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Extracellular vesicles (EVs)’ journey in recipient cells:
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Abstract: Extracellular vesicles (EVs) are nano-sized bilayer vesicles that are shed or secreted by virtually every cell type. A
variety of biomolecules, including proteins, lipids, coding and non-coding RNAs, and mitochondrial DNA, can be selectively
encapsulated into EVs and delivered to nearby and distant recipient cells, leading to alterations in the recipient cells, suggesting
that EVs play an important role in intercellular communication. EVs play effective roles in physiology and pathology and could
be used as diagnostic and therapeutic tools. At present, although the mechanisms of exosome biogenesis and secretion in donor
cells are well understood, the molecular mechanism of EV recognition and uptake by recipient cells is still unclear. This review
summarizes the current understanding of the molecular mechanisms of EVs’ biological journey in recipient cells, from recognition
to uptake and cargo release. Furthermore, we highlight how EVs escape endolysosomal degradation after uptake and thus release
cargo, which is crucial for studies applying EVs as drug-targeted delivery vehicles. Knowledge of the cellular processes that

govern EV uptake is important to shed light on the functions of EVs as well as on related clinical applications.
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1 Introduction

In 2018, the International Society for Extracellular
Vesicles (ISEVs) proposed to use “extracellular vesi-
cles” (EVs) as a generic term for particles naturally re-
leased from cells (Théry et al., 2018). Currently, at least
three major subgroups of EVs have been defined based
on their biogenesis: (a) apoptotic bodies, 50 nm—5 um;
(b) microvesicles, 50 nm—1 pm; and (c) exosomes, 30—
150 nm (Gyorgy et al., 2011; el Andaloussi et al.,
2013; Yanez-Mo et al., 2015; Deb et al., 2021; van
Niel et al., 2022). Apoptotic bodies and microvesicles
bud directly from the plasma membrane, while the re-
lease of exosomes involves the formation of multive-
sicular bodies (MVBs). MVBs are formed by the fu-
sion of intracellular vesicles with early endosomes (EEs),
and these MVBs fuse with the plasma membrane to
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release intraluminal vesicles (ILVs) into the extracel-
lular environment to form exosomes (van Niel et al.,
2022). It is worth noting that current EVs’ separation
strategies allow for the classification of EVs based on
physical characteristics (size, density), different bio-
chemical components, and surface charges, but not
based on their biogenesis sites (Claridge et al., 2021).
As a result, some researchers rely on the general term
“EVs” to avoid misunderstandings or incorrect defini-
tions. The ISEV is also suggesting in their 2018 guide-
lines Minimal Information for Studies of Extracellular
Vesicles (MISEV) the use of the term “EVs” instead
of “exosomes” and “microvesicles.” Here, in order to
have a better understanding, we use the original term
“exosomes,” “microvesicles,” or “EVs”) in the cited
literature when quoting the corresponding literature.
EVs are widely found in body fluids and can be
released by almost all types of cells in the human
body (Wiklander et al., 2019). They are rich in bioac-
tive molecules such as proteins, lipids, and nucleic
acids, and play an important role in intercellular com-
munication as well as the regulation of a variety of bio-
logical processes (Cheng and Hill, 2022). For example,
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in Parkinson’s disease, exosomes translocate toxic
o-synuclein oligomers to immature neurons and into
the extracellular environment, inducing oligomeriza-
tion of a-synuclein in normal neurons (Li KL et al.,
2022). Wang et al. (2022) found that EVs derived
from malignant ascites promoted the invasion and mi-
gration of ovarian cancer by transferring microRNA
(miR)-1246 and miR-1290. Therefore, therapeutic in-
terventions could be developed to alleviate disease
progression by reducing circulating EV load or block-
ing crucial components of EVs (el Andaloussi et al.,
2013). In addition, the cargo carried by EVs is a prom-
ising biomarker. For example, miR-21, miR-222, and
miR-124-3p in serum exosomes may be molecular
biomarkers for use in early tumor progression assess-
ment during the post-surgical treatment of high-grade
gliomas (Olioso et al., 2021). Tao et al. (2021) sug-
gested that EVs-carried adipocyte enhancer-binding
protein 1 (AEBPI) mRNA could be used as a novel
and effective biomarker for the diagnosis of diabetic
kidney disease. Wang X et al. (2021) found that plasma
exosomal miR-363-5p has great potential for non-
invasive lymph node staging and prognosis prediction
in breast cancer.

Recent research has focused on EVs as targeted
delivery vehicles for therapeutic molecules. EVs have
several advantages that make them ideal for drug de-
livery: (a) their ability to utilize endogenous cellular
mechanisms to produce and sort the desired cargo;
(b) their ability to efficiently cross biological barriers,
such as the blood-brain barrier, while maintaining
their structural integrity; and (c) their ability to reduce
the toxic effects of drugs (Elsharkasy et al., 2020;
Chitti et al., 2022). It was found that loading doxoru-
bicin onto exosomes effectively increased the uptake
efficiency of doxorubicin compared to free doxorubi-
cin, thereby improving survival in mice (Li et al.,
2018). Recently, Zhou et al. (2022) prepared hybrid
lipid nanovesicles by fusing hepatocellular carcinoma
cell-derived EV membranes with phospholipids. They
found that these vesicles demonstrated “homing” tar-
geting to parent cells and could bypass the endosomal
degradation pathway, thus improving the delivery effi-
ciency of small interfering RNA (siRNA).

Given the important role of EVs in normal physi-
ological processes and diseases and their therapeutic
potential, there is a need to better understand the biol-
ogy of EVs. Several mechanisms have been described

to explain the biogenesis, composition, and release of
EVs from donor cells (van Niel et al., 2018, 2022).
However, the mechanisms of EV binding, entering, or
releasing the cargo in recipient cells are still not fully
understood. Here, we will focus on these three steps
based on current studies (Fig. 1).
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Fig. 1 Diagram of exosome uptake patterns. It is divided
into the following three main steps: (1) exosome targets the
recipient cell; (2) exosomes are uptaken by the recipient
cell and enter into the cell; and (3) exosomes are released
into the recipient cell. This figure was created with BioRender.
com.

2 Recognition

The interaction between EVs and recipient cell
surface components plays an important role in the rec-
ognition of, and binding to, recipient cells of EVs,
thereby facilitating subsequent uptake. Here, we mainly
review the components that have been shown to be in-
volved in the recognition and uptake of EVs (Table 1).

2.1 Tetraspanin

Tetraspanin is a conserved transmembrane pro-
tein that has the ability to bind to different transmem-
brane receptors and form tetraspanin-enriched micro-
domains among themselves as a platform for regulat-
ing the avidity of adhesion receptors at the plasma
membrane and linking receptors to intracellular or re-
cycling routes (Yafiez-Mo et al., 2009). Among them,
cluster of differentiation 9 (CD9), CD63, and CD81
are abundantly expressed on the surface of EVs and
are commonly used as EV biomarkers (Andreu and
Yafiez-Mo, 2014; Mizenko et al., 2021). There is in-
creasing evidence that tetraspanin not only affects the
biogenesis and composition of EVs but is also involved
in the docking of EVs to recipient cells (Hazawa et al.,



635

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(8):633-655

panunuod aq of,

10818y

onnadeIay) 1011pul IO

j0011p Juepodwl ue se

1207  9AI9S Aew pue UOISBAUL

“le3e  pue AInow [[95 190uLd
1 Suepr  sojoword AFS-SNVISL

'Sanssy pue

S[[99 SNOLIBA 0} AIOAT[IP

o1y10ads pajerpawr

-Ad SI]qBUS SAYH JO

Qoejans oY) uo 18D JO
uo01ssa1dXo JUBUIqUIODD]

‘SAH Jo ayerdn renoo

seoueyUd 8D Jurpulq

1202 -UIuIWe| jey) oInjesy
e 39 130A

*190UED [81910[0D

ur SIsaudgourored

1202 resuoinrad jiqryur

“le 03 303183 onnoaderoy)

souopie) Surstwoid e 9q Aew 6D
‘1redar uegio
/aNSST) JOABY ABWU YIIYM
SAH UO S1S0}K00pud

oy} Jo oejueApe Sune], yym SIOBIUL (3D

"Kouanbouy
UOISBAD
a1y} seonpax OAIA UT
pue ASudIo1jJo oyeydn pue
juomyoe)e  S][e0 JuaIdIoaI 0}

oy) sosearour  juowyoeye (AHS)
ISTAD/BNVASL Ad [[ews sojowold

S[199 juardioar
Aq SAH Jo oyeidn
pue Suipuiq

Ay} sejoW0IJ

“ururue|

'S[[99
uo [¢ggn urigojur
103dooar oy

pUE SOWOSOXd U0 S[109 Juordioar

LTIINVAYV puedy £q sowosoxd
oY) uGIMIdq Jo ayeydn
uoTORIUI pue uorsaype

Y SHQIYUL 6D PIINPAI UL SHNSAY

(S-0¥IN)

