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Abstract

Extracellular vesicles have become a research focus for their potential as therapeutic vehi-

cles that carry cargo substances. Extracellular vesicles may origin from the endosomal com-

partment and share several characteristics with the envelope of lentiviruses. A previous

study reported that constitutive expression of the tetraspanin CD9, an extracellular vesicle

marker, not only increases vesicle secretion from cells, but has also a positive effect on lenti-

viral transduction efficiency. Moreover, it was shown that expression of CD9 on the viral

envelope in absence of viral glycoproteins was sufficient for the transduction of mammalian

cells. In this study, we investigate the effect of CD9 and folate receptor alpha, a GPI-

anchored protein, on biosynthesis and transduction efficiency of vesicles carrying lentiviral

vectors. We demonstrate that neither CD9 nor FRα nor the combination of both were able to

mediate a significant transduction of therapeutic vesicles carrying lentiviral RNA. Further

studies are required to identify endogenous mammalian proteins that can be used for pseu-

dotyping of viral envelopes to improve viral targeting without inducing immune responses.

Introduction

Extracellular vesicles (EVs) are defined as “particles naturally released from the cell that are

delimited by a lipid bilayer and cannot replicate” [1]. They can be of endosomal origin (tradi-

tionally called “exosomes” [2]) or plasma-membrane derived (“ectosomes”) [3]. Selectively iso-

lating one of these subpopulations is particularly challenging, as they share similar physical

characteristics and protein markers [4] but may be achieved by the combination of advanced

purification procedures. Exosomes share several characteristics with lentiviral particles: they

both have a lipid bilayer membrane, they are similar in size and density [5, 6] and they carry

nucleic acids such as RNA [7]. In addition, one of the main pathways of exosome biogenesis is

driven by the endosomal sorting complex required for transport (ESCRT-dependent pathway)

[8, 9] and some ESCRT-associated proteins, like Alix and tumor susceptibility gene 101 pro-

tein (TSG101), are considered exosomal markers [10–12]. ESCRT, Alix and TSG101 are all

involved in virus budding [13–15]. Such similarity in the formation process of exosomes and

lentivirus (LV) prompted some scientists to propose the Trojan exosome hypothesis, which
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Citation: Bellotti C, Stäuble A, Steinfeld R (2022)

CD9 and folate receptor overexpression are not

sufficient for VSV-G-independent lentiviral

transduction. PLoS ONE 17(3): e0264642. https://

doi.org/10.1371/journal.pone.0264642

Editor: Ian B. Hogue, Arizona State University,

UNITED STATES

Received: November 26, 2021

Accepted: February 14, 2022

Published: March 10, 2022

Copyright: © 2022 Bellotti et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: RS received a grant to fund this study

from the Swiss National Science Foundation

(310030_185298 / 1).

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0002-3999-2807
https://orcid.org/0000-0001-9691-1690
https://orcid.org/0000-0003-0956-6601
https://doi.org/10.1371/journal.pone.0264642
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264642&domain=pdf&date_stamp=2022-03-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264642&domain=pdf&date_stamp=2022-03-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264642&domain=pdf&date_stamp=2022-03-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264642&domain=pdf&date_stamp=2022-03-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264642&domain=pdf&date_stamp=2022-03-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264642&domain=pdf&date_stamp=2022-03-10
https://doi.org/10.1371/journal.pone.0264642
https://doi.org/10.1371/journal.pone.0264642
http://creativecommons.org/licenses/by/4.0/


states that LVs hijacked the pre-existing cellular pathway of exosome biogenesis for infectious

particles production [16]. In general, EVs produced by virus-infected cells can contain viral

proteins [17, 18] and RNA [19, 20] and play a role in infection [21].

HIV-based LVs are one of the most used vectors for gene-therapy studies, and one of their

advantages is the possibility to manipulate their tropism by changing the glycoproteins

expressed on their envelope (a process called pseudotyping) [22]. Vesicular stomatitis virus GP

(VSV-G) has become the standard for pseudotyping because it allows concentration of vectors

to a high titre and it enables infection of a vast range of cell types [23]. However, using VSV-G

has its disadvantages: if used in human subjects, it can elicit adaptive immune responses that

cause vector inactivation [24]. This could result in major immune reactions if the therapy

requires multiple application of the vector. Solutions to this problem are a focus of research:

for example, it was proposed that the use of heterologous G-proteins from different viruses of

the vesiculovirus genus in subsequent vector injections might circumvent the adaptive

immune response [25].

Recently, EVs and in particular exosomes have become subjects of research for their poten-

tial clinical applications as diagnostic markers and as vectors in targeted drug delivery [26, 27].

The advantages of using EVs as drug carriers are their broad immune tolerance, low toxicity,

good tissue penetrance and easy engineerability. In particular, since EVs are purified from

mammalian cells they express only endogenous proteins that may not induce any immune

response.

Addressing the relationship between exosomal and lentiviral biogenesis, a study in 2018

investigated the effect of constitutive expression of exosomal markers on EVs secretion and

LV production and infectivity [28]. One of the tested proteins was CD9, belonging to the tetra-

spanins, which are proteins commonly expressed on EVs [29]. This study demonstrated that

overexpression of CD9 caused an increase in EVs production and an improvement of LV effi-

ciency in gene delivery. The most notable result, though, was that CD9 expression allowed to

achieve LV transduction in the absence of pseudotyping with the viral glycoprotein VSV-G.

The possibility to engineer transduction-efficient LV vectors without viral envelope pro-

teins would represent a major advantage, even if the infection rate was lower than in the pres-

ence of VSV-G. The fact that CD9 is an endogenous human protein means that it would

completely avoid the development of adaptive immunity.

Based on these premises, we asked ourselves whether it was possible to use CD9 in conjuga-

tion with other EVs markers to further functionalize the LV vectors and increase specific tar-

geting to certain tissues and cells. Folate receptor alpha (FRα) is a protein expressed by

epithelial cells derived from kidney, lung and breast [30]. Most importantly, FRα is expressed

in choroid plexus cells and was identified as the main folate transporter to the central nervous

system (CNS) [31, 32]. It is anchored to the membrane by a glycosylphosphatidylinositol

(GPI) anchor [33] and it is transported to GPI-enriched early endosomal compartments [34].

Although FRα is not classically considered an EVs marker, it was found to be expressed on the

surface of exosomes secreted by the choroid plexus cells into the cerebrospinal fluid (CSF)

[32]. In addition, we demonstrated that histidine-tagged FRα can be used as a marker to selec-

tively purify EVs of endosomal origin with a chromatographic approach [35]. Since FRα-posi-

tive vesicles in the cerebrospinal fluid are able to cross the ependymal cell layer and deliver

folate to the brain parenchyma, it was hypothesized that FRα could be used to increase delivery

of therapeutics to the brain [32]. In this study, we examined the influence of constitutive

expression of FRα in conjugation with CD9 on EVs production and LVs infectivity. Our goal

was to obtain CNS-targeted transduction-efficient vectors for clinical application in cases of

neurodegenerative diseases.
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Material and methods

Cell culture

All cells were grown in a humidified incubator at 37˚C and 5% CO2. All cell lines were cultured

in Dulbecco’s Modified Eagle’s Medium (DMEM) + GlutaMAX (Gibco) with 10% Fetal

Bovine Serum (FBS) and appropriate antibiotics. For experiments involving EVs isolation, cell

lines were adapted to Serum Free Medium 293 (SFM II) (Gibco). First, a ratio of 1:1 DMEM to

SFM supplemented with GlutaMAX (Gibco) was used. Then SFM percentage was gradually

increased until cells could survive in 100% SFM.

Plasmids

pCMV-VSV-G and pLenti6.3-CD9GFP were a gift from J. Gruber, German Primate Center

Göttingen, Germany. pCMV-dR8.91 and SEW_SFFVU3_GFP were a gift from J. Reichen-

bach, University of Zurich, Switzerland.

