron mi-
croscopy. Monolayers of A549 cells were incu-

bated with A549-issued MVsGFP or EXosGFP (2·104

EVs/cell) at 37"C for 2hr, and the cells were fixed

and processed for EM. For both MVs and EXos,

EM observation showed close contacts between EVs

and the cell plasma membrane (Supplementary

Fig. S2a, b), and between intravesicular EVs and the

vesicular membrane (Supplementary Fig. S2d, f).

Electron-dense material connecting MVs and EXos

with plasma and vesicular membranes was also

visible. These imageswere reminiscent of a receptor–

ligand recognition, usually followed by cell inter-

nalization via membrane fusion, or alternatively

via endocytosis (Supplementary Fig. S2d, f).

Images evoking macropinocytosis were also ob-

served with both MVs and EXos (Supplementary

Fig. S2c, e).

Confocal fluorescence microscopy of EV–cell in-
teraction. The intracellular trafficking of EVs af-

ter their cellular uptake was investigated using

GFP-loaded EVs, and antibodies against markers

of the early, intermediate, and late vesicular com-

partments of the endocytic pathway. These in-

cluded antibodies against Rab5, Rab4a, Rab11, and

Lamp1. A549 cells were incubated with MVsGFP

and EXosGFP at an input of 2 ·104 EVs/cell, har-

vested at 2, 6, and 24hr posttransduction, per-

meabilized, and reacted with primary antibodies

followed by secondary, red-fluorescent antibodies.

The cell samples were then processed for con-

focal fluorescence microscopy. No colocalization

with Rab5, Rab4a, or Rab11 was detectable

with MVsGFP or EXosGFP at any of the time points

considered (not shown). At 24hr posttransduc-

tion, however, some degree of colocalization of

EXosGFP andLamp1was observed (Supplementary

Fig. S3a). Colocalization with Lamp1 was not ob-

served with MVsGFP, even at late times post-

transduction (Supplementary Fig. S3b). These

observations indicated that the MVs and EXos did

not accumulate in the same vesicular compart-

ments at late times after cell entry, and suggested

that MVs and EXos differed in their intracellular

trafficking.

Kinetics of EV-mediated delivery

of GFP-CFTR to CF target cells

MVsGFP-CFTR and EXosGFP-CFTR isolated from

HAdV5-GFP-CFTR-transduced A549 cells were

incubated with CF15 target cells at 2· 104 EVs/cell

for 6hr at 37"C, and cells collected at time points

6, 12, 24, and 48hr after transduction. At 6hr

posttransduction, the percentage of GFP-CFTR-

positive cellswas10–15%forMVsGFP-CFTR-transduced

cells and 5–6% for EXosGFP-CFTR-transduced cells.

At 12hr, the percentage of GFP-CFTR-positive

cells decreased for both types of EVs, with only 3%

fluorescent cells with MVsGFP-CFTR, and less than

2% for EXosGFP-CFTR (Fig. 7a, left panel). Inter-

estingly, the proportion of GFP-CFTR-positive

cells progressively increased at later times post-

transduction with both types of EVs, with 8–9%

GFP-CFTR-positive cells at 48hr for MVsGFP-CFTR-

transduced cells, and 5–6% for EXosGFP-CFTR-

transduced cells (Fig. 7a, left panel). The TE values

followed a similar U-shaped pattern (Fig. 7a, right

panel), and the transduction efficiency was con-

sistently 5–10-fold higher with MVsGFP-CFTR than

with EXosGFP-CFTR.