S1Se[qOIqL)

Sun|

[©39] uewIny

pue (ALy-L)

S[99 12dULD

umouyun)

(L8N

-IOND S[[90
BUWOUIOIBD

oses pue
(L-4np) 199

UIUIWE] BWOUIOIB) IOAI]

(02€-0100)
S[[90 BWIOUIOIRD

umouyun

1SB2IqQ UBWINE]

[€19910[0))

(arv-n 1S1ad

S[[29 190ued /(8NVdSL)
JSBAIqQ UBWNE] g-uruedsenoy,

(eToH)
S[[99 190ULD

[eOIAIS0 UBWUNE 18AD

(02€-010D)
S[[99 BWIOUIDIRD

[€30210[0))

S[[99 [ewons

aY) dje[nuns [eWwAYOUISoW
0} SAH PUe S[[00 pue (19180
6102 1SOY [JIM PIJRIOOSSE S[[99 Juardioar pue ‘g/ eV (6ad) 6
“ley  surdord 6D Jul|-sso1o Aq sAd jo ajerdn (S1199 I-XINA ) T-XINFA) ~ UonenuaIyyIp
sojues PINod qy 6D S eAI( umouwun) oy ur sajedionieq uMoudu)  S[[90 BWOUR[JA  S[[90 BWOUR[IJN Joiosny)  suruedsenoy

S[190 juardroar onosjow dg1oadg  od4) renosjoIN

20UdIRJOY uoneordde [enusjod WISIURYOIW UONOY uonounj Jo 208JINS oY) S[199 Juardioay]

uo so[nodjowr Jogre],

S[[99 Jouo(] (SouIosoxo 10 SA )

SO[NOJ[OW UONIUT0091 90BJING

(SA) SI[IISIA Je[N[[3ILI)IXI Jo Mejdn pue UONBIYNUIPI dY) Ul paAjoaur sjuduodwio)) | d[qe],



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(8):633-655

636

panunuod 9q OJ,

810¢
“Te 19
SuayoQ

(DDSO) rwourdIed

1195 snowenbs

[e10 10J IO¥IEWOIq

J[qeIA ® 9q Aewr

CEe-uIuIue| auIogq-Ayq

0s ‘sisouagordueydwA]

OIIA UL PISULYUS (SOFT)

S[109 Terjotpide suoy

6102 Aq sAH payoLIua-zA

“Te 10 Suepy ururwe] jo ayeydn oy,

“100UED UBLIBAO

Ul SISBISeIaW [BJUIWO JO

JUSUIEST) AU 0} ANALHUOD

Kew yo1yMm ‘S[[99 J90UBD

ueLIeAo 3urssardxo1ono

<(1SLA) 1-o10ads

UONJEULIOJSUET) 97H WOoLJ

PoreIoUas SOWOSOX

Ul JUSUIUOIATS0IOTUT

Jown} oy} SuI[Opowax

£q uorssaidoxd

707 Jowmy ur ofo1 jueprodur
“re1d AH 1 ue sKe[d ururwe|

L10T
“Te 30 ueng
‘sorderoyy
o1E)SEIOW-T)UE.
3unoalIp pue sisejsejoul
BWOUIOIRD J1)SAD
proudpe AIeAl[es Jo
sisougoud ayj Sunorpaxd
10J J9¥IeWOIq
610T d)epIpuULDd © SB pasn aq
“Ie 30 Suoy ued [ uLdour Aq ewse[d

V-ume)
M S)ORIUT
$-UBOIPUAS

*€0 uLIgojur
UM S)ORIUL

A ututwre] oyeydn ) SJRIPIIA

*ggan undojur
M JORIUT

A ururuwre|

pue ‘¢ ururure

‘G0 uruTwe |

T-INVOI yim

SJ0BIAIUI [~ 9xerdn oy) sojeIpojy

umouun) aeydn oy sareIPIN

S[109 juordroar
£q SOWOS0Xd
Jo oyeydn

o) sajowiorg

S[[99 juardroar
Kq sAH Jo

S[199 juardroar
£q Sowosoxd
Jo oyeydn

o) sojoWOIJ

S[199 juardroar
£q sowo0sox9 Jo

s[1o9 juardroar
£q spd Jo

(6TTNT) SIT92
BWOISE[qOIT

V-urno g uewIng

S[[99
[e1[oyIopud
onreydwA]

¢ouLSou]  [eWLIOp UBWINK

sogeydoroewr
Ggan unidojuy [BIuswQ
(ca
(I-NVDD  /DFINDY) ST129
[-o[nod[owt [e1[oyopud
uoIsoype  Je[NISBAOIOTUI
IE[N[OOIOIU]  [BIQOIAD UBWUNE]

(oo1w
[£9/1d€D
Jo sonssn
Suny oy
WOJJ poe|os)
umouwun) S)se[qoiqiy sung

(6v$-18)
S[[09 190UED
JSB2Iq UBWINH $-UeOPUAS  uBIA[309101d
(1-INT) s[1e0
BUWIOUTOIRD [0
snowenbs 110 A ututwre |
(08£TV)  [A ututwe] pue
S[[99 120ULD ‘1¢ urururey
UBLIEAO UBTUNE] ‘G0 uTuTIe | uruTwe |
(I-vdD
[-oud3nue
pojeroosse
(L 9T mey) -uonouny
sageydoroe qkooydwky
(tv
pue [v-4vD)
s)se[qoiqiy
PajeIoOSSe
-BlIourore)) 1¢gzo ungojug uLIgoju|

Q0UAIJOY uoneordde [enusjod

WSTURYOIW UOTIOY

uonounyg

S[199 juardioar
Jo 9oeLINS Y}
uo sa[nodjow 1931e],

S[109 Juardrooy

9[nodjow o10adg  2dA) renosjoN

S[[00 Jouo(q (SoWOS0Xd 10 SAH)

SOINOSIOW UONIUS0091 908)INg

(ponunuoo) | ajqel.



637

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(8):633-655

panunuod aq oJ,

[eISSOId A Iown)
Jo Sunoiey 103dooar
-QUIOWAYD UO PIseq
sayoeosdde 1ooueonue

mau 0} 100p 9y} suado

103depe Suroouuos e se

Sunoe puedi| [ernjeu Si

8107  pue 101daoa1 ounjowAYDd

‘ADD 103dadax
Ie[n[[ao oY) pue
JueIqUIOW AT
9y} UO PIJBIOISP
SueoA[3 uoamiaq

SAH JO

“lese & urajoaur oyeldn . QUIY0JO2UU0D,, oyeydn orgroads (RINGD) S[[o2 (YINEGD) S[190
Ionguarog A JO WsIueyodw Ay J, B SE $198 81 1DD oy} SABIPIN ADD BUIO)SB[qOI[D) BUWIOISR[QOI[D) 817100
K4: 00
Surssardxa s[[oo
Jouonendodqns
©01P3o3Ie)
9IE SOWOSOXd
PIYIPOW-TIND
pue ‘suedA[30a301d
Josureyo
opis (DVD)
uBdA[ouTIEs0dA[3 ayeydn orgroads S[[99 dunuwwt (710D)
9} BIA SOWOSOXD -93eaur| [[90 pue (T4DD) 7 puesi|
120T Joooepms uonnqrIsIpoIq 7 10ydadar (1LL03) s1190 QUIOWAYD
“Te 30 ewI ay) 03 spuIq 10D QWOSOXd SIAY 2100 Jnow-)-D I00ueD Jsearq Jjnow D-)  Qupoway)
‘unod 2dK1-H
)M JOBIJUL S[109 Juardroar
L10T Jurwesoon|3 £q sowo0sox? Jo (L9 mey) Jururesoon|3
“Te 30 ueng pue asouury dyeidn oy} SARIPIN unod| 2dA1-H €a/DINDY soeydoroey pue osouuRy  JeIpAY0qIe)
S[[99 WS
1102 S[199 juardroar (e T9H) [ewAyoussowr
“Te1o '$99[31S M £q SoWos0X9 JO S[]99 190UBd POALISD
epowys S10BIQJUI PIOR OI[eIS dyeldn oy} SAJRIPIIN SO9[31S  [eo1AI9d uBWINY  -9sodIpe uewInH umouwun) pIoe oIfeIg
‘S[[99
juardioar ayp
JO 20BLINS ) UO
DJSH loydaoax
oY) 0) pued| e se SOWI0SOX0 pue
910¢ s10€ pue HJSH S[199 Juardroar
“e BIA SOWOSOXI uoM)Oq (DdSH) (9728
uewey) Jo ooeyIns UuoIjoBINUI ueok[3o9301d -INJY) SI192 (DVD) s[199 (NA)
-oysning Ay o1 spuiq N 2y ur sjedronaeq reyns uedoy BWO[AAW UBWNY —BWO[IAW UBWNY umouu) unoAUoIqL
S99 Juardroar g[nodjow o10adg  odAy Je[nos[oN
Q0URIRJY uoneordde [enuajod WISTURYOIW UOTIY uonoun,j JO 20BLINS A1) S[199 uardrooy S[[9 Jouo( (SowWO0S0Xa 10 SAT)