The CD9 sequence was amplified from cDNA of HEK 293 cells (primer sequences are listed

in S1 Table). NheI and XhoI restriction sites were attached at the N- and C-terminus in a sec-

ond PCR step so that the sequence could be inserted in a modified version of the pBlueScript

II plasmid. The CD9 sequence was cut out and inserted into pCDNA-IRES-T3, while a copy of

N-terminally polyhistidine-tagged FRα was inserted into pEF-T1. Both plasmids were then cut

with NotI and PvuI and ligated together to obtain a single plasmid carrying the sequence of

both target genes (pEFTT-HisFRα-CD9).

To produce pLenti6.3-CD9 the GFP-CD9 insert was cut out from pLenti6.3-CD9GFP and

replaced with the CD9 sequence. For pLenti6.3-EGFP, the EGFP sequence was cut out from

SEW_SFFVU3_GFP and inserted into the pLenti backbone.

All PCR steps were performed using the Phusion High-Fidelity PCR Kit (New England Bio-

Labs) and were carried out in a TProfessional Thermocycler (Biometra Ltd). Oligonucleotide

production and sequencing were done by Microsynth AG.

Generation of stable cell lines

Human embryonic kidney HEK 293 cells were purchased from ATCC. HEK 293T were a gift

from J. Reichenbach, University of Zurich, Switzerland.

The FRα overexpressing cell line was generated as previously described [35]. To generate

the FRα/CD9 overexpressing line 300,000 HEK 293 cells per well were plated in a 6-well plate

and cultured for about 7 hours. Calcium-phosphate precipitation was then used to transfect

the cells with 1 μg pEFTT-HisFRα-CD9. Selection was performed adding 1 μg/ml Puromycin

(Gibco) and 50 μg/ml Geneticin (Gibco) to the media.

To generate the CD9 and GFP-CD9 cell lines, LVs carrying pLenti6.3-CD9 or pLen-

ti6.3-CD9GFP were produced in HEK 293T. 50,000 HEK 293T were then transduced with a

1:10 dilution of one of these LVs. After 70 h incubation, the virus was removed and cells were

selected with 10 μg/ml Blasticidin (Gibco).

Protein extraction and quantification

Cell pellets were collected, washed in PBS, resuspended in lysis buffer (50 mM Tris-HCl pH

7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Sodium deoxycholate, 0.1% SDS) containing proteinase

inhibitors, incubated on ice for 15 minutes and centrifuged for 15 min, 14500 rpm at 4˚C. The

resulting supernatant was collected and protein concentration was estimated with a Pierce

BCA assay using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
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Western Blot (WB)

All antibodies were diluted in blocking solution: Tris Buffered Saline + 1% Tween (TBST)

containing 3% Bovine Serum Albumin (BSA, Sigma-Aldrich). Working dilutions: anti-

FRα 1:20,000 (NCL-L-FRalpha, Leica Biosystems), anti-CD9 1:1,000 (ab92726, Abcam),

anti-AIP1/Alix 1:1,000 (ABC40, Merck Millipore), anti-HSP 90α/β 1:75,000 (sc-13119,

Santa Cruz), Goat Anti-Rabbit IgG H&L (HRP-conjugated) 1:5,000 (ab6721, Abcam),

Goat Anti-Mouse IgG H&L (HRP-conjugated) 1:5,000 (ab97023, Abcam). 8 to 15 μg pro-

tein per sample were diluted in 4x Laemmli Sample Buffer (Bio-Rad Laboratories), incu-

bated for 5 min at 95˚C and loaded on an acrylamide gel. Transfer to a 0.2 μm PVDF

membrane was performed in a Tran-Blot Turbo Transfer System (Bio-Rad Laboratories)

using a Trans-Blot Turbo RTA Mini Transfer Kit (Bio-Rad Laboratories). Membranes

were incubated in blocking solution for at least 30 min room temperature (RT) and then

in the primary antibody solution overnight at 4˚C. The following day the membranes

were washed 4 times in TBST and incubated in the secondary antibody solution for 2

hours at RT. Afterwards, washings in TBST were repeated. A 1:1 mix of the Clarity ECL

Western Blotting Substrates (Bio-Rad Laboratories) was applied to the membranes and

signal was registered using a ChemiDoc XRS+ (Bio-Rad Laboratories). Western Blot

images were analysed using the Image Lab software (Bio-Rad Laboratories).

RNA extraction and Reverse-Transcription-qPCR

RNA from 3x106 cells was extracted with the RNeasy Mini Kit (Qiagen) and eluted in 50 μl

H2O. RNA concentration was measured using a NanoDrop Lite Spectrophotometer (Thermo

Fisher Scientific). To eliminate potential contaminations from genomic DNA, 10 μg RNA

were incubated with 2 U DNase I (New England BioLabs) at 37˚C for 30 min. The RNA was

then cleaned again using the RNeasy Mini Kit and finally eluted in 30 μl H2O. RNA quality

was checked by running 500 ng per sample on a 1% agarose gel. 1 μg of the resulting RNA was

reverse transcribed using the ReadyScript cDNA Synthesis Mix (Sigma-Aldrich) per manufac-

turer instructions. 1 μl of the reaction was used as template in the qPCR with the Luna Univer-

sal qPCR Master Mix (New England BioLabs) and a CFX96 Real-Time PCR Detection System

(Bio-Rad Laboratories). Three PCR replicates were made per sample. Relative expression of

CD9 was calculated via the ΔΔCT-method as the housekeeping gene. Primers sequences were

taken from Boker and colleagues (2018) [28].

Viral production

6-well plates were incubated with Poly-L-Ornithine Solution (0.01%) (Merck Millipore)

for at least 1 hour at 37˚C before cell seeding. 600,000 cells per well from the appropriate

cell lines were seeded 24 hours before transfection. Transfection was achieved by applying

a DNA: polyethylenimine (PEI) 1:3 (w/w ratio) mixture containing 0.21 pmol transfer

plasmid carrying the gene of interest, 0.17 pmol packaging plasmid (pCMV-dR8.91) and

(if needed) 0.09 pmol envelope plasmid (pCMV-VSV-G) to the cells. Media was changed

after overnight incubation. After approximately 55 hours incubation, virus-containing

supernatant was harvested, centrifuged at 1,000 rpm for 5 min and filtered through a

0.4 μm filter to eliminate cells and debris, snap-frozen and stored at -80˚C. LVs titration

was performed using the Lenti-X qRT-PCR Titration Kit (Takara Bio Inc.) following man-

ufacturer’s instructions. The qRT-PCR was done in a CFX96 Real-Time PCR Detection

System (Bio-Rad Laboratories) and data was analysed using the CFX Maestro software

(Bio-Rad Laboratories).
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Lentiviral transduction

For analysis with flow cytometry, 50,000 HEK 293T cell (P<25) were transduced with a viral

titre of 106/107 in a 24-well plate. 48 hours after transduction, cells were harvested, fixed with

2% formaldehyde for 10 minutes, washed with Phosphate-buffered saline (PBS) and resus-

pended in PBS with 2% FBS and 0.1% Sodium azide. A BD LSRFortessa Cell Analyzer (BD

Biosciences) was used to record at least 5,000 events per sample. The FITC LP505-BP530/30

filter set was used for GFP detection. Data were recorded using the FACSDiva Software (BD

Biosciences) and further analysed with FlowJo (BD Biosciences).

For microscopy analysis, 25,000 HEK 293T cell (P<25) per well were transduced with a

viral titre of 106/107 in a 24-well plate. 72 hours after transduction cells were stained with

Hoechst 33342 1:2,000 (Thermo Fisher Scientific) and imaged with an Axio Observer Z1

(Zeiss). 3 images per well were acquired using the 20X objective and a Hamamatsu Orca Flash

4.0 camera. Laser intensity and exposure time were kept constant for the whole experiment.

All transductions were done in duplicates.

EVs markers analysis

Cells adapted to SFM were centrifuged at 1,000 rpm for 5 min. 5–7 ml of supernatant were har-

vested and further centrifuged at 2,000 g for 30 min to remove debris, mixed with 0.5 volumes

of Total Exosome Isolation (from cell culture media) reagent (Invitrogen) and processed

according to the manufacturer’s instructions. EVs were finally resuspended in 100 μl PBS and

protein concentration was estimated with a BCA assay.

