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Influenza virus infection is a major health care concern associated with significant morbidity and mortality worldwide, and cause annual seasonal epidemics and pandemics at irregular intervals. Recent research has highlighted that viral components can be found on the extracellular vesicles (EVs) released from infected cells, implying a functional relevance of EVs with influenza virus dissemination. Therefore, exploring the role of EVs in influenza virus infection has been attracting significant attention. In this review, we will briefly introduce the biogenesis of EVs, and focus on the role of EVs in influenza virus infection, and then discuss the EVs-based influenza vaccines and the limitations of EVs studies, to further enrich and boost the development of preventative and therapeutic strategies to combat influenza virus.
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INTRODUCTION

Influenza virus, a single-stranded negative-sense RNA virus, belongs to Orthomyxoviridae family, and can infect the nasal and tracheal airways, and then spread throughout the upper and lower respiratory tract (Tumpey and Belser, 2009). Influenza virus infection usually causes various syndromes such as fever, cough, headache, body ache, runny nose and even severe pneumonia depending largely on the health status and immunologic function of the patient and virus pathogenicity. Seasonal influenza and pandemic influenza are manifestations of influenza virus infection in human beings, moreover, avian-origin influenza virus occasionally jumped species and spread to human successfully, leading to limited, non-sustained human-to-human avian influenza virus transmission, and the mortality is high (Malik et al., 2009). During the influenza season, according to statistics, 5–15% of the human population could be infected, causing 250,000–500,000 deaths a year worldwide (Ginsberg et al., 2009; Goeijenbier et al., 2014). Since 2010, 140,000–710,000 inpatients of the United States were infected with influenza viruses, and 12,000–56,000 deaths each year (McGowan et al., 2019). Most seasonal influenza virus infections are self-limiting, however, they can cause serious or fatal pulmonary dysfunction and even acute respiratory distress syndrome (ARDS) (Khatri et al., 2018). Meanwhile, the oversecretion of inflammatory cytokines (known as “cytokine storm”) induced by the immune or inflammatory response, aggravate the damage degree of ARDS, even induce many organs failures and finally raise the death risk (Tisoncik et al., 2012). Moreover, during or shortly after influenza virus infection, patients usually face increased risk of thrombosis-related cardiovascular events, such as myocardial infarction and stroke (Warren-Gash et al., 2009; Antoniak et al., 2016). Dreadfully, a new strain or variant of influenza virus might result in a pandemic with millions of fatalities.

According to the different antigenicity of the nucleoprotein (NP) and matrix protein (M), influenza viruses are usually classified into three different serotypes: influenza A virus (IAV), influenza B virus (IBV), and influenza C virus (ICV) (Zheng et al., 2020). IAV has genetically distinct subtypes based on 18 hemagglutinin (HA) and 11 neuraminidase (NA) surface glycoproteins. Some subtypes of IAV have established stable transmission profiles among birds, swine, and humans (Huo et al., 2019). In particular H5N1 and H7N9 are highly pathogenic subtypes of avian origin, and directly transmitted from birds to humans with highly contagious and widespread outbreak patterns (Li et al., 2015, 2017). H1N1 is the earliest emerging subtype with available genomic sequences, has caused several pandemics and seasonal epidemics, resulting in millions of deaths and enormous economic losses (Yin et al., 2018). Once influenza virus settle in the respiratory tract of humans, the virus can break the mucus barriers and rapidly infect the primary host cells (i.e., epithelial cells) to release the genome segments into the cell to start virus transcription and replication. First of all, influenza viruses bind to sialic acid receptor on the surface membrane of the epithelial cells using HA, and then enters into host cells via viropexis and/or receptor-mediated endocytosis process. Viropexis is the predominant metabolical activity-independent mechanism of influenza viruses attachment envelopment and the subsequent formation of virus-containing intracellular vacuoles for entry into the host cell (Patterson et al., 1979). The virus particles are encapsulated into endosomes, and transported to locations near the cell nucleus. After the viral membranes fused with endosomes, viral ribonucleoprotein complex (vRNPs) as the templates are released into the cell nucleus to synthesize messenger RNA (mRNA) and complementary RNA (cRNA) for viral translation and replication. Newly synthesized vRNPs are assembled and exported from the cell nucleus and then directed to the plasma membrane. Finally, vRNPs are incorporated into budding virions and released into extracellular environment (Keshavarz et al., 2018), and then spread to uninfected cells or local immune cells such as macrophages (MΦ), which are the principal effector cells of the innate immune system (Cypryk et al., 2016). The intercellular transfer of viral materials released from infected cells to neighboring and distant recipient cells affect virus spread and pathogenesis. Importantly, this kind of cell- cell communication can directly activate host response to influenza virus infection, and modulate the host homeostasis (Assil et al., 2015).

It was widely believed that cell-cell communication is critical for maintaining homeostasis in body under many different physiological and pathologic conditions, not just viral infection, and can be mediated by direct cell-cell contact via transferring some soluble factors including hormones, cytokines, and inflammatory mediators (Schorey and Harding, 2016). Extracellular vesicles (EVs), a heterogeneous group of natural membrane vesicle released from various cells, are found in the plasma and other body fluids, such as saliva, sputum, urine, semen, and breast milk. EVs are initially regarded as cellular waste (Kalamvoki and Deschamps, 2016; Pleet et al., 2018), however, recent research has highlighted that EVs can also as an important mediator play autocrine/paracrine role in intercellular communication (Fujita et al., 2018). EVs attach to the surface of recipient cells by means of adhesion molecules, and then release their contents (e.g., proteins, lipids, and RNAs) into cytosol of recipient cells by phagocytosis, endocytosis, and macropinocytosis or direct fusing with cell membrane (Villarroya-Beltri et al., 2014; Tkach and Théry, 2016). Currently, EVs are called by different names in many articles according to their size and biogenesis, but only three main classes of EVs have been indentified, namely exosomes, microvesicles/ectosomes and apoptotic bodies (Hessvik and Llorente, 2018; Vidal, 2019). Exosomes, <150 nm in diameter, are released into the extracellular environment after fusion of multivescular bodies (MVBs) with the plasma membrane. Nevertheless, microvesicles and apoptotic bodies, both larger than 100 nm in diameter, are directly formed by plasma membrane outward budding and then released from living and dying cells, respectively (Palmulli and van Niel, 2018).

