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Abstract	

Producing	 intact	 recombinant	 membrane	 proteins	 for	 structural	 studies	 is	 an	 inherently	

challenging	 task	 due	 to	 their	 requirement	 for	 a	 cell-lipid	 environment.	 Most	 procedures	

developed	 involve	 isolating	 the	 protein	 by	 detergent	 solubilization	 and	 further	

reconstitutions	into	artificial	membranes.	These	procedures	are	highly	time	consuming	and	

suffer	from	further	drawbacks,	including	low	yields	and	high	cost.	



We	 describe	 here	 an	 alternative	 method	 for	 rapidly	 obtaining	 recombinant	 cell-surface	

membrane	 proteins	 displayed	 on	 extracellular	 vesicles	 (EVs)	 derived	 from	 cells	 in	 culture.	

Interaction	between	these	membrane	proteins	and	ligands	can	be	analyzed	directly	on	EVs.	

Moreover,	 EVs	 can	 also	 be	 used	 for	 protein	 structure	 determination	 or	 immunization	

purposes.	

	

1. Introduction	

Cell-surface	membrane	proteins	(MPs)	[1]	are	involved	in	many	biological	processes	such	as,	

cell	 signalization	 [2]	 or	 viral	 infection	 [3],	 and	 play	 an	 essential	 role	 in	 regulation	 of	 the	

immune	 response	 [4].	These	proteins	which	act	as	 transporters,	 channels	or	 receptors	are	

preferred	 targets	 for	 drug	 researches	 and	 immunotherapies	 which	 are	 currently	 under	

development	in	pharmaceutical	companies	[5].	In	this	context,	structure	and	interactions	of	

these	proteins	with	potential	 ligands	 such	as	 therapeutic	 antibodies	must	be	 investigated.	

Entire	 cell-surface	MPs	 can	be	produced	and	purified	by	extracting	 the	protein	out	of	 the	

membrane	 through	 the	 use	 of	 detergents	 [6].	 In	 addition	 to	 being	 long	 and	 expensive	

regarding	 to	 optimization	 needs,	 it	 is	 known	 that	 detergents	 do	 not	 stabilize	 membrane	

domains	as	efficiently	as	natural	lipids	in	membranes,	often	leading	to	a	partial	to	complete	

loss	of	activity/stability	during	protein	extraction	and	purification	[7].	Recent	developments	

have	made	it	possible	to	stabilize	full-length	MPs	into	artificial	membranes	such	as	nanodiscs	

or	proteoliposomes	[8]	[9].	But	these	systems	do	not	reflect	the	biochemical	complexity	of	a	

real	 biological	 membrane	 and	 do	 not	 abrogate	 the	 use	 of	 detergents.	 Indeed,	 MPs	

embedded	 in	a	biological	membrane	such	as	a	cellular	 lipid	bilayer	or	a	viral	envelope	can	

adopt	 complex	 orientations	 and	 conformations	 due	 to	 steric	 constrains	 depending	 on	

protein	density	and	protein	clustering	pattern	[10].	An	alternative	strategy	may	be	used	 in	

case	 of	 monotopic	 MPs.	 Extracellular	 part	 without	 transmembrane	 domains	 can	 be	

expressed	as	a	 soluble	protein	which	allows	easier	production	and	purification	 [11].	These	

truncated	proteins	can	be	used	for	structure	determination	by	X-ray	crystallography,	single-

particle	 cryo-electron	microscopy	 (EM)	 [12]	 or	 for	 immunization	purposes	 [13].	One	 could	

notice	 that	 these	 soluble	 extracellular	 domains	 may	 display	 different	 biochemical	

characteristics	compared	to	the	original	full-length	molecules,	making	them	a	questionable	

study	model	[14].		



All	living	cells	release	extracellular	vesicles	(EVs)	in	their	environment.	In	animal	species	EVs	

are	found	in	plasma,	urine,	milk,	sweat,	saliva	or	tears	[15].	EVs	can	be	classified	into	three	

sub-families:	 apoptotic	 bodies,	 exosomes	 and	 microvesicles	 according	 to	 their	 biogenesis	

[16].	Apoptotic	bodies	are	produced	during	the	apoptotic	process,	when	cytoskeleton	breaks	

up	and	causes	the	membrane	to	bulge	outward	[17].	Exosomes	are	generated	through	the	

endosomal	 pathway	 and	 accumulate	 inside	multivesicular	 bodies	 before	 being	 release	 by	

exocytosis	[18].	Microvesicles	are	formed	by	modification	of	the	actin’s	network	that	drives	

budding	 the	 plasma	membrane.	 This	 process	 is	 comparable	 to	 the	mechanism	 involve	 for	

enveloped	viruses	exit	of	the	cells	[19].	MPs	found	on	microvesicles	surface	are	sorted	in	the	

cytoplasm	by	the	ESCRT	machinery	[20].	Microvesicles	size	is	about	few	tens	to	few	hundred	

nanometers	and	 they	enclose	 soluble	proteins,	DNA	and	miRNA	 [21].	 It	 has	been	 recently	

shown	 that	 microvesicles	 can	 be	 used	 to	 display	 recombinant	 MPs	 on	 their	 surface	 for	

structure	determination	by	cryo-electron	tomography	[22].	

Here	we	describe	a	simple	method	to	produce	EVs	covered	by	recombinant	MPs	of	interest	

and	their	use	for	cell-surface	MPs-ligands	interaction	analyses.	Other	EVs-based	downstream	

applications	are	also	discussed	as	new	tools	for	cell-surface	MPs	studies.	

	

2. Material	and	methods	

	

2.1 Plasmid	construction	

	

2.1.1	 Vector	

pCAGGS-mcherry	 vector	 (Addgene	 plasmid	 #41583)	 [23]	 was	 used	 to	 produce	 EVs.	 This	

vector	 was	 digested	 with	 EcoRI-HF	 (NEB	 #R3101S)	 and	 BglII	 (NEB	 #R0144S)	 restriction	

enzymes	in	order	to	remove	the	mcherry	gene	out	of	the	vector.	Linearized	vector	was	then	

separated	 by	 agarose	 gel	 (1	 %	 m/v)	 electrophoresis	 and	 the	 DNA	 extracted	 band	 was	

purified	by	using	a	spin	column	from	a	DNA	gel	extraction	kit	(Biobasic	#EZ-10)	according	to	

manufacturer	instructions.	