uo $9[nod[ow Jo3Ie],

SO[NOJ[OW UONHIUS000] 908JING

(ponunuoo) 1 o[qe],



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(8):633-655

638

"IOOUED [B10I0[0D
ur SISQUASOUIdIRD

S[[99 juardroar

[eauoyad £q SOWOS0X9d (0zg
1202 JqIyur 03 s1o51e) ‘1gso Jo oeydn -0T0D) s[192 (0z€-0100)  (LTAVAV) LT
“re9 onnoderay) Surstwoid uLISouI YHm pue Surpuiq BUWIOUIOIRD  S[[9J BUWIOUIOIRD  oseursjordofjejow
souopIe) Ak L[INVAV pue [gso seiol L JINVAY o} SOIBIPAIN 1gg0 uniSojuy [€30310[0)) [€30910]0)) pue ULISIUISIP Y [NEliile)
'SAH £q
A[JUQIOIJJO 2IOW UIAD
Ppo198i1e) 9q Aewu S[[09
[erjopide uojoo [eutiou (ALLIATD)
yeyy Apiqissod oy astex urojoid
S[192 DYD Ul TINLIAI suelq
120T JO 1oA9] 10y31y o1y S[109 Juardroar S[109 -wowIsues)
“le3d  pue uorssaidxd TN LIAL £q sowosox? Jo BUIOUIOIBD paonput
UQUIdMOY] podnpur-uoneint 2dy Y], umowyun)  oyejdn oy syqIyUY TINLIAT [£3091010)) 1sB[q0IqI ] umowyu -UOIJINU]
€202 S[[09 juardioar (L-I0N)
“res9 Aq sowosox? Jo S[[99 190UBD
ZnI1)-onse) umowyun)  oyedn oy syqIyUY IXNT  Isearquewny  S[[99 LE6TAH umouu)
(Tvd1H)
7 osepndad ourias surajoxd
[ELIPUOTO0)I (zad)
pue (zdSVI0D) [-SUapN[200
7 uroro1d Sunyoels BUOZ pue
S[199 juardroar A1quassear 13j00 0318[-SOSIp
€202 £q sowosoxo ‘(ININALNAS) (L-40W) e[rydosoi(
“le1 Jo oyerdn urojoxd S[[99 Jooued ‘G6-Asuap
ZNn1)-01se)) umouu) oy sojowold  uIpuIq-uBdIIPUAS jsealq uewny  S[[99 LE6ZNAH umowu)  ondeuss)soqd
(1-19dL
/6dT) SI19d
[er[otjosaw
(oze [eauojnad
‘sjuanjed JoOUBD UBLIBAO ayeydn -010D) SI192 uewny pue
pUB I20UED [2}210]0D Ad yuenbasqns ur BUIOUIOIBD ‘(0z€-010D) 991D
ur sAq Aq pajowoad sojedronaed pue [€10210[00  S[[90 BWIOUIJIED JONVOTV)
9peOSEd SISe)Se)oul S[199 Juardroax pue (¢ [810210[00 (¢ 9[nosowr
[44\14 [eduoytiad a1y 300[q 01 99 TAD/INVITY UM SAH -AOIS) SI[92 -AOMS) 81199 uorssype
“lejo  poyordxe Aqrenusjod oq M S)ORIUT JO uonorIoUI BUWIOUIOIEOOUOPE  BUIOUIOIBOOUIPE 1199 93K003na] so[nod[ouwr
souopre) Aew 99[AD/NVITV UL 99IAD/NVITY oy spoddng 99IAD/NVITV ~ UBLIBAO UBWUNY  UBLIEAO UBWUNH pareAndy uolsaypy
s[199 Juardroar g[nogjow oy10adg  odAy Je[nos[oN
Q0UQI0JOY uoneordde [enusjod WISIUBYIOW UOT)OY uonoun, Jo ooejIns ay) S[109 Juardroay S[[99 Jouo(] (Sowos0Xa 10 SAT)

uo sa[noojow 3031e],

SO[NOJ[OT UOHIUS0001 908JING

(penunuoo) 1 d[qe],



2014; Rappa et al., 2017; Santos et al., 2019; Cardefies
et al., 2021; Wang T et al., 2021; Nigri et al., 2022).
Several studies have highlighted the importance of
CD9 in EV internalization. The silencing of CD9 in
cells or EVs significantly inhibited the uptake of EVs
by recipient cells, and treatment with a monovalent
Fab fragment of the anti-CD9 monoclonal antibody
also reduced the internalization of EVs (Santos et al.,
2019). Interestingly, divalent CD9 antibody treatment
enhanced EV uptake, possibly because divalent CD9
antibodies could cross-link CD9 proteins associated
with host cells and EVs and consequently stimulate
the endocytosis of EVs (Santos et al., 2019). Nigri et al.
(2022) also indicated that CD9 on the cell surface played
a key role in the internalization of cancer-associated
fibroblasts-derived annexin A6-positive EVs in pan-
creatic ductal carcinoma cells. In contrast, Cardefies
et al. (2021) discovered that integrin a5B1 on colorectal
cancer (CRC) cells or peritoneal mesothelial cells
(PMCs) interacts with exosome ligand a disintegrin
and metalloproteinase 17 (ADAM17) to mediate the
binding and uptake of cancer-derived exosomes, a
process that is negatively regulated by exosome sur-
face CD9. A recent study showed that tetraspanin-8
(TSPANS) promoted the adhesion of small EV (sEV)
to parent cells and human fetal lung fibroblasts in vitro
by increasing the attachment efficiency and reducing
the evasion frequency (Wang T et al., 2021). Mean-
while, the results of in vivo experiments revealed that
TSPANS promoted the uptake of SEV by cells in the
lung, liver, and spleen (Wang T et al., 2021). Hazawa
et al. (2014) also suggested that exosomes selectively
bind to the radiation-induced formation of integrin
(CD29)/tetraspanin (CD81) complexes on the cell
surface, increasing the uptake of exosomes by mes-
enchymal stem cells.

2.2 Integrin

Integrin is a transmembrane heterodimer, formed
by the noncovalent bonding of alpha and beta sub-
units, that mediates cell adhesion and migration, inter-
cellular communication, and intracellular signaling ac-
tivation (Shen et al., 2021). Recent studies have shown
that integrins play a significant role in the binding and
uptake of EVs (Carney et al., 2017; Shentu et al., 2017;
Wang et al., 2019; Altei et al., 2020; Fuentes et al.,
2020; Yoon et al., 2020; Cardefies et al., 2021; Li et al.,
2021). On the one hand, recipient cells relied on their
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surface integrins for EV binding and uptake. For ex-
ample, Kuroda et al. (2019) treated human cerebral
microvascular endothelial cells (\CMEC/D3) with a
mixture of anti-integrin a5 and anti-integrin oV anti-
bodies and found a reduced uptake of exosomes com-
pared to controls. Integrin 3 on the surface of breast
cancer cells interacted with heparin sulfate proteogly-
can (HSPG) to promote the extracellular recogni-
tion and the intracellular endocytosis of EVs through
activating focal adhesion kinase (FAK) (Fuentes et al.,
2020). Integrin a5B1 on CRC cells (and PMCs) inter-
acted with the ligand ADAM17 on CRC cell-derived
exosomes to mediate exosome binding and uptake
(Cardeties et al., 2021). Oral squamous cell carcinoma
(OSCC) cells secreted laminin y2-enriched EVs, which
acted as ligands to bind integrin a3 on the surface of
lymphatic endothelial cells (LECs) to regulate EV up-
take (Wang et al., 2019). Similarly, the interaction
of laminin and integrin avp5 promotes the uptake of
exosomes derived from E26 transformation specific-1
(ETS1)-overexpressing ovarian cancer cells by omen-
tal macrophages (Li HY et al., 2022). Interestingly,
gastric epithelial cell-derived exosomes were only in-
ternalized into gastric epithelial cells and gastric can-
cer cells, and this gastric-specific uptake of gastric-
derived exosomes was dependent on integrins a6 and
aX in both gastric cells and exosomes (Yoon et al.,
2020). On the other hand, integrins expressed on EVs
mediate their interaction with recipient cells. Feng
et al. (2022) treated placental EVs with integrin-
blocking peptides, RGD and YIGSR, and found that
the uptake of EVs by the recipient cells was signifi-
cantly reduced. Kong et al. (2019) demonstrated that
the use of TC I-15, an inhibitor of integrin a2p1, re-
sulted in a dose-dependent inhibition of the uptake of
carcinoma-associated fibroblasts-derived EVs by lung
fibroblasts. The binding of SEV to breast epithelial cells
also depended on exosomal integrin avp3 via forming
integrin—extracellular matrix (ECM) complexes that
might further interact with cellular integrin receptors
(Altei et al., 2020). Yuan et al. (2017) found that the
integrins lymphocyte function-associated antigen-1
(LFA-1) and intercellular adhesion molecule-1 (ICAM-1)
were expressed in macrophage exosomes and endo-
thelial cells, respectively, and anti-ICAM-1 or anti-
LFA-1 antibodies and their combinations inhibited the
uptake of exosomes. It was suggested that the interac-
tion of LFA-1 and ICAM-1 plays an important role in
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the uptake of exosomes from macrophages by brain
endothelial cells.