Many in vivo infection studies have shown that an elevated concentration of blood EVs was along with infection, and viral components (e.g., proteins and genome) were found on the EVs released from infected cells, demonstrating a functional relevance of these vesicles with virus dissemination in the body during an infection (Schorey and Harding, 2016). Recently, the relationship of EVs and viral infection has also been extensively investigated, including human immunodeficiency virus (HIV), hepatitis B virus (HBV), Hepatitis C virus (HCV), human papilloma virus (HPV), Epstein-Barr virus (EBV), human T-lymphotropic virus (HTLV), and members of the herpesvirus family (Meckes, 2015; Cone et al., 2019). Studies confirmed that EVs encapsulating viral materials could stimulate host response in the absence of direct infection of cells. For example, HIV-1 accessory protein Nef targets the MAL, a tetraspanning membrane protein, and then exploits MAL-dependent passway of exosome biogenesis for hijacking exosome release into Jurkat T cells to educate quiescent T cells permissive to HIV-1 replication (Ventimiglia et al., 2015). Moreover, EVs released from virus infected cells could also interact with non-immune cells such as hepatocytes for persistent infection (Devhare et al., 2017). Based on the above, not surprisingly, viruses have evolved to hijack the biosynthetic machinery of EVs as an astute survival strategy. The sorting and release of virion or viral components have to use or require the endosomal-sorting complexes required for transport (ESCRT) pathway (Schorey and Harding, 2016), as well as exosome and other EVs, implying that there exist some similarities between viral assembly and biogenesis of EVs in host cells. The EVs carrying viral proteins and genetic material, play a significant role in viral infection (Nolte-'t et al., 2016).

In this review, we will briefly introduce the biogenesis of EVs, and focus on the role of EVs in influenza virus infection, and then discuss the EVs-based influenza vaccine and the limitations of EVs studies, to further enrich and boost the development of preventative and therapeutic strategies to combat influenza virus.



SIMILARITY IN EVs BIOGENESIS AND RELEASE OF INFLUENZA VIRUS PARTICLES

Exosomes are the smallest one of EVs with round double membrane structure in appearance (Hessvik and Llorente, 2018). As the best-characterized subclass of EVs, exosomes have been arouseing general concern and widely researched. Besides mature red blood cells, nearly all eukaryotic cells can secrete exosomes depending on their endocytic capacities (Vidal, 2019). Exosomes are the only EVs formed from internal membrane, and the biogenesis of them starts from early endosomes mature into late endosomes, and budding into intraluminal vesicles (ILVs) after encapsulating selected cargo composed of proteins, nucleic acids, and other bioactive molecules (Anderson et al., 2016). ILVs are a direct result from parts of the limiting membrane bud into the lumen of the endosome, and encapsulated into mulitivesicular bodies (MVBs) (Schöneberg et al., 2017). MVBs are fused with autophagosomes for delivering them to lysosomes, or directly fused with lysosomes where their contents can undergo degradation, or directly transported to fuse with the plasma membrane for ILVs release to extracellular environment as exosomes (Gruenberg, 2020; Kalluri and LeBleu, 2020). The above process can be regulated through ESCRT-dependent pathway or ESCRT-independent pathways (e.g., Rab GTPases, tetraspanin complexes and ceremide pathway; Tkach et al., 2018). The ESCRT machinery consists of approximately thirty proteins, and those proteins assemble into core four complexes (e.g., ESCRT-0, -I, -II, and -III) and some associated proteins (e.g., VPS4, ALIX, and VTA1), especially the ESCRT-II subunits can bind to RNA resulting in the cytoplasmic mRNA and miRNA to sort into exosomes during the biogenesis process (Kouwaki et al., 2017).

Microvesicles are also named as ectosomes or microparticles, and less known in their biogenesis process compared to exosomes. In general, microvesicles are formed by direct budding of the outward plasma membrane via ARF6 and RHOA-dependent rearrangement of the actin cytoskeleton (Li et al., 2012), and Ca2+-activated scramblases (Cocucci and Meldolesi, 2015). The formation of microvesicles seems to be affected by some other mechanisms in different cells. In cancer cells, Rab GTPases Rab5 locating at the plasma membrane of cells, might play vital roles in microvesicles biogenesis (Das et al., 2018). Rab22a and hypoxia-inducible factors (HIFs) can also regulate microvesicles formation in the cancer cells under hypoxia condition (Wang et al., 2014). The ESCRT-III Pathway participates in microvesicles formation in cardiomyocytes. Like exosomes, microvesicles can also transfer mRNA and miRNAs to recipient cells, however, the mechanisms underlying the sorting of RNAs in microvesicles biogenesis remain unclear.

Apoptotic bodies are the only EVs formed during programmed cell death (PCD) (Ståhl et al., 2019). Apoptotic bodies biogenesis starts from budding of the outward plasma membrane through apoptotic pathway. After the critical morphological changes of apoptotic cells (e.g., membrane blebbing and membrane protrusion), apoptotic bodies encapsulateing chromatin, low molecular weight RNA, glycosylated proteins, nuclear fragments and even intact mitochondria, and are ultimately released into extracellular environment as a product of apoptotic cell disassembly. Moreover, apoptotic bodies not only modulate the response of immune system, but also transfer bioactive molecules to recipient cells that represent certain signaling pathway in cell-cell communication (Hristov et al., 2004).