	

2.1.2	 Genes	

Several	 genes	 coding	 for	 different	 cell-surface	 MPs	 have	 been	 cloned	 into	 the	 pCAGGS	

expression	vector	for	this	study.	Zaire	Ebola	virus	glycoprotein	Δ934-1389	cDNA	(Zebov	GP)	



was	ordered	from	Genscript	company	as	a	synthetic	gene	cloned	into	the	pcDNA3.1	vector	

(Thermo	Fisher	#V79020).	This	cDNA	codes	for	the	envelope’s	glycoprotein	without	its	mucin	

domain	 [24].	 Human	 Herpes	 Simplex	 Virus	 1	 glycoprotein	 B	 cDNA	 (HSV1	 gB)	 [25]	 was	

synthetized	by	IDT	Technologies	company	as	a	codon	optimized	(for	mammalian	expression	

system)	gblock	gene	fragment	flanked	with	5’	and	3’	hybridation	sequences.	Homo	sapiens	

5’	ecto-nucleotidase	cDNA	(CD73)	was	kindly	gifted	as	an	amplified	PCR	product	ready	to	be	

cloned	by	our	 collaborators	 from	 InnatePharma	company.	This	 cDNA	encodes	 for	 the	cell-

surface	CD73	human	enzyme	[26].		

	

2.1.3	 Cloning	

Zebov	 GP	 and	 CD73	 cDNAs	 were	 amplified	 by	 PCR	 with	 the	 Q-5	 High	 Fidelity	 DNA	

polymerase	(NEB	#M0491L)	according	to	manufacturer	instructions	and	PCR	products	were	

purified	by	agarose	gel	(1	%	m/v)	electrophoresis	and	the	DNA	extracted	bands	were	purified	

using	spin	columns	from	a	DNA	gel	extraction	kit	(Biobasic	#EZ-10).	

PCR	products	 (Zebov	GP	and	CD73)	and	gblock	gene	 fragment	 (HSV1	gB)	were	 introduced	

into	 the	 linearized	pCAGGS	vector	by	using	 the	 In-Fusion	HD	cloning	kit	 (Takara	#639649).	

Plasmids	 were	 then	 amplified	 under	 ampicillin	 selection	 after	 transformation	 of	 E.	 coli	

RapidTrans	TAM1	competent	cells	(Active	Motif	strain	#11096).		

	

Primers	and	hybridation	sequences		

	

	

	

	

	

	

	

	

	

	

In-Fusion	cloning	parameters	

Genes	 Primers	

Zebov	GP	

Zebov	GP	

5’-CATTTTGGCAAAGAATTGCCACCATGGGTGTTACAGGAATATTG-3’	

5’-AAAAAGATCGAGATCTCAAAAGACAAATTTGCATATAC-3’	

CD73	

CD73	

5’-CATTTTGGCAAAGAATTGCCACCATGTGTCCCCGAGCCGCG-3’	

5’-AAAAAGATCGAGATCTCATTGGTATAAAACAAAGATCACTGC-3’	

	 Hybridation	sequences	

HSV1	gB	

HSV1	gB	

5’-CATTTTGGCAAAGAATTGCCACC-3’	

5’-GATCTCGATCTTTTT-3’	



Linearized	pCAGGS	vector	 100	ng	

Insert	 50	ng	

In-Fusion	premix	5X	 2	µL	

qsp	H2O	10	µL	

Incubate	15	min	at	50	°C	

	

2.2 EVs	production	

	

2.2.1 Cell	culture	

HEK293	 EBNA	 cells	 [27]	 were	 cultured	 in	 DMEM	 with	 high	 glucose	 4.5	 g/L	 D-glucose,	

GlutaMAX™	 and	 pyruvate	 (Gibco	 #31966-021)	 supplemented	 with	 10	 %	 (v/v)	 FBS	 (Sigma	

#F9665).	Cells	 were	 allowed	 to	 recover	 after	 thawing	 for	 at	 least	 one	 week,	 before	

performing	 recombinant	 EVs	 production.	 T175	 flasks	 (Nunc	 Easyflask	 Thermoscientific	

#159910)	were	used	 for	expanding	 cells.	Briefly	 cells	were	washed	once	with	PBS	without	

CaCl2	 and	 MgCl2	 (Gibco	 #14190-136)	 and	 incubated	 with	 0.25	 %	 Trypsin-EDTA	 solution	

(Gibco	#25200-056)	for	3	min	at	37	°C.	Once	one	T175	flask	reach	100	%	cell	confluency	it	is	

enough	to	start	EVs	production.	

	

2.2.2 Transfection		

1) Detach	the	HEK293	EBNA	cells	from	a	100	%	confluent	T175	flask	using	5	mL	of	0.25	

%	trypsin-EDTA	solution	(Gibco	#25200-056).	

2) Split	the	cells	into	2	new	T175	flasks	with	35	mL	of	fresh	complete	DMEM	medium.	

3) Dilute	60	µg	of	plasmid	DNA	in	5	mL	of	OptiMEM	medium	(Gibco	#31985-047)	and	

150	µL	of	Lipofectamine	2000	(Invitrogen	#52887)	in	also	5	mL	of	OptiMEM	medium.	

Mix	solutions	together	and	incubate	5	min	at	RT.	

4) Dispatch	5	mL	of	transfection	solution	into	each	T175	and	mix.	

5) Incubate	5	h	in	a	CO2	incubator	at	37	°C	with	10	%	CO2.	

6) Replace	 serum-containing	 medium	 (DMEM)	 of	 each	 T175	 flask	 with	 25	 mL	 of	

Freestyle293	serum-free	medium	with	GlutaMAX™	(Gibco	#12338-018).	

7) Incubate	 96	 h	 in	 a	 CO2	 incubator	 at	 37	 °C	 with	 10	 %	 CO2	 before	 collecting	

supernatant.	