2.3 Proteoglycans

Proteoglycans (PGs) are composed of a “core”
protein and one or more covalently linked glycosami-
noglycan (GAG) side chains (Esko et al., 2009). Six
major types of GAGs are currently identified in mam-
mals: chondroitin sulfate (CS), dermatan sulfate (DS),
keratan sulfate (KS), heparan sulfate (HS), heparin
(Hep), and hyaluronic acid (HA) (Walimbe and
Panitch, 2020). Among them, HSPG and chondroitin
sulfate proteoglycan (CSPG) have been shown to
be involved in the recognition and uptake of EVs
(Christianson et al., 2013; Nangami et al., 2014; Chen
and Brigstock, 2016; Purushothaman et al., 2016;
Osawa et al., 2017; Ochieng et al., 2018; Choi et al.,
2021; Lima et al., 2021). Studies have shown that HS
plays a dual role in exosome—cell interaction; HS on
exosomes captures fibronectin (FN) and, on target cells,
it acts as a receptor for FN, which is essential for the in-
teractions between cells and exosomes (Purushothaman
et al., 2016). Besides FN, histones can also serve as
ligands by which HSPG can mediate the uptake of
exosomes (Nangami et al., 2014; Ochieng et al., 2018).
Notably, breast cancer cell exosomes bound the tumor
microenvironmental cytokine C-C motif chemokine
ligand 2 (CCL2) via PGs and were specifically ab-
sorbed by subpopulations of cells expressing the
CCL2 receptor, CCR2, leading to exosome accumula-
tion in specific cell subpopulations and organs (Lima
et al., 2021). Similarly, glioblastoma cell-derived EVs
were specifically internalized into CCR8-positive cells
through the binding of PGs to CCL18 (Berenguer et al.,
2018).

2.4 Glycans

Glycans are complex carbohydrates with many
important biological functions, including protein fold-
ing, cell adhesion, cell differentiation and proliferation,
and signal transduction (Varki, 2017). Recent studies
have shown that glycans are involved in the biogene-
sis, cellular recognition, and uptake of EVs (Costa,
2017; Williams et al., 2018). Several studies have
demonstrated that surface glycan modifications per-
form an instrumental role in mediating the targeting
and uptake of EVs, which may help in the evaluation
and development of new EV-based therapies (Hung

and Leonard, 2015; Dusoswa et al., 2019; Lin et al.,
2020; Matsuki et al., 2021). Nishida-Aoki et al. (2020)
reported that the removal of N- and/or O-glycosylation
on the surface of the brain-metastatic breast cancer
cell subline BMD2a-derived EVs enhanced EV up-
take by human umbilical vein endothelial endothe-
lial cells (HUVEC:) in vitro, and the removal of O-
glycosylation instead of N-glycosylation significantly
increased EVs in the lung and slightly increased EVs
in the spleen and brain in vivo, suggesting that sur-
face glycosylation has inhibitory effects on cellular
uptake. Similarly, the removal of N-glycans from mu-
rine melanoma cell-derived sSEVs enhanced the cellu-
lar uptake of peritoneal macrophages (Yamamoto et al.,
2021). However, de la Torre-Escudero et al. (2019)
found that treating EVs with glycosidase blocked the
uptake of fasciola hepatica EVs by macrophages,
which suggested that de-glycosylation of the EVs
blocked their uptake by macrophages. Clos-Sansalvador
et al. (2022) showed that treatment with glycosidase
peptide-N-glycosidase F (PNGase-F) to remove the
surface N-glycan of EVs derived from immortalized
mesenchymal stromal cells significantly reduced EV
uptake by HUVECs, suggesting that N-glycoylation is
critical for EV uptake. There appears to be no consen-
sus on how glycosylation affects EV internalization,
but EVs’ surface glycans do act as significant players
in EV uptake.

2.5 Lectins

Lectins are a class of proteins with characteristic
carbohydrate recognition domains that bind to specific
glycosylated structures. They participate in several
different biological processes, including glycoprotein
transport, cell adhesion, and signaling (van Breedam
et al., 2014). In fact, some literature indicates that
they may also be involved in the absorption of EVs
(Hao et al., 2007; Barres et al., 2010; Bonjoch et al.,
2017; Shimoda et al., 2017; Yuan et al., 2017).
According to one study, adding sialic acid-binding
immunoglobulin-like lectins (siglecs) antibodies or pre-
incubating siglecs-expressing human cervical cancer
HeLa cells with sialic acid in vitro reduced the uptake
of adipose-derived mesenchymal stem cell (ADSC)
exosomes, whereas in vivo experiments revealed that
ADSC exosomes were selectively internalized into
siglecs-positive cells, implying that the interaction be-
tween sialic acid on exosomes and siglecs on the cell



surface was essential for the cellular uptake of ADSC
exosomes (Shimoda et al., 2017). The binding of
C-type lectin receptor to carbohydrates is calcium-
dependent. Yuan et al. (2017) found that a group of
carbohydrates, calcium chelators, and antibodies to
the C-type lectin receptor all reduced the accumula-
tion of macrophage exosomes in hCMEC/D3 cells.
They concluded that the binding of the C-type lectin
receptor in hCMEC/D3 cells to mannose/glucosamine
on exosomes partially mediates the uptake of macro-
phage exosomes. Meanwhile, free lectins may inhibit
the internalization of EVs. For example, Bonjoch et al.
(2017) reported that, in the case of pancreatic ductal
adenocarcinoma, regenerating islet-derived 3 released
from healthy pancreatic tissue surrounding the tumor
inhibited EV internalization through binding of the
lectin structural domain to glycoproteins on the sur-
face of THP-1 macrophages-derived EVs. The disrup-
tion of the signaling mediated by EVs prevents the
phenotypic switch in macrophages induced by EVs,
inhibits the increased cell migration of cancer cells,
and reverses a number of metabolomic changes pro-
moted by EVs.

2.6 PDZ domain-containing proteins

Postsynaptic density-95, Drosophila discs-large,
and zona occludens-1 (PDZ) proteins are soluble cyto-
plasmic adapter proteins that function as transient scaf-
folding structures to assemble multiprotein signaling
complexes by virtue of highly conserved modules
(Romero et al., 2011). A recent study found that PDZ
proteins regulate the uptake of EVs. Castro-Cruz et al.
(2023) investigated the effect of PDZ protein deple-
tion on the uptake of mCherryCD63-positive EVs by
MCEF-7 cells and found that PDZ proteins could in-
crease (syndecan-binding protein (SDCBP, also known
as SYNTENIN1), Golgi reassembly stacking protein
2 (GORASP2), and mitochondrial serine peptidase 2
(HTRA2)) or decrease (LNX1) CD63-positive cellu-
lar uptake of EVs, suggesting that PDZ proteins are
involved in the uptake of EVs through regulating the
levels of HS at the cell surface.