As described above, ESCRT machinery might contribute to the release of other types of EVs besides exosomes, because it is involved in remodeling of plasma membrance (Assil et al., 2015). To date, many studies have reported that viral assembly and EVs biogenesis share some similarities, implying that the “hijacking” behavior of viruses in host cells could be in charge of sorting the viral proteins and RNAs into EVs. HIV is a typical example, it can assemble and release from infected cells via ESCRT machinery (Schorey et al., 2015). Influenza viruses bud from the plasma membrane of host cells similar to microvesicles (Lakdawala, 2019), and the similarities of protein profile between influenza virions and microvesicles secreted by uninfected cells have been confirmed by Hutchinson and colleagues, suggesting that influenza viruses can manipulate certain pathway normally used for microvesicles formation (Hutchinson et al., 2014). However, current evidences have suggested that no core ESCRT component involved in IAV particles assembly and budding, implying influenza virus may utilize the ESCRT-independent pathways to facilitate transportation of virus particles to the plasma membrane for release (Bruce et al., 2009; Watanabe and Lamb, 2010; Alenquer and Amorim, 2015). Bruce E. A. et al. (2010) found that Rab 11 involved in the formation of virus particles of IAV by budding from the apical plasma membrane. Morphologically, the virus particles of IAV can take the shape of pleomorphic spheres or vastly elongated filaments. In the study of Bruce et al., Rab11 depletion caused defective budding, low formation of filamentous virions, and virus particles failed to pinch off from the plasma membrane, leading to virus particles apparently stalled in the process of budding. Those results suggested that Rab11 pathway was important in directing vesicular traffic, and influenza virus utilizes the Rab11 pathway for budding. Thereafter, other scholars suggested that Rab 11 was a critical host factor with an essential contribution to transport of vRNPs cargo to the plasma membrane in IAV-infected cells, revealing the potential mechanism of influenza virus genome delivery via a Rab11-dependent vesicular transport pathway (Amorim et al., 2011; Eisfeld et al., 2011). Given Rab family proteins are essential regulators of intracellular vesicle transport between different compartments and vesicle budding, especially RAB11 was the first Rab reported to be involved in exosome secretion (Colombo et al., 2014). Existing studies have shown that the Rab 11 vesicle trafficking is one of the similarities in EVs biogenesis and release of influenza virus particles, implying that influenza virus RNPs may access a Rab11-dependent vesicular transport pathway in recycling endosome (RE) that contributes to the budding of influenza virus particles via EVs secretion.



ROLE OF EVs IN HOST IMMUNE RESPONESE FOR INFLUENZA VIRUS INFECTION

During the viral infection, host innate and acquired immune responses can be activated by virus-derived products, accompanied by the recruitment and activation of eukocytes and other cells by cytokines, chemokines, and inflammatory mediators released from infected or resident immune cells, eliciting antiviral action (Schorey et al., 2015). Innate immunity provides the first line of defense and triggers pro-inflammatory responses, while adaptive immunity eliminates the viruses during the later stages of infection (Chen et al., 2018). The recognition and respones to viruses are very important for innate immune system. The viral components such as proteins, lipids, carbohydrates and genetic material, are generally defined as pathogen associated molecular patterns (PAMPs). PAMPs can bind with pattern recognition receptors (PRRs) on the plasma membrane of host cells or dendritic cells (DCs) and MΦ to induce cell-signaling cascades, culminating in the activation of innate immune response against the viruses (Kouwaki et al., 2017). PRRs include Toll-like receptors (TLRs), RIG-I-like receptors, NOD-like receptors, and C-type lectin receptors. Interestingly, viruses have evolved special strategies to evade and/or inhibit host immune responses to promote their virulence and evade immune surveillance. Influenza viruses evolved multiple ways to escape from the host immunity, for instance, some multi-functional proteins such as non-structural protein-1 (NS1) protein and PB1-F2 protein were produced to suppress innate immune signaling pathways (Chen et al., 2018). Moreover, EVs may evoke a “Trojan horse” ploy to help influenza viruses avoid the immune surveillance and favor viral entry into the recipient cells, due to their lower immunogenicity and better biocompatibility. Notably, EVs provide shelter for host and viral proteins and genome by protecting them from DNase, RNase and proteinases in extracellular environment. Some host miRNAs with function of promoting virus replication were found in EVs during influenza virus infection (Keshavarz et al., 2018). For example, miR-17-5p highly expressed in EVs derived from IAV-infected lung epithelial cells and patients' bronchoalveolar lavage fluid (BALF) can result in decreased expression of the antiviral factor Mx1 and significantly enhanced IAV replication (Scheller et al., 2019). Therefore, some scholars speculated that those miRNAs within EVs could also promote influenza virus replication in recipient cells (Keshavarz et al., 2018; Zheng et al., 2020).

In contrast, EVs also are found as an antiviral mediator participating in antiviral immunity. Virus-infected cells can release EVs with functional viral RNAs (e.g., mRNA and miRNA) to DCs and MΦ, and then the viral RNAs are internalized and recognized by PRRs to produce a large quantity of type I interferon and pro-inflammatory cytokines. For example, IAV-RNA can be recognized by TLR7 in plasmacytoid DCs (pDCs), triggering the signal to induce antiviral innate immune responses (Diebold et al., 2004). Recent studies have revealed that infected epithelial cells release EVs that specifically regulate responses of neighboring epithelial cells and immune cells to limit the virus's transmission. Liu et al. (2019) observed that hsa-miR-1975, a Y5 RNA-derived small RNA, was activated in the apoptosis process of influenza virus-infected human lung adenocarcinoma epithelial A549 cells. Subsequently, hsa-miR-1975 was delivered into neighbor cells by exosomes, and fused with other antiviral proteins or nucleotides to produce interferon, and thereby inhibited influenza virus replication when viruses invaded the recipient cells. Besides the infected cells, respiratory epithelial cells not only produce cytokines and chemokines that communicate with immune cells to activate and regulate antiviral responses (Miura, 2019), but also secrete EVs to induce the antiviral responses. Kesimer et al. (2009) firstly observed that human tracheobronchial epithelial (HTBE) cells derived exosome-like vesicles with characteristic exosomal size (30–100 nm) and morphology (cup-shaped), and multivesicular and late endosomal membrane markers Tsg101 and CD63, can neutralized influenza viruses by mean of α-2,6 linked sialic acid on the their surface which can preferentially be bound to influenza viruses, implying an antiviral role for exosomes in mucosal innate defense. Thereafter, Maemura et al. (2018) firstly examined the presence of exosomes in BALF of influenza virus-infected mice, and found the quantity of exosomes enriched miR-483-3p was increased. Those miR-483-3p-containing exosomes might mainly derived form MΦ, but not lung tissues. After exosomal miR-483-3p transfection in lung epithelial cells, the expressions of type I interferon and proinflammatory cytokine were increased by miR-483-3p targeting negative regulators of the RIG-I signaling pathway. Besides BALF, furthermore, high levels of exosomal miR-483-3p was also found in serum of influenza virus-infected mice, and high inflammatory cytokines in vascular endothelial cells (Maemura et al., 2020). Meanwhile, microparticles were found in the BALF of relatively normal subjects who underwent bronchoscopy and bronchoalveolar lavage in the study by Suptawiwat et al. (2017). Those vesicles were originated from bronchial epithelial cells and alveolar epithelial cells, and might exert their anti-influenza activity by trapping influenza virions using their surface sialic acid. The further study have shown that transformed bronchial epithelial BEAS-2B cells enriched both a-2,6- and a-2,3-linked sialic acids, and their microparticles could combat both H1N1 and H5N1, while human lung alveolar epithelial A549 cells only enriched a-2,6-linked sialic acid and their microparticles could only combat H1N1 virus (Jantaratrirat et al., 2018). Additionally, EVs from immune cells are also involved in inflammatory responses to viral infection. Huo et al. demonstrated that mast cells may support the productive replication of influenza virus such as H1N1, H5N1, and H7N2 in their previous studies, however, they observed that exosomes were preferentially secreted from H1N1 or H7N2-infected mouse mastocytoma cell in follow-up study, and speculated that those exosomes were potentially pivotal in innate immunity to fight IAV infection via triggering the robust innate immunity of cells (Huo et al., 2019).