Important	considerations:	

- HEK293	EBNA	cells	used	instead	HEK293	allows	better	EVs	recovery	

- Use	of	serum-free	medium	allows	to	eliminate	bovine	EVs	

	

2.3 						EVs	Purification	

	

2.3.1	 EVs	enrichment	

Collect	 EVs	 containing	 supernatant	 (50	 mL)	 and	 launch	 immediately	 differential	

centrifugation	steps	[28].	

1) Centrifuge	 10	 min	 at	 500	 g	 at	 4°C	 in	 order	 to	 eliminate	 residual	 cells.	 Keep	

supernatant.	

2) Centrifuge	10	min	at	3000	g	at	4°C	in	order	to	eliminate	bigger	cellular	contaminants.	

Keep	supernatant.	

3) Centrifuge	30	min	at	10	000	g	at	4°C.	Keep	supernatant.	

4) Centrifuge	3	h	at	110	000	g	at	4°C	to	pellet	EVs	in	2	ultracentrifuge	tubes	(Beckman	

coulter	 #355616)	 with	 fixed	 angle	 rotor	 50.2Ti	 on	 Optima	 LE-80k	 Ultracentrifuge	

from	Beckman	coulter	(UC-1).	Discard	supernatant.	

5) Wash	EVs	pellets	carefully	with	25	mL	of	PBS	(Gibco	#14190-136)	and	centrifuge	one	

more	time	3	h	at	110	000	g	at	4°C	(UC-2).	Discard	supernatant.	

6) Resuspend	carefully	each	EVs	pellet	with	50	µL	of	PBS	 (NaN3	0.02	%)	and	 store	at	

4°C.	

	

			 2.3.2	 EVs	purification	by	SEC	

EVs	 were	 then	 purified	 by	 size	 exclusion	 chromatography	 using	 a	 HPLC	 system	 (Dionex	

Ultimate	3000	from	Thermo	Scientific).	100	µL	of	EVs	(absorbance	at	280	nm	between	2	to	

3)	were	 loaded	on	a	Superdex	200	 increase	10/300	GL	prepacked	gel	 filtration	column	(GE	

Healthcare	Life	Sciences	#28990944),	which	contains	an	agarose	based-resin,	eluted	during	

60	min	with	PBS	(NaN3	0.02	%)	with	a	flow	rate	at	0.6	ml/min	with	UV	detection	at	280	nm.	

EVs-containing	SEC	fractions	(100	µL)	were	collected	and	stored	at	4°C	for	further	analysis.	

For	Cryo-EM	experiments,	SEC	fractions	were	pooled	and	concentrated	via	ultrafiltration	by	

passing	 SEC	 fractions	 through	 Vivaspin-500	 10	 kDa	 MWCO	 (GE	 Healthcare	 Life	 Sciences	



#28932225)	according	to	the	manufacturer’s	instructions.	The	relative	protein	absorbance	of	

each	EV	samples	was	measured	at	280	nm	by	NanoDrop	(Thermo	Scientific).	

	

Important	considerations:	

-					Do	not	use	any	HPLC	column	pre-filter		

- Do	not	use	higher	Vivaspin	membrane	cut-off	[29]	

	

2.4 					EVs	Analysis	

	

2.4.1		 Dynamic	Light	Scattering	

70	 µL	 of	 EVs	 (absorbance	 of	 fractions	 at	 280	 nm	 beetween	 0.1	 to	 1)	 were	 analyzed	 by	

Dynamic	 Light	 Scattering	 (DLS)	 by	 using	 the	 Zetasizer	 Malvern	 Nano-S	 instrument.	

Hydrodynamic	size	distributions	were	measured	in	duplicate	at	25°C	during	40-80	sec	with	a	

count	 rate	 between	 200-600	 kcps	 in	 a	 3	 mm	 light	 path	 quartz	 cuvette	 (Hellma	

#105251005QS).	 The	 number	 of	 replicates	 conducted	 in	 one	 round	 was	 adapted	

automatically	 in	 the	 range	 of	 10–20	 measurements.	 The	 initial	 material	 Refractive	 Index	

(R.I.)	was	1.45,	while	dispersant	(PBS)	properties	were	R.I.	=	1.33	and	viscosity	=	1.02	cP.	

			

2.4.2		 Multi-Angle	Light	Scattering	

50	µL	 of	 SEC	 purified	 EVs	 (Abs280	 =	 0.3)	were	 analyzed	 by	 SEC-MALS	 on	 a	 Superdex	 200	

increase	 10/300	 GL	 coupled	 with	 a	 multi-angle	 light	 scattering	 device	 (Dawn	 8,	 Wyatt	

Technology)	and	an	Optilab	TrEX	differential	refractive	 index	detector	(Optilab	TrEX,	Wyatt	

Technology)	operated	with	a	HPLC	system	(Thermoscientific).	Column	was	first	equilibrated	

with	PBS	(NaN3	0.02	%)	for	several	hours,	until	the	base	line	of	the	Optilab	TrEX	signal	was	

stable.	 The	 light	 scattering	 and	 concentration	 data	were	 analyzed	 in	 ASTRA	 to	 determine	

molecular	weight	and	size	distribution.	Inter-detector	band	broadening	and	alignment	were	

applied	using	the	algorithms	in	ASTRA	7	(Wyatt	Technology,	USA)	using	BSA	protein	standard	

according	 to	manufacturer-recommended	methods.	 The	dn/dc	used	was	 0.185	mL/g	 since	

phosphate	 buffer	was	 used	 for	 SEC.	 The	 temperature	 controlled-autosampler	was	 kept	 at	

RT.	

	

	



	

2.4.3	 SDS-PAGE	/	Westernblot	

50	µL	of	SEC	purified	EVs	 (Abs280	=	1.4)	were	mix	with	DTT	(50	mM),	and	1X	NuPage	LDS	

sample	buffer	(Life	Technologies	#NP0008).	The	samples	were	preheated	at	80°C	for	5	min	

and	20	µL,	10	µL	or	5	µL	were	 loaded	on	a	4–20%	Tris	Glycine	polyacrylamide	gel	 (Nusep	

#NG31-420).	 A	 molecular-weight	 size	 maker	 was	 used	 (Euromedex	 #06U-0511).	