The transfer of mRNAGFP-CFTR molecules to

target cells was evaluated by RT-PCR and qRT-

PCR analyses, using primers overlapping the GFP
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and CFTR sequences, and RPL27 RNA as the in-

ternal control. Reaction was performed on samples

of MVsGFP-CFTR- and EXosGFP-CFTR-transduced

CF15 cells, harvested at different time points after

EV-transduction. Both types of samples contained

mRNAGFP-CFTR as early as 6hr posttransduction

(Fig. 7b, left panel). Interestingly, in MVsGFP-CFTR-

transduced cells, the number of mRNAGFP-CFTR

copies increased between 6 and 24 hr post-

transduction and remained stable until 48 hr,

before decreasing progressively. In EXosGFP-CFTR-

transduced cells, however, no plateau was ob-

served between 24 and 48hr, and the mRNAGFP-

CFTR content rapidly decreased after 24hr, to al-

most undetectable levels at 72hr. The difference in

mRNAGFP-CFTR levels between MVsGFP-CFTR- and

EXosGFP-CFTR-transduced CF15 cells was esti-

mated to be 5–7-fold between 6 and 24hr, and 25–

30-fold between 48 and 72hr (Fig. 7b, left panel).

The half-life of intracellular mRNAGFP-CFTR

transferred, deduced from the kinetic curves, was

t½ = 48 hr for MVsGFP-CFTR, and t½ = 16 hr for

EXosGFP-CFTR (Fig. 7b, right panel), that is, three

times shorter in EXosGFP-CFTR-transduced cells

compared with MVsGFP-CFTR-transduced cells.

These results suggested that the cellular uptake of

heterologous EVs by the target cells CF15 was a

progressive process that prolonged until 24hr after

the initial EV-cell contact. These results also sug-

gested that themRNAGFP-CFTRmolecules conveyed

by MVsGFP-CFTR into CF15 cells did not follow the

same metabolic pathway as those conveyed by

EXosGFP-CFTR, and/or did not accumulate in the

same cellular compartments at late times after

Figure 7. Kinetics and efficiency of EV-mediated transfer of GFP-CFTR into target cells. (a) Flow cytometry. CF15 cells were incubated with MVsGFP-CFTR or

EXosGFP-CFTR isolated from HAdV5-GFP-CFTR-transduced A549 cells for different time periods at 37"C. Cell samples were collected at times indicated in the

x axis, and analyzed for the percentage of GFP-CFTR-positive cells (left panel), and transduction efficiency (right panel). (b) Quantitative RT-PCR analysis. The

RNAGFP-CFTR content was determined by qRT-PCR, using a pair of primers overlapping the GFP-CFTR junction (amplified fragment: 196 nt). The RPL27 RNA was

used as the internal standard. Data shown are GFP-CFTR to RPL27 RNA ratios (left panel). Normalized values of GFP-CFTR/RPL27 RNA ratios, with the 100%

value attributed to the maximal ratio obtained (right panel). The double-head arrow represents the estimated half-life of RNAGFP-CFTR molecules in MV- and EXo-

transduced cells, respectively (mean – SEM; n= 3).
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transfer. These two possibilities, which are not

mutually exclusive, were consistent with the ob-

servation by confocal fluorescence microscopy,

suggesting different cell trafficking pathway for

MVs and EXos (refer to Supplementary Fig. S3).

Vector DNA, carried over by EVs, was also de-

tected in EV-transduced CF15 cells. Quantitative

PCR analysis using primers specific of the GFP-

CFTR junction showed that there was 50–80-fold

less vector DNA in EXosGFP-CFTR-transduced

cells compared with MVsGFP-CFTR-transduced cells

(Supplementary Fig. S1b). There was no increase

in the vector DNA content between 24 and 48hr

posttransduction. There was no detectable adeno-

virus hexon gene transcript in MVsGFP-CFTR- or

EXosGFP-CFTR-transduced cells (not shown). These

results suggested that the template of the amplified

DNA fragments in both EVs and EV-transduced

cells consisted of incomplete or fragmented vector

DNA, naked or partially uncoated.