2.7 Interferon-induced transmembrane proteins

Interferon-induced transmembrane proteins
(IFITMs) are a kind of small-molecule transmem-
brane protein induced by interferon (Ren et al., 2020).
IFITMs are found in the plasma membrane and could
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block viral replication by preventing viral-host mem-
brane fusion subsequent to viral binding and endocy-
tosis (Perreira et al., 2013). The research on EV uptake
of different CRC subpopulations suggested that CRC
subpopulations with a high IFITM1 level on the cell
surface (IFITM1"™") took up significantly fewer EVs
than IFITM1"" subpopulations, while these subpopu-
lations have the same EV release intensity. Of note,
deleting IFITM1 leads to a marked increase in EV up-
take in CRC organoid cells, proving that IFITM1 is
involved in the process of EV recognition and uptake
(Kelemen et al., 2021).

In conclusion, the above components do play a
role in the recognition and uptake of EVs, but this re-
cognition seems to have no strict specificity because
there is not yet a particular EV subtype that targets
specific recipient cells. In addition, we have to admit
that the current study seems to mix the general view
of EV recognition and uptake with regard to these im-
portant molecules, and cannot really identify whether
they play a role in the recognition or uptake step of EVs.
However, we still find some hints suggesting that these
molecules might provide valuable clues to improving
existing drug delivery systems. For example, Vazquez-
Rios et al. (2019) achieved a higher efficiency using
integrin a.6p4-functionalized liposomes for delivery.

3 Uptake

When EVs attach to the cell surface, they can
trigger signaling through the interaction of ligands on
their surface with receptors expressed on the cell, or
they can be internalized by the recipient cell through
endocytosis or direct fusion with the plasma mem-
brane (Gurung et al., 2021). If EV attachment is not
linked to uptake, the EVs may again detach from the
cell surface (Fuentes et al., 2020). Numerous studies
have shown that cells incubated at 4 °C significantly
reduce their ability to take up EVs (He et al., 2019;
Fuentes et al., 2020; Murdica et al., 2020; Cerezo-
Magaia et al., 2021), suggesting that uptake is an
energy-dependent process, such as endocytosis, which
is the mechanism most commonly studied today. There
is also some evidence that plasma membrane fusion is
involved in the process of EV internalization (Chen
et al., 2016; Guo et al., 2020). The following are several
pathways by which exosomes can enter recipient cells.
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3.1 Endocytosis
3.1.1 Clathrin-mediated endocytosis

Clathrin-mediated endocytosis (CME), named
for its need for clathrin, is involved in processes such
as the neurotransmission, signal transduction, and regu-
lation of plasma membrane activity (McMahon and
Boucrot, 2011). CME occurs through a series of pro-
cesses involving clathrin coat formation, cargo load-
ing, clathrin coat- and actin-mediated membrane bend-
ing, dynamin-mediated membrane fission, and auxilin-
and heat shock cognate 70 (HSC70)-dependent un-
coating (McMahon and Boucrot, 2011; Kaksonen and
Roux, 2018; Smith and Smith, 2022).

Many studies have demonstrated the close asso-
ciation of CME with EV uptake. Yuan et al. (2017) re-
ported that macrophage exosomes were co-localized
with transferrin (a marker used to study CME) and anti-
clathrin heavy chain (CLTC) antibodies in endothelial
cells, suggesting that clathrin participated in the inter-
nalization of exosomes. It has been demonstrated that
the knockdown of CLTC (Tian et al., 2014; Yao et al.,
2018; Wan et al., 2020; Tu et al., 2021) and p2 (the
subunit of clathrin adaptor complex AP2) (Tian et al.,
2014) significantly inhibits EV uptake by recipient
cells, highlighting the role of CME in EV uptake.
Chlorpromazine, an inhibitor of clathrin-coated pit as-
sembly, could inhibit EV uptake by a variety of cells,
such as endothelial cells (Banizs et al., 2018), hepato-
cellular carcinoma cells (Yao et al., 2018), colon can-
cer cells (Bajic et al., 2020), and ovarian cancer cells
(Escrevente et al., 2011). It is known that incubation
with potassium depletion or hypertonic medium (hy-
pertonic sucrose) is an effective method for blocking
clathrin-coated pits (Hansen et al., 1993). The inter-
nalization of exosomes was inhibited by potassium
depletion buffer (Tian et al., 2014) and hypertonic su-
crose (Yuan et al., 2017), further supporting the im-
portance of CME in mediating EV absorption. Pitstop2
was discovered to inhibit CME by blocking the contact
of the ligand with the terminal structural domain of
clathrin (von Kleist et al., 2011), resulting in reduced
uptake of EVs by pancreatic cancer cells (Sun et al.,
2022), colon cancer cells (Horibe et al., 2018), and
trophoblast cells (Holder et al., 2016).

Dynamin represents an important component in-
volved in CME. The chemical suppression of dynasore
(a dynamin inhibitor) (Yao et al., 2018; Bajic et al.,

2020; Kanno et al., 2020; Tu et al., 2021) and short
hairpin RNA (shRNA)-mediated dynamin knock-
down (Tian et al., 2014; Tu et al., 2021) both induced
a significant reduction of EV accumulation in recipi-
ent cells, suggesting that dynamin mediated EV inter-
nalization. It should be pointed out that dynamin also
engages in other endocytic pathways, such as caveolin-
dependent endocytosis. Therefore, dynamin-dependent
endocytosis must be combined with the results of add-
itional inhibition experiments to determine which en-
docytic pathway mediates the uptake of EVs.

3.1.2 Lipid raft-mediated endocytosis

Lipid rafts are defined as small (10-200 nm), het-
erogeneous, highly dynamic, cholesterol- and sphingolipid-
enriched domains that discriminate cellular processes
(Pike, 2006), and perform important roles in signaling,
viral infection, and membrane transport (Simons and
Gerl, 2010). Svensson et al. (2013) observed that the
lipid raft marker cholera toxin subunit B (CtxB) co-
localizes with exosomes in HUVEC and glioblastoma
cells, implying a possible role for lipid rafts in EV up-
take. Cholesterol is a critical component of lipid rafts,
so the commonly used inhibitors of lipid raft-mediated
endocytosis currently target cholesterol. Simvasta-
tin, an inhibitor of the cholesterol biosynthesis rate-
limiting enzyme 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, has been shown to
dose-dependently inhibit EV uptake by HeLa cells
(Costa Verdera et al., 2017), glioblastoma cells (Svensson
et al., 2013), and HUVECs (Svensson et al., 2013; He
et al., 2019). Methyl-B-cyclodextrin (MBCD) depletes
cholesterol from the plasma membrane by forming sol-
uble complexes with cholesterol, resulting in the re-
duced uptake of exosomes by ovarian cancer cells
(Escrevente et al., 2011) and peripheral blood mono-
nuclear cells (Chen et al., 2022). A series of studies
showed that treatment with the cholesterol chelators
filipin and nystatin effectively blocked EV uptake by
recipient cells (Svensson et al., 2013; Hazan-Halevy
et al., 2015; Yuan et al., 2017; Banizs et al., 2018;
Emam et al., 2018; Rai and Johnson, 2019), further
confirming the involvement of lipid raft-mediated en-
docytosis in EV internalization.

Endocytosis in the lipid raft region usually oc-
curs in two pathways: (a) the formation of endocytic
vesicles in lipid rafts are stabilized by enriching cer-
tain proteins, such as caveolae-dependent endocytosis



and flotillin-dependent endocytosis; (b) vesicles are formed
by small GTases, such as GTPase regulator associated
with focal adhesion kinase-1 (GRAF1)-dependent en-
docytosis, ADP ribosylation factor 6 (Arf6)-dependent
endocytosis, and RhoA-dependent endocytosis (El-Sayed
and Harashima, 2013).

Many authors have described how the EVs are taken
up via lipid raft-mediated endocytosis as caveolae-
or flotillin-dependent. The inhibitor of caveolae-
dependent endocytosis, genistein, caused reduced EV in-
ternalization in epithelial cells (Rai and Johnson, 2019),
HeLa cells (Costa Verdera et al., 2017), and myeloma
cells (Tu et al., 2021), suggesting that caveolae plays
at least a partial role in EV absorption. It is known
that dynamin can be recruited into the caveolar mem-
brane, leading to caveolae fission by contracting its
neck (Kiss, 2012). It was found that the treatment of
epithelial cells with genistein, dynamin inhibitory pep-
tide (DIP), and filipin III blocked EV internalization
(Rai and Johnson, 2019). In another study, the treat-
ment with inhibitors of lipid raft-mediated endocytosis,
nystatin and simvastatin, and the dynamin inhibitor dy-
nasore alone, but not a specific siRNA against caveolin-1
or clathrin, significantly inhibited exosomes being in-
ternalized into Jeko-1 cells (Hazan-Halevy et al., 2015),
further confirming the involvement of caveolae in EV
uptake.