Electrophoresis	was	performed	at	100	V	(constant)	and	bands	observed	after	staining	with	a	

0.12	%	Coomassie	blue	solution	(VWR,	#443286M).	For	western	blot	analysis,	20	µL	of	EVs	

(Abs	 =	 0.5)	 were	 loaded	 on	 SDS-PAGE	 gel	 and	 a	 pre-stained	 protein	 ladder	 was	 used	

(Euromedex	#06P-0111).	After	electrophoresis,	 the	gel	was	blotted	onto	PVDF	membranes	

(Immobilon-P	 0.45	 µm	 #IPVH00010,	 Merck	 Millipore).	 After	 blotting,	 membranes	 were	

blocked	 in	 PBS	 -	 0.1	%	 Tween-20	 -	 3%	 BSA	 for	 1	 hour	 at	 room	 temperature.	Membranes	

were	then	incubated	with	serum	from	a	previously	immunized	llama	(serum	dilution	1/2000)	

for	 1	 h	 at	 room	 temperature.	After	 two	10	minutes	wash	 in	 PBS	 -	 0.1	%	 Tween-20	 steps,	

membranes	were	incubated	with	a	goat	anti-llama-HRP	conjugate	antibody	(dilution	1/5000)	

(Bethyl	#A160-100P)	for	1	h	at	room	temperature	and	the	wash	steps	were	repeated.	Finally,	

membranes	 were	 subjected	 to	 HRP-detecting	 substrate	 (Immobilon	 Crescendo	

#WBLUR0100,	 Merck	 Millipore)	 and	 imaged	 on	 Amersham	 Imager	 680	 System	 (GE	

Healthcare).	

	

2.4.4	 Mass	spectrometry	

Protein	strips	were	cutted	from	the	SDS-PAGE,	digested	with	Trypsin	and	analyzed	by	Maldi-

Tof/Tof	 (UltraFlexIII	Bruker	 Daltonics).	 The	 peptides	 resulting	 from	 the	 digestion	 were	

compared	to	the	list	of	theoretical	enzymatic	digestion	peaks	of	the	expected	sequence.	In	

parallel,	 a	 query	 of	 the	 Swissprot	 database	 by	 the	Mascot	 software	 (Matrix	 Science)	 was	

carried	out	to	detect	contaminants.		

	

2.4.5	 Biolayer	Interferometry	

BLI	 experiments	 were	 performed	 using	 an	 Octet	 Red96	 (FortéBio)	 with	 protein	 A-coated	

biosensor	 tips	 (Fortébio	 #18-0028).	 A	 black	 bottom	 96-well	 microplate	 (Greiner	 Bio-One	

#655209)	was	filled	with	200	μL	of	solution	(PBS	buffer,	antibodies	or	EVs)	and	agitated	at	



1000	rpm,	and	all	experiments	were	temperature	controlled	at	25°C.	Tips	were	hydrated	in	

PBS	buffer	for	1	hour	at	room	temperature	prior	experiments.	Baseline	was	performed	with	

tips	 dipped	 into	 PBS	 buffer	 in	 the	 absence	 of	 EVs.	 Experiments	 were	 controlled	with	 the	

software	Data	Acquisition	8.2	(FortéBio).	

A	mouse	anti-CD73	antibody	 (IPH53,	5	µg/mL)	or	a	non-relevant	antibody	 (5	µg/mL)	were	

loaded	on	protein	A	sensors	 for	1	min.	The	sensors	were	then	rinsed	 in	PBS	buffer	 for	2.5	

min	to	remove	excess	of	antibody	and	then	incubated	with	200	µL	(Abs280	=	0.5)	of	purified	

EVs	expressing	CD73	membrane	protein	for	4	min	for	the	association	step.	The	sensors	were	

then	dipped	in	PBS	buffer	for	8	min	for	the	dissociation	step.	Measurements	were	analyzed	

with	FortéBio	Data	analysis	software	version	7.1.	

	

2.4.6	 Negative	staining	EM	

6	 µL	 of	 SEC	 purified	 EVs	 (Abs280	 =	 0.2)	 were	 deposited	 onto	 a	 glow-discharged	 carbon-

coated	 grid	 (Ted	 Pella	 Formwar/Carbon,	 300	mesh,	 Cu	#01813-F)	 using	 a	 PELCO	easiGlow	

Glow	 Discharge	 Cleaning	 System	 (Ted	 Pella	 Inc.,	 USA).	 Current:	 25	 mA,	 time:	 25	 sec	 and	

incubated	for	one	minute.	Sample	excess	was	blotted	off	with	a	filter	paper,	rinsed	with	two	

20	μL	drops	of	water	and	stained	with	10	µL	of	2	%	uranyl	acetate	for	30	sec.	Micrographs	

were	recorded	on	a	Veleta	2K	x	2K	CCD	camera	using	a	Tecnai	T12	Spirit	electron	microscope	

(FEI	Company)	operated	at	120	kV	and	a	magnification	of	110	000	X	or	220	000	X.		

	

2.4.7	 Cryo-EM	

4	µl	 of	 SEC	 purified	 EVs	 (Abs280	 =	 2)	 were	 deposited	 onto	 a	 glow-discharged	 perforated	

carbon-coated	 grid	 (Ted	 Pella	 LACEY	 Formvar/Carbon,	 300	 mesh,	 Cu	 #01883-F)	 using	 a	

PELCO	easiGlow	Glow	Discharge	Cleaning	System	(Ted	Pella	Inc.,	USA).	Current:	25	mA,	time:	

25	sec	and	incubated	for	5	sec.	The	excess	liquid	was	backside	blotted	off	with	a	filter	paper	

(Whatman	 filter	 papers	 quality	 5	#1005-055)	 for	 3	 sec,	 the	 grid	was	 then	quickly	 plunged	

into	 liquid	ethane	using	a	 Leica	EM-GP	cryo-chamber.	 EM	grids	were	 stored	 in	 cryo-boxes	

under	liquid	nitrogen	until	use,	then	mounted	in	a	Gatan	626	cryo-holder	and	transferred	in	

a	 Tecnai	 F20-FEG	 electron	 microscope	 (FEI	 Company)	 operated	 at	 200	 kV.	 Images	 were	

recorded	with	an	USC1000-SSCCD	Gatan	camera	and	magnification	of	110	000	X.	