The above findings demonstrate that EVs containing viral components are two sides of the same coin. EVs not only offer convenience to influenza virus replication and immune evasion, and also act as antigen carriers to promoting an innate and acquired immune response to control infection. This enigmatic dual roles of EVs may occur simultaneously and in dynamic balance, that seems to depend on the origin cells, recipient cells and likely many other as well as environmental factors yet undefined factors.



EVs AS AN EMERGING VACCINE CARRIERS FOR INFLUENZA VIRUS INFECTION

The occurrence of new influenza viral strains by continually antigenic variation of influenza viruses usually make them resistant to currently used antiviral drugs. Vaccination is the best prophylactic measures for combating influenza virus infection (Okamoto et al., 2018), and recommended for all residents age 6 months and older regardless of the state of their health in United States. During the 2018–2019 influenza season, in United States, the overall adjusted vaccine effectiveness (VE) against all influenza virus infection associated with medically attended ARI was 47%, and VE was 61% in children aged 6 months−17years. VE was estimated to be 74% against illness caused by H1N1, and 26% against H3N2 (Doyle et al., 2019). It is estimated that vaccination could prevent 300–4,000 deaths annually in the United States alone, however, vaccination rates remain low, only 37% of employed adults were vaccinated in 2016 (Mossad, 2018). The currently available influenza vaccines, including inactivated viral particles, M2e-based vaccine, live attenuated influenza vaccine (LAIV) and virus like particle (VLP), are effective against influenza pandemic (Keshavarz et al., 2019). LAIV and VLP vaccines can stimulate both humoral and cellular immune responses, while inactivated vaccines can only induce systemic humoral responses. With the emergence of new influenza viral strains each year, these above vaccines just can provide limited protection. Exosome-based vaccines have been regarded as a new platform as influenza vaccines which have many advantages over traditional vaccines produced in cell culture or eggs (Jungbauer, 2018). For example, avoiding glycosylation directly affect recombinant proteins immunogenicity in avian eggs or endogenous viruses in avian-derived cell lines interfere with the structure of the introduced exogenous virus, causing an allergic reaction after the vaccination. Anticoli et al. (2018) employed an exosome-based vaccine platform to elicite a cytotoxic T lymphocyte (CTL) immunity against influenza virus. Murine muscle cells were transfected with DNA vectors expressing the Nef mutant/Influenza virus A-NP (Nefmut/Flu-NP) in this subject, and the murine muscle cell-derived exosomes were purified and injected in mice can lead to a well detectable antigen-specific CD8+ T cell response associating with a cytotoxic activity potent enough to kill peptide-loaded and/ or antigen-expressing syngeneic cells, suggesting that this kind of vaccine platform was applicable for further pre-clinical and clinical investigations or applications. Schorey et al. have enumerated the potential advantages to using exosomes as vaccines in their review (Schorey et al., 2015), (1) exosomes are capable of providing a more stable conformational conditions for the proteins. (2) the ability of exosomes to circulate and reach distal organs can improve molecular biodistribution in body fluids. Thirdly, the expression of adhesion molecules on exosomes can provid a more efficient presentation to the antigen-presenting cells. (3) exosomes act one of the body's “natural” mechanisms to transpor antigens between cells, and may play a role in cross-priming. Interestingly, EVs from Gram-negative bacteria, what are now referred to as outer membrane vesicles (OMVs) (Coelho and Casadevall, 2019), have received increased attention as emerging and feasible vaccine carriers (Acevedo et al., 2014; Wang et al., 2018; Yu et al., 2018; Kis et al., 2019). Numerous studies have shown that OMV-derived vaccines could induce protective immunity against influenza viruses (Rappazzo et al., 2016; Lee et al., 2017; Watkins et al., 2017).



SUMMARY AND OUTLOOK

Overall, current evidences suggest EVs play an important role in influenza virus infection. During the process of influenza virus infection, EVs can deliver virus particles that serve as regulators of host defense and mediators of immune evasion, or that serve as antigens of innate immune receptors to stimulate host defense and immunity. Moreover, Exosomes could potentially be used as cell-free vaccines to help people prevent influenza. Many scholars suggested that EVs can not only be a source of diagnostic markers in influenza virus infection, and may also be used as a kind of cell-free therapy, for instance, isolated EVs from swine bone marrow-derived mesenchymal stem cells (MSCs) could inhibit the HA activity of influenza viruses and suppress the replication of influenza viruses (Khatri et al., 2018).

So far, however, some limitation would still affect the EVs studies. For example, nomenclature of EVs have been originated in many literature in accordance with their size, origin and functions, such as microvesicles, microparticles, exosomes, ectosomes, oncosomes, and so on (Colombo et al., 2014). Jurj and colleagues had a detailed introduces of the classification of EVs and their main characteristics (e.g., size, appearance, marker, release process, pathways, etc.) in their recently published review (Jurj et al., 2020). On the basis of the recently updated guidelines of ISEV, “EVs” was defined as the “generic term for particles naturally released from the cell that are delimited by a lipid bilayer and cannot replicate,” but not all EVs researchers agree with the nomenclature of EVs (Théry et al., 2018; Witwer and Théry, 2019). Hence, the exact meaning of EVs cannot be discerned immediately from the names' constituent parts without further explanation. Heterogeneitythe is an inevitable challenge associated with the studies of EVs, which may explain to the confusing and sometimes even conflicting results between laboratories (Suptawiwat et al., 2017; Maemura et al., 2018). Exosome and other EVs usually have various compositions and size will vary depending on their origin, donor cell culture conditions (e.g., glucose levels, fetal bovine serum, antibiotics, mycoplasma and other microbes.) and even physiological or pathological environment of donor cells or tissues including hypoxia, hyperthermia, infections, circadian rhythms, hormones, and stage of cell cycle, etc. (Burger et al., 2017; Németh et al., 2017; Gaurivaud et al., 2018; Ludwig et al., 2019; Pegtel and Gould, 2019; Kalluri and LeBleu, 2020; Zubair et al., 2020). Moreover, the existing isolation and purification technologies (e.g., ultracentrifugation, nanoscale flow cytometry, immunoprecipitation/affinity capture, Exosome Isolation Reagent, etc.) do not meet the special requirements in isolate large quantities of pure and specific EVs from mixtures of different vesicle types in cell culture medium or body fluids (McNamara and Dittmer, 2019). Notably, influenza virus particles and EVs share similarities in density, diameter, etc (McNamara and Dittmer, 2019). Thus, it is sometimes difficult to discriminate the roles of exosomes and other EVs in influenza virus infection and completely explain the specific role of EVs' subtype.