Restoration of chloride (Cl-) channel function

in CF cells transduced by CFTR-loaded EVs

The CF15 cells, which carry the deltaF508 mu-

tation in theCFTR gene, are defective in the CFTR

Cl- channel function. The next important issue

to address was whether transduction of CF15 cells

by CFTR-loaded EVs was able to restore or correct

the CFTR Cl- channel function in these cells. We

therefore tested for the gain in Cl- channel function

in CF15 cells incubated with different doses of

MVsGFP-CFTR or EXosGFP-CFTR, by measuring at

24hr postincubation the iodide efflux using an

iodide-selective microelectrode.26,42,43 As positive

controls of vector-transduced CFTR activity,28,29,35

CF15 cells were transduced by HAdV5-GFP-CFTR

at several vector doses. At 50 vector particles (vp)

per cell, a strong and rapid response of iodide efflux

was detectable as early as 1–2min after activation

(Fig. 8a). There was no detectable Cl- channel ac-

tivity at low vector doses (5 and 10 vp/cell), imply-

ing a threshold effect as previously observed in

human airway primary CF cells transduced by the

same HAdV5-GFP-CFTR vector.28,29

A dose–response study was performed with in-

creasing transducing doses of MVsGFP-CFTR or

EXosGFP-CFTR at 1· 104, 2· 104, and 4· 104 EVs/

cell. For both MVsGFP-CFTR or EXosGFP-CFTR, none

or low Cl- channel activity (10–20nmol I-/min) was

detected at the lowest dose of 1 ·104 EVs/cell. A

modest Cl- channel activity was detected with

MVsGFP-CFTR and EXosGFP-CFTR at the transducing

dose of 2·104EVs/cell (10–15nmol I-/min), andmore

importantly, a relatively high CFTR activity (40–

50nmol I-/min) was obtained with MVsGFP-CFTR and

Figure 8. Measurement of the CFTR channel activity in EV-transduced CF

cells. CF15 cells were incubated with MVsGFP-CFTR or EXosGFP-CFTR at in-

creasing transducing doses (1 · 104, 2· 104, or 4 · 104 EVs/cell). As positive

control, CF15 cells were transduced with HAdV5-GFP-CFTR at increasing

vector doses (5, 10, or 50 PFU/cell). At 24 hr posttransduction, cells were

loaded with iodide, and cAMP-containing stimulation cocktail was added at

time 0 (arrow), to activate the anion efflux through CFTR channels. The

amount of iodide released from the cells was measured at 1min intervals,

using an iodide-selective electrode (mean – SEM; n = 3). (a) CF15 cells

transduced with HAdV5-GFP-CFTR; (b) CF15 transduced with MVsGFP-CFTR;

(c) CF15 transduced with EXosGFP-CFTR. Color images available online at

www.liebertpub.com/hum
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EXosGFP-CFTR used at 4· 104 EVs/cell (Fig. 8b, c).

Compared with HAdV5-GFP-CFTR-transduced

cells, the peak of CFTR activity in EV-transduced

cells was about 2- to 3-fold lower (40–50 vs. 160–

200nmol I-/min), and slightly delayed (4min after

activation; Fig. 8b, c). Nevertheless, the Cl- chan-

nel activity in EV-transduced CF15 cells trans-

duced at 2· 104EVs/cell waswithin the same range

of values as those measured in Calu-3 cells, which

naturally express endogenous CFTR (refer to

Fig. 2b,c). These promising results demonstrated

that transduction of CF cells with MVsGFP-CFTR or

EXosGFP-CFTR was able to restore the CFTR Cl-

channel function as early as 24 hr posttrans-

duction. The CFTR Cl- channel activity in these

EV-transduced CF15 cells was found to persist at

detectable levels up to 5 days (not shown).

DISCUSSION

In an earlier study, we demonstrated that EVs

isolated from CHO cells modified to express

transmembrane glycoproteins such as the Cox-

sackie adenovirus receptor (CAR), CD46, and the

more complex dodecaspanin CFTR had the capac-

ity to transfer the CAR-, CD46-, and CFTR-

encodingmRNAmolecules to naive CHO cells. This

EV-to-cell transfer resulted in the gain of specific

functions associatedwithCAR, CD46, andCFTR in

the target CHO cells.27 In the present study, we

investigated the capacity of EVs in mediating the

delivery of CFTR to human CF cells. Preliminary

experiments using EVs fromCalu-3 cells incubated

with CF15 cells, which carry the CFTR DF508

mutation, showed a correction of the CFTR chlo-

ride channel defect in CF15 cells. However, the

level of this newly acquired CFTR activity was 10–

20-fold lower than that of Calu-3 cells. We there-

fore explored different conditions and parameters

to improve the delivery of CFTR to target cells.