	



2.5 Immunization		

2.5.1	Llama	immunization	

A	llama	(Lama	glama)	was	immunized	with	purified	HSV1	gB	EVs	(Ardèche-lamas	France).	1	

mL	 of	 HSV1	 gB	 EVs	 (Abs280	 =	 0.1)	 were	 injected	 subcutaneously	 five	 times	 at	 1-week	

intervals	 using	 incomplete	 Freund’s	 adjuvant.	 Blood	 samples	were	 collected	 aseptically	 50	

days	after	the	last	boost	and	serum	isolated	[30].		

	

2.5.2	Serum	ELISA	

Pre-immune	and	 immune	sera	were	collected	at	day	0	and	after	50	days	of	 immunization.	

100	 µl	 of	 SEC	 purified	 HSV1	 gB-EVs	 (Abs280	 =	 0.1)	 were	 adsorbed	 on	 Nunc-Sorp	 plates	

(Thermo	 Fisher	 #442404).	 The	 immune	 serum	 conversion	 was	 analyzed	 by	 ELISA,	making	

serum	dilution	 1/250	or	 1/500	 in	 PBS	 and	by	 using	 goat	 anti-llama-HRP	 conjugate	 (Bethyl	

#A160-100P)	 and	 TMB	 reagent	 (Sigma	 #T5525-50TAB)	 to	 develop	 the	 ELISA	 reaction.	

Absorbances	of	wells	were	recorded	at	450	nm	on	a	Safire	2	microplate	reader	(Tecan).		

	

3 Results	and	discussion	

We	 used	 several	 cell-surface	 MPs	 that	 are	 currently	 under	 studies	 in	 our	 laboratory	 to	

develop	 and	 validate	 our	 production	 process	 (Fig.	 1).	 The	 Ebola	 and	Herpes	 glycoproteins	

which	 are	 involved	 in	 the	 viral	 life	 cycle	 [31][32]	 are	 present	 on	 the	 surface	 of	 the	 viral	

envelope	 which	 derived	 from	 portions	 of	 the	 host-cell	 membranes.	 The	 human	 CD73	

enzyme	[33]	which	convert	AMP	to	adenosine	and	which	 is	over-expressed	on	tumor	cells	

was	also	studied	as	part	of	our	collaboration	with	Innate	Pharma	company	[34].		

	

3.1 EVs	production	and	purification	

Ebola	glycoprotein	was	chosen	as	the	first	target	to	validate	EVs	production	process	due	to	

its	large	size	and	easy-recognized	shape	by	EM	[35].	EVs	purity	was	monitored	during	all	the	

purification	 process	 by	 Dynamic	 Light	 Scattering	 (DLS)	 analysis.	 Hydrodynamic	 radius	

distribution	 by	 volume	 was	 preferred	 to	 distribution	 by	 intensity	 in	 order	 to	 report	 the	

relative	percentages	of	high	and	low	molecular	weight	species	in	solution	[36]	[37].		

To	produce	EVs,	mammalian	cells	were	transfected	with	the	pCAGGS	vector	containing	the	

gene	 corresponding	 to	 the	 glycoprotein.	 Four	 days	 after	 transfection,	 EVs	 were	 first	

separated	 from	 dead	 cells	 and	 cellular	 debris	 and	 concentrated	 by	 differential	



centrifugations	 following	 the	 enrichment	 protocol	 described	 in	 section	 2.3.1.	 DLS	

measurements	after	the	two	ultracentrigation	steps	(fig.	2	A)	showed	that	most	of	soluble	

proteins	and	small	protein	aggregates	with	size	under	40	nm	that	probably	came	from	cell	

culture	 medium	 have	 been	 eliminated.	 EVs	 were	 further	 purified	 by	 size	 exclusion	

chromatography	 (Fig.	 2	 B).	 Collected	 fractions	 were	 grouped	 into	 three	 pools	 numbered	

from	1	to	3	and	corresponding	respectively	to	the	beginning	(between	6.5	mL	and	7.5	mL),	

the	middle	(between	7.5	mL	and	8.5	mL)	and	the	ending	part	(between	8.5	mL	and	9.5	mL)	

of	 the	EVs	elution	peak	and	were	analyzed	by	DLS	 (Fig.	2	C).	Large	protein	aggregates	and	

cellular	membrane	contaminants	with	a	size	from	200	nm	to	500	nm	were	found	in	pool-1	

while	smaller	debris	with	a	size	under	40	nm	were	eluted	at	the	end	of	the	peak	in	pool-3.	

Proteins,	 DNA	 and	 RNA	 fragments	 that	 could	 remain	 after	 centrifugation	 steps	 [38]	 have	

been	also	 separated	and	eluted	 later	during	SEC	purification	 (between	14	mL	and	20	mL).	

DLS	 analyses	 of	 Pool-2	 showed	 hydrodynamic	 radius	 distribution	 ranging	 from	 25	 nm	 to	

more	than	100	nm	with	a	Z-average	of	about	65	nm.	This	pool	was	further	analyzed	by	SEC-

MALS,	EM,	SDS-PAGE	and	western	blot.		