For subsequent WB analysis, a sample volume equivalent to 12.5 μg protein content was

diluted in Isolation Buffer (PBS 0.1% BSA, 0.2 μm filtered), mixed with Exosome-Human CD9

Isolation Reagent (from cell culture) (Thermo Fisher Scientific) or Exosome-Human CD63

Isolation/Detection Reagent (from cell culture media) (Thermo Fisher Scientific) and pro-

cessed as per manufacturer’s instructions. At the end of the protocol, samples were resus-

pended in lysis buffer and further prepared for loading (see above).

For flow cytometry, a sample volume equivalent to 25 μg protein content was diluted in Iso-

lation Buffer (PBS 0.1% BSA, 0.2 μm filtered), mixed with Exosome-Human CD9 Isolation

Reagent (from cell culture) (Thermo Fisher Scientific, diluted 5 times) or Exosome-Human

CD63 Isolation/Detection Reagent (from cell culture media) (Thermo Fisher Scientific) and

processed as per manufacturer’s instructions. Beads-bound exosomes were resuspended in

300 μl Isolation Buffer. 100 μl of each sample were then incubated with APC/Fire 750 anti-

human CD9 Antibody 1:100 (312113, BioLegend) and PE anti-FOLR1 (Folate Binding Pro-

tein) Antibody 1:50 (908303, BioLegend) for 1h on a shaker (1,000 rpm) at RT. Samples were

washed twice, resuspended in 300 μl Isolation Buffer and analysed with a BD LSRFortessa Cell

Analyzer (BD Biosciences). The PE LP555-BP582/15, APC-Cy7 LP735-BP780/60 and FITC

LP505-BP530/30 filter sets were used. At least 5,000 events per sample were recorded using the

FACSDiva Software (BD Biosciences) and further analysed with FlowJo (BD Biosciences).

Beads-only samples were used as negative controls.

EVs production test

200,000 cells from the WT/FRα/FRα+CD9 lines adapted to SFM were seeded in 6-well plates

(3 technical replicates per line). Cells were pelleted by centrifugation (1,000 rpm for 5 min)

and the supernatant was further centrifuged at 2,000 g for 30 min to remove debris. Superna-

tant was then mixed with 0.5 volumes of Total Exosome Isolation reagent and samples were

further processed as per manufacturer’s instructions. Final resuspension of EVs pellets was in

200 μl PBS. EVs concentration was measured with the ZetaView TWIN (Particle Metrix
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GmbH) using the 488 nm laser in scatter modality. Sensitivity was set to 80%, shutter to 100

units and temperature to 24˚C. Samples were diluted 1:50 to 1:200 in PBS and recorded in trip-

licates (Measurement Mode: Size Distribution, 3 Cycles, 11 Positions). EVs parameters were

calculated by the ZetaView software (Particle Metrix GmbH).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software). Significance

of difference between experimental groups was estimated using post-hoc tests of ANOVA

(details about the analysis are specified in the result section for each experiment). The thresh-

old to accept statistical significance was set at alpha level 0.05 for all p-values.

Results

Establishment of CD9-overexpressing lines

To replicate experiments about CD9 effect on transduction efficiency, we established two cell

lines that overexpressed CD9. Using the same transfer plasmid (pLenti6.3-CD9GFP) to generate

one of the two cell lines, we provided very similar conditions as previously reported [28]. The

other line was created by transduction with pLenti6.3-CD9 to exclude any possible GFP trans-

fer from the fusion protein. CD9 expression was tested with qPCR and WB. qPCR results indi-

cate a ΔΔCq of -8.82±0.32 s.d. for the CD9+ line and -9.17±0.15 s.d. for the GFP-CD9+ line

compared to the average of the WT samples (0± 0.02 s.d.), equivalent to a change in expression

of 459.33 and 576.44 times respectively (Fig 1A). p was <0.0001 in both cases when comparing

the ΔΔCq of the experimental lines to WT cells (Tukey’s multiple comparisons test post ordi-

nary one-way ANOVA). There was no significant difference between the CD9+ and GFP-CD9

+ lines. However, this huge increase in mRNA synthesis was not translated in a corresponding

Fig 1. Change of CD9 expression in CD9+ and GFP-CD9+ lines. (A) Expression of CD9 mRNA was estimated by qPCR. Fold change data are represented as

mean ± s.d. in log2 scale (n = 3 for each line). (B) CD9 protein expression was estimated by WB. Band intensity was normalized over the loading control

HSP90. All data were normalized over the average of the WT group and are shown as mean ± s.d. (n = 4 for each cell line). (C) Example of WB membrane

stained for CD9 and HSP90 as loading control. Note that samples from the GFP-CD9+ cell line present 2 bands when anti-CD9 antibody is used: one band

correspond to the endogenous protein, the other to the fusion GFP-CD9 protein. � = p�0.05; �� = p�0.01; ���� = p�0.0001.

https://doi.org/10.1371/journal.pone.0264642.g001
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protein overexpression. When expression levels were estimated via WB, in fact, the overex-

pression was only of 3.11± 1.91 s.d. times for the CD9+ line and of 10.68± 5.31 s.d. times for

the GFP-CD9+ line (Fig 1B and 1C). Moreover, while there was a significant difference

between WT (1.00± 0.67 s.d.) and GFP-CD9+ line (p = 0.0061, Tukey’s multiple comparisons

test post ordinary one-way ANOVA), the difference between WT and CD9+ cells was not sig-

nificant. There was instead a significant (p = 0.0239) difference between protein expression in

the CD9+ and the GFP-CD9+ line.

As previously reported [28], expression of the fusion protein GFP-CD9 was localized to the

cell membrane (S1 Fig).

Characterization of EVs

To further confirm increased CD9 expression in our newly generated lines, we selectively iso-

lated CD9+ and CD63+ EVs using commercially available immunofunctionalized beads. Sam-

ples were stained with an anti-CD9 antibody and analysed by flow cytometry. After isolation

with anti-CD9 beads, there was a significant increase in the percentage of CD9+ particles in

samples from CD9+ and GFP-CD9+ cells compared to WT (Fig 2A, WT = 84.75%±7.00 s.d.;

CD9+ = 99.61%±0.30 s.d. p = 0.0098; GFP-CD9+ = 99.86%±0.1058 p = 0.0090, Tukey’s multi-

ple comparisons test post ordinary one-way ANOVA). As can be observed in Fig 2D–2F,

intensity of CD9-staining was also higher in CD9+ and GFP-CD9+ samples. As expected, no

GFP+ particle was detected in samples from WT (0.05%±0.06 s.d.) and CD9+ (0.01%±0.01 s.

d.) cells (Fig 2B), while all events recorded in GFP-CD9+ samples were GFP+ (99.81%±0.16 s.

d., p<0.0001 compared to the other groups). Similar results were obtained when comparing

percentage of double stained particles (Fig 2C, WT = 0.01%±0.012; CD9+ = 0.01%±0.01 s.d.;

GFP-CD9+ = 99.80%±0.17 s.d.).

Particles isolated with anti-CD63 beads showed again a significant difference in the per-

centage of CD9+ events (Fig 2G, WT = 58.27%±13.11 s.d.; CD9+ = 98.54±0.16 s.d.; GFP-CD9

+ = 94.10%±4.47 s.d.; WT vs. CD9+ p = 0.0020, WT vs. GFP-CD9+ p = 0.0037). While GFP

+ events were detected again only in samples from GFP-CD9+ cells (Fig 2H), their percentage

was lower than before (78.38%±8.902 s.d.). The same was observed for double stained particles

(Fig 2I, 78.30%±8.97 s.d.). In fact, in Fig 2L a small percentage of events can be seen that were

CD9+ but GFP- in EVs from GFP-CD9+ cells.

Transduction efficiency is not influenced by CD9

We tested LVs produced in the CD9+ and GFP-CD9+ lines against virus produced in WT

cells for differences in transduction efficiency. We found no statistical difference in transduc-

tion efficiency assessed by the percentage of GFP positive cells between CD9+ and WT virus

samples (Fig 3A; WT 49.51%±35.63 s.d.; CD9+ 32.81%±26.59 s.d.; GFP-CD9+ 58.22±30.46 s.

d.; p>0.05 according to Sidak’s multiple comparisons test post Repeated Measures one-way

ANOVA). More importantly, we were never able to observe any transduction when VSV-G

was not present as a pseudotyping protein on the LVs. In addition, we confirmed our flow

cytometry results by fluorescent microscopy (Fig 3B).

