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ABSTRACT

Viruses are well known for their ability to hijack and manipulate the host cellular machinery
to ensure immune evasion, viral survival and pathogenesis. Most animal viruses exhibit
exclusive tropism and thus, infect only specific target cells. However, reports on the
existence of virions and viral components in non-target cells suggest alternative
mechanisms of viral spread. Studies on microvesicles and exosomes promise to provide
justification for the presence of viruses at unrelated cell types. Exosomes have attracted
the attention of not only cell biologists but also virologists as these vesicles can transport
and deliver bioactive information (RNA, proteins, microRNA etc. including virus specific
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components from infected cells) to unrelated cell types and have the potential to regulate
target cell function. Recent studies suggest that viruses can manipulate and hijack the
exosome biogenesis and secretory pathway to manipulate the host microenvironment,
evade immune response and increase viral accessibility. Here, we review the existing
literature on viral interference and exploitation of exosome secretory mechanisms and
correlate it with the increased virulence and spread of viruses in the host. Further, we
discuss the prospects of exosomes as emerging biomarkers for virus induced
pathology, potential of exosomes as delivery vehicles and also the new perspective to viral
mediated pathogenesis.

Keywords: Virus; immune evasion; exosomes; microRNA; biomarker.

1. INTRODUCTION

Intercellular communication is vital to the maintenance of homeostasis in metazoan. Living
organisms achieve intercellular cross talk by multiple means such as soluble factors,
adhesion molecules, tight junction, nano tubules etc. that allow communication between
unrelated cells even at a distant location [1]. Lately, secretory vesicles have gained attention
following the discovery that these were not cellular debris but small lipid-membrane bound
entities containing vital bioactive substances and having the ability to modulate other cells by
horizontal transfer of information [2]. Initial studies revealed that the secretory vesicles
contained specific functional enzymes in the same ratio as the cell of their origin [3,4]. This
helped clear the dogma that extracellular vesicles production is not just related to cell-death
and cellular membrane turnover but was a well-regulated cellular mechanism. Besides, this
opened up exciting new avenues to unravel the role of these tiny vesicles in intercellular
transport and communication either by direct fusion, endocytosis or phagocytosis by the
target cells. Specific surface receptors such as integrin may be involved for their entry in
certain cases [5], but the specificity of this mode of communication is still elusive.
Subsequent studies on their biogenesis, secretion and uptake by target cells have added to
their pivotal role in intercellular communication between unrelated cell/tissue types which
could be essential for body homeostasis under normal or pathogenic conditions [2].

1.1 Types of Secretory Vesicles

Cellular secretory vesicles can be formed by blebbing of apoptotic cells, pinching of plasma
membrane of living cell or even intracellularly in the lumen of multi vesicular bodies (MVB)
that eventually release their contents in the extracellular milieu. Due to their diverse modes
of origin, the cellular vesicles differ in size, molecular content, physical appearance; specific
marker proteins etc [6]. Accordingly, these vesicles have been named differently such as
apoptotic bodies, microvesicles and exosomes that play different role under different
physiological conditions. Interestingly, these vesicles are also named differently on the basis
of the cell of their origin. For example, those secreted by platelets are called micro particle,
while those secreted by dendritic cells are named dexosomes [6,7]. Vesicles secreted by
leucocytes have been named ectosomes [8,9]. Vesicle secretion can be constitutive or
induced by different stimuli such as heat shock, viral infection, chemokine exposure and
hypoxia, leading to membrane remodelling and vesicle shedding [6,10]. Vesicle secretion is
also perceived as an adaptive mechanism of multicellular organisms in order to adjust with
the surroundings and maintain homeostasis under ever-changing extracellular environment.
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The presence of secretory vesicles in most body fluids such as serum, saliva, breast milk,
urine, amniotic fluid etc., make them an ideal choice for minimally invasive biomarker [8,11].

1.1.1 Discovery of exosomes

Studies on reticulocytes revealed the shedding of transferrin receptors in vesicles composed
of limiting membranes of inclusion bodies [12,13]. These vesicles exhibited a density ranging
in between plasma membrane and lysosomes [14]. These intraluminal tiny vesicles were
named as “Exosomes” by Johnstone et al. [13]. Later, these were reported to be filled with
bioactive molecules such as proteins, small mRNAs, microRNAs and viral factors and were
identified as crucial mediators of intercellular signaling, immune response and carriers of
biomolecules including foreign pathogens and viruses to uninfected cells and tissue [15]
(Fig. 1).