	

3.2 EVs	characterization	

	

3.2.1	Molecular	mass,	size	and	stability	of	EVs	

Purified	 EVs	 from	 pool-2	 have	 been	 further	 characterized	 in	 terms	 of	 physical	 properties,	

stability	and	biochemical	composition.	Zebov	GP-EVs	concentration	in	pool-2	has	been	first	

evaluated	by	UV	absorbance	measurement	at	280	nm.	We	 found	a	 fairly	good	correlation	

rate	between	the	absorbance	values	of	different	pool-2	samples	and	the	number	of	EVs	seen	

on	 negative	 staining	 EM	 grids.	 Therefore,	 we	 decided	 to	 take	 the	 UV	 absorbance	

measurement	as	a	way	to	estimate	the	quantity	of	EVs	in	the	samples.	EVs	from	pool-2	were	

then	 analyzed	 by	 size-exclusion	 chromatography	 (SEC)	 coupled	 with	 multi-angle	 light	

scattering	 (MALS)	 detector	 and	 refractive	 index	 (RI)	 detector	 for	 the	 determination	 of	

molecular	mass	and	size	distribution	(radius	of	gyration).	SEC-MALS	analysis	of	EVs	(Fig.	3	A)	

revealed	 a	molecular	mass	 ranging	 from	 80.106	 Da	 to	 250.106	 Da	with	 a	 value	 of	 around	

150.106	Da	at	the	middle	of	the	peak.	Radii	of	gyration	of	EVs	were	comprised	between	50	

nm	 and	more	 than	 100	 nm	with	 a	 value	 around	 65	 nm	 at	 the	middle	 of	 the	 peak.	 These	



results	were	consistent	with	the	size	measurements	performed	by	DLS	during	the	previous	

purification	steps.	Interestingly,	EVs	proved	to	be	highly	stable	at	4°C	for	months	according	

to	 analysis	 by	DLS	 and	 to	 observation	 by	 EM	of	 stored	 samples.	 Indeed,	DLS	 profiles	 of	 a	

sample	taken	during	the	purification	step	and	after	storage	for	6	months	at	4°C	were	clearly	

identical	 (Fig.	 3	 B).	 This	 result	 was	 important	 to	 validate	 the	 use	 of	 EVs	 as	 a	 membrane	

protein	 storage	 solution,	 which	 allows	 to	 always	 have	 samples	 ready	 for	 their	 use	 for	

downstream	applications.		

3.2.2	Electron	microscopy	of	EVs	

EM	 images	 of	 EVs	 from	 pool-2	 have	 shown	 high	 level	 of	 EVs	 purity	 and	 validate	 our	

purification	process.	 Size	 distribution	of	 EVs	 previously	 investigated	by	DLS	 and	 SEC-MALS	

could	 also	 be	 confirmed	 by	 EM	 (Fig.	 4	 A).	 Typical	 cup-shaped	 of	 EVs	 were	 visualized	 by	

negative	 staining	 EM	 as	 expected.	 Furthermore,	 90	%	 of	 the	 EVs	 present	 on	 the	 EM	 grid	

were	decorated	with	a	MP.	We	were	able	to	observe	that	the	protein	displayed	all	around	

the	surface	of	the	Zebov	GP-EVs	had	the	characteristic	shape	and	size	of	the	10	nm	height	

Ebola	glycoprotein	spike	[39].	We	were	also	able	to	observe	EVs	in	their	native	state	directly	

frozen	 in	 solution	 by	 cryo-electron	microscopy	 (Fig.	 4	 B).	 EVs	 appeared	 as	 expected	with	

shape	 of	 perfect	 spheres	 and	 decorated	with	 a	 protein	 that	were	 displayed	 and	 regularly	

anchored	 on	 the	 EV	membrane.	 The	 number	 of	 over-expressed	 Zebov	 GP	 trimers	 per	 EV	

(radius	size	around	50	nm)	was	estimated	between	150	to	200.		

3.2.3	Zebov	GP	identification	

The	presence	of	Zebov	GP	in	EVs	from	pool-2	was	then	investigated	by	SDS-PAGE	(Fig	5	A).	

Zebov	 GP	 is	 synthetized	 as	 single-chain	 precursor	 and	 transferred	 into	 the	 lumen	 of	 the	

endoplasmic	reticulum	where	it	forms	trimers	[39].	Then	it	 is	cleaved	by	furin	enzyme	into	

the	receptor-binding	GP1	and	the	fusion-mediating	GP2	subunits	and	are	incorporated	into	

virions	membrane	to	 initiate	 infection.	GP1	 (which	contains	a	mucin-like	domain)	and	GP2	

remained	 linked	 together	 by	 an	 inter	 chain	 disulfide	 bridge	 [40].	 GP1	 possesses	 a	 highly	

glycosylated	 mucin-like	 domain	 important	 for	 promoting	 viral	 infection.	 This	 domain	 has	

been	removed	in	the	present	Zebov	GP	construct.	GP1	and	GP2	were	identified	by	SDS-PAGE	

under	 reducing	 conditions.	 GP1	 (around	 60	 kDa)	 and	 GP2	 (around	 25	 kDa)	 appeared	 as	



characteristic	 smeared	 bands	 due	 to	 their	 high	 glycosylation	 states	 [41].	 According	 to	 the	

SDS-PAGE	gel,	it	appeared	that	Zebov	GP	represents	a	large	part	of	the	total	mass	of	proteins	

contained	 in	EVs.	The	presence	of	GP	 in	EVs	was	 then	confirmed	by	western	blot.	We	are	

engaged	 in	 a	 project	 that	 aims	 to	 generate	 neutralizing	 camelids	 antibodies	 (also	 named	

nanobodies)	 against	 Ebola	 virus.	 Our	 laboratory	 hosts	 a	 platform	 dedicated	 to	 the	

generation	and	 selection	of	nanobodies	against	 various	antigens.	As	part	of	 this	 service,	 a	

llama	 had	 already	 been	 immunized	 with	 the	 extracellular	 domain	 of	 the	 Zebov	 GP.	 The	

serum	from	this	llama	was	used	to	confirm	the	presence	of	GP1	and	GP2	in	EVs	by	western	

blotting	 (Fig	5	B).	Finally,	an	 identification	by	peptide	mass	 fingerprinting	of	 the	SDS-PAGE	

GP1	 band	 was	 performed.	 The	 proteolytically	 generated	 peptides	 were	 investigated	 by	

determination	of	molecular	masses.	For	protein	identification,	the	experimentally	obtained	

masses	were	compared	with	the	theoretical	peptide	masses	of	proteins	stored	in	databases	

by	means	of	mass	search	programs	[42].	In	the	total	mass	spectrum,	70	%	of	peptides	were	

identified	with	a	sequence	coverage	of	GP1	at	40	%.	This	partial	coverage	could	be	explained	

by	 the	 presence	 of	 glycosylation	 sites	 in	 the	 uncovered	 sequences,	 increasing	 the	

experimentally	 obtained	 masses	 of	 these	 glycosylated	 peptides.	 We	 could	 therefore	

conclude	 with	 certainty	 that	 Zebov	 GP	 was	 well	 expressed	 on	 EVs.	 Thanks	 to	 all	 these	

results,	 the	 same	 purification	 process	was	 performed	 to	 produce	 CD73-EVs	 and	HSV1	 gB-

EVs.			