FRα is present on CD9+ and CD63+ EVs

At last, we wanted to test if expression of FRα on its own or in combination with CD9 effects

LVs transduction efficiency. We first confirmed coexpression of the target proteins on EVs. In

fact, small EVs are a heterologous population of cell-derived vesicles: expression of protein

markers such as tetraspanins can vary between them [36]. To verify that FRα is not only

directed to EVs but is also coexpressed on CD9+ vesicles, we used wild-type HEK 293 (WT)
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Fig 2. Flow cytometry analysis of EVs. (A) Percentage of CD9+ objects for each cell line after isolation with anti-

CD9-beads. (B) Percentage of GFP+ particles after isolation with anti-CD9-beads. (C) Percentage of particles positive for

both markers after isolation with anti-CD9-beads. (D) Example of flow cytometry of a EVs sample from WT cells after anti-

CD9-beads purification. (E) Example of flow cytometry of a EVs sample from CD9+ cells. (F) Example of flow cytometry of

a EVs sample from GFP-CD9+ cells. (G) Percentage of CD9+ particles for each cell line after isolation with anti-
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and a previously established cell line overexpressing FRα (FRα+) [35]. Additionally, we gener-

ated a cell line overexpressing both FRα and CD9 (FRα+/CD9+ line). Increased expression of

the target proteins in the new line was verified by WB (S2 Fig). We then used immunofunctio-

nalized beads to specifically isolate CD9+ or CD63+ EVs from these cells. We tested the

obtained EVs populations for the presence of FRα and CD9. FRα was not detectable by WB in

EVs obtained from WT cells, but was found in both CD9+ and CD63+ EVs populations from

FRα+ and FRα+/CD9+ cells (Fig 4A). Coherently, there was a statistically significant differ-

ence between cell lines in staining for FRα when EVs were analysed with flow cytometry. For

EVs isolated by using anti-CD9 beads (Fig 4B and 4E–4G), 99.51%±0.26 s.d. of particles from

FRα+ cells and 99.96%±0.05 s.d. from FRα+/CD9+ cells were stained for FRα against 0.18%

±0.18 s.d. from WT cells (p<0.0001 in both cases, Tukey’s multiple comparisons test post

ANOVA). Results were replicated when using anti-CD63 beads for purification (Fig 5A and

5D–5F, p<0.0001 for both WT vs FRα+ and WT vs FRα+/CD9+).

When considering staining for CD9, there was a statistically significant increase (p

<0.0001) in EVs from FRα+/CD9+ cells (99.33%±0.70 s.d.) compared to vesicles from the

other lines (WT = 5.36%±3.66 s.d.; FRα = 2.78%±1.02 s.d.) after isolation with anti-CD9 beads

(Fig 4C). An increase in CD9 staining in EVs from FRα+/CD9+ cells was detected also after

isolation using anti-CD63 beads (89.99%±15.07 s.d. vs 56.17%±18.99 s.d. of WT and 54.80%

±5.97 s.d. of FRα), albeit it was not statistically significant (Fig 5B).

Finally, looking only at double stained particles, almost all EVs from FRα+/CD9+ cells car-

ried both targets after either isolation protocol (Figs 4D and 5C, anti-CD9 = 99.33%±0.70 s.d.,

anti-CD63 = 87.00%±19.08 s.d.). This was not observed in the other cell lines (anti-CD9: FRα
+/CD9+ vs WT and FRα+/CD9+ vs FRα+ p<0.0001; anti-CD63: FRα+/CD9+ vs WT

p = 0.0002, FRα+/CD9+ vs FRα+ p = 0.0327).

FRα does not influence EVs secretion rate

Constitutive expression of CD9 was reported to cause an increase in EVs secretion, while

other EVs markers led to a lower EVs output [28]. To check if FRα has an influence on EVs

production, we isolated EVs from the WT, FRα+ and FRα+/CD9+ cell lines and measured the

sample concentration with Nanoparticle Tracking Analysis (NTA). We found no significant

difference in EVs output between WT (5.86�109±2.45�109 s.d. particles/ml) and FRα+

(5.17�109±2.33�109 s.d. particles/ml) samples, indicating that overexpression of FRα per se

does not influence EVs secretion (Fig 6A). Coherently with what was previously reported [28],

we observed a twofold increase in EVs production in presence of CD9 overexpression

(1.12�1010 ±5.50�109 s.d. particles/ml, vs WT p = 0.0267, vs FRα+ p = 0.0395, Tukey’s multiple

comparisons test post Repeated Measures one-way ANOVA).

No VSV-G-independent transduction was detectable

To test the effect of FRα and CD9 on lentiviral transduction efficiency, we produced GFP-car-

rying LVs using either WT, FRα+ or FRα+/CD9+ cells. We assessed the viral transduction by

detecting the percentage of fluorescent cells using flow cytometry (Fig 6B). SEW_-

SFFVU3_GFP was used as a transfer plasmid. We found again no statistically significant differ-

ence in transduction efficiency between viruses produced in either cell line (Sidak’s multiple

CD63-beads. (H) Percentage of GFP+ particles after isolation with anti-CD63-beads. (I) Percentage of particles positive for

both markers after isolation with anti-CD63-beads. (J) Example of flow cytometry of a EVs sample from WT cells after

anti-CD63-beads purification. (K) Example of flow cytometry of a EVs sample from CD9+ cells. (L) Example of flow

cytometry of a EVs sample from GFP-CD9+ cells. Data are represented as mean ± s.d. (n = 3 for each line).

https://doi.org/10.1371/journal.pone.0264642.g002
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Fig 3. CD9 has no effect on LV transduction. (A) Transduction efficiency of LVs produced in different cell lines ± VSV-G, measured as percentage of GFP

+ cells detected by flow cytometry 48h after transduction (n = 5). All data are represented as mean ± s.d. (B) Microscopy images were taken 72h after

transduction. GFP signal is shown in green, Hoechst 33342 in blue. No GFP-positive cell was detected in absence of VSV-G (n = 3).

https://doi.org/10.1371/journal.pone.0264642.g003
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Fig 4. Detection of protein markers in EVs. (A) WB detection of FRα in EVs from WT, FRα+ and FRα+/CD9+ cells after different isolation protocols. Alix

was used as a control. For each cell line, 8 μg proteins from EVs before purification with functionalized beads were loaded as reference. (B) Percentage of FRα
+ particles for each cell line after anti-CD9-beads purification, measured by flow cytometry. (C) Percentage of CD9+ particles after anti-CD9-beads

purification, measured by flow cytometry. (D) Percentage of particles positive for both markers after anti-CD9-beads purification, measured by flow cytometry.

(E) Example of flow cytometry of a EVs sample from WT cells after anti-CD9-beads purification. (F) Example of flow cytometry of a EVs sample from FRα
+ cells. (G) Example of flow cytometry of a EVs sample from FRα+/CD9+ cells. Data are represented as mean ± s.d. n = 3 for each line.

https://doi.org/10.1371/journal.pone.0264642.g004
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comparisons test post Repeated Measures one-way ANOVA, WT 18.62%±21.54 s.d., FRα
+ 21.04%±30.06 s.d., FRα+/CD9+ 12.70%±18.32 s.d.). Moreover, when VSV-G was not pres-

ent as envelope protein, no transduction at all was observed, independently of the expression

levels of CD9 (see also S3 Fig).

