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The complex role of extracellular vesicles in HIV infection 
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During normal physiological and abnormal pathophysiological 
conditions, all cells release membrane vesicles, termed extra-
cellular vesicles (EVs). Growing evidence has revealed that EVs 
act as important messengers in intercellular communication. 
EVs play emerging roles in cellular responses and the modu-
lation of immune responses during virus infection. EVs contri-
bute to triggering antiviral responses to restrict virus infection 
and replication. Conversely, the role of EVs in the facilitation 
of virus spread and pathogenesis has been widely documented. 
Depending on the cell of origin, EVs carry effector functions from 
one cell to the other by horizontal transfer of their bioactive 
cargoes, including DNA, RNA, proteins, lipids, and metabolites. 
The diverse constituents of EVs can reflect the altered states of 
cells or tissues during virus infection, thereby offering a diag-
nostic readout. The exchanges of cellular and/or viral compo-
nents by EVs can inform the therapeutic potential of EVs for 
infectious diseases. This review discusses recent advances of 
EVs to explore the complex roles of EVs during virus infection 
and their therapeutic potential, focusing on HIV-1. [BMB Reports 
2023; 56(6): 335-340]

INTRODUCTION

Extracellular vesicles
Extracellular vesicles, or EVs, are a heterogeneous population 
of vesicles enclosed by a lipid bilayer. They are released by both 
healthy and infected cells into the extracellular environment 
(1). EVs have been detected in different biological fluids, in-
cluding saliva, cerebrospinal fluid, blood, urine, and breast milk. 
EVs were considered as cellular ‘garbage bags’ for eliminating 
unwanted compounds from the cell (2). However, recent studies 
have shown that EVs are more than just waste bags, and act as 
signaling vehicles between cells by carrying various biological 
active molecules, such as nucleic acids, proteins, and lipids (3). 

Although the term EVs is currently employed to describe all 
membrane vesicles that are secreted. However, these vesicles 
can be classified into two main groups: microvesicles and exo-
somes (1, 3). Microvesicles are formed through an outward 
budding process at the plasma membrane, and their size typi-
cally ranges from 50 nm to 1 μm (1, 3, 4). Exosomes are endo-
some-derived nanovesicles of about 30-150 nm (5). Although 
microvesicles and exosomes are formed at different locations, 
there is significant overlap in their intracellular mechanisms 
and sorting machinery, and both involve membrane-trafficking 
processes. Furthermore, EV generation pathways may differ by 
producing cells, therefore, this nomenclature of exosomes and 
microvesicles is still questionable. 

EV and virus infection
Recent studies identified EVs as exerting a variety of mecha-
nisms during virus infection (3, 6, 7). Modified EVs that are 
released from infected cells can help to enhance viral repli-
cation and transmission by serving as vehicles for the transfer 
of viral components (8, 9). The effects of EVs on viruses are 
complex and not well understood, as they have been shown to 
exhibit antiviral effects too (10, 11). Thus during virus infec-
tion, EVs may play either pro- or anti-viral roles. It is currently 
unclear whether these controversial functions of virus infection- 
induced EVs can in part be explained by different purity or 
subpopulations of EVs. Therefore, further studies are necessary 
to establish certain parameters to determine the net effects of 
EVs on viral infections. In particular, in the case of retrovirus 
HIV-1, there are many studies showing an interaction between 
EVs and viral infection. Here, we provide a summary of the 
potential roles of EVs in HIV-1 infection, as well as an over-
view of the potential applications of EV therapy.

