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Viruses are obligate parasites that depend on the host cell machinery for their replication and dissemination. Cellular lipids play a central role in multiple stages of the viral life cycle such as entry, replication, morphogenesis, and egress. Most viruses reorganize the host cell membranes for the establishment of viral replication complex. These specialized structures allow the segregation of replicating viral RNA from ribosomes and protect it from host nucleases. They also facilitate localized enrichment of cellular components required for viral replication and assembly. The specific composition of the lipid membrane governs its ability to form negative or positive curvature and possess a rigid or flexible form, which is crucial for membrane rearrangement and establishment of viral replication complexes. In this review, we highlight how different viruses manipulate host lipid transfer proteins and harness their functions to enrich different membrane compartments with specific lipids in order to facilitate multiple aspects of the viral life cycle.
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INTRODUCTION

Biomolecules are the basic building block of life. Lipids are non-polar biomolecules that can be classified functionally into structural components of the cell (ex: phospholipids), energy storage molecules (ex: triglycerides), and signaling molecules (ex: steroid hormones). Lipid bilayers serve as limiting membranes of different cellular compartments that define their spatial limits and allows regulated exchanges between them. The specific lipid composition of the membranes dictates their functions, and intracellular lipid trafficking machinery helps in tailoring the unique composition of lipid membrane.

Viruses being obligate parasites are dependent on the host cell machinery for their replication and dissemination. Apart from being an integral part of the virus particle, cellular lipids play a central role in multiple stages of the viral life cycle. This includes: (i) binding and entry of the virus particle into the host cells by fusion of viral envelopes with cellular membranes, (ii) reorganization of host cell membranes for the establishment of viral replication compartments, and (iii) utilization of host lipid membranes and platforms for envelopment and egress of nascent virions (Zilversmit, 1983; Holthuis and Levine, 2005). Thus many viruses target host lipid synthesis and signaling to enrich the intracellular environment with lipids and promote membrane reorganization (Murillo et al., 2015). Viruses modulate host lipid signaling, trafficking, and synthesis to benefit the viral life cycle. In this review, we will discuss how the viruses manipulate the host lipid transfer proteins and harness their functions to facilitate multiple aspects of the viral life cycle and also highlight the importance of targeting host-lipid transfer proteins as an avenue for developing therapeutic strategies against viral infection.



LIPID TRANSFER PROTEINS (LTPS)

Inter-and intra-cellular transportation of lipids is mediated by two distinct processes such as vesicular and non-vesicular mediated lipid transport. Cells usually prefer a non-vesicular mediated mode of lipid transfer for intracellular trafficking because unlike the vesicular process it is energy efficient and does not require cytoskeletal reorganization and complex signaling cascades (Das and Nozaki, 2018). Non-vesicular lipid transfer involves the exchange of monomeric lipids between the intracellular membranes and organelles. There are three mechanisms involved in non-vesicular lipid transport: monomeric lipid exchange, lateral diffusion and trans bilayer flip–flop. Lipid transfer proteins (LTPs) mediate monomeric lipid exchange by transferring a lipid to the acceptor membrane in exchange with a lipid of the acceptor membrane (Sleight, 1987; van Meer, 1989). Lateral diffusion occurs in the lateral plane of membrane bilayer usually occurring between membranes that are connected by membrane bridges (Sleight, 1987; Sprong et al., 2001). Trans bilayer flip–flop movement of lipids is spontaneous or mediated by proteins such as flippases and translocases (Perkins et al., 1997; Lev, 2006). Trans bilayer flip–flop movement does not majorly contribute to lipid transport between organelles but may indirectly influence inter-organelle lipid transport by other means (Chiapparino et al., 2016).