Discussion

Our study aimed to identify mammalian proteins that are able to mediate transduction of len-

tiviral particles when expressed in the viral envelope. Two possible candidate proteins, CD9

and FRα, were investigated. At first we wanted to replicate results previously reported by

Boker and colleagues concerning CD9-mediated VSV-G-independent viral transduction. We

established two HEK 293T CD9 overexpressing cell lines following closely their protocol. Flow

cytometry characterization of EVs isolated from these lines confirmed the increase of CD9

expression in both CD9+ and CD63+ EVs populations. Surprisingly, when anti-CD9 beads

were used for the isolation, a small percentage of particles in the WT samples were not stained

for CD9. Since CD9 was used to isolate these samples, all particles should be positive for this

marker. A possible explanation is that antibodies attached to the beads may compete with fluo-

rescently labelled anti-CD9 antibodies for CD9 binding sites. This would suggest the presence

Fig 5. EVs protein markers after isolation with anti-CD63 beads. (A) Percentage of FRα+ particles for each cell line, measured by flow cytometry. (B)

Percentage of CD9+ particles, measured by flow cytometry. (C) Percentage of particles positive for both markers, measured by flow cytometry. (D) Example of

flow cytometry of a EVs sample from WT cells after anti-CD63-beads purification. (E) Example of flow cytometry of a EVs sample from FRα+ cells. (F)

Example of flow cytometry of a EVs sample from FRα+/CD9+ cells. Data are represented as mean ± s.d. (n = 3 for each line). ��� = p�0.001.

https://doi.org/10.1371/journal.pone.0264642.g005
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of a gradient of CD9 expression in WT EVs. When anti-CD63 beads were used, around 58%

of the WT particles were stained CD9+, indicating the presence of CD9- EVs populations. In

addition, analysing GFP-CD9+ samples we observed a small CD9+/GFP- population. This can

be explained by discrepancies in sorting of native CD9 and GFP-CD9 fusion protein in CD63

+ EVs populations, but it could also be caused by a difference in the strength of the antibody

signal compared to the fluorescent protein.

We used our newly established lines to produce CD9-enriched LVs. Unexpectedly, our

experiments showed that in absence of VSV-G, there was no detectable transduction. In addi-

tion, we failed to record an increase in transduction efficiency when VSV-G was present, even

if our protocols followed closely the ones previously reported [28].

Further, we investigated if FRα was able to affect the transduction efficiency, on its own or

in combination with CD9. Therefore, we established a FRα/CD9 overexpressing line starting

from HEK 293.

In our previous study, we have demonstrated that FRα-expressing EVs can be selectively

isolated from the cell culture supernatant [35]. However, it was possible that FRα was only

expressed by a restricted subpopulation of EVs, thus rendering it less efficient for EVs isolation

then other more general markers. In this study, we demonstrated that, when constitutively

expressed, FRα is carried by CD63+ and CD9+ EVs, which are traditionally considered EVs

markers [29, 37]. The fact that samples from the FRα+ and FRα+/CD9+ cell lines were posi-

tively stained for FRα independently from the type of functionalized beads that were used,

confirms that FRα is coexpressed with established EVs markers.

Concerning the flow cytometry results, it is interesting to note that there is a major differ-

ence between the number of CD9+ events in WT EVs when the sample was isolated using

either anti-CD63 or anti-CD9 beads. When anti-CD63 beads were used, around 56% of the

WT particles were stained CD9+, coherently with what we observed in the WT HEK 293T.In

Fig 6. Effect of FRα and CD9 overexpression on EVs production and transduction efficiency. (A) EVs produced by different cell lines

over 72h were purified and resuspended in PBS. Concentration was measured by NTA (n = 7). (B) Transduction efficiency of LVs

produced in different cell lines, measured as percentage of GFP+ cells detected with flow cytometry 48h after transduction (n = 3). All

data are represented as mean ± s.d.

https://doi.org/10.1371/journal.pone.0264642.g006
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contrast, when anti-CD9 beads were used, only a minimal percentage of WT EVs were posi-

tively stained for CD9, independent of the expression of FRα. This could suggest that the

majority of EVs produced by WT HEK 293 express lower levels of CD9 than EVs derived from

WT HEK 293T. In contrast, when CD9 was overexpressed in our FRα+/CD9+ line, almost all

detected particles were stained for it independently of the type of beads that were used to

purify the samples. This indicates that overexpression of CD9 results in the presence of CD9 in

the membrane of EVs.

FRα also failed to affect the LVs transduction efficiency, even in combination with high lev-

els of CD9 expression.

Our results indicate that overexpression of CD9 on its own is not sufficient to increase trans-

duction efficiency, unlike the results obtained previously [28]. In their paper, Boker and col-

leagues argued that the enhanced number of EVs secreted by CD9-enriched cells was not the key

factor in increasing the LVs transduction efficiency, since adding external exosomes to the LVs

had a negative effect on transduction. Our results confirmed the CD9-dependent rise in EVs pro-

duction but failed to demonstrate any increase in LVs transduction efficiency. The discrepancies

in transduction competence could be explained by several factors. Although we tried to strictly

reproduce their protocols, some experimental factors still differed. First of all, we used a different

packaging plasmid for LVs production: psPAX2 and pCMV-dR8.91 are both second generation

plasmids and share similar architecture and gene compositions [38], but there could be differ-

ences in efficiency of virus production. For example, a recent study showed that pCMV-dR8.2

dvpr was able to stimulate a lentivirus production at least 7 times stronger than psPAX2 [39].

However, since we always used the same titre of virus for transduction, this should not affect

transduction efficiency per se. Further, the cell line used to produce the LVs might determine sev-

eral characteristics of the EVs. The protein composition of EVs depends on the secreting cell type

[40] and one cell type may produce different subpopulations of EVs [41]. EVs composition also

changes in pathological conditions and thus can be exploited as potential diagnostic biomarkers,

mostly in cancer [42] but also in other pathological conditions [43]. While we overexpressed CD9

and GFP-CD9 in HEK 293T cells, Boker and colleagues used the HEK 293FT line. For the estab-

lishment of FRα expressing cells, we used HEK 293 cells. The major difference between HEK

293T and HEK 293FT is the faster metabolism and therefore enhanced growing rate of the latter

one. Both lines express the SV40 large T-Antigen that is not present in the original HEK 293 line.

The faster metabolism of HEK 293FT might lead to a higher LV release rate. However, since we

used the same virus titre for transduction this should not matter. Possibly, some particular charac-

teristic of the EVs secreted by HEK 293FT could be present in combination with CD9 overexpres-

sion to mediate transduction. Our flow cytometry results suggest a difference in CD9 expression

on EVs derived either from WT HEK 293 and or from HEK 293T cells, as discussed above. Con-

sequently, we assume that even cell lines that are as close as HEK 293, 293T and 293FT can show

differences in their EVs composition.

Another difference between our experiments and the ones of the reference study could be

found in the levels of CD9 expression that were obtained in the stable cell lines. When looking

at qPCR results, we obtained a much bigger increase in CD9 expression than the previous

study using the pLenti6.3-CD9GFP plasmid (576-fold increase versus 22-fold). On the other

hand, we verified by WB that the CD9 expression did only slightly increase. This discrepancy

between mRNA and proteins levels has recently been substantiated by omics studies indicating

that protein abundance only partly correlates with mRNA increase [44]. The amount of CD9

that is actually translated could be limited by the cells on a post-transcriptional level. For

example, it is known that miR-518f-5p decreases CD9 levels in some types of cancer cells [45,

46]. Moreover, the fact that similar increases in mRNA synthesis between the CD9+ and

GFP-CD9+ lines were associated with significant differences in CD9 protein expression
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suggests that the fusion protein is subjected to distinct post-transcriptional regulation and

metabolic degradation in comparison to WT CD9. It might therefore be misleading to make

comparisons between cell lines only based on qPCR data. It is theoretically possible that differ-

ent cell lines tolerate different levels of CD9 to be translated and that VSV-G-independent

transduction can happen only when a certain level of CD9 is reached and/or coincides with

the expression of other proteins.

Finally, it is possible that Boker and colleagues did not observe proper transduction events.

If we consider that their GFP-CD9+ line had a higher EVs secretion rate, but the obtained len-

tivirus titre was the same as the one from WT cells, we can hypothesize that these cells pro-

duced an excess of non-lentiviral EVs. It is also possible that a higher EVs secretion rate could

increase the likelihood of cytosolic proteins like GFP and RFP to be passively loaded into EVs.