Fig. 1. Typical content of exosomes: The exosomal membrane carries adhesion
molecules, tetraspanins, MHC molecules etc. enclosing a variety of cargo inside the

vesicle that includes mRNA, microRNA, proteins, and cell specific antigens

1.1.1.1 Biogenesis

In contrast to the microvesicles that are bigger in size (>100nm) and are shed directly from
the plasma membrane, exosomes are rather small (~30-100nm) and produced by inward
budding and pinching of the limiting membrane of endosomes giving rise to late endosomes
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with tiny intraluminal vesicles collectively called the MVB. The MVBs do not fuse with the
lysosomes and are directed to the plasma membrane to release their contents outside the
parent cell [16,17] (Fig. 2). However, very little is known about the nature of molecules and
mechanisms that regulate the biogenesis of exosomes containing MVB. Although, the
Endosomal Sorting Complex Required for Transport (ESCRT) complex has a well-
established role in docking of ubiquitinated cargo to the endosomes [18], its presence on
exosomes and role in inward budding, biogenesis or secretion of exosomes still remains
unclear. The depletion of Hepatocyte growth factor (HGF) associated tyrosine kinase, a
component of ESCRT-0 complex, was reported to reduce exosome secretion in dendritic
cells (DC) [19]. On the other hand ESCRT complex was reported to be dispensable for
ubiquitinylation of the exosomal cargo [20]. More recently, the biogenesis and secretion of
exosomes have been shown to be dependent on ceramide biosynthesis and activity of
neutral sphingomyelinase II (nSMase II) [21]. Further, microRNA secretion from the cells
was found to be dependent on nSMase II activity and ceramide production [22] that is also
reported to enhance the secretion of exosomes leading to metastasis of tumour cells
resulting in increased angiogenesis in tumour microenvironment by exosomal microRNAs
[23]. Importantly, these studies demonstrated that microRNA transported by exosomes were
functional after uptake, suggestive of the vital role that exosomes play in reprogramming of
the target cells. However, there is limiting evidence of any specific candidate molecule or
sorter associated with inclusion or exclusion of specific microRNA. Interestingly, exosomes
have been reported to carry the crucial components of the RNA-induced silencing complex
such as Argonaute2 and GW182 [24], which might influence the preferential packaging of
specific microRNA associated with them inside the lumen of MVB [25]. Though recent
studies have provided new insights into the exosome biogenesis and selective packaging,
the exact pathways and mechanisms involved in the process still remains to be delineated.
Here, we review the current understanding of crosstalk of viruses and viral proteins with the
extracellular vesicles particularly the host exosomal biogenesis and secretory pathway that
seems to play a major role in viral biogenesis, egress, spread, immune evasion and
latency [26].

1.2 Viruses and Exosome

Constantly evolving nature of viruses allows them to design and modify strategies to
overcome host immune responses, evade clearance by host system and hijack host cellular
machinery to derive maximal benefit for their own survival and spread [26]. Exosome
biogenesis and secretion pathways have also been exploited by viruses to transport
virionand viral components to far unreached body compartments as an effective cover from
the surveillance of the host immune system. Studies done on animal viruses have provided
useful information for better understanding of exosome biogenesis and mechanism of cargo
upload [27]. These secretory pathways seem to be easily hijacked by viruses for their spread
and immune suppression making it difficult to track them by the immune system [28,29]
(Table 1). Exosomes secreted by virus-infected and tumour cells have been shown to carry
functional biomolecules such as microRNAs, proteins etc., justifying the potential of
exosomes as a source of biomarkers [30]. Most data relating to virus-exosome interaction
has emerged from studies on pathophysiology of retroviruses like Human Immunodeficiency
Virus-1 (HIV-1) and members of Herpes virus family such as Human Herpes virus (HHV-6),
Herpes Simplex Virus (HSV-1) and Epstein Barr viruses (EBV).
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Fig. 2. Model of Exosome Biogenesis: Endosomes formed by inward invagination of
plasma membrane are the site of exosome biogenesis after which they either fuse

with lysosomes or exit out of the cell by fusion with plasma membrane thus releasing
their content (Exosomes) outside the cell

Table 1. Evidence of modulation of host exosomal machinery by viruses

Virus Modulation of exosomal pathway Reference
HIV-1  Enhanced Exosome biogenesis

 Trans-infection from mDC to CD4+T cells leading to
Immune suppression

 Envelope independent budding from host cell
 Transfer to non-target cells

 [40,41]

 [35]
 [30,36,37]
 [38]

HHV-6  Increases MVB biogenesis and exosome production  [49,50]
EBV  Immune suppression

 enhanced exosome biogenesis
 Virus induced tumorigenesis by

modulation of exosomal microRNA

 [52]
 [57,58]
 [62]

HSV-1  Immune suppression and Exosome mediated
enhanced infectivity

 [66]

CMV  Immune suppression  [67]
HCV  Virion budding  [68,70]
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1.2.1 Human Immunodeficiency Virus-1 (HIV-1)