Lipid transfer proteins are a class of highly conserved proteins that facilitate the non-vesicular transfer of lipids from one organelle to another (Chiapparino et al., 2016; Wong et al., 2019). Around 125 genes in the human genome encode for the 10 different classes of LTP’s expressed in different human tissues (Chiapparino et al., 2016). The distinction of each family is based on the structural fold of their water-soluble and globular lipid transfer domain (LTD). Each family has LTDs comprising of either α-helices, β-sheets, or both. Lipids are accommodated inside a tunnel-shaped deep hydrophobic or amphiphilic cavity in the LTDs, which provides a hydrophobic environment to the non-polar group of the lipids (Wong et al., 2019). A flexible motif referred to as a “lid” or a “cap” often blocks the cavity entrance, and sterically disables the dissociation of the bound lipid ligand (Chiapparino et al., 2016). The ligand-binding specificity is created by a series of polar groups on the ligands such as the head groups of glycosphingolipids (GSLs) that engage in interim molecular hydrogen bonding to the LTD residues in the interior of the cavity (Malinina et al., 2004; Kudo et al., 2008). Targeting of LTPs to specific subcellular membranes often requires the integration of multiple low-affinity interactions. LTPs not only promote non-vesicular transfer of lipids between cellular organelles but also contribute in inter-organelle membrane tethering mechanisms by facilitating the formation of membrane contact sites (MCSs) (Hanada et al., 2003; D’Angelo et al., 2007, 2013; Mesmin et al., 2013). Through this function, the LTPs link the endoplasmic reticulum (ER), a major site of cellular lipid biogenesis to other organelles like Golgi-apparatus, Mitochondria, and Plasma membrane (Achleitner et al., 1999; Csordás et al., 2006; Elbaz and Schuldiner, 2011; Helle et al., 2013; Maeda et al., 2013). Both spontaneous and LTP mediated routes of lipid transfer are functional at MCS. The MCS not only facilitates the transport of lipids but also contributes to non-vesicular transfer and exchange of different metabolites/ions such as calcium ions between the cellular organelles (Levine and Munro, 2002; Wong et al., 2018; Peretti et al., 2020). MCS is composed of proteins involved in lipid biosynthesis and signaling and is stabilized through protein–protein or protein–lipid interactions between the opposing membranes (Giorgi et al., 2009; Lebiedzinska et al., 2009; Lev, 2010). The proximity between donor and acceptor membrane that occurs at MCSs reduces the diffusion distance of LTPs and accelerates the intermembrane lipid transfer (Peretti et al., 2020). For further details on LTPs, we suggest referring to many elaborate reviews published on this subject (Zilversmit, 1983; Holthuis and Levine, 2005; Lev, 2006; Elbaz and Schuldiner, 2011; Chiapparino et al., 2016; Hanada, 2018; Wong et al., 2019).

In this review, we briefly discuss about: (i) LTPs that have been implicated to play a vital role in the life cycle of animal viruses, (ii) Functional role of LTPs in the life cycle of these viruses and how viruses exploit them for their production and dissemination, and (iii) Targeting LTPs for therapeutic purpose and development of potential antiviral agents.


Oxysterol-Binding Protein (OSBP) Related Proteins (ORPs)

Oxysterol-binding protein (OSBP) is a major representative member of the ORP family. All the ORPs contain a core OSBP-related domain (ORD). ORPs can bind sterols, however, some ORPs may preferentially bind to other lipids (Suchanek et al., 2007). Many ORPs also contain PH (Pleckstrin homology) domain that specifically binds to phosphatidylinositol-4-phosphate (PI4P), and FFAT [two phenylalanines (FF) in an acidic tract] motif that binds to the ER-resident VAMP-associated protein A (VAP-A) (Figure 1). Localization of ORPs is dynamic and oxysterol binding changes the subcellular localization of certain ORPs from the cytosol to the Golgi or ER (Ridgway et al., 1992). Although many ORPs can specifically bind to PI4P through the PH domain, some ORPs also bind to other phosphoinositides (Wong et al., 2019). OSBP can bind to both cholesterol and 25-hydroxycholesterol. Sterol transfer by OSBP is a cyclic process and involves the exchange of sterol from the ER with PI4P in opposing membranes (Ghai et al., 2017). The presence of PI4P on the donor membranes can stimulate OSBP activity (Ridgway et al., 1992). Loading/unloading of sterols into the LTD of OSBP modulates the opening and closing of the hydrophobic channel in LTD (Kwon et al., 2009).
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FIGURE 1. Schematic illustration of the protein domains in the respective lipid transfer proteins. The (red boxes) represent the Pleckstrin homology domain (PH domain) which binds to phosphatidylinositol-4-phosphate (PI4P) that is commonly present in OSBP, CERT, and FAPP. The FFAT motif which promotes interaction with ER-resident VAP proteins is represented in (green box) is present in OSBP, CERT, and STARD proteins. STEROL binding domain (dark yellow box), START domain (navy blue box), GLTP domain (gray box), and SMP domain (purple box) represents the characteristic lipid-binding domains specific for the individual LTPs. START proteins also have a multifunctional MENTAL domain (violet box) that binds to cholesterol. The E-Syts transfers glycerophospholipids through its mitochondrial-lipid-binding protein domain (SMP) (purple box). The E-Syts protein has a variable number of C2 domains (pine green boxes) which is responsible for Ca2+/phospholipid binding and protein–protein interactions. NPC1 has a cholesterol binding domain NTD (brown box), sterol sensing domain (SSD) (bottle green box) and a Cystine rich C terminal domain (dark gray box). Unlike NPC1, NPC2 consists of a signal peptide (butter yellow box) sensor and Proline rich domain (sapphire blue box). The proline rich domain is represented in (light blue box). The PITD of Nir2 is represented in (pink box) whereas LNS2 is represented as (teal colored box) (Created with BioRender.com).