CONTENT

The biogenesis of extracellular vesicles (EVs)
EVs are naturally released from most nucleated cells, and the 
formation of EVs is evolutionarily conserved (1). EVs can be 
broadly classified into microvesicles or exosomes. Microvesi-
cles were initially observed as subcellular material released by 
platelets, and were later discovered to be plasma membrane- 
derived vesicles secreted by activated neutrophils (12). Even 
though the role of microvesicles have been mainly studied in 
blood coagulation (13, 14), they were reported as oncosomes 
that have a role in cellular communication in cancer cells. 
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Fig. 1. The biogenesis of Extracellular Vesicles (EVs). Extracellular vesicles are membrane vesicles from various origins. Recently, EVs are 
classified into two distinct groups-exosomes and microvesicles. Microvesicles are formed by budding of plasma membrane and exosomes 
are generated from intraluminal vesicles within the lumen of multivesicular body (MVB) that are sequentially fused with the plasma membrane. 
Several proteins are implicated in exosome biogenesis such as Rab GTPases, ESCRT proteins, and other proteins that are also used as 
markers for exosomes (e.g. tetraspanins, TSG101, Alix). Exosomes include tetraspanins (e.g. CD63, CD81, CD9), MHC complex, transmembrane 
receptor, and adhesion proteins in their surface. It has been reported that exosomes contain different types of intracellular proteins, DNA, and 
RNA including non-coding RNAs (ncRNA).

Microvesicles typically range in size from 50 nm to 1 μm, 
however, in the case of oncosomes, their size can reach up to 
10 μm, as reported in a previous study (15). They are primarily 
generated by budding from the plasma membrane, and the 
subsequent release of vesicles into the extracellular space (16).

Exosomes were first identified as vesicles of unknown origin 
that were released by different types of cultured cells. They are 
intraluminal vesicles (ILVs) ranging 30 to 150 nm formed 
through a process of inward budding within the endosomal 
membrane during the maturation of multivesicular bodies 
(MVB). Upon fusion of the MVB with the plasma membrane, 
exosomes are released into the extracellular environment (17). 

Mechanistic details of the biogenesis of EVs have recently 
been revealed (Fig. 1). The contents of EVs are directed to the 
site of their origin either at the plasma membrane (in the case 
of microvesicles) or at the membrane of MVBs (in the case of 
exosomes). The enrichment of these cargoes within the vesi-
cles is facilitated through the promotion of MVB and ILV 
generation (18, 19). Subsequently, SNARE proteins and Rab 
GTPases, such as Rab7 and Rab27, are recruited to fuse with 
the plasma membrane for the release of EVs (20, 21). The MVB 
may fuse with a lysosome instead of the plasma membrane, 
leading to the degradation of ILVs. The mechanism that deter-
mines the fate of MVB fusion has not been fully revealed yet.

While the processes involved in the generation of microvesi-
cles are not yet fully elucidated, in the case of exosomes, the 
generation of MVBs and ILVs relies on the sequential involve-
ment of the endosomal sorting complex required for transport 
(ESCRT) machinery. ESCRT-0 binds to the endosomal membrane, 
leading to the eventual recruitment cascade of ESCRT-I, ESCRT-II, 
and ESCRT-III (11). Although the ESCRT machinery is essential 

for clustering of cargoes and membrane budding in many cases, 
some mechanisms can operate independently of the ESCRT 
system. One such example is the generation of ceramide by 
neutral type II sphingomyelinase, which can hydrolyze sphingo-
myelin to ceramide, leading to the formation of membrane 
subdomains that promote negative curvature on the membranes 
and subsequent budding (22). Hence, the biogenesis of exosomes 
appears to involve the operation of both ESCRT-dependent and 
ESCRT-independent machineries. The relative contribution of 
each mechanism may differ depending on the type of cell and 
the nature of exosomal cargoes. These findings suggest that the 
process of exosome biogenesis is inherently intricate, and can 
be influenced by various cellular signals and pathological sti-
muli that are received by the exosome-producing cell. For 
example, viral infection influences the generation of exosomes 
by modulating exosomal cargoes.

The role of EVs during HIV-1 infection
Human immunodeficiency virus 1 (HIV-1): Despite advances 
in treatment and prevention, HIV-1 remains a significant public 
health concern globally, having claimed over 36 million lives 
as of 2021. As of now, an estimated 37 million individuals are 
living with HIV-1, with 1.5 million new cases reported in 2020 
alone. HIV-1 infects immune cells and causes a depletion of 
helper CD4+ T cells that are critical for effective adaptive im-
mune responses, ultimately almost invariably leading to AIDS 
in the absence of treatment (23). Combined antiretroviral therapy 
(cART) prevents viral replication, reducing the risk of transmis-
sion, and preventing or delaying disease progression (23, 24). 
However, cART does not cure the infection; upon treatment in-
terruption, the virus usually rebounds within weeks. Further-