1.2.1.1 Exosomes in biogenesis and transport of HIV-1

Retroviruses such as HIV-1 exhibit a striking similarity in their particle formation and
secretion with the cellular exosome biogenesis [31]. Studies on HIV-1 have suggested the
involvement of cellular exosome biogenesis pathways of macrophages and dendritic cells in
HIV-1 budding [32,33]. HIV-1 enters mature dendritc cells (mDC) via exosomes that exhibit
greater ability to capture incoming virions and maintain them in infectious form [33,34]. mDC,
in turn transfer the virions to CD4+ T cells in the lymph nodes with the help of exosomes
resulting in the depletion of CD4+ T cells and consequent immune suppression and chronic
viral persistence [35]. This strategy of HIV-1 presents an interesting example of the use of
intrinsic property of mDC to disseminate viral antigens via exosomes, without involving viral
specific cellular receptors. This role of exosomes in HIV-1 budding has endorsed the Trojan
horse hypothesis suggesting the viral exploitation of pre-existing cellular machinery for
intercellular transport [30,36,37]. In fact, the presence of HIV-1 virion in non-target organs
such as central nervous system (CNS) is also suggestive of a non-canonical mode of viral
transmission that is independent of viral specific receptors and co-receptors. This could be
mediated by HIV-1 carrying monocytes and macrophages capable of crossing the blood
brain barrier [38]. Although, these reports support an exosome-dependent and envelope-
independent mode of HIV-1 transfer, they fail to explain how the viral and host factors
regulate differential assembly of the virions on plasma membrane and on MVB.

1.2.1.2 Modulation of exosomal pathway by HIV-1 proteins

Gag, a major structural proteins as well as Nef, an accessory protein of HIV-1 have been
shown to be secreted into exosomes. Nef utilises this pathway to suppress the host immune
response by depleting CD4+ T cells - a hall mark of AIDS [39]. Further, Nefenhances its own
export by increasing the production of exosomes in the infected cells which could contribute
to egress of viral particles from the cells [40,41]. More recently, the release of Nef in
exosomes has shown to be dependent on a cellular protein called Mortalin [42]. The HIV-1
Gag protein, which is capable of forming empty viral particles without viral RNA and other
viral proteins, is also dependent on exosomal machinery for budding as indicated by co-
localisation of Gag with exosomal markers such as CD81 and CD63 [43]. Further, Gag
protein which has an endosomal localisation, co-purifies with exosomal preparations
supporting the view that both HIV-1 packaging and release could be dependent on the
exosome biogenesis pathway [44,45]. Interestingly, exosome-mediated transfer of the two
most important chemokine co-receptors CCR5 and CXCR4 is crucial for HIV-1 infection to
non-target cells such as kidney parenchymal cells or CNS [46,47] and  may explain the
mechanism of HIV-1-related kidney diseases [48]. Thus, exosomes seem to add further
complexity to HIV-1-associated disease as facilitators of both non canonical mode of HIV-1
biogenesis and its transport to non-target cells.

1.2.2 Human Herpes Virus (HHV)

Different members of this DNA virus family have been studied in detail for their interference
with the exosomal pathways. Proteomics based studies have identified alteration of protein
content, inclusion of viral specific proteins and biomolecules in exosomes from HHV infected
cells, that are potent enough to modulate host system thus contributing to disease
pathogenesis. The members of this family are discussed in subsections below.
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1.2.2.1 Human herpes virus 6 (HHV-6)

HHV-6 has been reported to increase the size of infected cells due to increased biogenesis
of MVB. The viral envelope glycoproteins co-localize with the late endosomal marker CD63
and the HHV-6 virions are reported to bud out of the cell via exosomal pathway [49]. Further,
HHV-6 infection in T cell lines is associated with increased production of exosome like
particles [50]. Thus, association of virions and their components in MVB/exosomal
biogenesis has provided fresh evidence supporting the hijacking of cellular machinery by
viruses. Besides, this gives survival advantage through viral spread and also allows viral
persistence in the lumen of vesicles insulated from lysosomal degradation.

1.2.2.1 Epstein - Barr virus

A member of the gamma herpes family, EBV has been studied in great details for its role in
MVB biogenesis, viral egress, infection to neighbouring uninfected cells and modulation of
immune response via exosomes [51]. Initial report on the immune suppression by this DNA
tumour virus suggested that its major oncoprotein, latent membrane protein-1 (LMP-1) is
secreted by the infected cells and is involved in T cell anergy of the infiltrating lymphocytes
[52]. Later, LMP-1 secretion was shown to be mediated by exosomes [53]. Incidentally,
LMP-1 is abundantly detected in blood of nasophyrangeal carcinoma (NPC) patients [54].
The association of LMP-1 with exosomal marker CD63 and its accumulation and secretion
via the intraluminal vesicles is reported to interfere with NF-B signalling [55,56] and
stimulate the secretion of more exosomes [57,58]. The exosomes from EBV-infected cells
carry enhanced levels of fibroblast growth factor-2 [59]. LMP-1 is associated with up-
regulation of proliferative, invasive and metastatic factors such as epidermal growth factor
(EGF), EGF receptor (EGFR), Cox-2, hypoxia inducible factor 1 alpha (HIF), Matrix
metallo-proteinases -9. This indicates its possible role in selective sorting of cargo into
exosomes, immune evasion and intercellular communication [58,60,61]. Interestingly, the
exosomes secreted by EBV infected B cells are also rich in viral microRNAs also known as
BART microRNAs and other signalling molecules [62]. The functional transfer of BART
microRNA to the Monocyte-derived dendritic cells (MoDC) via exosomes leads to down
regulation of CXCL11/ITAC, an immune-regulatory gene leading to immune suppression in
EBV-associated lymphomas [63].