More importantly, some questions such as double-sided actions of EVs in influenza virus infection, and their role in cytokine storm frequently accompanied by ARDS, and even the stability and safety of exosome-based vaccines with foreign antigens on the recipient remain clarified. Therefore, further studies are still needed to investigate EVs composition and function during the pathogenesis process of influenza virus infection.



AUTHOR CONTRIBUTIONS

YJ, CX, and WL contributed to the conception and design of the study. YJ wrote the first draft of the manuscript. LY, HG, and JY wrote sections of the manuscript. CX proofread the manuscript. All authors contributed to manuscript revision and approved the submitted version.



FUNDING

This work was supported by the grants from a scientific research project of Sichuan Education Department of China (no. 18ZB0171), Research Project of Chengdu Medical College (CYZ17-27), Science and Technology Project of Guangdong Province (2017B090911012), and Funds of Talents for High-level University in the Construction of Guangzhou Medical University (no. B195002009025).



ACKNOWLEDGMENTS

The authors also express their sincere thanks to Mr. Zhongqiu Zhou, Mr. Xiaojun Zeng, and Ms. Zunzhen Zhou for their helpful assistance.



REFERENCES

 Acevedo, R., Fernández, S., Zayas, C., Acosta, A., Sarmiento, M. E., Ferro, V. A., et al. (2014). Bacterial outer membrane vesicles and vaccine applications. Front. Immunol. 5:121. doi: 10.3389/fimmu.2014.00121

 Alenquer, M., and Amorim, M. J. (2015). Exosome biogenesis, regulation, and function in viral infection. Viruses 7, 5066–5083. doi: 10.3390/v7092862

 Amorim, M. J., Bruce, E. A., Read, E. K., Foeglein, A., Mahen, R., Stuart, A. D., et al. (2011). A Rab11- and microtubule-dependent mechanism for cytoplasmic transport of influenza A virus viral RNA. J. Virol. 85, 4143–56. doi: 10.1128/JVI.02606-10

 Anderson, M. R., Kashanchi, F., and Jacobson, S. (2016). Exosomes in viral disease. Neurotherapeutics 13, 535–546. doi: 10.1007/s13311-016-0450-6

 Anticoli, S., Manfredi, F., Chiozzini, C., Arenaccio, C., Olivetta, E., Ferrantelli, F., et al. (2018). An exosome-based vaccine platform imparts cytotoxic t lymphocyte immunity against viral antigens. Biotechnol. J. 13:e1700443. doi: 10.1002/biot.201700443

 Antoniak, S., Tatsumi, K., Hisada, Y., Milner, J. J., Neidich, S. D., Shaver, C. M., et al. (2016). Tissue factor deficiency increases alveolar hemorrhage and death in influenza A virus-infected mice. J. Thromb. Haemost. 14, 1238–1248. doi: 10.1111/jth.13307

 Assil, S., Webster, B., and Dreux, M. (2015). Regulation of the host antiviral state by intercellular communications. Viruses 7, 4707–4733. doi: 10.3390/v7082840

 Bruce, E. A., Digard, P., and Stuart, A. D. (2010). The Rab11 pathway is required for influenza A virus budding and filament formation. J. Virol. 84, 5848–5859. doi: 10.1128/JVI.00307-10

 Bruce, E. A., Medcalf, L., Crump, C. M., Noton, S. L., Stuart, A. D., Wise, H. M., et al. (2009). Budding of filamentous and non-filamentous influenza A virus occurs via a VPS4 and VPS28-independent pathway. Virology 390, 268–278. doi: 10.1016/j.virol.2009.05.016

 Burger, D., Turner, M., Xiao, F., Munkonda, M. N., Akbari, S., and Burns, K. D. (2017). High glucose increases the formation and pro-oxidative activity of endothelial microparticles. Diabetologia 60, 1791–1800. doi: 10.1007/s00125-017-4331-2

 Chen, X., Liu, S., Goraya, M. U., Maarouf, M., Huang, S., and Chen, J. L. (2018). Host immune response to influenza a virus infection. Front. Immunol. 9:320. doi: 10.3389/fimmu.2018.00320


 Cocucci, E., and Meldolesi, J. (2015). Ectosomes and exosomes: shedding the confusion between extracellular vesicles. Trends. Cell. Biol. 25, 364–372. doi: 10.1016/j.tcb.2015.01.004

 Coelho, C., and Casadevall, A. (2019). Answers to naysayers regarding microbial extracellular vesicles. Biochem. Soc. Trans. 47, 1005–1012. doi: 10.1042/BST20180252

 Colombo, M., Raposo, G., and Théry, C. (2014). Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu. Rev. Cell. Dev. Biol. 30, 255–289. doi: 10.1146/annurev-cellbio-101512-122326

 Cone, A. S., York, S. B., and Meckes, D. G. Jr. (2019). Extracellular vesicles in epstein-barr virus pathogenesis. Curr. Clin. Microbiol. Rep. 6, 121–131. doi: 10.1007/s40588-019-00123-6

 Cypryk, W., Lorey, M., Puustinen, A., Nyman, T. A., and Matikainen, S. (2016). Proteomic and bioinformatic characterization of extracellular vesicles released from human macrophages upon influenza a virus infection. J. Proteome. Res. 16, 217–227. doi: 10.1021/acs.jproteome.6b00596

 Das, K., Prasad, R., Roy, S., Mukherjee, A., and Sen, P. (2018). The protease activated receptor2 promotes Rab5a mediated generation of pro-metastatic microvesicles. Sci. Rep. 8:7357. doi: 10.1038/s41598-018-25725-w