 The pandemic virus HIV-1 and extracellular vesicles
Jung-Hyun Lee

337http://bmbreports.org BMB Reports

Fig. 2. The dual roles of EVs during HIV-1 infection. The EVs released upon HIV-1 infection have shown to have antiviral and proviral 
functions. EVs contribute to suppress HIV infection by limiting viral replication or enhancing antiviral immunity. CD4-containing EV may serve 
as a decoy for CD4 T cells and neutralize HIV-1 virions. Exosomal cargo such as APOBEC3G (A3G) inhibit HIV-1 replication. EVs can 
transport ISGs such as ISG15, ISG56, and MX2 trigger antiviral immunity and EVs derived from bodily fluids such as breast milk, semen, 
and vaginal fluids can hider HIV-1 infection. However, EVs also can promote HIV-1 infection and pathogenesis. Co-receptors such as 
CCR5 or CXCR4 can be delivered to neighboring cells via EVs, enhancing susceptibility to HIV-1 infection. TIM-4-containing EVs assit 
trafficking of HIV-1 to immune cells. EVs can carry TAR element RNA to enhance susceptibility to HIV-1 infection in undifferentiated im-
mune cells. Transport viral component by EVs may enhance viral entry and infectivity. EV-mediated transport of HIV-1 Nef protein may lead 
viral-mediated apoptosis of immune cells. Well-known TNFα converting enzyme ADAM17 can be loaded into EVs. These EVs can contribute 
to chronic inflammation by secretion of mature TNFα. Host-derived miRNAs or viral miRNAs can be transported by EVs, resulting in en-
hancement of HIV-1 infection and chronic immune activation, leading to HIV-1 pathogenesis.

more, HIV-1 evolves rapidly, and may develop resistance (25). 
Although HIV-1 infection triggers innate and adaptive immune 
responses, the virus can replicate continuously and efficiently 
in the infected host, causing chronic inflammatory responses, 
and accelerating aging processes. Notably, accumulating evi-
dence has shown the interplay between HIV-1 infection and 
EVs. The potential roles of EVs during HIV-1 infection are co-
vered here. 
Antiviral effects of EVs: EVs have the ability to transport host- 
derived restriction factors to nearby cells, thereby triggering 
antiviral responses. In a recent study, it was demonstrated that 
EVs derived from CD4 T cells contain the cellular cytidine de-
aminase APOBEC3G (A3G) (26). A3G is a cytidine deaminase 
produced by cells, which functions as an inhibitor of HIV-1 
replication by impeding the process of reverse transcription in 
HIV-1 (27). Thus, A3G-containing EVs help to restrict HIV-1 
replication in recipient cells. However, the physiological signi-
ficance of A3G-EV on HIV-1 restriction is limited due to the 
minimal binding of A3G to extracellular vesicles (EVs), result-
ing in negligible suppression of HIV-1 in vivo (28). Exosomes 
with CD4 on the surface can be released from CD4 T cells. 
The CD4-containing EVs potentially lead to the restriction of 
HIV-1 by acting as a decoy for CD4 T cells and neutralizing 
HIV-1 virions, thereby inhibiting HIV-1 spread (29). The EVs re-