1.2.2.3 Herpes Simplex virus (HSV)

HSV-1 infected cells are also reported to secrete vesicles known as L particles [64]. The L
particles carry viral tegument protein, viral glycoprotein and other cellular components but
without viral DNA. These particles play a key role in enhancing the infectivity/replication of
HSV-1 via transfer of the tegument protein to naïve cells [65]. HSV-1 glycoprotein (gB) has
been documented to hijack the transport of HLA-DR molecules to plasma membrane and
instead en routes them to be secreted in membrane enclosed exosomes helping the virus
escapes the host immune response [66]. Similarly, the cytomegalovirus (CMV)-infected
endothelial cells are also shown to release the CMV antigens to antigen presenting cells via
exosomes, pointing to the involvement of host secretory machinery in transporting viral
antigens to the host immune system [67].

1.2.3 Hepatitis C virus (HCV)

Indications of a crosstalk between exosomal biogenesis and HCV secretion by the infected
cells emerged from the findings that the envelope proteins E1 and E2 of HCV could
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associate with tetraspanin CD81 and released via exosomal pathway [68]. This is further
supported by the observation that the HCV assembly and virion secretion was dependent on
the hepatocyte growth factor associated tyrosine kinase-dependent exosome pathway, a
component of the ESCRT complex. The HCV structural proteins such as core and envelope
are also reported to associate with MVB, consolidating previous reports [69]. However, very
recently, a ground-breaking study by Ramakrishnaiah et al., has established that HCV
virions take up the exosomal path for their spread to uninfected hepatocytes leading to a
productive infection in naïve cells [70]. Altogether, existing reports highlight the potential role
of exosomal pathways in transfer of HCV virions to the uninfected as well as non-target cells,
resulting in spread of infection in the presence of neutralising antibodies and in absence of
specific cell surface receptors.

1.2.4 Hepatitis B virus

Although, Hepatitis B virus (HBV) has been shown to release viral antigen, surface
glycoprotein and hepatocellular carcinoma-associated microRNAs in the blood of patients in
huge amounts and proposed to be a strategy to tick the host immune system [71]. A recent
study indicated modulation of microRNA packaging in exosomes present in the sera of
chronic HBV and relatedHCC which could affect cellular apoptosis, proliferation and
molecular signalling pathways [72] however, the molecular mechanism of the same remains
to be elucidated [73]. To give an insight into exosomal modulation by HBV, our preliminary
results have also documented a concentration of growth factors and their receptors, viz.,
HGF and EGFR in exosomes secreted from HBV infected hepatocytes which may have
some viral specific implications on the neighbouring cells.

2. CONCLUSION

The present review highlights the exploitation of exosome biogenesis and secretion
pathways by viruses and speculates on possible use of exosome as source of candidate
biomarkers during viral infections. Viruses are well known for utilizing the host packaging
and secretory pathway for their own packaging and release.

It is established beyond doubt that many human viruses have evolved strategies to utilize
micro vesicular secretory pathway not only for their own packaging but also for sending out
signals that will change the host environment to support viral persistence. The unique
capacity of viruses to transfer their genetic material independent of the cognate viral
envelope or capsid not only allows them to escape the host immune surveillance but also
exposes non-target tissues and organs to viral infection in absence of the tissue specificity
conferred by the viral envelope-cell surface receptor interactions. This may be serving a
great survival advantage to the viruses to lie latent in non-target cells as well as to escape
clearance from the host system by targeted therapy and may explain the failure to
completely cure certain infections. If such a mechanism operates for most of pathogenic
viruses, a new thinking is required for developing interventional strategies against such
evasive pathogens. Additionally, identification of the exosomal receptors involved in transfer
of viruses to non-target cell should be the prime focus for intervention therapies in order to
curtail viral spread via this mode.