 Devhare, P. B., Sasaki, R., Shrivastava, S., Di Bisceglie, A. M., Ray, R., and Ray, R. B. (2017). Exosome-mediated intercellular communication between Hepatitis C virus-infected hepatocytes and hepatic stellate cells. J. Virol. 91, e02225–e02216. doi: 10.1128/JVI.02225-16

 Diebold, S. S., Kaisho, T., Hemmi, H., Akira, S., and Reis, e Sousa, C. (2004). Innate antiviral responses by means of TLR7-mediated recognition of single-stranded RNA. Science. 303, 1529–1531. doi: 10.1126/science.1093616

 Doyle, J. D., Chung, J. R., Kim, S. S., Gaglani, M., Raiyani, C., Zimmerman, R. K., et al. (2019). Interim estimates of 2018-19 seasonal influenza vaccine effectiveness - United States, February 2019. MMWR. Morb. Mortal. Wkly. Rep. 68, 135–139. doi: 10.15585/mmwr.mm6806a2

 Eisfeld, A. J., Kawakami, E., Watanabe, T., Neumann, G., and Kawaoka, Y. (2011). RAB11A is essential for transport of the influenza virus genome to the plasma membrane. J Virol. 85, 6117–26. doi: 10.1128/JVI.00378-11

 Fujita, Y., Kadota, T., Araya, J., Ochiya, T., and Kuwano, K. (2018). Extracellular vesicles: new players in lung immunity. Am. J. Respir. Cell Mol. Biol. 58, 560–565. doi: 10.1165/rcmb.2017-0293TR

 Gaurivaud, P., Ganter, S., Villard, A., Manso-Silvan, L., Chevret, D., Boulé, C., et al. (2018). Mycoplasmas are no exception to extracellular vesicles release: revisiting old concepts. PLoS ONE 13:e0208160. doi: 10.1371/journal.pone.0208160

 Ginsberg, J., Mohebbi, M. H., Patel, R. S., Brammer, L., Smolinski, M. S., and Brilliant, L. (2009). Detecting influenza epidemics using search engine query data. Nature 457, 1012–1014. doi: 10.1038/nature07634

 Goeijenbier, M., van Gorp, E. C., Van Den Brand, J. M., Stittelaar, K., Bakhtiari, K., Roelofs, J. J., et al. (2014). Activation of coagulation and tissue fibrin deposition in experimental influenza in ferrets. BMC. Microbiol. 14:134. doi: 10.1186/1471-2180-14-134

 Gruenberg, J. (2020). Life in the lumen: the multivesicular endosome. Traffic 21, 76–93. doi: 10.1111/tra.12715

 Hessvik, N. P., and Llorente, A. (2018). Current knowledge on exosome biogenesis and release. Cell. Mol. Life. Sci. 75, 193–208. doi: 10.1007/s00018-017-2595-9

 Hristov, M., Erl, W., Linder, S., and Weber, P. C. (2004). Apoptotic bodies from endothelial cells enhance the number and initiate the differentiation of human endothelial progenitor cells in vitro. Blood 104, 2761–2766. doi: 10.1182/blood-2003-10-3614

 Huo, C., Wu, H., Xiao, J., Meng, D., Zou, S., Wang, M., et al. (2019). Genomic and bioinformatic characterization of mouse mast cells (P815) upon different influenza a virus (H1N1, H5N1, and H7N2) infections. Front. Genet. 10:595. doi: 10.3389/fgene.2019.00595

 Hutchinson, E. C., Charles, P. D., Hester, S. S., Thomas, B., Trudgian, D., Martínez-Alonso, M., et al. (2014). Conserved and host-specific features of influenza virion architecture. Nat. Commun. 5:4816. doi: 10.1038/ncomms5816

 Jantaratrirat, S., Boonarkart, C., Ruangrung, K., Suptawiwat, O., and Auewarakul, P. (2018). Microparticle release from cell lines and its anti influenza activity. Viral. Immunol. 31, 447–456. doi: 10.1089/vim.2017.0201

 Jungbauer, A. (2018). Exosomes enter vaccine development: strategies meeting global challenges of emerging infections. Biotechnol. J. 13:e1700749. doi: 10.1002/biot.201700749

 Jurj, A., Zanoaga, O., Braicu, C., Lazar, V., Tomuleasa, C., Irimie, A., et al. (2020). A comprehensive picture of extracellular vesicles and their contents. Mol. Transfer Cancer Cells Cancers (Basel). 12:298. doi: 10.3390/cancers12020298

 Kalamvoki, M., and Deschamps, T. (2016). Extracellular vesicles during Herpes Simplex Virus type 1 infection: an inquire. Virol. J. 13:63. doi: 10.1186/s12985-016-0518-2

 Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

 Keshavarz, M., Dianat-Moghadam, H., Sofiani, V. H., Karimzadeh, M., Zargar, M., Moghoofei, M., et al. (2018). miRNA-based strategy for modulation of influenza A virus infection. Epigenomics 10, 829–844. doi: 10.2217/epi-2017-0170

 Keshavarz, M., Mirzaei, H., Salemi, M., Momeni, F., Mousavi, M. J., Sadeghalvad, M., et al. (2019). Influenza vaccine: where are we and where do we go? Rev. Med. Virol. 29:e2014. doi: 10.1002/rmv.2014

 Kesimer, M., Scull, M., Brighton, B., DeMaria, G., Burns, K., O'Neal, W., et al. (2009). Characterization of exosome-like vesicles released from human tracheobronchial ciliated epithelium: a possible role in innate defense. FASEB. J. 23, 1858–1868. doi: 10.1096/fj.08-119131

 Khatri, M., Richardson, L. A., and Meulia, T. (2018). Mesenchymal stem cell-derived extracellular vesicles attenuate influenza virus-induced acute lung injury in a pig model. Stem. Cell. Res. Ther. 9:17. doi: 10.1186/s13287-018-0774-8

 Kis, Z., Shattock, R., Shah, N., and Kontoravdi, C. (2019). Emerging technologies for low-cost, rapid vaccine manufacture. Biotechnol. J. 14:e1800376. doi: 10.1002/biot.201800376

 Kouwaki, T., Okamoto, M., Tsukamoto, H., Fukushima, Y., and Oshiumi, H. (2017). Extracellular vesicles deliver host and virus rna and regulate innate immune response. Int. J. Mol. Sci. 18:666. doi: 10.3390/ijms18030666