Caveolin-1, a major component of caveolae, in-
serts into the inner leaflet of the plasma membrane
with its hairpin structural domain and has a specific
amino acid sequence at the N-terminal end that binds
to lipid rafts (Kiss and Botos, 2009). However, al-
though caveolin-1 is integral to the formation of cave-
olae, the role of caveolin-1 in caveolac-mediated en-
docytosis is controversial. Tu et al. (2021) showed
that the knockdown of caveolin-1 reduced the accu-
mulation of SEV in multiple myeloma cells. Similarly,
the knockdown of caveolin-1 in HeLa cells resulted
in significant inhibition of EV uptake (Costa Verdera
et al., 2017). In contrast, Svensson et al. (2013) reported
that both HeLa cells and glioblastoma cells, stably
transfected to overexpress caveolin-1, exhibited sig-
nificantly reduced exosome uptake, and further studies
revealed the mechanism by which caveolin-1 nega-
tively regulates the endocytic uptake of exosomes by
inhibiting extracellular signal-regulated kinase 1/2
(ERK1/2) signaling activation; whether the caveolin-1
facilitates EV internalization remains unresolved.
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Flotillin-dependent endocytosis is similar to that
mediated by caveolae, but the endocytic vesicles are
enriched in flotillin rather than in caveolin (El-Sayed
and Harashima, 2013). Flotillin-1 and flotillin-2 are
ubiquitously expressed and highly conserved membrane-
associated proteins, which are considered to be scaf-
fold proteins of lipid rafts (Liu et al., 2018), and exist
in plasma membrane domains distinct from caveolae
(Doherty and McMahon, 2009). A study demonstrates
that the knockdown of flotillin-1 in HeLa cells signifi-
cantly inhibited EV internalization (Costa Verdera et al.,
2017). Likewise, flotillin-1 knockdown resulted in a
significant reduction in SEV uptake in multiple myelo-
ma cells (Tu et al., 2021). Emam et al. (2018) reported
that anti-flotillin-1 antibody treatment reduced exo-
some accumulation in melanoma cells and colon can-
cer cells. These results suggest that EV uptake may
occur through a lipid raft-dependent pathway requir-
ing flotillin.

3.1.3 Macropinocytosis

Macropinocytosis is a liquid-phase endocytosis
that mediates the non-selective uptake of solute mole-
cules, nutrients and antigens. It typically relies on
growth factor-activated receptor tyrosine kinases
(RTKSs) to initiate signaling cascades that induce actin
cytoskeletal rearrangement to trigger plasma mem-
brane protrusions. Lamellipodia probably fold back
on the plasma membrane to form a cave-like invagina-
tion, while the protrusions in the circular ruffles bind
to each other, and they both eventually close the macro-
pinosome by way of membrane fission (Mercer and
Helenius, 2009; Lim and Gleeson, 2011).

Cytochalasin D (an inhibitor of actin polymer-
ization) was found to inhibit EV uptake in micro-
glia (Fitzner et al., 2011), multiple myeloma cells
(Tu et al., 2021), colon cancer cells (Emam et al.,
2018), and ovarian cancer cells (Escrevente et al.,
2011), suggesting that endocytic pathways requir-
ing cytoskeletal remodeling, such as macropinocy-
tosis, may be involved in EV internalization. The
significant increase in induced liquid-phase uptake
is characteristic of macropinocytosis. The incubation
of recipient cells with EVs significantly enhanced
the uptake of dextran, a liquid-phase marker of macro-
pinocytosis (Costa Verdera et al., 2017; Yao et al.,
2018), indicating that EVs can be internalized through
macropinocytosis.
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Ras-related C3 botulinum toxin substrate 1 (Racl)
is a Rho GTPase responsible for triggering membrane
ruffles during macropinocytosis (Mercer and Helenius,
2009). 5-(N-Ethyl-N-isopropyl)amiloride (EIPA) and
amiloride, both inhibitors of Na/H" exchanger, signifi-
cantly inhibited EV internalization into multiple my-
eloma cells (Tu et al., 2021), hepatocellular carcinoma
cells (Yao et al., 2018), and ovarian cancer cells (Es-
crevente et al., 2011) by lowering submembrane pH
to block Racl signaling. Fitzner et al. (2011) reported
that treatment with NSC23766 (a specific Rac inhibi-
tor) resulted in impaired EV uptake in microglia, and
another study found that siRNA-mediated knockdown
of Racl inhibited EV uptake in HeLa cells (Costa
Verdera et al., 2017), further confirming the role of
macropinocytosis in EV uptake.

Phosphatidylinositol 3-kinase (PI3K) is required
for stimulating membrane ruffles and closing macro-
pinosomes (Mercer and Helenius, 2009); treatment of re-
cipient cells with the PI3K inhibitors LY294002 (Tian
et al., 2014) and wortmannin (Costa Verdera et al.,
2017; Tu et al., 2021; Chen et al., 2022) revealed sig-
nificant inhibition of EV uptake. P21-activated kinase
1 (PAK1) and protein kinase C (PKC) are two serine/
threonine kinases required for macropinocytosis (Mercer
and Helenius, 2009). Yao et al. (2018) demonstrated that
exosome entry into hepatocellular carcinoma cells was
remarkably inhibited by the PAK inhibitor 3 (IPA-3)
and the PKC inhibitor rottlerin, and Costa Verdera
et al. (2017) reported that knockdown of PAKI1 in
HeLa cells significantly reduced the internalization
of EVs.

3.1.4 Phagocytosis

Phagocytosis is the cellular process by which cells
internalize particles larger than 0.5 pm (Hallett, 2020).
It is initiated by the interaction of specific receptors
on the cell surface with ligands on the particle sur-
face, and particles are internalized via an actin-based
mechanism (Allen and Aderem, 1996).

Phagocytosis is generally thought to engulf lar-
ger particles. However, there is evidence to support
that EVs can be internalized by phagocytosis (Feng
et al., 2010; Harischandra et al., 2018; Ogese et al.,
2019; Tabak et al., 2021). The co-localization of gold-
labeled exosomes and phagocytosis tracers (polysty-
rene carboxylate-modified latex beads) was found in
cells (Feng et al., 2010), suggesting that phagocytosis
plays a role in the uptake of exosomes.

Because actin polymerization is required for
phagosome formation (Freeman and Grinstein, 2014),
inhibitors of actin polymerization are extensively uti-
lized in the literature to research phagocytosis. Several
investigations indicated that treating recipient cells
with actin polymerization inhibitors (cytochalasin B/D
and latrunculin A/B) dramatically inhibited EV inter-
nalization, suggesting that endocytic pathways involv-
ing actin polymerization are implicated in EV inter-
nalization and that EVs may be internalized by phago-
cytosis (Feng et al., 2010; Ogese et al., 2019). PI3K
is an essential regulator of phagosome closure (May
and Machesky, 2001). Feng et al. (2010) indicated
that the PI3K inhibitors wortmannin and LY294002
decreased exocytosis uptake by macrophages in a dose-
dependent manner. Tabak et al. (2021) discovered that
wortmannin treatment of trabecular meshwork cells
resulted in a substantial reduction in EV uptake, sug-
gesting that EV uptake may occur through a mecha-
nism involving phagocytosis.

Annexin-V (AnV) has a high affinity for phos-
phatidylserine (PS). Matsumoto et al. (2017) discov-
ered a substantial decrease in the absorption of PKH67-
labeled exosomes by macrophages treated with AnV,
suggesting that the PS on the exosomes was involved
in the internalization process. According to Feng et al.
(2010), incubating macrophages with T-cell immuno-
globulin and mucin domain-4 (TIM-4) (a PS receptor)
antibodies partially suppressed the internalization
of exosomes, suggesting that TIM-4 may be one of
the receptors that macrophages use to recognize
and phagocytose exosomes. We speculate that mac-
rophages internalize exosomes through phagocyto-
sis, possibly through the interaction of TIM-4 with
PS.

3.2 Plasma membrane fusion

Some evidence supports the suggestion that EVs
enter the recipient cell by direct fusion with the cell
membrane (del Conde et al., 2005; Parolini et al.,
2009; Montecalvo et al., 2012; Chen et al., 2016; Guo
et al., 2020), resulting in direct cargo release into the
cytoplasm (Weston et al., 2019). The fusion of lipid
bilayers in an aqueous environment occurs in several
steps. First, two lipid bilayers approach each other until
they are <10 nm apart, at which point the lipids of the
outer leaflet interact to form an intermediate destabil-
ized membrane stalk. The stalk then expands, causing
the distal monolayer to bend, resulting in the formation



of a membrane fusion pore, followed by the forma-
tion of the syncytium (Jahn et al., 2003; Petrany and
Millay, 2019).