Engineering exosomes with specific membrane receptors for gene therapy or targeted drug
delivery is another direction in which the scientists are likely to focus in the near future. Five
members of the BART family of EBV encoded microRNAs have been identified in exosomes
both in cell culture and in plasma of NPC patients [62] that can be used as important
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biomarkers. In this regard potential of exosomes to give intracellular information needs to be
tapped and decoded for other pathogens as well (Fig. 3). However, more clinical studies are
needed in this direction to elucidate the signature contents of exosomes under various
physiological and pathological conditions to establish their usefulness as they pose immense
potential for the discovery of new minimally invasive, more effective and accurate
biomarkers.

Fig. 3. Exosomes as Biomarker and Diagnostics: Serum derived exosomes can be of
diagnostic importance in high throughput analysis

COMPETING INTERESTS

Authors have declared that no competing interests exist.

REFERENCES

1. Gerdes HH, Carvalho RN. Intercellular transfer mediated by tunneling nanotubes,
Current Opinion in Cell Biology. 2008;20:470-475.

2. Camussi G, Deregibus MC, Bruno S, Cantaluppi V, BianconeL.
Exosomes/microvesicles as a mechanism of cell-to-cell communication. Kidney Int.
2010;78:838-48.

3. Harding C, Heuser J, Stahl P. Endocytosis and intracellular processing of transferrin
and colloidal gold-transferrin in rat reticulocytes: Demonstration of a pathway for
receptor shedding. Eur J Cell Biol. 1984;35:256-63.

International Journal of Biochemistry Research & Review, 4(6): 653-665, 2014

661

biomarkers. In this regard potential of exosomes to give intracellular information needs to be
tapped and decoded for other pathogens as well (Fig. 3). However, more clinical studies are
needed in this direction to elucidate the signature contents of exosomes under various
physiological and pathological conditions to establish their usefulness as they pose immense
potential for the discovery of new minimally invasive, more effective and accurate
biomarkers.

Fig. 3. Exosomes as Biomarker and Diagnostics: Serum derived exosomes can be of
diagnostic importance in high throughput analysis

COMPETING INTERESTS

Authors have declared that no competing interests exist.

REFERENCES

1. Gerdes HH, Carvalho RN. Intercellular transfer mediated by tunneling nanotubes,
Current Opinion in Cell Biology. 2008;20:470-475.

2. Camussi G, Deregibus MC, Bruno S, Cantaluppi V, BianconeL.
Exosomes/microvesicles as a mechanism of cell-to-cell communication. Kidney Int.
2010;78:838-48.

3. Harding C, Heuser J, Stahl P. Endocytosis and intracellular processing of transferrin
and colloidal gold-transferrin in rat reticulocytes: Demonstration of a pathway for
receptor shedding. Eur J Cell Biol. 1984;35:256-63.

International Journal of Biochemistry Research & Review, 4(6): 653-665, 2014

661

biomarkers. In this regard potential of exosomes to give intracellular information needs to be
tapped and decoded for other pathogens as well (Fig. 3). However, more clinical studies are
needed in this direction to elucidate the signature contents of exosomes under various
physiological and pathological conditions to establish their usefulness as they pose immense
potential for the discovery of new minimally invasive, more effective and accurate
biomarkers.

Fig. 3. Exosomes as Biomarker and Diagnostics: Serum derived exosomes can be of
diagnostic importance in high throughput analysis

COMPETING INTERESTS

Authors have declared that no competing interests exist.

REFERENCES

1. Gerdes HH, Carvalho RN. Intercellular transfer mediated by tunneling nanotubes,
Current Opinion in Cell Biology. 2008;20:470-475.

2. Camussi G, Deregibus MC, Bruno S, Cantaluppi V, BianconeL.
Exosomes/microvesicles as a mechanism of cell-to-cell communication. Kidney Int.
2010;78:838-48.

3. Harding C, Heuser J, Stahl P. Endocytosis and intracellular processing of transferrin
and colloidal gold-transferrin in rat reticulocytes: Demonstration of a pathway for
receptor shedding. Eur J Cell Biol. 1984;35:256-63.



International Journal of Biochemistry Research & Review, 4(6): 653-665, 2014

662

4. De Broe ME, Wieme RJ, Logghe GN, Roels F. Spontaneous shedding of plasma
membrane fragments by human cells in vivo and in vitro. Clin Chim Acta.
1977;81:237-45.

5. Lösche W, Scholz T, Temmler U, Oberle V, Claus RA. Platelet-derived microvesicles
transfer tissue factor to monocytes but not to neutrophils. Platelets. 2004;15:109-15.

6. Théry C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune
responses. Nat Rev Immunol. 2009;9:581-93.

7. George JN, Thoi LL, McManus LM, Reimann TA. Isolation of human platelet
membrane microparticles from plasma and serum. Blood. 1982;60:834-40.

8. Bobrie A, Colombo M, Raposo G, Théry C. Exosome secretion: Molecular
mechanisms and roles in immune responses. Traffic. 2011;12:1659-68.