 Lakdawala, S. S. (2019). mSphere of influence: redefining an influenza virus-how different are influenza viruses and extracellular vesicles? mSphere 4, e00563–e00519. doi: 10.1128/mSphere.00563-19

 Lee, T. Y., Kim, C. U., Bae, E. H., Seo, S. H., Jeong, D. G., Yoon, S. W., et al. (2017). Outer membrane vesicles harboring modified lipid A moiety augment the efficacy of an influenza vaccine exhibiting reduced endotoxicity in a mouse model. Vaccine 35, 586–595. doi: 10.1016/j.vaccine.2016.12.025

 Li, B., Antonyak, M. A., Zhang, J., and Cerione, R. A. (2012). RhoA triggers a specific signaling pathway that generates transforming microvesicles in cancer cells. Oncogene 31, 4740–4749. doi: 10.1038/onc.2011.636

 Li, J., Rao, Y., Sun, Q., Wu, X., Jin, J., Bi, Y., et al. (2015). Identification of climate factors related to human infection with avian influenza A H7N9 and H5N1 viruses in China. Sci. Rep. 5, 18094. doi: 10.1038/srep18094

 Li, Z., Fu, Y., Liao, M., and Li, Y. (2017). Biosensing methods for the detection of highly pathogenic avian influenza H5N1 and H7N9 viruses. Anal. Methods 9, 5238–5248. doi: 10.1039/C7AY01585B

 Liu, Y. M., Tseng, C. H., Chen, Y. C., Yu, W. Y., Ho, M. Y., Ho, C. Y., et al. (2019). Exosome-delivered and Y RNA-derived small RNA suppresses influenza virus replication. J. Biomed. Sci. 26:58. doi: 10.1186/s12929-019-0553-6

 Ludwig, N., Whiteside, T. L., and Reichert, T. E. (2019). Challenges in exosome isolation and analysis in health and disease. Int. J. Mol. Sci. 20:4684. doi: 10.3390/ijms20194684

 Maemura, T., Fukuyama, S., and Kawaoka, Y. (2020). High levels of miR-483-3p are present in serum exosomes upon infection of mice with highly pathogenic avian influenza virus. Front. Microbiol. 11:144. doi: 10.3389/fmicb.2020.00144

 Maemura, T., Fukuyama, S., Sugita, Y., Lopes, T. J. S., Nakao, T., Noda, T., et al. (2018). Lung-derived exosomal miR-483-3p regulates the innate immune response to influenza virus infection. J. Infect. Dis. 217, 1372–1382. doi: 10.1093/infdis/jiy035

 Malik, P., J. S. (2009). Avian influenza viruses in humans. Rev. Sci. Tech. 28, 161–173. doi: 10.20506/rst.28.1.1871

 McGowan, C. J., Biggerstaff, M., Johansson, M., Apfeldorf, K. M., Ben-Nun, M., Brooks, L., et al. (2019). Collaborative efforts to forecast seasonal influenza in the United States, 2015-2016. Sci. Rep. 9:683. doi: 10.1038/s41598-018-36361-9

 McNamara, R. P., and Dittmer, D. P. (2019). Modern techniques for the isolation of extracellular vesicles and viruses. J. Neuroimmune. Pharmacol. doi: 10.1007/s11481-019-09874-x. [Epub ahead of print].

 Meckes, D. G. Jr. (2015). Exosomal communication goes viral. J. Virol. 89, 5200–5203. doi: 10.1128/JVI.02470-14

 Miura, T. A. (2019). Respiratory epithelial cells as master communicators during viral infections. Curr. Clin. Microbiol. Rep. 6, 10–17. doi: 10.1007/s40588-019-0111-8

 Mossad, S. B. (2018). Influenza update 2018-2019: 100 years after the great pandemic. Cleve. Clin. J. Med. 85, 861–869. doi: 10.3949/ccjm.85a.18095

 Németh, A., Orgovan, N., Sódar, B. W., Osteikoetxea, X., Pálóczi, K., Szabó-Taylor, K. É., et al. (2017). Antibiotic-induced release of small extracellular vesicles (exosomes) with surface-associated DNA. Sci. Rep. 7:8202. doi: 10.1038/s41598-017-08392-1

 Nolte-'t, H. E., Cremer, T., Gallo, R. C., and Margolis, L. B. (2016). Extracellular vesicles and viruses: Are they close relatives? Proc. Natl. Acad. Sci. U S A. 113, 9155–9161. doi: 10.1073/pnas.1605146113

 Okamoto, M., Fukushima, Y., Kouwaki, T., Daito, T., Kohara, M., Kida, H., et al. (2018). MicroRNA-451a in extracellular, blood-resident vesicles attenuates macrophage and dendritic cell responses to influenza whole-virus vaccine. J. Biol. Chem. 293, 18585–18600. doi: 10.1074/jbc.RA118.003862

 Palmulli, R., and van Niel, G. (2018). To be or not to be... secreted as exosomes, a balance finely tuned by the mechanisms of biogenesis. Essays. Biochem. 62, 177–191. doi: 10.1042/EBC20170076

 Patterson, S., Oxford, J. S., and Dourmashkin, R. R. (1979). Studies on the mechanism of influenza virus entry into cells. J. Gen. Virol. 43, 223-229. doi: 10.1099/0022-1317-43-1-223

 Pegtel, D. M., and Gould, S. J. (2019). Exosomes. Annu. Rev. Biochem. 88, 487–514. doi: 10.1146/annurev-biochem-013118-111902

 Pleet, M. L., Branscome, H., DeMarino, C., Pinto, D. O., Zadeh, M. A., Rodriguez, M., et al. (2018). Autophagy, EVs, and infections: a perfect question for a perfect time. Front. Cell. Infect. Microbiol. 8:362. doi: 10.3389/fcimb.2018.00362

 Rappazzo, C. G., Watkins, H. C., Guarino, C. M., Chau, A., Lopez, J. L., DeLisa, M. P., et al. (2016). Recombinant M2e outer membrane vesicle vaccines protect against lethal influenza A challenge in BALB/c mice. Vaccine 34, 1252–1258. doi: 10.1016/j.vaccine.2016.01.028

 Scheller, N., Herold, S., Kellner, R., Bertrams, W., Jung, A. L., Janga, H., et al. (2019). Proviral MicroRNAs detected in extracellular vesicles from bronchoalveolar lavage fluid of patients with influenza virus-induced acute respiratory distress syndrome. J. Infect. Dis. 219, 540–543. doi: 10.1093/infdis/jiy554