Important factors in CFTR delivery included

the CFTR cargo in EVs, the homology between

EV-donor cells and EV-recipient cells, and the EV

transducing doses. To augment the CFTR cargo in

EVs, and to visualize in situ the transfer of the

CFTR glycoprotein, we used EVs isolated from

A549 cells transduced by HAdV5 vectors expres-

sing GFP-tagged CFTR at high levels.28,29 Both

types of EVs, MVs and EXos, were capable of in-

corporating and transferring GFP-CFTR to target

cells in both homologous (EVs from A549 to A549

cells) and heterologous systems (EVs from A549 to

CF15 cells). Not surprisingly, we found that the

cellular uptake of EVs wasmore efficient in EV-to-

cell homologous transfer. This parameter should

be taken into consideration for future clinical ap-

plications of EV-based human biotherapy, and

notably for the design of autologous EV-donor

cells.

Upon uptake of MVsGFP-CFTR and EXosGFP-CFTR,

the CFTR-deficient CF15 cells acquired the CFTR-

associated Cl- channel activity as rapidly as 24hr

posttransduction. The newly acquired CFTR ac-

tivity was EV-dose dependent in the range of

1 ·104 to 4·104 MVs or EXos per cell. However, no

significant Cl- channel activity was detectable at

doses inferior to 104 EVs/cell. Of note, a similar

threshold effect had been observed in human air-

way primary CF cells transduced by adenoviral

vectors.29 Interestingly, the transduction effi-

ciency of CF cells over time by MVsGFP-CFTR and

EXosGFP-CFTR showed a curve with two maxima

separated by a minimum of GFP-CFTR-positive

cells at 12hr posttransduction (Fig. 8a). This

U-shaped pattern suggested that the fluorescent

signal detected at early and late times post-

transduction resulted from the contribution of two

types of molecules, the GFP-CFTR glycoprotein

and its encoding mRNA: (1) mature GFP-CFTR

glycoproteins transferred by EVs to target cells

would be responsible for the early GFP signal; (2)

de novo synthesized GFP-CFTR, translated from

the exogenous mRNAGFP-CFTR by the target cell

translational machinery, would be responsible for

the retarded GFP signal. These results implied

that EV-packaged mRNA molecules in general,

and mRNAGFP-CFTR in particular, played a major

role in the gain of a function by target cells, as ex-

emplified by the CFTR Cl- channel activity gained

by CF cells. This corroborated our previous ob-

servations of the functional role of exogenous

mRNA in conveying a desired biological activity in

target cells.27

However, EVs isolated from HAdV5-GFP-CFTR-

transduced A549 cells were found to contain rem-

nants of adenoviral vector DNA, which were

transferred to target cells. Although no infectious

viral vector could be rescued when MVsGFP-CFTR

and EXosGFP-CFTR were incubated with trans-

complementing HEK-293 cells, the possibility ex-

isted that theGFP-CFTR gene carried over by EVs

was transcribed into mRNAGFP-CFTR, and this neo-

synthesized mRNA translated into the GFP-CFTR

protein at late times after transduction. Such a

mechanismwas supported by a recent study on the

intracellular fate of EV-transferred biomolecules,

and on the active role played by a plasmid DNA

compared with RNA molecules, considering their

relative instability and short lifetime within the

recipient cells.52
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In the present study, we first demonstrated that

functional correction of the CFTR Cl- channel de-

fect in CF cells could be achieved by EVs carrying

mRNACFTR isolated fromCalu-3 cells. In the case of

CF15 cells transduced by EVs isolated from viral

vector-transduced cells, such as HAdV5-GFP-

CFTR/A549 cells, the mRNAGFP-CFTR responsible

for the newly acquired CFTR Cl- channel activity

might result from the translation of two separate

pools of molecules, mRNAGFP-CFTR presynthesized

in EV-donor cells (A549) and transferred by EVs to

target CF cells, and mRNAGFP-CFTR neosynthe-

sized in target CF15 cells. Whatever the respective

contribution of one or the other mechanism, the

neosynthesis of GFP-CFTR glycoprotein molecules

would explain the persistence of the CFTR activity

in CF cells for several days after the EV-mediated

transfer.