START (StAR-Related Lipid-Transfer) Domain Proteins

The steroidogenic acute regulatory protein (StAR)-related lipid transfer (START) domain is a protein domain spanning ∼210 residues that binds to lipids such as sterols (Ponting and Aravind, 1999). Fifteen mammalian proteins (STARD 1-15) have been identified to contain START domains (Alpy and Tomasetto, 2005) (Figure 1). The STARD1/D3 subfamily facilitates cholesterol transfer, STARD4/D5/D6 subfamily can bind to both cholesterol and oxysterol, STARD2/D7/D10/D11 subfamily facilitates the transfer of phospholipids and sphingolipids. The lipid ligands for other STARD family subgroups are currently unknown (Alpy and Tomasetto, 2005). STARD1 (also known as StAR) is a mitochondrial cholesterol carrier and facilitates cholesterol transfers from liposomes to mitochondria (Kallen et al., 1998). STARD3 (also known as metastatic lymph node 64, MLN64) plays a central role in the redistribution of cholesterol between the ER and endosomes (Soccio and Breslow, 2003). STARD3 anchored to the endosomal membrane interacts via its FFAT motif with the ER-resident VAPs (A and B) and MOSPD2 (motile sperm domain-containing 2) a VAP homolog protein to create the ER/endosomal contact sites. STARD3 captures cholesterol via its MENTAL domain (Figure 1) in the late endosome membranes, which are subsequently extracted by its cytoplasmic START domain and transferred to the receptor membrane in the cytosol (Alpy and Tomasetto, 2005). STARD 11 is commonly known as ceramide transfer protein (CERT), is involved in the transfer of ceramide, and N-acylated form of sphingosine, which serves as a key intermediate in the synthesis of sphingomyelin (SM), the plasma membrane sphingolipid, and various species of GSLs (Chiapparino et al., 2016). Sphingolipids are major components of lipid rafts and are required for the synthesis of signaling molecules such as sphingosine and sphingosine-1-phosphate (SIP) that play a vital role in cell signaling and physiology (Yamaji and Hanada, 2015). Ceramide synthesis takes place in the ER and transported to Golgi for further processing and subsequently distributed to various organelles. CERT is composed of three domains, N-terminal PH domain, C-terminal START domain, and a MR (middle region) domain (Fukasawa et al., 1999; Hanada et al., 2003; Yamaji and Hanada, 2014) (Figure 1). PH domain preferentially binds to PI4Pand plays a vital role in the localization of CERT to various membrane compartments (De Matteis et al., 2005). START domain of CERT specifically extracts ceramide and facilitates the transfer of ceramide between juxtaposing membranes (Hanada et al., 2003; Kumagai et al., 2005). Apart from these two domains, CERT also contains FFAT motif that interacts with the cytosolic region of the ER-resident VAP-A and VAP-B (Murphy and Levine, 2016) (Figure 1).