leased by CD8 T cells carry proteins that have anti-HIV pro-
perties, which can inhibit the replication of HIV-1 (30). In ad-
dition, it has been reported that EVs trigger innate immunity to 
restrict HIV-1. When Toll-like receptor 3 (TLR-3) is activated in 
human brain microvascular endothelial cells (HBMEC), they 
release EVs that carry antiviral factors and interferon-stimulated 
genes (ISGs) which can prevent HIV-1 infection in the central 
nervous system (31). In line with this, intestinal epithelial cells 
that have been activated by TLR-3 can release EVs containing 
miRNAs that inhibit HIV-1 infection. These EVs are able to 
protect CD4 T cells and macrophages in the gastrointestinal 
system from becoming infected by HIV-1 (32). Moreover, EVs 
obtained from breast milk have the ability to attach to DC-SIGN 
receptors, which prevents the binding of HIV-1 to dendritic 
cells generated from monocytes and restricts the viral transmis-
sion to CD4 T cells (33). EVs originating from uninfected 
semen or vaginal fluid can impede the sexual transmission of 
HIV-1 by regulating the process of reverse transcription of the 
virus (34). Thus, EVs contribute to restrict HIV-1 transmission 
and replication by delivering various antiviral factors.
Proviral effects of EVs: Recent studies have demonstrated that 
EVs can also contribute to the exacerbation of HIV-1 infection 
and the progression of the disease. PBMCs release CCR5-con-
taining EVs to transfer CCR5 to neighboring cells, enhancing 
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susceptibility to HIV-1 infection (35). Similarly, EVs derived from 
megakaryocytes containing CXCR4 deliver this co-receptor of 
HIV-1 to CXCR4-lacking nearby tissues, facilitating viral spread 
(36). Furthermore, recent research has suggested that EVs may 
contribute to the progression of HIV-1 infection and disease. 
One mechanism is through the presence of T-cell immunoglo-
bulin and mucin domain-containing 4 (TIM-4) in EVs, which 
can facilitate the entry of HIV-1 into host cells. When HIV-1 
binds to TIM-4 on EVs, it can increase the trafficking of HIV-1 
to immune cells, leading to increased infection and potential 
disease progression (37). Additionally, HIV-1-infected cells re-
lease transactivating response (TAR) element RNA-abundant EVs, 
enhancing naïve cell susceptibility to HIV-1 (38). However, 
the EV-mediated effects on the spread of HIV-1 are yet un-
known as to whether such a phenomenon plays an important 
role in vivo.

EVs can facilitate HIV-1 infection by transferring viral compo-
nents to surrounding cells, thereby amplifying viral replication. 
HIV-1-infected EVs have been shown to contain the gp120 
envelope protein, which enhances viral infectivity in lymphoid 
tissues. Additionally, EVs can act as carriers for the transfer of 
HIV-1 particles to uninfected cells, thereby promoting viral 
spread (39). EVs containing Nef, a viral accessory protein, can 
be released from HIV-1 infected cells and have been found in 
high levels in the blood plasma of individuals with HIV-1 (40, 
41). Nef-EVs have the potential to cause a decline in CD4 T 
cells, promote apoptosis through CXCR4, and increase the 
vulnerability of CD4 T cells to HIV-1 (42, 43). Active ADAM17- 
containing EVs are released from HIV-1-infected cells, contri-
buting to chronic inflammation by the secretion of mature 
TNFα via protease activity (41, 44, 45). The cargoes of EVs 
that facilitate HIV-1 infection are not limited to viral proteins. 
Recent studies have reported that host-derived miRNAs or viral 
miRNAs are uploaded into EVs, resulting in the enhancement 
of HIV-1 infection. HIV-1-infected macrophages release miRNA- 
containing EVs to suppress host RNA interference (46). Fur-
thermore, it has been shown that these EVs contain HIV-1 
miRNAs, such as vmiRNA88 and vmiRNA99, supporting chronic 
immune activation by promoting the release of TNFα from 
macrophage via TLR8 activation (47). Taken together, EVs have 
pro-viral roles to increase HIV-1 infectivity and pathogenesis. 

Collectively, EVs formed during HIV-1 infection participate 
in the interplay between virus and host. EVs may play an 
either pro or counter viral role in various ways (Fig. 2). It is still 
unclear whether the diverse functions of HIV-1-induced EVs 
may be partially explained by differences of EVs purity and/or 
subpopulations of EVs or cellular origin. Therefore, further 
studies on the fundamental regulatory mechanisms of EVs 
during HIV-1 infection, as well as technical advances on EVs 
separation, are necessary.