Fluorescence lipid quenching is frequently used
to track the occurrence of membrane fusion. R18 is a
lipophilic fluorescent dye that, at high doses, experi-
ences fluorescence self-quenching. However, the sur-
face density of the fluorophores integrated into the lipid
membranes decreases when the R18-labeled lipid
membrane fuses with other lipid membranes, alleviat-
ing R18 quenching and allowing a fluorescent signal
to be released (Montecalvo et al., 2012). In light of this,
unlabeled melanoma cells were added to R18-labeled
exosomes and fluorescence was monitored within
30 min; the rapidly rising fluorescent signal (within
10 min) suggests that melanoma cells take up exo-
somes via membrane fusion (Parolini et al., 2009).
Similarly, the addition of unlabeled bone marrow-
derived dendritic cells to R18-labeled exosomes re-
sults in a continuous rise in fluorescence over a short
period of time (Montecalvo et al., 2012). del Conde
et al. (2005) monitored membrane fusion utilizing flu-
orescence signal transfer between two fluorescently
labeled (Rh and nitrobenzoxadiazole (NBD)) phosp-
holipids, and the increased NBD fluorescence in acti-
vated platelets indicated that monocyte-derived micro-
vesicles underwent membrane fusion with activated
platelets. Furthermore, botulinum toxin type A (BONT/
A), a pharmacological agent that inhibits soluble
N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE)-mediated membrane fusion, was
reported to limit the absorption efficiency of EVs
loaded with doxorubicin by tumor cells (Guo et al.,
2020). These findings imply that plasma membrane
fusion plays a role in EV uptake.

3.3 Influencing factors

Numerous studies have revealed that several fac-
tors impact EV absorption by recipient cells. On the
one hand, EV uptake is related to the recipient cells
themselves. Horibe et al. (2018) compared the ability
of three different cell types to absorb exosomes and
discovered that, regardless of the donor cell type, exo-
some uptake increased in the order of colon cancer
cell HCT116, lung adenocarcinoma cells, and colon
cancer (COLO205) cells. This finding suggests that
the exosome uptake capacity is closely related to the
recipient cell type rather than being dependent on the
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donor cell type. Lazaro-Ibafiez et al. (2017) treated
prostate cancer (PC-3) cells with EVs and discovered
that the EV signal was substantially higher in G2/M
phase than in other cell cycle phases, suggesting that
the cell cycle affects EV uptake.

On the other hand, external elements such as ra-
diation, pH, and oxygen concentration are also signifi-
cant. It has been demonstrated that radiation stimu-
lates exosome absorption and enhances cell adhesion
to exosomes by inducing the co-localization of CD29
and CD8I1 on the cell surface (Hazawa et al., 2014).
Mutschelknaus et al. (2016) also indicated enhanced
uptake of exosomes by irradiated recipient cells com-
pared to that of non-irradiated recipient cells. Nakase
et al. (2021) found that EVs secreted under low-pH
cell culture conditions during serum starvation showed
higher internalization in living cells than EVs secreted
under neutral cell culture conditions. This might be
owing to the increased zeta potential of EV membr-
anes caused by low pH, which enhanced the interac-
tion of EV membranes with negatively charged target
cell plasma membranes. Parolini et al. (2009) investi-
gated the uptake and fusion of exosomes under differ-
ent pH conditions. They discovered that the fusion ac-
tivity and the uptake by parent cells of the exosomes
released under pH 6.0 culture conditions were higher
than those of the exosomes released under pH 7.4 cul-
ture conditions. In addition, the storage pH of exoso-
mes also affects their internalization. The research-
ers found that storage at pH 4 and 10 resulted in
greater cellular uptake of exosomes than storage at
pH 7 (Cheng et al., 2019). In conclusion, the effect of
pH on exosome uptake deserves further study. Xue
et al. (2018) found that exosomes produced under
hypoxic conditions were more readily absorbed by
HUVECs. Similarly, the treatment of HUVECs with
glioma cell-derived exosomes isolated under hypoxic
conditions (Hypo-Exos) or normoxic conditions (Nor-
Exos) revealed a significant increase in the internal-
ization of Hypo-Exos compared to that of Nor-Exos.
This may be related to the upregulation of Connexin
43 in Hypo-Exos by hypoxia, as the uptake of exo-
somes by HUVECs was effectively blocked by either
using the Connexin 43 inhibitor Gap27 or knocking
down Connexin 43 (Yang et al., 2022). Moreover, hy-
poxia was found to induce an acute and transient in-
crease in EV uptake in human high-grade gliomas
(HGG) cells and mouse HGG cells, and there was
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significant co-localization of internalized EVs and CtxB
in hypoxic cells, suggesting that the hypoxic induction
of EV uptake involves lipid raft-mediated endocytosis
(Cerezo-Magafia et al., 2021).

In a word, endocytosis appears to be the main
mechanism of EVs’ entry into recipient cells, such as
CME, lipid raft-mediated endocytosis, macropinocy-
tosis, and phagocytosis. Significantly, most of the cur-
rent studies on the mechanisms of EV uptake have
been conducted by blocking specific pathways with in-
hibitors or knocking down key components that play a
role in endocytosis. The use of inhibitors has made
an important contribution to the understanding of EV
uptake, but one problem that may undermine the use
of inhibitors for endocytosis is their potentially poor
specificity. For example, as suggested by Willox et al.
(2014), Pitstop 2 inhibition of CME was due to non-
specificity and needed to be used with caution and
should not be used to summarize any function of the
N-terminal structural domain of Clathrin. Dynamin-2
has been found to be involved in both CME and phago-
cytosis (El-Sayed and Harashima, 2013), so its inhibi-
tion cannot readily distinguish between these two path-
ways. Studies have shown that PI3K is important for
both macropinocytosis and phagocytosis (Feng et al.,
2010; Tu et al., 2021), which cannot be distinguished
by using PI3K inhibitors, but experiments combined
with the inhibition of liquid phase uptake can distin-
guish between the two pathways well. Therefore, we
suggest that these inhibitors should be used judiciously.

4 Release or delivery of EV cargo

Despite the complexity of the endocytic path-
ways, these internalized vesicles fuse with endosomes
and follow the classical endosomal pathway. The plasma
membrane buds inward to form EEs, where cargo
sorting takes place. Cargo can be recycled directly to
the cell surface via a fast recycling route or returned
to the cell surface via a slow recycling route with the
aid of recycling endosomes (REs). Alternatively, EEs’
growth and maturation could lead to the trans-Golgi
network (TGN) or late endosomes (LEs). Through the
TGN and entry into the secretory pathway (referred to
as “retrograde transport”), cargo can also be recycled
back to the cell surface. LEs could undergo homo-
typic fusion reactions, enlarge and acquire more lu-
minal vesicles, form MVBs, and eventually fuse with

lysoso-mes to form endolysosomes, leading to the deg-
radation of EV contents (Cullen and Steinberg, 2018;
Khan and Steeg, 2021).

However, EV cargo could bypass degradation.
Joshi et al. (2020) treated HEK293T cells expressing
mCherry-tagged anti-green fluorescent protein (GFP)
fluobody with GFP-CD63 EVs, leading to the co-
localization of GFP, mCherry, and LAMP1 (a marker
of LE/MVB and lysosomes) in the cells, revealing
that internalized EVs may undergo fusion with endo-
somes and/or lysosome, thus resulting in the exposure
of the EV cargo to the cytoplasm. In another study, the
treatment of unlabeled HepG2 cells with R18-labeled
exosomes did not capture the membrane fusion dequ-
enching signal until approximately 45 min had passed,
suggesting that membrane fusion occurs at a site within
the cell, not within the cell membrane. Further studies
showed that the dequenching signal for membrane
fusion was co-localized with the LE/MVB marker
CFP-RAB7 and the ILV marker CFP-CD63, but not
the EE marker CFP-RABS, suggesting that exosome
membrane fusion occurs in LE/MVB. The dequench-
ing signal R18 of exosomes was partially co-located
with the signal of the LE-specific anionic lipid lyso-
bisphosphatidic acid (LBPA). Anti-LBPA antibody
pretreatment significantly inhibited membrane fusion
and led to the increase of co-location between exosomes
and lysosomes, indicating that some exosome cargo
might escape from LEs through LBPA-dependent
membrane fusion to avoid lysosome degradation (Yao
et al., 2018). Furthermore, Costafreda et al. (2020)
found that the exosomes are endocytosed via PS bind-
ing to the immunoglobulin variable (IgV) domain of
hepatitis A virus cellular receptor 1 (HAVCRI1) at the
cell surface, followed by the translocation of exosomes
to LEs enriched in N-terminal Niemann-Pick C1
(NPC1). HAVCRI1 and NPCI1 are anchored to the
LE-delimiting membranes by their transmembrane
domains, and to the outer leaflet of exosomes by the
IgV HAVCRI1 bound to PS and the N-terminal do-
main (NTD) NPC1 bound to cholesterol, which brings
the exosomal membrane and the LE-delimiting mem-
brane into close proximity, forming a hemifusion, re-
sulting in the viral RNA contained in the lumen of the
exosomes passing through the fusion pore into the cy-
toplasm (Costafreda et al., 2020).