Flow cytometry analysis of CF15 cells trans-

duced with MVsGFP-CFTR and EXosGFP-CFTR at the

same dose, and RT-PCR determination of the

mRNAGFP-CFTR cellular content, suggested a

higher transfer efficiency by MVs, compared with

EXos. Likewise, mRNAGFP-CFTR had a longer half-

life in MVsGFP-CFTR-transduced cells, compared

with EXosGFP-CFTR-transduced cells. However, the

CFTR Cl- channel activity newly acquired by EV-

transduced CF15 cells and its duration over time

were found to be equivalent in EXosGFP-CFTR- and

MVsGFP-CFTR-transduced cells. These apparently

contradictory results implied that only a fraction of

the mRNAGFP-CFTR transferred by MVsGFP-CFTR

was metabolically active, and that the majority

remained sequestered in a dead-end cell compart-

ment. This hypothesis was supported by fluores-

cence confocal microscopy, which suggested that

MVsGFP-CFTR and EXosGFP-CFTR followed different

trafficking and/or metabolic pathways after their

cellular uptake by CF cells.

Collectively, our study confirmed the potential

application of EVs for the delivery of CFTR to CF

cells and the correction of the chloride channel

deficiency. The present limitation to the use of

CFTR-loaded EVs was the threshold observed in

the acquisition of the CFTR-associated channel

function, which required relatively high transduc-

ing doses of EVs, compared with conventional

viral vectors. This could be solved by in vitro

transcription of mRNACFTR molecules from a

CFTR-encoding plasmid, and their encapsulation

at high concentration into EVs, as already devel-

oped for therapeutic RNAs and liposomes.53 Such a

technique could find its application for EVs isolated

from individual patients, in the context of the

personalized medicine of CF pathology using au-

tologous EVs.

ACKNOWLEDGMENTS

The work in Lyon was financed by the Cystic

Fibrosis French Association (VLM Contract

RF20130500796 and RF20140501171). C.V. was

the recipient of doctoral fellowships from the Ré-
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Supplementary Data

Supplementary Figure S1. Vector DNA content in EVs and EV-

transduced cells. (a) EVsGFP-CFTR. Quantitative PCR was performed on

MVsGFP-CFTR and EXosGFP-CFTR from HAdV5-GFP-CFTR-transduced A549 cells

collected at 24 and 48 hr after transduction, using the pair of primers

specific for the GFP-CFTR junction. Results are expressed as femtograms

(ft) DNA per ng total RNA extracted from EVs (mean – SEM; n = 3).

(b) EVsGFP-CFTR-transduced cells. Quantitative PCR analysis of MVsGFP-CFTR-

and EXosGFP-CFTR-transduced CF15 cells, harvested at 24 and 48 hr after EV-

mediated transduction, was performed as above, using the primers specific

for the GFP-CFTR junction. Results are expressed as the number of DNA

copies per ng total DNA extracted (mean – SEM; n= 3); ns, not significant;

***p £ 0.001. Note the log scale of the y axis. EVs, extracellular vesicles;

EXOs, exosomes; MVs, microvesicles.



Supplementary Figure S2. Electron microscopy (EM) of EV-target cell early interaction. A549 cells were incubated with MVs (a–d) or EXos (e, f) isolated

from A549 cells (homologous EV-to-cell transfer) for 2 hr at 37"C, and processed for EM. In panels (a) and (b), white arrows point to electron-dense material

connecting MVs to the cell plasma membrane. In panels (c) to (f), arrows point to extracellular EVs (c, e), or to cell-internalized EVs (d, f).



Supplementary Figure S3. Fluorescence confocal microscopy of the EV pathway in target cells. A549 cells were incubated with (a) EXosGFP or (b)

MVsGFP. At 24 hr postincubation, the cells were fixed and reacted with anti-Lamp1 mouse monoclonal antibodies, followed by Alexa568-labeled antimouse IgG

antibodies. The cell nuclei were counterstained with DAPI.
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