Niemann-Pick Type C1 and C2 (NPC1 and NPC2) Proteins

Niemann Pick C (NPC) disease is an autosomal recessive disorder that exhibits impaired neuronal and visceral cell trafficking of cholesterol and other lipids, including glycolipids. Due to defect in the transport of cholesterol from the endosomal/lysosomal compartments the mutant cells exhibit accumulation of lipids in the late endosomes and lysosomes. NPC1 and NPC2 co-ordinate to export cholesterol from endosomal/lysosomal compartments. NPC1 is a membrane glycoprotein that resides primarily in the late endosomes and transiently localizes to lysosomes and TGN (Higgins et al., 1999; Neufeld et al., 1999; Patel et al., 1999). NPC1 contains 13 transmembrane domains, 3 large luminal hydrophilic loops, and a cytoplasmic tail (Kobayashi et al., 1999). Transmembrane domains 3–7 comprise the Sterol-Sensing Domain (SSD) of NPC1 (Long et al., 2020) (Figure 1). Along with SSD, NPC1 also has an MD-2-related lipid-recognition (ML) domain (Munkacsi et al., 2007). NPC2 is a soluble protein that binds to unesterified cholesterol and ML domain of NPC1 and transfers cholesterol to the N-terminal domain (NTD) of NPC1 (Li et al., 2016) (Figure 1). This transfer is facilitated by the formation of a channel between NTD of NPC1 that allows cholesterol to slide from NPC2 to NPC1 in a process known as a “hydrophobic handoff” (Kwon et al., 2009). NPC2 can also transfer cholesterol to phospholipid membranes very rapidly through a collision mechanism, which involves direct interaction with the acceptor membrane. NPC2 mediated transfer of cholesterol to membranes is very rapid in an acidic environment and enhanced by the presence of the unique lysosomal/late endosomal phospholipid lyso-bisphosphatidic acid (LBPA) (Ko et al., 2003; Cheruku et al., 2006). The complete details of how NPC1 and NPC2 mediate cholesterol transport from late endosomal/lysosomal compartments are still not clear.



Extended Synaptotagmins (E-Syts Family)

The extended synaptotagmins (E-Syts) is a family of ER-resident LTPs having an N-terminal membrane anchoring domain and cytosolic exposed C2 domains that transfer glycerophospholipids between ER and plasma membrane (El Kasmi et al., 2018). The N- terminal region also contains the synaptotagmin-like mitochondrial and lipid-binding (SMP) domain) which is followed by a variable number of C2 domains in different members of the family. Mammals express three E-Syts (E-Syt1, E-Syt2, and E-Syt3). E-Syt 1 has five C2 domains and E-Syt2 and E-Syt3 have three C2 domains (Min et al., 2007) (Figure 1). The C2 domain is responsible for Ca2+/phospholipid binding and protein–protein interactions. E-Syts activities are controlled by Ca2+ and facilitates Ca2+dependent regulation of lipid transport and intracellular membrane transport (Yu et al., 2016). An increase in the intracellular Ca2+ mediates the enrichment of E-Syt1 from ER to ER–PM junctions (Pérez-Lara and Jahn, 2015). E-Syt1 hydrophobic moieties in the SMP domain form a hydrophobic channel leading to the bridge formation between opposing membranes and resultant transfer of glycerophospholipids in tunnel mode. Sometimes E-Syt 1 also transfers lipids by shuttle mode, which involves the extraction of lipids from ER and delivering it to the PM (Schauder et al., 2014). Currently, there is a lack of complete details on the exact mechanism involved in lipid transfer mediated by E-Syt proteins between the contact sites.



Four-Phosphate Adaptor Protein 2 (FAPP2)

The four-phosphate adaptor protein 2 (FAPP2) is a member of glycolipid-transfer domain family (GLTD) (Hanada, 2018). FAPP2 localizes to the trans-Golgi network and facilitates the transportation of proteins from the Golgi complex to the cell surface. It is also involved in GSL metabolism at the Golgi complex (D’Angelo et al., 2012). FAPP2 has a PH domain with an additional globular domain at its carboxy terminus (Figure 1) (Godi et al., 2004). PH domain of FAPP2 bind selectively to PI4P and targets the protein to trans-Golgi network whereas the globular domain binds to glucosylceramide (GlcCer) primarily synthesized on the cytosolic leaflet of cis-Golgi. FAPP2 facilitates transfer of GlcCer from the cis-Golgi to the trans-Golgi regions or from the cis-Golgi to the ER (Rao et al., 2004).