 Schöneberg, J., Lee, I. H., Iwasa, J. H., and Hurley, J. H. (2017). Reverse-topology membrane scission by the ESCRT proteins. Nat. Rev. Mol. Cell. Biol. 18, 5–17. doi: 10.1038/nrm.2016.121

 Schorey, J. S., Cheng, Y., Singh, P. P., and Smith, V. L. (2015). Exosomes and other extracellular vesicles in host-pathogen interactions. EMBO. Rep. 16, 24–43. doi: 10.15252/embr.201439363

 Schorey, J. S., and Harding, C. V. (2016). Extracellular vesicles and infectious diseases: new complexity to an old story. J. Clin. Invest. 26, 1181–1189. doi: 10.1172/JCI81132

 Ståhl, A. L., Johansson, K., Mossberg, M., Kahn, R., and Karpman, D. (2019). Exosomes and microvesicles in normal physiology, pathophysiology, and renal diseases. Pediatr. Nephrol. 34, 11–30. doi: 10.1007/s00467-017-3816-z

 Suptawiwat, O., Ruangrung, K., Boonarkart, C., Puthavathana, P., Maneechotesuwan, K., Charngkaew, K., et al. (2017). Microparticle and anti-influenza activity in human respiratory secretion. PLoS ONE 12:e0183717. doi: 10.1371/journal.pone.0183717

 Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the international society for extracellular vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 7:1535750. doi: 10.1080/20013078.2018.1461450

 Tisoncik, J. R., Korth, M. J., Simmons, C. P., Farrar, J., Martin, T. R., and Katze, M. G. (2012). Into the eye of the cytokine storm. Microbiol Mol Biol Rev. 76, 16-32. doi: 10.1128/MMBR.05015-11

 Tkach, M., Kowal, J., and Théry, C. (2018). Why the need and how to approach the functional diversity of extracellular vesicles. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 373:0479. doi: 10.1098/rstb.2016.0479

 Tkach, M., and Théry, C. (2016). Communication by extracellular vesicles: where we are and where we need to go. Cell 164, 1226–1232. doi: 10.1016/j.cell.2016.01.043

 Tumpey, T. M., and Belser, J. A. (2009). Resurrected pandemic influenza viruses. Annu. Rev. Microbiol. 63, 79–98. doi: 10.1146/annurev.micro.091208.073359

 Ventimiglia, L. N., Fernández-Martín, L., Martínez-Alonso, E., Antón, O. M., Guerra, M., Martínez-Menárguez, J. A., et al. (2015). Cutting edge: regulation of exosome secretion by the integral MAL protein in T cells. J. Immunol. 195, 810–814. doi: 10.4049/jimmunol.1500891

 Vidal, M. (2019). Exosomes: revisiting their role as “garbage bags”. Traffic 20, 815–828. doi: 10.1111/tra.12687

 Villarroya-Beltri, C., Baixauli, F., Gutiérrez-Vázquez, C., Sánchez-Madrid, F., and Mittelbrunn, M. (2014). Sorting it out: regulation of exosome loading. Semin Cancer Biol. 28, 3–13. doi: 10.1016/j.semcancer.2014.04.009

 Wang, T., Gilkes, D. M., Takano, N., Xiang, L., Luo, W., Bishop, C. J., et al. (2014). Hypoxia-inducible factors and RAB22A mediate formation of microvesicles that stimulate breast cancer invasion and metastasis. Proc. Natl. Acad. Sci. U.S.A. 111, E3234–E3242. doi: 10.1073/pnas.1410041111

 Wang, X., Thompson, C. D., Weidenmaier, C., and Lee, J. C. (2018). Release of Staphylococcus aureus extracellular vesicles and their application as a vaccine platform. Nat. Commun. 9:1379. doi: 10.1038/s41467-018-03847-z

 Warren-Gash, C., Smeeth, L., and Hayward, A. C. (2009). Influenza as a trigger for acute myocardial infarction or death from cardiovascular disease: a systematic review. Lancet. Infect. Dis. 9, 601–610. doi: 10.1016/S1473-3099(09)70233-6

 Watanabe, R., and Lamb, R. A. (2010). Influenza virus budding does not require a functional AAA+ ATPase, VPS4. Virus. Res. 153, 58–63. doi: 10.1016/j.virusres.2010.07.006

 Watkins, H. C., Rappazzo, C. G., Higgins, J. S., Sun, X., Brock, N., Chau, A., et al. (2017). Safe recombinant outer membrane vesicles that display M2e elicit heterologous influenza protection. Mol. Ther. 25, 989–1002. doi: 10.1016/j.ymthe.2017.01.010

 Witwer, K. W., and Théry, C. (2019). Extracellular vesicles or exosomes? On primacy, precision, and popularity influencing a choice of nomenclature. J. Extracell. Vesicles 8:1648167. doi: 10.1080/20013078.2019.1648167

 Yin, R., Tran, V. H., Zhou, X., Zheng, J., and Kwoh, C. K. (2018). Predicting antigenic variants of H1N1 influenza virus based on epidemics and pandemics using a stacking model. PLoS ONE 13:e0207777. doi: 10.1371/journal.pone.0207777

 Yu, Y. J., Wang, X. H., and Fan, G. C. (2018). Versatile effects of bacterium-released membrane vesicles on mammalian cells and infectious/inflammatory diseases. Acta. Pharmacol. Sin. 39, 514–533. doi: 10.1038/aps.2017.82

 Zheng, B., Zhou, J., and Wang, H. (2020). Host microRNAs and exosomes that modulate influenza virus infection. Virus. Res. 279:197885. doi: 10.1016/j.virusres.2020.197885

 Zubair, M., Khan, F. A., Menghwar, H., Faisal, M., Ashraf, M., Rasheed, M. A., et al. (2020). Progresses on bacterial secretomes enlighten research on Mycoplasma secretome. Microb. Pathog. 2020:104160. doi: 10.1016/j.micpath.2020.104160

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Jiang, Cai, Yao, Guo, Yin, Leung and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







OPS/images/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Role of Extracellular Vesicles in Influenza Virus Infection



		Introduction



		Similarity in EVs Biogenesis and Release of Influenza Virus Particles



		Role of EVs in Host Immune Responese for Influenza Virus Infection



		EVs as an Emerging Vaccine Carriers for Influenza Virus Infection



		Summary and Outlook



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Role of Extracellular Vesicles in
Influenza Virus Infection





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