Galactose lectin was used to demonstrate altera-
tions in endosomal membrane permeability. It was
found that the treatment of hippocampal neurons



expressing mCherry-tagged galectin with brain exosomes
from rTg4510 mice expressing human four-repeat tau
resulted in the production of galactose lectin spots;
the spots were also co-localized with internalized exo-
somes, suggesting that exosomes allow the escape of
exosomal cargo from endolysosomes into the cyto-
plasm by inducing endolysosomal permeabilization
(Polanco et al., 2021).

The ER is now recognized as the nucleation site
for translation in general. Heusermann et al. (2016)
found that exosome-containing endosomes are targeted
for translocation to the endoplasmic reticulum (ER),
potentially permitting efficient access of exosomal
microRNA (miRNA) and messenger RNA (mRNA)
cargoes into the RNA interference (RNA1) and transla-
tion machinery, enabling cargo release.

In addition to releasing the cargo directly into
the cytoplasm of the recipient cell, the EV cargo can
also be transported into the nucleus during fusion of
the EVs with the late endosomal membrane. It has
been shown that some of the EVs arriving at the LEs
enter and/or dock to the nuclear envelope invagina-
tions (NEIs) and are tethered to the outer nuclear
membrane (ONM) with the aid of a tripartite protein
complex composed of vesicle-associated membrane pro-
tein (VAMP)-associated protein A (VAP-A), oxysterol-
binding protein (OSBP)-associated protein 3 (ORP3),
and LE-associated small GTPase Rab7. After dock-
ing of the LEs to the ONM, fusion of the EVs with
the endosomal membrane may expose the EV con-
tents near the nuclear pore, thus enabling nuclear
transfer of the EV cargo (Santos et al., 2018; Corbeil
et al., 2020).

Exosomes can also be re-secreted by hijacking
the secretory endosomal pathway of cells, which may
lead to more distant effects, thereby increasing the
pathogenic potential and range of action of exosomes.
PKHG67-positive exogenous exosomes were internalized
by neurons in the Chl compartment and co-localized
with endosomes expressing mCherry-CD9. Subsequent-
ly, mCherry-CD9- and PKH67-dual positive endo-
somes were internalized by neurons in the Ch2 com-
partment via axonal migration, indicating that endo-
somes containing exogenous exosomes can fuse with
endosomes containing endogenous intraluminal nanoves-
iclesand were secreted together (Polanco et al., 2018).

Despite more than 80 years of research on EVs,
there is still a lack of clarity about the mechanisms by
which EVs release their cargoes, which could be critical
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for the development of EVs as drug delivery vectors or
for studying how to block the release of cargoes in
order to prevent or slow down the onset of disease.
Therefore, much work remains to be undertaken to
more fully understand cargo transport and the release
of EVs.

5 Conclusions and future directions

The EVs could transfer cargo from donor to re-
cipient cells to induce phenotypic changes and thereby
realize cell-to-cell communication. However, the com-
plex biological journey of EVs in the recipient cells
remains ill-defined. In this review, we summarize the
most up-to-date knowledge about the entire process
of EVs, including the binding to the recipient cells,
the uptake, and the release of cargo after uptake
(Fig. 2). Firstly, the binding of EVs by recipient cells
is mainly dependent on ligand—-receptor interactions
on the cell and EVs’ surfaces. It has been demonstrat-
ed that tetraspanin, integrins, proteoglycans, and lec-
tins are involved in EV recognition, binding, and even
uptake, but the results of some of these studies are
still somewhat controversial, and the specific mech-
anisms are unclear and need to be further explored.
Secondly, we focus on the mechanism of EV uptake
by cells. As we described earlier, the most used ap-
proach for studying EV uptake is currently the use of
endocytosis inhibitors. However, no inhibitor of the
endocytosis pathway has absolute specificity for the
pathway of interest. The lack of absolute specificity
does not mean that pharmacological inhibitors should
be excluded from probing endocytosis pathways. Some
of them are still useful tools, especially when used in
combination with modern molecular biology methods.
For example, for differentiating pathways that are dif-
ficult to distinguish using endocytosis inhibitors, more
specific inhibition can be achieved using siRNAs or
shRNAs to knock out key components that play a role
in endocytosis. We also expect that future work will
identify more highly selective inhibitors of endocyto-
sis that can be used for experimental and clinical ap-
plications. Finally, we also summarize several fates of
the EVs found so far, after uptake. One fate is that the
uptaken EVs eventually fuse with the lysosome and
are degraded, and the other fate is that the EVs escape
lysosomal degradation and eventually release their
cargo into the nucleus or cytoplasm for further action.



648 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(8):633-655

Membrane fusion
*) e . ° s
Endocytosis ) Resecretion

N\
o \
°/ Exosome release

Fusion

MVBs containing ILVs

MVBs

: Fusion =0

Endolysosomes
Lysosome

Il Exosome

> breakdown
N

el

*+" Cargo escapes by
membrane fusion
or permeabilization

Fig. 2 Exosome uptake and post-uptake fate. Exosomes are uptaken by the recipient cell via membrane fusion or
endocytosis and then enter the early endosomes (EEs). EEs can return to the plasma membrane via the fast recycling
route (Ia) or the slow recycling route (Ib). EEs could also grow, and maturation leads to trans-Golgi network (TGN) or
late endosomes (LEs). The extracellular vesicles (EVs) could pass through the TGN and enter the secretory pathway,
then also returning to the plasma membrane (Ic). LEs further form multivesicular body (MVB), which fuses with
lysosomes to form endolysosomes. Some exosomes are degraded in endolysosomes (II), and others are able to bypass
degradation: (1) membrane fusion of exosomes with endosomes and/or lysosomes, resulting in exposure of exosomal
cargo to the cytoplasm (IIla); (2) fusion of endosomes containing exosomes with lysosomes leads to permeability, which
is used by exosomal cargo to enter the cytoplasm (Illa); (3) LEs target the endoplasmic reticulum (ER), and exosome
contents can also be released (IIlb); (4) LEs move to the perinuclear areas of the cell where they undergo fusion with
each other and may expose the EV contents near the nuclear pore to lead to nuclear transport of EV cargo (Illc).
Exosomes can also be re-secreted by hijacking the secretory endosome pathway of the cell: endosomes containing
exogenous exosomes fuse with intraluminal vesicle (ILV)-containing endosomes and are secreted together (IV). Created
with BioRender.com. RE: recycling endosomes.

In conclusion, we have given an overview of the whole
process of EV identification, uptake, and post-uptake
fate based on the current studies with the aim to have
a better understanding of the biology of EVs.

A growing body of research has identified nu-
merous advantages of EVs over traditional synthetic
carriers, opening up new frontiers for modern drug de-
livery. Despite ongoing research, the clinical transla-
tion of EV-related therapies still faces many challenges.
Here, we focus on the impact of the process of EV
recognition uptake and subsequent cargo release on
EVs as drug delivery carriers. The lack of specific
recognition sites may lead to an insufficient ability
of EVs to target receptor cells and the low efficiency of
intracellular delivery, and there is an urgent need to
develop protocols to improve the targeting function
of EVs. In addition, there is a critical issue of the en-
dosomal escape pathway of cargoes in EVs, as this
step seems to be the main bottleneck preventing the

efficient functional delivery of cargoes. Notably, a re-
cent study found that nanovesicles co-functionalized
with fusion proxies and tumor-targeting fragments
act as drug carriers to efficiently and selectively bind
to the target, and trigger membrane fusion, enabling
both endolysosomal escape and cytoplasmic drug de-
livery and improving the therapeutic efficacy of the
drugs acting on cytoplasmic targets (Wang et al.,
2023). Given the great potential of EVs for drug de-
livery, knowledge about EV identification, uptake,
and cargo release is crucial for EVs to become prom-
ising and powerful tools for nanomedicine and preci-
sion medicine.
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