Therapeutic potential of EVs
The studies on EVs in disease are still emerging, and the utility 
of EVs have been suggested in the diagnosis and treatment of 

various pathologies. The altered content of EVs in pathological 
condition leads to the great potential of EVs as a diagnostic 
window (48). EVs are detected in all biological fluids, and the 
composition of the complex cargoes of EV is accessible by 
liquid biopsies (49). Thus, EVs are attractive as a minimally 
invasive disease detector and/or monitoring tool. The EV can 
pass cellular barriers without immunogenic reactions, and the 
contents of EVs can be manipulated, leading to their unique 
potential for therapeutic applications (50-52). They have the 
potential to act as vehicles for the transport of a range of sub-
stances, including pharmaceuticals, proteins, enzymes, and anti-
bodies (53, 54). Furthermore, EVs can transport both hydro-
phobic and hydrophilic molecules by embedding within the 
lipid membrane, and storing in the interior, respectively. The 
EV can be engineered to deliver short RNAs, such miRNA or 
siRNA, to suppress gene expression in recipient cells (52, 55). 
In contrast to liposomes, EVs efficiently enter other cells, and 
transfer functional cargoes with minimal immune clearance in 
vivo (56, 57). However, most animal models and preclinical 
studies for the diagnostic and therapeutic potential of EVs are 
extensively focused on cancers or neurological disease. The 
potential of EVs for clinical applications to viral diseases re-
main to be determined. Furthermore, the fundamental target-
ing/uptake mechanisms of EVs need to be revealed to improve 
the precise delivery of EVs to specific target cell for antiviral 
therapeutic approaches. 

CONCLUDING REMARKS

EVs have critical roles in viral infection and pathology. In the 
case of HIV-1, numerous studies have highlighted the pivotal 
roles of EVs in viral infection. EVs released from HIV-1 infected 
cells may play a significant role in facilitating the transmission 
of HIV-1 perpetuating inflammation by transferring viral com-
ponents. On the other hand, EV derived from uninfected va-
rious cell types including endothelial cells, CD4 T cells, and CD8 
T cells can contribute to the restriction of HIV-1 infection. 

Much technological and experimental progress has been 
made in recent years to yield valuable information regarding 
the role(s) of EV, as well as its diagnostic and therapeutic 
potential (1, 3, 17). However, further investigations are needed 
to completely understand the functional abilities of these tiny 
sacs. For example, new technological attempts are needed to 
separate EVs and virions efficiently, to study the respective func-
tions of EVs. In the case of retroviruses, including HIV-1, this 
separation is more difficult, because both EVs and retroviruses 
are comparable in size and buoyant density (58). Novel appro-
aches, such as an EV specific antigen-mediated immunoaffinity 
method, may facilitate the discrimination of EVs and virus par-
ticles. High-throughput methods to analyze nanosize particles, 
such as flow cytometry-based techniques, have already opened 
up the possibility of identifying and characterizing EVs (59).

A growing body of evidence indicates that particular cellular 
and/or viral component-containing EV are released upon viral 



 The pandemic virus HIV-1 and extracellular vesicles
Jung-Hyun Lee

339http://bmbreports.org BMB Reports

infections (60). Therefore, EVs hold great potential for thera-
peutics intervention aimed at combating viral infectious diseases. 
For example, the utilization of EVs as carriers for the targeted 
delivery of specific compounds has emerged. Achieving precise 
targeting of EVs to recipient cells will be crucial for their use as 
high-precision vehicles. Thus, future research needs to be per-
formed to unravel the detailed regulatory mechanisms of EVs. 
Despite the great clinical potential, the field of EVs still requires 
novel in vivo models integrated with advanced imaging tech-
niques to comprehensively monitor the release, trafficking routes 
and ultimate destinations of EVs within the complex organism. 
Unraveling the fundamental roles and mechanisms of EVs may 
lead to better assessment of the risk of future viral infections, 
and be translated into novel therapeutic strategies for infect-
ious diseases. 

ACKNOWLEDGEMENTS

This work was supported by the 2022 Research Fund of the 
University of Seoul.

CONFLICTS OF INTEREST

The authors have no conflicting interests.