9. Hess C, Sadallah S, Hefti A, Landmann R, Schifferli JA. Ectosomes released by
human neutrophils are specialized functional units. J Immunol. 1999;163:4564-73.

10. Stoorvogel W, Kleijmeer MJ, Geuze HJ, Raposo G. The biogenesis and functions of
exosomes. Traffic. 2002;3:321-30.

11. Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, et al. Detection of microRNA
Expression in Human Peripheral Blood Microvesicles. PLoS ONE. 2008;3:e3694.

12. Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesicle formation during
reticulocyte maturation. Association of plasma membrane activities with released
vesicles (exosomes). J Biol Chem. 1987;262:9412-20.

13. Johnstone RM, Bianchini A, Teng K. Reticulocyte maturation and exosome release:
transferrin receptor containing exosomes shows multiple plasma membrane functions.
Blood. 1989;74:1844-51.

14. Blanc L, Vidal M. Reticulocyte membrane remodeling: Contribution of the exosome
pathway. CurrOpinHematol. 2010;17:177-83.

15. Anand PK. Exosomal membrane molecules are potent immune response modulators.
CommunIntegr Biol. 2010;3:405-8.

16. Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: From biogenesis and
secretion to biological function. Immunol Lett. 2006;107:102-8.

17. Izquierdo-Useros N, Puertas MC, Borràs FE, Blanco J, Martinez-Picado J. Exosomes
and retroviruses: The chicken or the egg? Cell Microbiol. 2011;13:10-7.

18. deGassart A, Géminard C, Hoekstra D, Vidal M. Exosome secretion: the art of
reutilizing nonrecycled proteins? Traffic. 2004;5:896-903.

19. Quah BJ, Barlow VP, McPhun V, Matthaei KI, Hulett MD, Parish CR. Bystander B cells
rapidly acquire antigen receptors from activated B cells by membrane transfer. Proc
Natl Acad Sci U. S. A. 2008;105:4259-64.

20. Buschow SI, Liefhebber JM, Wubbolts R, Stoorvogel W. Exosomes contain
ubiquitinated proteins. Blood Cells Mol Dis. 2005;35:398-403.

21. Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, et al. Ceramide
triggers budding of exosome vesicles into multivesicular endosomes. Science.
2008;319:1244-7.

22. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory
mechanisms and intercellular transfer of microRNAs in living cells. J Biol Chem.
2010;285:17442-52.

23. Kosaka N, Iguchi H, Hagiwara K, Yoshioka Y, Takeshita F, Ochiya T. Neutral
sphingomyelinase 2 (nSMase2)-dependent exosomal transfer of angiogenic
microRNAs regulate cancer cell metastasis. J Biol Chem. 2013;288:10849-59.

24. Gibbings DJ, Ciaudo C, Erhardt M, Voinnet O. Multivesicular bodies associate with
components of miRNA effector complexes and modulate miRNA activity. Nat Cell Biol.
2009;11:1143-9.



International Journal of Biochemistry Research & Review, 4(6): 653-665, 2014

663

25. Turchinovich A, Samatov TR, Tonevitsky AG, Burwinkel B. Circulating miRNAs: Cell-
cell communication function? Front Genet. 2014;119:PMID:23825476.

26. Wurdinger T, Gatson NN, Balaj L, Kaur B, Breakefield XO, Pegtel DM. Extracellular
vesicles and their convergence with viral pathways. AdvVirol. 2012; 2012: ID 767694.

27. Meckes DG JR, Raab-Traub N. Microvesicles and viral infection. J Virol.
2011;85:12844-54.

28. Narayanan A, Iordanskiy S, Das R, Van Duyne R, Santos S, Jaworski E, et al.
Exosomes derived from HIV-1 infected cells contain TAR RNA. J Biol Chem.
2013;20014-33.

29. Assil S, Décembre E, Dreux M. Exosomes are carriers for immunostimulatory viral
RNA. Med Sci (Paris). 2013;29:104-6.

30. Bobrie A, Théry C. Unraveling the physiological functions of exosome secretion by
tumors. Oncoimmunology. 2013;2:e22565.

31. Izquierdo-Useros N, Naranjo-Gómez M, Erkizia I, Puertas MC, Borràs FE, Blanco J, et
al. HIV and mature dendritic cells: Trojan exosomes riding the Trojan horse? PLoS
Pathog. 2010;6:e1000740.

32. Kramer B, Pelchen-Matthews A, Deneka M, Garcia E, Piguet V, Marsh M. HIV
interaction with endosomes in macrophages and dendritic cells. Blood Cells Mol Dis.
2005;35:136-42.

33. Benaroch P, Billard E, Gaudin R, Schindler M, Jouve M. HIV-1 assembly in
macrophages. Retrovirology. 2010;7:29.

34. Wu L, Kewal Ramani VN. Dendritic-cell interactions with HIV: infection and viral
dissemination. Nat Rev Immunol. 2006;6:859-68.