Those vesicles would have been collected and concentrated together with the virus. Since a

constant virus titre was used in transduction experiments, only cells transduced with the

GFP-CD9+ viruses would have received a higher number of EVs. Consequently, it’s possible

that CD9, increasing EVs production, had the effect of increasing the probability of EV-medi-

ated delivery of the fluorescent protein without any direct effect on transduction efficiency.

Boker and colleagues did not report the exact percentage of transduced cells they observed

when VSV-G was omitted, but they stated that it was “a minor proportion”. That would be in

line with recent reports demonstrating that EV-cargo-delivery is very inefficient [47]. Since we

always obtained very high virus titres we directly used the cell supernatant for transduction

experiments. It is possible that we did not apply enough EVs carrying fluorescent proteins to

observe fluorescent cells. Another possibility is that some vesicle degradation occurred during

the virus concentration step, releasing the fluorescent proteins contained in EVs. Once again,

since virus samples from the GFP-CD9+ cell line would contain more EVs, they would poten-

tially carry more contaminants. Cases of pseudotransduction caused by co-purified protein

during the concentration step were observed in the past [48]. Since we did not perform a con-

centration step, we have avoided this kind of pseudotransduction.

In conclusion, we confirmed that the mechanism of increase in EVs production depends on

CD9 expression. On the other hand, we could neither confirm a function of CD9 as viral-inde-

pendent transduction mediator nor demonstrate a positive effect of FRα on the transduction effi-

ciency. Our results confirm recent studies reporting that only EVs modified with a fusogenic

protein such as VSV-G could deliver their cargo to cells at detectable levels [49, 50]. Moreover,

even when rare cargo-delivery events could be detected with a CRISPR/Cas9 reporter system,

EV-mediated RNA transfer was not observed when HEK 293T cells were used as EVs donor [47].

Although we did not achieve the hoped results in this study, we remain convinced of the

potential held by the expression of EVs markers on LVs surface for transduction. Until now,

strategies for LVs pseudotyping only focused on viral glycoproteins from different viruses

[51]. The same proteins (or portions of them) have also been expressed on the surface of EVs

in the attempt to increase specific targeting, for example to the brain [52]. On the other hand,

EVs are meant to be taken up by cells and some of them show preferred targeting to certain

cell types or tissues. As we discover more and more about the mechanisms that endogenously

regulate EVs uptake and targeting [53], new candidate proteins may emerge. Expression of

endogenous markers instead of immunogenic viral proteins on LVs surface has the potential

of opening the way to a new class of gene therapy vectors with increased safety and efficacy.
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S1 Fig. GFP-CD9 expression in stable cell line. Cells from the GFP-CD9+ cell line were

stained with Hoechst 33342 1:2,000 (in blue). Images were taken with a 40X objective. Expres-

sion of the fusion protein can be seen located to the cell membrane.

(TIF)

S2 Fig. Expression of FRα and CD9 in FRα+/CD9+ line compared to WT. HSP90 was used

as loading control.

(TIF)

S3 Fig. Example of transduction with LVs produced in WT, FRα+ or FRα+/CD9+ cells.

Images were taken 72h after transduction. GFP signal is shown in green, Hoechst 33342 in

blue. No GFP-positive cell was detected in absence of VSV-G.

(TIF)

S1 File. Original blot images.

(PDF)
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15. Strack B, Calistri A, Craig S, Popova E, Göttlinger HG. AIP1/ALIX Is a Binding Partner for HIV-1 p6 and

EIAV p9 Functioning in Virus Budding. Cell. 2003; 114(6):689–99. https://doi.org/10.1016/s0092-8674

(03)00653-6 PMID: 14505569

16. Gould SJ, Booth AM, Hildreth JE. The Trojan exosome hypothesis. Proc Natl Acad Sci U S A. 2003;

100(19):10592–7. Epub 2003/08/30. https://doi.org/10.1073/pnas.1831413100 PMID: 12947040;

PubMed Central PMCID: PMC196848.

17. Campbell TD, Khan M, Huang M-B, Bond VC, Powell MD. HIV-1 Nef protein is secreted into vesicles

that can fuse with target cells and virions. Ethn Dis. 2008; 18(2 Suppl 2):S2–19. PMID: 18646314.

18. Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JE, Gould SJ. Exosomes and HIV Gag bud from endo-

some-like domains of the T cell plasma membrane. J Cell Biol. 2006; 172(6):923–35. Epub 2006/03/15.

https://doi.org/10.1083/jcb.200508014 PMID: 16533950; PubMed Central PMCID: PMC2063735.

19. Columba Cabezas S, Federico M. Sequences within RNA coding for HIV-1 Gag p17 are efficiently tar-

geted to exosomes. Cellular Microbiology. 2013; 15(3):412–29. https://doi.org/10.1111/cmi.12046

PMID: 23072732

20. Narayanan A, Iordanskiy S, Das R, Van Duyne R, Santos S, Jaworski E, et al. Exosomes derived from

HIV-1-infected cells contain trans-activation response element RNA. J Biol Chem. 2013; 288

(27):20014–33. Epub 2013/05/11. https://doi.org/10.1074/jbc.M112.438895 PMID: 23661700; PubMed

Central PMCID: PMC3707700.

PLOS ONE CD9 and folate receptor are not sufficient for lentiviral transduction

PLOS ONE | https://doi.org/10.1371/journal.pone.0264642 March 10, 2022 17 / 19

https://doi.org/10.1083/jcb.101.3.942
http://www.ncbi.nlm.nih.gov/pubmed/2993317
https://doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
https://doi.org/10.3402/jev.v1i0.18397
http://www.ncbi.nlm.nih.gov/pubmed/24009879
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.1084/jem.183.3.1161
http://www.ncbi.nlm.nih.gov/pubmed/8642258
https://doi.org/10.1097/00002030-199902040-00018
http://www.ncbi.nlm.nih.gov/pubmed/10202836
https://doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
https://doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798
https://doi.org/10.1242/jcs.128868
http://www.ncbi.nlm.nih.gov/pubmed/24105262
https://doi.org/10.4049/jimmunol.166.12.7309
http://www.ncbi.nlm.nih.gov/pubmed/11390481
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/ncb2502
http://www.ncbi.nlm.nih.gov/pubmed/22660413
https://doi.org/10.1016/j.jmb.2015.09.019
https://doi.org/10.1016/j.jmb.2015.09.019
http://www.ncbi.nlm.nih.gov/pubmed/26434508
https://doi.org/10.1074/jbc.M410384200
http://www.ncbi.nlm.nih.gov/pubmed/15509564
https://doi.org/10.1016/s0092-8674%2801%2900506-2
https://doi.org/10.1016/s0092-8674%2801%2900506-2
http://www.ncbi.nlm.nih.gov/pubmed/11595185
https://doi.org/10.1016/s0092-8674%2803%2900653-6
https://doi.org/10.1016/s0092-8674%2803%2900653-6
http://www.ncbi.nlm.nih.gov/pubmed/14505569
https://doi.org/10.1073/pnas.1831413100
http://www.ncbi.nlm.nih.gov/pubmed/12947040
http://www.ncbi.nlm.nih.gov/pubmed/18646314
https://doi.org/10.1083/jcb.200508014
http://www.ncbi.nlm.nih.gov/pubmed/16533950
https://doi.org/10.1111/cmi.12046
http://www.ncbi.nlm.nih.gov/pubmed/23072732
https://doi.org/10.1074/jbc.M112.438895
http://www.ncbi.nlm.nih.gov/pubmed/23661700
https://doi.org/10.1371/journal.pone.0264642


21. Chahar HS, Bao X, Casola A. Exosomes and Their Role in the Life Cycle and Pathogenesis of RNA

Viruses. Viruses. 2015; 7(6):3204–25. Epub 2015/06/24. https://doi.org/10.3390/v7062770 PMID:

26102580; PubMed Central PMCID: PMC4488737.

22. Cronin J, Zhang XY, Reiser J. Altering the tropism of lentiviral vectors through pseudotyping. Curr Gene

Ther. 2005; 5(4):387–98. Epub 2005/08/17. https://doi.org/10.2174/1566523054546224 PMID:

16101513; PubMed Central PMCID: PMC1368960.