N-Terminal Domain-Interacting Receptor (Nir)

N-terminal domain-interacting receptor (Nir) is a member of phosphoinositide transfer protein (PITP) (Peretti et al., 2020). There are three isoforms of Nir encoded by the human genome, Nir1, Nir2, Nir3. Nir1 lacks an LTD in the N-terminal region which is present in Nir2 and Nir3. The structural prototype of Nir2/Nir3 LTD is a PI-transfer protein (PITP)-α isoform (PITPα) which belongs to PI-transfer domain family (Hanada, 2018). Nir2 has a canonical FFAT motif that enables its localization to ER (Figure 1). Nir2 has been shown to exchange PI (phosphatidylinositol) and PC (phosphatidylcholine) between the ER and Golgi apparatus and also PC and PA (phosphatidic acid) between the ER and PM, thus exerting dual function, i.e., PI/PC exchange at ER-Golgi MCSs and PI/PA exchange at ER-PM MCSs (Hanada, 2018). PI transfer by Nir2 is required for the maintenance of PI4,5P2 pools at the PM and the transfer of PA from PM to ER is tightly coupled to PI4,5P2 hydrolysis at PM and PI transfer to ER (Kim et al., 2015).




LIPID TRANSFER PROTEINS IN THE VIRAL LIFE CYCLE

Viruses promote membrane rearrangement to establish highly specialized replication compartments. These structures allow spatial segregation of replicating viral RNA from ribosomes and protect from host nucleases and pattern recognition receptors. In addition, by reducing the overall diffusion space these structures promote the enrichment of components required for viral replication and provide a conducive environment for virion assembly. Specific lipid composition of the membranes is required to facilitate the formation of negative or positive curvature and attributes membrane rigidity or flexibility to aid in membrane rearrangement. For instance, cholesterol a lipid of intrinsic negative curvature due to its small head group, and the large hydrophobic tail is enriched in membranes of the vesicles. Many viruses harness the ability of LTPs to promote the transfer of lipids from one membrane compartment to the other to enrich specific lipids that induce curvature and flexibility in membranes that make up the viral replication compartments.


Hepatitis C Virus (HCV)

Hepatitis C virus (HCV) is a positive-sense ssRNA virus of the family Flaviviridae, genus Hepacivirus. About 71 million people worldwide are affected by HCV as per the World Health Organization (Shepard et al., 2005). HCV associated chronic hepatitis leads to hepatic steatosis that slowly progresses into liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) (Negro and Sanyal, 2009). It has been reported that 5–25% of people with chronic hepatitis C develop cirrhosis within 10–20 years. Patients with cirrhosis have a 1–4% risk of developing HCC and 3–6% risk of hepatic decompensation (Thomas, 2013).

Hepatitis C virus replication factory comprises of a highly convoluted membranous structure known as the ‘membranous web’ derived from the ER membranes. The membranous web is majorly composed of double-membrane vesicles (DMVs) and multi-membrane vesicles (MMVs), which serve as a platform for HCV genome replication. HCV exploits several host factors to promote the enrichment of cholesterol in the replication compartment or membranous web HCV triggers fatty liver by upregulating lipogenesis and downregulating lipid secretion and β-oxidation (Syed et al., 2010). HCV non-structural protein 5A (NS5A) interacts with the ER-localized phosphatidylinositol-4 kinase III alpha (PI4KIIIα) and stimulates its kinase activity (Berger et al., 2009; Reiss et al., 2011). Activation of PI4KIIIα results in enhance levels of PI4P in the ER membranes and knockdown of PI4KIIIα leads to a defect in HCV replication and membranous web morphology (Reiss et al., 2011). PI4KIIIα inhibitor PIK93 reduced HCV-NS5A mediated induction of PI4P and affected the subcellular distribution of PI4P in HCV-infected cells (Reiss et al., 2011). PI4P recruits OSBP to the viral replication complex membranes. OSBP binds to PI4P as well as to VAP anchored at the ER membrane and catalyzes the exchange of cholesterol and PI4P between the ER and HCV replication organelles. OSBP is required for HCV replication and membranous web integrity and OSBP recruitment to the membranous web is PI4KIIIα dependent (Wang and Tai, 2019). HCV NS5A also interacts with the OSBP near the Golgi compartment and this interaction is shown to be essential for HCV egress (Amako et al., 2009). The phosphatidylinositol transfer protein Nir2 is also shown to support HCV replication. Nir2 facilitates the replenishment of PI4P pools at HCV membranous webs to maintain steady-state levels of PI4P and thus in co-ordination with VAP and OSBP enables the PI4P flow between the ER and membranous web to drive HCV replication (Wang and Tai, 2019). ORP4 (OSBP2) is a closely related paralog of OSBP and is found to negatively regulate HCV replication. ORP4S (a naturally occurring variant of ORP4 lacking the PH domain which is required to bind to PI4P) expression also results in inhibition of HCV pointing to an important role of the PH domain in HCV replication. ORP4 is also shown to interact with HCV NS5B (RNA dependent RNA polymerase) and inhibit HCV replication (Park et al., 2009).