3.3	EVs	applications	

It	 has	 been	 previously	 shown	 by	 Dr	 Zeev-Ben-Mordehai	 and	 colleagues	 from	 Oxford	

University,	that	EVs	can	be	used	for	surface	membrane	protein	structure	determination	by	

electron	 cryo-tomography	 [22].	 Here	 we	 present	 two	 other	 applications	 that	 we	

investigated:	the	use	of	EVs	for	molecular	interaction	studies	and	their	use	for	immunization	

for	antibody	generation.	

	

3.3.1	Interaction	studies	

CD73	is	over-expressed	on	tumor	cells	and	leads	to	an	abnormal	increase	in	adenosine	levels	

resulting	 in	 a	 down-regulation	 of	 the	 immune	 response.	 Innate	 Pharma	 company	 has	

recently	developed	an	anti-CD73	antibody	(IPH53)	which	blocks	this	enzyme	an	restore	the	

immune	system	activity	[34].	A	human	CD73	enzyme	displayed	on	EVs	(CD73-EVs)	and	IPH53	



antibody	 were	 used	 to	 investigate	 the	 ability	 of	 using	 EVs	 for	 ligand	 interaction	 studies.	

CD73-EVs	were	produced	and	purified	as	described	above	and	firstly	observed	by	EM	(Fig.	6	

A).	CD73	proteins	have	been	localized	all	around	EVs	with	a	size	and	shape	(5	nm	height	by	

13	nm	width)	consistent	with	protein	structure	predictions	[43].	However,	we	noticed	that	a	

part	 of	 the	 purified	 EVs	 (around	 30	 %)	 did	 not	 display	 the	 CD73	 protein	 unlike	 what	 we	

observed	 in	 the	 case	 of	 the	 Zebov	GP	 protein	 for	which	more	 than	 90%	 of	 the	 EVs	were	

decorated.	The	total	amount	of	CD73-EVs	obtained	was	also	3	times	less	than	the	amount	of	

Zebov	 GP-EVs	 obtained	 for	 a	 same	 production	 scale.	 This	 may	 due	 to	 lower	 transfection	

efficiency	 rate	 or	 to	 lower	 expression	 yield	 for	 this	 cell-surface	 MP	 construct.	 Thanks	 to	

molecular	 CD73-EV	 /	 antibody	 ratio	 optimizations	 we	 were	 able	 to	 fit	 conditions	 to	 get	

relevant	 EM	 images	of	 the	 IPH53	binding	on	CD73-EVs.	 The	 EVs	 appeared	 clearly	 covered	

with	an	additional	outer	 layer	of	 IPH53	visible	all	around	and	on	 top	of	 the	EVs.	 (Fig	6	B).	

Many	free	antibodies	were	also	visualized	showing	the	excess	of	antibodies	used.	

We	 further	 investigated	 the	 interaction	 between	 IPH53	 and	 CD73-EVs	 by	 biolayer	

interferometry	experiment	(Fig.	7).	The	association	of	CD73-EVs	on	protein	A	biosensor	pre-

loaded	 with	 IPH53	 was	 monitored,	 which	 confirmed	 the	 interaction.	 We	 were	 unable	 to	

estimate	 any	 equilibrium	 dissociation	 constant	 (KD)	 between	 IPH53	 antibody	 and	 CD73	

antigen	 due	 to	 the	 corpuscular	 behavior	 of	 the	 EVs	 and	 their	 heterogeneous	 protein	

composition.	Nevertheless,	BLI	experiments	could	be	used	to	rapidly	screen	a	large	number	

of	antibody	interactions	against	cell-surface	MPs	displayed	on	EVs.	 

	

3.3.2	Antibody	generation	

Herpes	virus	entry	into	cells	and	membrane	fusion	require	viral	glycoproteins.	Glycoprotein	

B	 (gB)	 is	 one	of	 the	 fusion	proteins	of	HSV1	 [44].	 To	 investigate	 that	 EVs	 can	be	used	 for	

immunization	purposes	and	antibody	generation,	HSV1	gB-EVs	were	produced	and	purified	

as	 describe	 previously	 and	 injected	 into	 a	 llama.	 Due	 to	 the	 high	 immunogenicity	 of	 EVs	

recently	 reported	 [45][46],	 we	 decided	 to	 injected	 to	 the	 llama	 20-fold	 less	 gB	 protein	

(around	250	µg)	than	the	amount	of	a	soluble	protein	required	for	a	standard	immunization.	

Blood	 from	 llama	 was	 collected	 50	 days	 after	 the	 last	 injection	 and	 serum	 isolated.	 The	

immune	response	of	 the	serum	against	 the	gB	protein	was	evaluated	by	ELISA	using	HSV1	

gB-EVs	and	compared	 to	a	pre-immune	serum	response.	Absorbance	values	of	wells	were	

two	 times	 higher	 when	 serum	 from	 the	 immunized	 llama	 was	 used	 which	 confirmed	



antibody	generation	against	the	gB	protein	(Fig	8	A).	The	positive	 immune	response	of	the	

serum	against	the	gB	protein	(around	110	kDa)	was	also	confirmed	by	the	presence	of	the	

band	at	the	right	size	on	western	blot	revealed	using	the	serum	after	immunization	(Fig	8	B).	

Another	band	around	80	kDa	specific	to	HSV1	gB-EVs	probably	corresponding	to	a	truncated	

form	of	gB	protein	was	also	observed.		