23. Burns JC, Friedmann T, Driever W, Burrascano M, Yee JK. Vesicular stomatitis virus G glycoprotein

pseudotyped retroviral vectors: concentration to very high titer and efficient gene transfer into mamma-

lian and nonmammalian cells. Proc Natl Acad Sci U S A. 1993; 90(17):8033–7. Epub 1993/09/01.

https://doi.org/10.1073/pnas.90.17.8033 PMID: 8396259; PubMed Central PMCID: PMC47282.

24. DePolo NJ, Reed JD, Sheridan PL, Townsend K, Sauter SL, Jolly DJ, et al. VSV-G pseudotyped lenti-

viral vector particles produced in human cells are inactivated by human serum. Mol Ther. 2000; 2

(3):218–22. Epub 2000/09/14. https://doi.org/10.1006/mthe.2000.0116 PMID: 10985952.

25. Munis AM, Mattiuzzo G, Bentley EM, Collins MK, Eyles JE, Takeuchi Y. Use of Heterologous Vesiculo-

virus G Proteins Circumvents the Humoral Anti-envelope Immunity in Lentivector-Based In Vivo Gene

Delivery. Mol Ther Nucleic Acids. 2019; 17:126–37. Epub 2019/06/30. https://doi.org/10.1016/j.omtn.

2019.05.010 PMID: 31254925; PubMed Central PMCID: PMC6599914.

26. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science. 2020;

367(6478). Epub 2020/02/08. https://doi.org/10.1126/science.aau6977 PMID: 32029601; PubMed

Central PMCID: PMC7717626.

27. Liang Y, Duan L, Lu J, Xia J. Engineering exosomes for targeted drug delivery. Theranostics. 2021; 11

(7):3183–95. Epub 2021/02/05. https://doi.org/10.7150/thno.52570 PMID: 33537081; PubMed Central

PMCID: PMC7847680.

28. Boker KO, Lemus-Diaz N, Rinaldi Ferreira R, Schiller L, Schneider S, Gruber J. The Impact of the CD9

Tetraspanin on Lentivirus Infectivity and Exosome Secretion. Mol Ther. 2018; 26(2):634–47. Epub

2017/12/10. https://doi.org/10.1016/j.ymthe.2017.11.008 PMID: 29221804; PubMed Central PMCID:

PMC5835022.

29. Escola JM, Kleijmeer MJ, Stoorvogel W, Griffith JM, Yoshie O, Geuze HJ. Selective enrichment of tetra-

span proteins on the internal vesicles of multivesicular endosomes and on exosomes secreted by

human B-lymphocytes. J Biol Chem. 1998; 273(32):20121–7. Epub 1998/08/01. https://doi.org/10.

1074/jbc.273.32.20121 PMID: 9685355

30. Ross JF, Chaudhuri PK, Ratnam M. Differential regulation of folate receptor isoforms in normal and

malignant tissues in vivo and in established cell lines. Physiologic and clinical implications. Cancer.

1994; 73(9):2432–43. Epub 1994/05/01. https://doi.org/10.1002/1097-0142(19940501)73:9<2432::aid-

cncr2820730929>3.0.co;2-s PMID: 7513252.

31. Steinfeld R, Grapp M, Kraetzner R, Dreha-Kulaczewski S, Helms G, Dechent P, et al. Folate receptor

alpha defect causes cerebral folate transport deficiency: a treatable neurodegenerative disorder associ-

ated with disturbed myelin metabolism. Am J Hum Genet. 2009; 85(3):354–63. Epub 2009/09/08.

https://doi.org/10.1016/j.ajhg.2009.08.005 PMID: 19732866; PubMed Central PMCID: PMC2771535.

32. Grapp M, Wrede A, Schweizer M, Huwel S, Galla HJ, Snaidero N, et al. Choroid plexus transcytosis

and exosome shuttling deliver folate into brain parenchyma. Nat Commun. 2013; 4:2123. Epub 2013/

07/06. https://doi.org/10.1038/ncomms3123 PMID: 23828504.

33. Luhrs CA, Slomiany BL. A Human Membrane-Associated Folate Binding-Protein Is Anchored by a Gly-

cosyl-Phosphatidylinositol Tail. Journal of Biological Chemistry. 1989; 264(36):21446–9. WOS:

A1989CE48800004. PMID: 2557328

34. Sabharanjak S, Sharma P, Parton RG, Mayor S. GPI-anchored proteins are delivered to recycling endo-

somes via a distinct cdc42-regulated, clathrin-independent pinocytic pathway. Dev Cell. 2002; 2

(4):411–23. Epub 2002/04/24. https://doi.org/10.1016/s1534-5807(02)00145-4 PMID: 11970892.

35. Bellotti C, Lang K, Kuplennik N, Sosnik A, Steinfeld R. High-grade extracellular vesicles preparation by

combined size-exclusion and affinity chromatography. Sci Rep. 2021; 11(1):10550. Epub 2021/05/20.

https://doi.org/10.1038/s41598-021-90022-y PMID: 34006937; PubMed Central PMCID:

PMC8131383.

36. Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, et al. Proteomic comparison

defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes.

Proc Natl Acad Sci U S A. 2016; 113(8):E968–77. Epub 2016/02/10. https://doi.org/10.1073/pnas.

1521230113 PMID: 26858453; PubMed Central PMCID: PMC4776515.

37. Thery C, Regnault A, Garin J, Wolfers J, Zitvogel L, Ricciardi-Castagnoli P, et al. Molecular characteri-

zation of dendritic cell-derived exosomes. Selective accumulation of the heat shock protein hsc73. J

Cell Biol. 1999; 147(3):599–610. Epub 1999/11/05. https://doi.org/10.1083/jcb.147.3.599 PMID:

10545503; PubMed Central PMCID: PMC2151184.

PLOS ONE CD9 and folate receptor are not sufficient for lentiviral transduction

PLOS ONE | https://doi.org/10.1371/journal.pone.0264642 March 10, 2022 18 / 19

https://doi.org/10.3390/v7062770
http://www.ncbi.nlm.nih.gov/pubmed/26102580
https://doi.org/10.2174/1566523054546224
http://www.ncbi.nlm.nih.gov/pubmed/16101513
https://doi.org/10.1073/pnas.90.17.8033
http://www.ncbi.nlm.nih.gov/pubmed/8396259
https://doi.org/10.1006/mthe.2000.0116
http://www.ncbi.nlm.nih.gov/pubmed/10985952
https://doi.org/10.1016/j.omtn.2019.05.010
https://doi.org/10.1016/j.omtn.2019.05.010
http://www.ncbi.nlm.nih.gov/pubmed/31254925
https://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://doi.org/10.7150/thno.52570
http://www.ncbi.nlm.nih.gov/pubmed/33537081
https://doi.org/10.1016/j.ymthe.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29221804
https://doi.org/10.1074/jbc.273.32.20121
https://doi.org/10.1074/jbc.273.32.20121
http://www.ncbi.nlm.nih.gov/pubmed/9685355
https://doi.org/10.1002/1097-0142%2819940501%2973%3A9%26lt%3B2432%3A%3Aaid-cncr2820730929%26gt%3B3.0.co%3B2-s
https://doi.org/10.1002/1097-0142%2819940501%2973%3A9%26lt%3B2432%3A%3Aaid-cncr2820730929%26gt%3B3.0.co%3B2-s
http://www.ncbi.nlm.nih.gov/pubmed/7513252
https://doi.org/10.1016/j.ajhg.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19732866
https://doi.org/10.1038/ncomms3123
http://www.ncbi.nlm.nih.gov/pubmed/23828504
http://www.ncbi.nlm.nih.gov/pubmed/2557328
https://doi.org/10.1016/s1534-5807%2802%2900145-4
http://www.ncbi.nlm.nih.gov/pubmed/11970892
https://doi.org/10.1038/s41598-021-90022-y
http://www.ncbi.nlm.nih.gov/pubmed/34006937
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1073/pnas.1521230113
http://www.ncbi.nlm.nih.gov/pubmed/26858453
https://doi.org/10.1083/jcb.147.3.599
http://www.ncbi.nlm.nih.gov/pubmed/10545503
https://doi.org/10.1371/journal.pone.0264642


38. Cockrell AS, Kafri T. Gene delivery by lentivirus vectors. Mol Biotechnol. 2007; 36(3):184–204. Epub

2007/09/18. https://doi.org/10.1007/s12033-007-0010-8 PMID: 17873406.