35. Nguyen DG, Booth A, Gould SJ, Hildreth JE. Evidence that HIV budding in primary
macrophages occurs through the exosome release pathway. J Biol Chem.
2003;278:52347-54.

36. Morita E, Sundquist WI. Retrovirus budding. Annu Rev Cell Dev Biol. 2004;20:395-
425.

37. Gould SJ, Booth AM, Hildreth JE. The Trojan exosome hypothesis. ProcNatlAcadSci
U S A. 2003;100:10592-7.

38. Kramer-Hämmerle S, Rothenaigner I, Wolff H, Bell JE, Brack-Werner R. Cells of the
central nervous system as targets and reservoirs of the human immunodeficiency
virus. Virus Res. 2005;111:194-213.

39. Lenassi M, Cagney G, Liao M, Vaupotic T, Bartholomeeusen K, Cheng Y, et al. HIV
Nef is secreted in exosomes and triggers apoptosis in bystander CD4+T cells. Traffic.
2010;11:110-22.

40. Campbell TD, Khan M, Huang MB, Bond VC, Powell MD. HIV-1 Nef protein is
secreted into vesicles that can fuse with target cells and virions. Ethn Dis. 2008;18:S2-
14-9.

41. Ali SA, Huang MB, Campbell PE, Roth WW, Campbell T, Khan M, et al. Genetic
characterization of HIV type 1 Nef-induced vesicle secretion. AIDS Res Hum
Retroviruses. 2010;26:173-92.

42. Shelton MN, Huang MB, Ali SA, Powell MD, Bond VC. Secretion modification region-
derived peptide disrupts HIV-1 Nef's interaction with mortalin and blocks virus and Nef
exosome release. J Virol. 2012;86:406-19.

43. Sakuragi J. Morphogenesis of the Infectious HIV-1 Virion. Front Microbiol. 2011;2:242.
44. Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JE, Gould SJ. Exosomes and HIV

Gag bud from endosome-like domains of the T cell plasma membrane. J Cell Biol.
2006;172:923-35.



International Journal of Biochemistry Research & Review, 4(6): 653-665, 2014

664

45. Fang Y, Wu N, Gan X, Yan W, Morrell JC, Gould SJ. Higher-order oligomerization
targets plasma membrane proteins and HIV gag to exosomes. PLoS Biol.
2007;5:e158.

46. Mack M, Kleinschmidt A, Brühl H, Klier C, Nelson PJ, Cihak J, et al. Transfer of the
chemokine receptor CCR5 between cells by membrane-derived microparticles: A
mechanism for cellular human immunodeficiency virus 1 infection. Nat Med.
2000;6:769-75.

47. Rozmyslowicz T, Majka M, Kijowski J, Murphy SL, Conover DO, Poncz M, et al.
Platelet- and megakaryocyte-derived microparticles transfer CXCR4 receptor to
CXCR4-null cells and make them susceptible to infection by X4-HIV. AIDS.
2003;17:33-42.

48. Eitner F, Cui Y, Hudkins KL, Stokes MB, Segerer S, Mack M, et al. Chemokine
receptor CCR5 and CXCR4 expression in HIV-associated kidney disease. J Am Soc
Nephrol. 2000;11:856-67.

49. Mori Y, Koike M, Moriishi E, Kawabata A, Tang H, Oyaizu H, et al. Human
herpesvirus-6 induces MVB formation, and virus egress occurs by an exosomal
release pathway. Traffic. 2008;9:1728-42.

50. Prusty BK, zurHausen H, Schmidt R, Kimmel R, de Villiers EM. Transcription of
HERV-E and HERV-E-related sequences in malignant and non-malignant human
haematopoietic cells. Virology. 2008;382:37-45.

51. Pfeffer S, Zavolan M, Grässer FA, Chien M, Russo JJ, Ju J, et al. Identification of
virus-encoded microRNAs. Science. 2004;304:734-6.

52. Dukers DF, Meij P, Vervoort MB, Vos W, Scheper RJ, Meijer CJ, et al. Direct
immunosuppressive effects of EBV-encoded latent membrane protein 1. J Immunol.
2000;165:663-70.

53. Flanagan J, Middeldorp J, Sculley T. Localization of the Epstein-Barr virus protein
LMP 1 to exosomes. J Gen Virol. 2003;84:1871-9.

54. Houali K, Wang X, Shimizu Y, Djennaoui D, Nicholls J, Fiorini S, et al. A new
diagnostic marker for secreted Epstein-Barr virus encoded LMP1and BARF1
oncoproteins in the serum and saliva of patients with nasopharyngealcarcinoma. Clin
Cancer Res. 2007;13:4993-5000.

55. Verweij FJ, van Eijndhoven MA, Hopmans ES, Vendrig T, Wurdinger T, Cahir-
McFarland E, et al. LMP1 association with CD63 in endosomes and secretion via
exosomes limits constitutive NF-κB activation. EMBO J. 2011;30:2115-29.