Sphingolipids have been implicated to play vital role in HCV life cycle (Hanada et al., 2003; Aizaki et al., 2008; Amako et al., 2011). Some studies have shown that inhibition of sphingomyelin biosynthesis, either by small molecule inhibitor such as NA255 or by knocking out (KO) of CERT, suppressed HCV replication in a genotype-independent manner (Sakamoto et al., 2005; Gewaid et al., 2020) whereas other group has reported that the sphingolipid biosynthetic pathway inhibitor, HPA-12 blocks HCV virions production but not genome replication (Aizaki et al., 2008). FAPP2, a GLTP-like CERT is also implicated to play a role in HCV replication. FAPP2 is shown to localize to the HCV replication sites and promotes the transfer of lactosylceramide to the membranous web. Both PH and GLTP domains of FAPP2 are crucial for its role in HCV replication and FAPP2 depletion disrupts the HCV replication complex (Khan et al., 2014). Protein kinase D (PKD) regulates vesicular trafficking from trans-Golgi to the plasma membrane by mediating the phosphorylation-dependent inhibition of OSBP and CERT. PKD depletion or chemical inhibition enhanced HCV secretion suggesting that the transfer of lipids from ER to Golgi mediated by OSBP and CERT is required for maintenance of Golgi function and HCV egress (Amako et al., 2011). Subsequent studies highlighted the role of several other LTPs as host factors for HCV replication. Proteins such as STARD3, OSBP-related protein 1A, and -B (OSBPL1A and -B), and NPC1 have been shown to play a crucial role in HCV replication (Stoeck et al., 2018). Inhibition of NPC1 causes cholesterol entrapment in the lysosomal vesicles with a concomitant decrease in HCV replication compartment leading to the loss of membranous web integrity. This suggests that NPC1-mediated endosomal/lysosomal cholesterol transport is required for subsequent enrichment of cholesterol in the HCV membranous web (Stoeck et al., 2018). One study demonstrated that the Niemann-Pick C1-like 1 (NPC1L1) cholesterol uptake receptor is a host factor required for HCV entry. NPC1LI is commonly found in the bile canaliculus and localized on the apical membrane of hepatocytes. Chemical inhibition or silencing of NPC1L1 leads to inhibition of HCV infection in vitro. Most likely, the inhibition of NPC1LI results in the depletion of plasma membrane cholesterol which leads to defect in HCV uptake due to inhibition of HCV virion-cell membrane fusion (Sainz et al., 2012). Overall, these studies highlight the role of non-vesicular cholesterol transport at the ER and the late endosome/lysosome compartments plays a vital role in the maintenance of HCV membranous web integrity and optimal replication. An illustration depicting the role of some LTPs in HCV life cycle is shown in Figure 2.
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FIGURE 2. Schema representing the role of lipid transfer proteins in HCV life cycle. HCV virus gains entry via receptor-mediated endocytosis and subsequent uncoating of the viral envelope in the endocytic vesicles results in the release of viral genome into the cytoplasm. The viral RNA gets translated on the rough ER leading to the biosynthesis of viral polyprotein that is subsequently processed by host and viral proteases to yield structural and non-structural viral proteins. Viral proteins along with other host factors promote the rearrangement of ER-derived membranes to establish the viral replication complex. Recruitment and activation of PI4KIIIα at viral replication sites leads to enhanced levels of phosphatidylinositol-4-phosphate (PI4P) at replication sites resulting in recruitment of the lipid transfer proteins OSBP and CERT to the membranes. OSBP and CERT bind to PI4P via their Pleckstrin homology (PH) domains and to the ER anchored vesicle-associated membrane-associated protein (VAP) by FFAT motif. Both OSBP and CERT bind to their respective lipid ligands (i.e., cholesterol or ceramide) through their lipid binding domains and catalyze the transfer of cholesterol and ceramide respectively, in exchange for PI4P between the ER and virus replication complex. Nir2 facilitates replenishment of PI4P at HCV replication sites by coordinating the transfer of PI from ER membranes, which can be further converted to PI4P by PI4KIIIα. The assembly of viral genomic RNA into nucleocapsid takes place near the replication complexes followed by subsequent morphogenesis into virus particle and secretion through the Golgi secretory pathway (Created with BioRender.com).