REFERENCES

1. van Niel G, D’Angelo G and Raposo G (2018) Shedding 
light on the cell biology of extracellular vesicles. Nat Rev 
Mol Cell Biol 19, 213-228

2. Johnstone RM, Adam M, Hammond JR, Orr L and Tur-
bide C (1987) Vesicle formation during reticulocyte matu-
ration. Association of plasma membrane activities with re-
leased vesicles (exosomes). J Biol Chem 262, 9412-9420

3. Kalluri R and LeBleu VS (2020) The biology, function, and 
biomedical applications of exosomes. Science 367, eaau6977

4. MacKenzie A, Wilson HL, Kiss-Toth E et al (2001) Rapid 
secretion of interleukin-1beta by microvesicle shedding. 
Immunity 15, 825-835

5. Lai JJ, Chau ZL, Chen SY et al (2022) Exosome processing 
and characterization approaches for research and techno-
logy development. Adv Sci (Weinh) 9, e2103222

6. Alenquer M and Amorim MJ (2015) Exosome biogenesis, 
regulation, and function in viral infection. Viruses 7, 5066- 
5083

7. Meckes DG and Raab-Traub N (2011) Microvesicles and 
viral infection. J Virol 85, 12844-12854

8. Chahar HS, Bao X and Casola A (2015) Exosomes and 
their role in the life cycle and pathogenesis of RNA vi-
ruses. Viruses 7, 3204-3225

9. Ramakrishnaiah V, Thumann C, Fofana I et al (2013) Exo-
some-mediated transmission of hepatitis C virus between 
human hepatoma Huh7.5 cells. Proc Natl Acad Sci U S A 
110, 13109-13113

10. Kalamvoki M, Du T and Roizman B (2014) Cells infected 
with herpes simplex virus 1 export to uninfected cells exo-
somes containing STING, viral mRNAs, and microRNAs. 

Proc Natl Acad Sci U S A 111, E4991-E4996
11. Robbins PD and Morelli AE (2014) Regulation of immune 

responses by extracellular vesicles. Nat Rev Immunol 14, 
195-208

12. Wolf P (1967) The nature and significance of platelet 
products in human plasma. Br J Haematol 13, 269-288

13. Sims PJ, Faioni EM, Wiedmer T and Shattil SJ (1988) 
Complement proteins C5b-9 cause release of membrane 
vesicles from the platelet surface that are enriched in the 
membrane receptor for coagulation factor Va and express 
prothrombinase activity. J Biol Chem 263, 18205-18212

14. Satta N, Toti F, Feugeas O et al (1994) Monocyte vesi-
culation is a possible mechanism for dissemination of mem-
brane-associated procoagulant activities and adhesion mole-
cules after stimulation by lipopolysaccharide. J Immunol 
153, 3245-3255

15. Al-Nedawi K, Meehan B, Micallef J et al (2008) Intercel-
lular transfer of the oncogenic receptor EGFRvIII by micro-
vesicles derived from tumour cells. Nat Cell Biol 10, 619- 
624

16. Tricarico C, Clancy J and D’Souza-Schorey C (2017) Bio-
logy and biogenesis of shed microvesicles. Small GTPases 
8, 220-232

17. Mathieu M, Martin-Jaular L, Lavieu G and Théry C (2019) 
Specificities of secretion and uptake of exosomes and 
other extracellular vesicles for cell-to-cell communication. 
Nat Cell Biol 21, 9-17

18. Harding C, Heuser J and Stahl P (1984) Endocytosis and 
intracellular processing of transferrin and colloidal gold- 
transferrin in rat reticulocytes: demonstration of a pathway 
for receptor shedding. Eur J Cell Biol 35, 256-263

19. Pan BT, Teng K, Wu C, Adam M and Johnstone RM (1985) 
Electron microscopic evidence for externalization of the 
transferrin receptor in vesicular form in sheep reticulo-
cytes. J Cell Biol 101, 942-948

20. Ostrowski M, Carmo NB, Krumeich S et al (2010) Rab27a 
and Rab27b control different steps of the exosome secret-
ion pathway. Nat Cell Biol 12, 19-30

21. Jahn R and Scheller RH (2006) SNAREs--engines for mem-
brane fusion. Nat Rev Mol Cell Biol 7, 631-643

22. Trajkovic K, Hsu C, Chiantia S et al (2008) Ceramide 
triggers budding of exosome vesicles into multivesicular 
endosomes. Science 319, 1244-1247