56. Meckes DG Jr, Shair KH, Marquitz AR, Kung CP, Edwards RH, Raab-Traub N.
Human tumor virus utilizes exosomes for intercellular communication.
ProcNatlAcadSci U S A. 2010;107:20370-5.

57. Lee JW, Liu PF, Hsu LP, Chen PR, Chang CH, Shih WL. EBV LMP-1 negatively
regulates expression and pro-apoptotic activity of Par-4 in nasopharyngeal carcinoma
cells. Cancer Lett. 2009;279:193-201.

58. Wakisaka N, Murono S, Yoshizaki T, Furukawa M, Pagano JS. Epstein-barr virus
latent membrane protein 1 induces and causes release of fibroblast growth factor-2.
Cancer Res. 2002;62:6337-44.

59. Ceccarelli S, Visco V, Raffa S, Wakisaka N, Pagano JS, Torrisi MR. Epstein-Barr virus
latent membrane protein 1 promotes concentration in multivesicular bodies of
fibroblast growth factor 2 and its release through exosomes. Int J Cancer.
2007;121:1494-506.

60. Wakisaka N, Pagano JS. Epstein-Barr virus induces invasion and metastasis factors.
Anticancer Res. 2003;23:2133-8.



International Journal of Biochemistry Research & Review, 4(6): 653-665, 2014

665

61. Meckes DG Jr, Gunawardena HP, Dekroon RM, Heaton PR, Edwards RH, Ozgur S  et
al. Modulation of B-cell exosome proteins by gamma herpesvirus infection. Proc Natl
Acad Sci U S A. 2013;110:e2925-33.

62. Gourzones C, Gelin A, Bombik I, Klibi J, Vérillaud B, Guigay J, et al. Extracellular
release and blood diffusion of BART viral micro-RNAs produced by EBV-infected
nasopharyngeal carcinoma cells. Virol J. 2010;15:271.

63. Pegtel DM, Cosmopoulos K, Thorley-Lawson DA, van Eijndhoven MA, Hopmans ES,
Lindenberg JL, et al. Functional delivery of viral miRNAs via exosomes. Proc Natl
Acad Sci U S A. 2010;107:6328-33.

64. Dargan DJ, Subak-Sharpe JH. The effect of herpes simplex virus type 1 L-particles on
virus entry, replication, and the infectivity of naked herpesvirus DNA. Virology.
1997;239:378-88.

65. Loret S, Guay G, Lippé R. Comprehensive characterization of extracellular herpes
simplex virus type 1 virions. J Virol. 2008;82:8605-18.

66. Temme S, Eis-Hübinger AM, McLellan AD, Koch N. The herpes simplex virus-1
encoded glycoprotein B diverts HLA-DR into the exosome pathway. J Immunol.
2010;184:236-43.

67. Walker JD, Maier CL, Pober JS. Cytomegalovirus-infected human endothelial cells
can stimulate allogeneic CD4+ memory T cells by releasing antigenic exosomes. J
Immunol. 2009;182:1548-59.

68. Masciopinto F, Giovani C, Campagnoli S, Galli-Stampino L, Colombatto P, Brunetto M,
et al. Association of hepatitis C virus envelope proteins with exosomes. Eur J
Immunol. 2004;34:2834-42.

69. Tamai K, Shiina M, Tanaka N, Nakano T, Yamamoto A, Kondo Y, et al. Regulation of
hepatitis C virus secretion by the Hrs-dependent exosomal pathway. Virology.
2012;422:377-85.

70. Ramakrishnaiah V, Thumann C, Fofana I, Habersetzer F, Pan Q, de Ruiter PE,
Willemsen R, et al. Exosome-mediated transmission of hepatitis C virus between
human hepatoma Huh7.5 cells. Proc Nat lAcad Sci U S A. 2013;110:13109-13.

71. Novellino L, Rossi RL, Bonino F, Cavallone D, Abrignani S, Pagani M, et al.
Circulating hepatitis B surface antigen particles carry hepatocellular microRNAs. PLoS
One. 2012;7:e31952.

72. Li H, Sun L, Chen X, Xiong W, Hu D, Jie S. Microvesicle microRNA profiles and
functional roles between chronic hepatitis B and hepatocellular carcinoma. Clin Transl
Oncol; 2013.

73. Kogure T, Lin WL, Yan IK, Braconi C, Patel T. Intercellular nanovesicle-mediated
microRNA transfer: a mechanism of environmental modulation of hepatocellular
cancer cell growth. Hepatology. 2011;54:1237-48.

_________________________________________________________________________
© 2014 Kapoor and Kumar; This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:

http://www.sciencedomain.org/review-history.php?iid=557&id=3&aid=5839