	

4	Conclusion	

We	have	developed	a	simple	and	fast	protocol	for	the	production	of	EVs	coated	with	a	cell-

surface	MP	ready	to	use	for	downstream	applications	(Fig.	9).	Due	to	their	high	stability,	EVs	

give	us	a	unique	opportunity	to	store	MPs	in	a	biological	environment.	EVs	can	be	used	to	

investigate	interaction	between	cell-surface	MPs	and	potential	ligands	without	the	need	for	

membrane	 protein	 extraction	 with	 detergent.	 Functional	 assays	 like	 enzymatic	 activity	

measurements	 can	 be	 performed	 directly	 on	 EVs.	 They	 can	 be	 also	 used	 as	 a	 powerful	

immunogenic	antigen	for	antibody	generation	against	MP	extracellular	part.	Finally,	due	to	

their	 particular	 physico-chemical	 properties	 such	 as	 their	 size	 and	 composition,	 EVs	

constitute	 advantageous	 tools	 for	 structural	 studies	 by	 cryo-electron	 tomography	 of	 cell-

surface	MPs	as	close	as	possible	to	their	natural	state.		
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Figure	legends	

Figure	1:	EVs	production	workflow	

Figure	2:	EVs	purification	analyses	

A)	Hydrodynamic	 radius	distribution	of	 samples	analyzed	by	dynamic	 light	 scattering	 (DLS)	
after	 each	 purification	 step:	 the	 first	 ultracentrifugation	 (UC-1,	 circle),	 the	 second	
ultracentrifugation	(UC-2,	square)	and	the	size	exclusion	chromatography	(SEC,	triangle).	B)	
SEC	from	the	UC-2	sample:	pool-1	(6.5	mL-7.5	mL,	green	box),	pool-2	(7.5	mL-8.5	mL,	black	
box),	pool-3	 (8.5	mL-9.5	mL,	 red	box).	C)	Hydrodynamic	 radius	distribution	of	each	part	of	
the	SEC	elution	peak	(pool-1:	green	line,	pool-2:	black	line	and	pool-3:	red	line)	analyzed	by	
DLS.		

Figure	3:	SEC-MALS	and	DLS	analyses	of	EVs.	

A)	 Molecular	 mass	 (blue)	 and	 radius	 of	 gyration	 (orange)	 of	 Zebov	 GP-EVs	 from	 pool-2	
analyzed	by	SEC-MALS.	B)	EVs	size	distribution	monitored	by	DLS	of	a	UC-2	sample	(full)	and	
after	a	six-months	storage	period	at	4°C	(UC-2	/	6	months,	cross).		

Figure	4:	Electron	microscopy	(EM)	of	EVs.	

A)	Negative	stain	EM	image	(left	panel)	and	close-up	view	(right	panel)	of	purified	Zebov	GP-
EVs	 (magnification	 110	000	 X).	 Zebov	GP	 proteins	 (white	 arrows)	 are	 displayed	 all	 around	
EVs.	B)	Cryo-EM	image	(left	panel)	and	close-up	view	(right	panel)	of	purified	Zebov	GP-EVs	
(magnification	110	000	X).	Zebov	GP	proteins	(black	arrows)	are	displayed	all	around	EVs.	

Figure	5:	Zebov	GP	identification.	

A)	20	µL,	10	µL	or	5	µL	of	Zebov	GP-EVs	(Abs280	=	1.4)	from	pool-2	analyzed	by	SDS-PAGE	
and	revealed	by	Coomassie	blue	staining.	B)	20	µL	(Abs280	=	0.5)	of	different	EVs	from	pool-
2	(lane	1:	HSV1	GPB-EVs,	lane	2:	CD73-EVs,	lane	3:	Zebov	GP-EVs)	were	analyzed	by	western	
blot	and	revealed	with	a	llama	serum.	

Figure	6:	Electron	microscopy	(EM)	of	CD73-EVs	with	IPH53	antibody.		

A)	Negative	stain	EM	image	of	purified	CD73-EVs	(left	panel)	and	close-up	view	(right	panel)	
of	CD73	protein	 (white	arrows).	The	upper	vesicle	 is	decorated	with	CD73	while	 the	 lower	
one	is	not	(magnification	220	000	X).	B)	Negative	stain	EM	image	of	a	purified	CD73-EVs	(left	
panel)	 covered	 with	 IPH53	 antibody	 (black	 arrows)	 and	 close-up	 view	 (right	 panel).	 Free	
IPH53	antibody	can	be	also	observed	(black	boxes).	

Figure	7:	CD73-EVs	and	IPH53	interaction	analysis	by	biolayer	interferometry	(BLI).	

Biolayer	 interferometry	 analysis	 of	 IPH53	binding	 to	 CD73-EVs	 (black	 line)	 using	 protein	A	
biosensors.	 A	 non-relevant	 antibody	was	 used	 as	 negative	 control	 (red	 line).	 Experiments	
were	divided	 into	4	different	phases:	the	baseline	acquisition,	the	 loading	of	antibodies	on	
the	sensor,	another	baseline	acquisition	corresponding	to	a	washing	step	of	the	sensors,	the	
association	and	the	dissociation	phase.	

Figure	8:	Llama	immunization	with	HSV1	gB-EVs	



A)	 Pre-immune	 serum	 (J0,	 black	 bar)	 and	 serum	 collected	 50	 days	 after	 HSV1	 gB-EVs	 last	
injection	 (J50,	 white	 bar)	 at	 two	 different	 dilutions	 (1/250	 and	 1/500)	 were	 analyzed	 by	
ELISA	using	100	µL	of	purified	HSV1	gB-EVs	(Abs280	=	0.1).	B)	20	µL	(Abs280	=	0.5)	of	purified	
EVs	 (lane	 1:	HSV1	 gB-EVs,	 lane	 2:	 CD73-EVs)	were	 analyzed	 by	western	 blot	 and	 revealed	
with	serum	collected	50	days	(J50)	after	HSV1	gB-EVs	last	injection.	

Figure	9:	Downstream	applications	summarize	

EVs	 can	be	used	 for	 several	 downstream	applications:	 biophysical	 studies	 (e.g.	 interaction	
studies	 with	 potential	 ligands)	 or	 functional	 studies	 (e.g.	 enzymatic	 activity	 studies),	
structure	 resolution	 (e.g.	 by	 cryo-electron	 tomography)	 or	 immunization	 purposes	 (e.g.	
llama	immunization	for	nanobodies	generation).		
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