23. Deeks SG, Overbaugh J, Phillips A and Buchbinder S 
(2015) HIV infection. Nat Rev Dis Primers 1, 15035

24. Chun TW and Fauci AS (2012) HIV reservoirs: patho-
genesis and obstacles to viral eradication and cure. AIDS 
26, 1261-1268

25. Davey RT, Bhat N, Yoder C et al (1999) HIV-1 and T cell 
dynamics after interruption of highly active antiretroviral 
therapy (HAART) in patients with a history of sustained 
viral suppression. Proc Natl Acad Sci U S A 96, 15109- 
15114

26. Khatua AK, Taylor HE, Hildreth JEK and Popik W (2009) 
Exosomes packaging APOBEC3G confer human immuno-
deficiency virus resistance to recipient cells. J Virol 83, 
512-521

27. Li YL, Langley CA, Azumaya CM et al (2023) The struc-
tural basis for HIV-1 Vif antagonism of human APOBEC3G. 
Nature 615, 728-733



The pandemic virus HIV-1 and extracellular vesicles
Jung-Hyun Lee

340 BMB Reports http://bmbreports.org

28. Dias MVS, Costa CS and daSilva LLP (2018) The ambi-
guous roles of extracellular vesicles in HIV replication and 
pathogenesis. Front Microbiol 9, 2411

29. de Carvalho JV, de Castro RO, da Silva EZM et al (2014) 
Nef neutralizes the ability of exosomes from CD4+ T cells 
to act as decoys during HIV-1 infection. PLoS ONE 9, 
e113691

30. Tumne A, Prasad VS, Chen Y et al (2009) Noncytotoxic 
suppression of human immunodeficiency virus type 1 
transcription by exosomes secreted from CD8 + T cells. J 
Virol 83, 4354-4364

31. Sun L, Wang X, Zhou Y et al (2016) Exosomes contribute 
to the transmission of anti-HIV activity from TLR3-activated 
brain microvascular endothelial cells to macrophages. 
Antiviral Res 134, 167-171

32. Guo L, Xu XQ, Zhou L et al (2018) Human intestinal 
epithelial cells release antiviral factors that inhibit HIV 
infection of macrophages. Front Immunol 9, 247

33. Näslund TI, Paquin-Proulx D, Paredes PT et al (2014) 
Exosomes from breast milk inhibit HIV-1 infection of den-
dritic cells and subsequent viral transfer to CD4+ T cells. 
AIDS 28, 171-180

34. Madison MN, Roller RJ and Okeoma CM (2014) Human 
semen contains exosomes with potent anti-HIV-1 activity. 
Retrovirology 11, 102

35. Mack M, Kleinschmidt A, Brühl H et al (2000) Transfer of 
the chemokine receptor CCR5 between cells by membrane- 
derived microparticles: a mechanism for cellular human 
immunodeficiency virus 1 infection. Nat Med 6, 769-775

36. Rozmyslowicz T, Majka M, Kijowski J et al (2003) Plat-
elet- and megakaryocyte-derived microparticles transfer 
CXCR4 receptor to CXCR4-null cells and make them sus-
ceptible to infection by X4-HIV. AIDS 17, 33-42

37. Sims B, Farrow A, Williams S et al (2017) Role of TIM-4 in 
exosome-dependent entry of HIV-1 into human immune 
cells. Int J Nanomedicine 12, 4823-4833

38. Sampey GC, Saifuddin M, Schwab A et al (2016) Exo-
somes from HIV-1-infected cells stimulate production of 
pro-inflammatory cytokines through trans-activating response 
(TAR) RNA. J Biol Chem 291, 1251-1266

39. Arakelyan A, Fitzgerald W, Zicari S, Vanpouille C and 
Margolis L (2017) Extracellular vesicles carry HIV Env and 
facilitate HIV infection of human lymphoid tissue. Sci Rep 
7, 1695

40. Muratori C, Cavallin LE, Krätzel K et al (2009) Massive 
secretion by T cells is caused by HIV Nef in infected cells 
and by Nef transfer to bystander cells. Cell Host Microbe 
6, 218-230