39. Kalidasan V, Ng WH, Ishola OA, Ravichantar N, Tan JJ, Das KT. A guide in lentiviral vector production

for hard-to-transfect cells, using cardiac-derived c-kit expressing cells as a model system. Sci Rep.

2021; 11(1):19265. Epub 2021/09/30. https://doi.org/10.1038/s41598-021-98657-7 PMID: 34584147;

PubMed Central PMCID: PMC8478948.

40. Simpson RJ, Jensen SS, Lim JW. Proteomic profiling of exosomes: current perspectives. Proteomics.

2008; 8(19):4083–99. Epub 2008/09/10. https://doi.org/10.1002/pmic.200800109 PMID: 18780348.

41. Willms E, Johansson HJ, Mager I, Lee Y, Blomberg KE, Sadik M, et al. Cells release subpopulations of

exosomes with distinct molecular and biological properties. Sci Rep. 2016; 6:22519. Epub 2016/03/05.

https://doi.org/10.1038/srep22519 PMID: 26931825; PubMed Central PMCID: PMC4773763.

42. Soung Y, Ford S, Zhang V, Chung J. Exosomes in Cancer Diagnostics. Cancers. 2017; 9(12). https://

doi.org/10.3390/cancers9010008 PMID: 28085080

43. Lee S, Mankhong S, Kang JH. Extracellular Vesicle as a Source of Alzheimer’s Biomarkers: Opportuni-

ties and Challenges. Int J Mol Sci. 2019; 20(7). Epub 2019/04/11. https://doi.org/10.3390/ijms20071728

PMID: 30965555; PubMed Central PMCID: PMC6479979.

44. Vogel C, Marcotte EM. Insights into the regulation of protein abundance from proteomic and transcrip-

tomic analyses. Nat Rev Genet. 2012; 13(4):227–32. Epub 2012/03/14. https://doi.org/10.1038/

nrg3185 PMID: 22411467; PubMed Central PMCID: PMC3654667.

45. Bond DR, Naudin C, Carroll AP, Goldie BJ, Brzozowski JS, Jankowski HM, et al. miR-518f-5p

decreases tetraspanin CD9 protein levels and differentially affects non-tumourigenic prostate and pros-

tate cancer cell migration and adhesion. Oncotarget. 2018; 9(2):1980–91. Epub 2018/02/09. https://doi.

org/10.18632/oncotarget.23118 PMID: 29416746; PubMed Central PMCID: PMC5788614.

46. Bond DR, Kahl R, Brzozowski JS, Jankowski H, Naudin C, Pariyar M, et al. Tetraspanin CD9 is Regu-

lated by miR-518f-5p and Functions in Breast Cell Migration and In Vivo Tumor Growth. Cancers

(Basel). 2020; 12(4). Epub 2020/04/01. https://doi.org/10.3390/cancers12040795 PMID: 32224917;

PubMed Central PMCID: PMC7226392.

47. de Jong OG, Murphy DE, Mager I, Willms E, Garcia-Guerra A, Gitz-Francois JJ, et al. A CRISPR-Cas9-

based reporter system for single-cell detection of extracellular vesicle-mediated functional transfer of

RNA. Nat Commun. 2020; 11(1):1113. Epub 2020/03/01. https://doi.org/10.1038/s41467-020-14977-8

PMID: 32111843; PubMed Central PMCID: PMC7048928.

48. Liu ML, Winther BL, Kay MA. Pseudotransduction of hepatocytes by using concentrated pseudotyped

vesicular stomatitis virus G glycoprotein (VSV-G)-Moloney murine leukemia virus-derived retrovirus

vectors: Comparison of VSV-G and amphotropic vectors for hepatic gene transfer. J Virol. 1996; 70

(4):2497–502. https://doi.org/10.1128/JVI.70.4.2497-2502.1996 WOS:A1996UA39700052; PubMed

Central PMCID: PMC190094. PMID: 8642678

49. Somiya M, Kuroda S. Real-Time Luminescence Assay for Cytoplasmic Cargo Delivery of Extracellular

Vesicles. Anal Chem. 2021; 93(13):5612–20. Epub 2021/03/25. https://doi.org/10.1021/acs.analchem.

1c00339 PMID: 33759512.

50. Albanese M, Chen YA, Huls C, Gartner K, Tagawa T, Mejias-Perez E, et al. MicroRNAs are minor con-

stituents of extracellular vesicles that are rarely delivered to target cells. PLoS Genet. 2021; 17(12):

e1009951. Epub 2021/12/07. https://doi.org/10.1371/journal.pgen.1009951 PMID: 34871319; PubMed

Central PMCID: PMC8675925.

51. Duverge A, Negroni M. Pseudotyping Lentiviral Vectors: When the Clothes Make the Virus. Viruses.

2020;12(11). Epub 2020/11/20. https://doi.org/10.3390/v12111311 PMID: 33207797; PubMed Central

PMCID: PMC7697029.

52. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of siRNA to the mouse brain by

systemic injection of targeted exosomes. Nat Biotechnol. 2011; 29(4):341–5. Epub 2011/03/23. https://

doi.org/10.1038/nbt.1807 PMID: 21423189.

53. Murphy DE, de Jong OG, Brouwer M, Wood MJ, Lavieu G, Schiffelers RM, et al. Extracellular vesicle-

based therapeutics: natural versus engineered targeting and trafficking. Exp Mol Med. 2019; 51(3):1–

12. Epub 2019/03/16. https://doi.org/10.1038/s12276-019-0223-5 PMID: 30872574; PubMed Central

PMCID: PMC6418170.

PLOS ONE CD9 and folate receptor are not sufficient for lentiviral transduction

PLOS ONE | https://doi.org/10.1371/journal.pone.0264642 March 10, 2022 19 / 19

https://doi.org/10.1007/s12033-007-0010-8
http://www.ncbi.nlm.nih.gov/pubmed/17873406
https://doi.org/10.1038/s41598-021-98657-7
http://www.ncbi.nlm.nih.gov/pubmed/34584147
https://doi.org/10.1002/pmic.200800109
http://www.ncbi.nlm.nih.gov/pubmed/18780348
https://doi.org/10.1038/srep22519
http://www.ncbi.nlm.nih.gov/pubmed/26931825
https://doi.org/10.3390/cancers9010008
https://doi.org/10.3390/cancers9010008
http://www.ncbi.nlm.nih.gov/pubmed/28085080
https://doi.org/10.3390/ijms20071728
http://www.ncbi.nlm.nih.gov/pubmed/30965555
https://doi.org/10.1038/nrg3185
https://doi.org/10.1038/nrg3185
http://www.ncbi.nlm.nih.gov/pubmed/22411467
https://doi.org/10.18632/oncotarget.23118
https://doi.org/10.18632/oncotarget.23118
http://www.ncbi.nlm.nih.gov/pubmed/29416746
https://doi.org/10.3390/cancers12040795
http://www.ncbi.nlm.nih.gov/pubmed/32224917
https://doi.org/10.1038/s41467-020-14977-8
http://www.ncbi.nlm.nih.gov/pubmed/32111843
https://doi.org/10.1128/JVI.70.4.2497-2502.1996
http://www.ncbi.nlm.nih.gov/pubmed/8642678
https://doi.org/10.1021/acs.analchem.1c00339
https://doi.org/10.1021/acs.analchem.1c00339
http://www.ncbi.nlm.nih.gov/pubmed/33759512
https://doi.org/10.1371/journal.pgen.1009951
http://www.ncbi.nlm.nih.gov/pubmed/34871319
https://doi.org/10.3390/v12111311
http://www.ncbi.nlm.nih.gov/pubmed/33207797
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
https://doi.org/10.1038/s12276-019-0223-5
http://www.ncbi.nlm.nih.gov/pubmed/30872574
https://doi.org/10.1371/journal.pone.0264642