41. Lee JH, Wittki S, Bräu T et al (2013) HIV Nef, paxillin, and 
Pak1/2 regulate activation and secretion of TACE/ADAM10 
proteases. Mol Cell 49, 668-679

42. Jacob RA, Johnson AL, Pawlak EN et al (2017) The inter-
action between HIV-1 Nef and adaptor protein-2 reduces 
Nef-mediated CD4+ T cell apoptosis. Virology 509, 1-10

43. James CO, Huang MB, Khan M et al (2004) Extracellular 
Nef protein targets CD4+ T cells for apoptosis by inter-
acting with CXCR4 surface receptors. J Virol 78, 3099- 

3109
44. Lee JH, Ostalecki C, Zhao Z et al (2018) HIV activates the 

tyrosine kinase Hck to secrete ADAM protease-containing 
extracellular vesicles. EBioMedicine 28, 151-161

45. Lee JH, Schierer S, Blume K et al (2016) HIV-Nef and 
ADAM17-containing plasma extracellular vesicles induce 
and correlate with immune pathogenesis in chronic HIV 
infection. EBioMedicine 6, 103-113

46. Roth W, Huang M, Addae Konadu K, Powell M and Bond 
V (2015) Micro RNA in exosomes from HIV-infected ma-
crophages. Int J Environ Res Public Health 13, 32

47. Bernard MA, Zhao H, Yue SC et al (2014) Novel HIV-1 
miRNAs stimulate TNFα release in human macrophages 
via TLR8 signaling pathway. PloS One 9, e106006

48. Barile L and Vassalli G (2017) Exosomes: therapy delivery 
tools and biomarkers of diseases. Pharmacol Ther 174, 63- 
78

49. Yoshioka Y, Kosaka N, Konishi Y et al (2014) Ultra-sensi-
tive liquid biopsy of circulating extracellular vesicles using 
ExoScreen. Nat Commun 5, 3591

50. Fais S, O’Driscoll L, Borras FE et al (2016) Evidence-based 
clinical use of nanoscale extracellular vesicles in nano-
medicine. ACS Nano 10, 3886-3899

51. Ferguson SW and Nguyen J (2016) Exosomes as thera-
peutics: the implications of molecular composition and 
exosomal heterogeneity. J Control Release 228, 179-190

52. El Andaloussi S, Lakhal S, Mäger I and Wood MJA (2013) 
Exosomes for targeted siRNA delivery across biological 
barriers. Adv Drug Deliv Rev 65, 391-397

53. Agrahari V, Agrahari V and Mitra AK (2016) Nanocarrier 
fabrication and macromolecule drug delivery: challenges 
and opportunities. Ther Deliv 7, 257-278

54. Liao W, Du Y, Zhang C et al (2019) Exosomes: the next 
generation of endogenous nanomaterials for advanced 
drug delivery and therapy. Acta Biomater 86, 1-14

55. Cheng L, Sharples RA, Scicluna BJ and Hill AF (2014) 
Exosomes provide a protective and enriched source of 
miRNA for biomarker profiling compared to intracellular 
and cell-free blood. J Extracell Vesicles 3 doi: 10.3402/ 
jev.v3.23743

56. Perets N, Hertz S, London M and Offen D (2018) Intra-
nasal administration of exosomes derived from mesenchymal 
stem cells ameliorates autistic-like behaviors of BTBR mice. 
Mol Autism 9, 57

57. El-Andaloussi S, Lee Y, Lakhal-Littleton S et al (2012) 
Exosome-mediated delivery of siRNA in vitro and in vivo. 
Nat Protoc 7, 2112-2126

58. Nolte-’t Hoen E, Cremer T, Gallo RC and Margolis LB 
(2016) Extracellular vesicles and viruses: are they close 
relatives? Proc Natl Acad Sci U S A 113, 9155-9161

59. Zhang H, Freitas D, Kim HS et al (2018) Identification of 
distinct nanoparticles and subsets of extracellular vesicles 
by asymmetric flow field-flow fractionation. Nat Cell Biol 
20, 332-343

60. McNamara RP and Dittmer DP (2020) Extracellular vesi-
cles in virus infection and pathogenesis. Curr Opin Virol 
44, 129-138