Dengue Virus (DENV)

Dengue virus (DENV) is a positive-sense ssRNA arbovirus of the family Flaviviridae, and genus Flavivirus. It has been reported that around 40% of the world’s population live in areas prone to DENV (Simmons et al., 2012). Annually almost 400 million people get infected with DENV (Centers for Disease Control and Prevention, 2019). Infection with any of the four DENV serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) may lead to asymptomatic infection or result in a symptomatic infection that varies from mild febrile illness to severe Dengue fever associated with vascular fragility (dengue hemorrhagic fever) and hypovolemic shock (dengue shock syndrome) (Harris et al., 2000). Like many other viruses, DENV modulates the host cell metabolism and signaling pathways to benefit its replication and dissemination (Chatel-Chaix and Bartenschlager, 2014; You et al., 2015). Dengue genome replication occurs in viral replication complexes (VRCs) consisting of membrane packets, DMVs, tubular structures, and convoluted membranes (CM), derived by the reorganization of the host intracellular membranes (Welsch et al., 2009; Junjhon et al., 2014). DENV infection promotes the activity of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) and fatty acid synthase (FASN) enzymes resulting in enhanced de novo synthesis of fatty acids and cholesterol, which may be required for the formation of VRCs (Heaton et al., 2010; Soto-Acosta et al., 2017). Earlier studies have suggested that PI4P enrichment at replication sites is not required and PI4KIIIα, PI4KIIIβ, and OSBP activity is dispensable for Dengue replication (Negro and Sanyal, 2009; Thomas, 2013). PI4KIIIα inhibitor AL-9 and OSBP inhibitor OSW-1 had only minor effect on DENV replication at concentrations that strongly inhibit HCV replication (Wang and Tai, 2019). High-throughput screening of National Institutes of Health (NIH) Clinical Collection using an unbiased DENV replicon-based system to identify DENV inhibitors led to the identification of itraconazole (ITZ), a broad range inhibitor of human fungal infections (Cleef et al., 2013). Treatment with ITZ and its derivative posaconazole inhibited DENV replication. OSBP knockdown increased the sensitivity of DENV to posaconazole suggesting that inhibitory activity of antifungal posaconazole against DENV replication is mediated by OSBP, establishing OSBP as a host factor for DENV replication (Meutiawati et al., 2018). In contrast to previous studies, another group suggested that knockdown of OSBP, ORP2, and ORP11 or treatment with OSBP antagonist OSW1 inhibited DENV replication suggesting that OSBP and its related proteins 2 and 11 are required for DENV replication (Meutiawati et al., 2018). Unlike HCV, OSBP does not localize with DENV replication complexes suggesting that OSBP is not directly involved in DENV replication but supports replication by altering the intracellular lipid homeostasis (Meutiawati et al., 2018). To date, the functions of ORP2 and ORP11 are not fully resolved. It has been proposed that ORP11 lacks a known ER targeting signal and localizes on Golgi membranes and late endosomes to mediate non-vesicular lipid trafficking between these compartments (Zhou et al., 2010). ORP2, unlike OSBP and ORP11, does not possess a PH domain. Yet, ORP2 might regulate cellular sterol homeostasis and has been shown to have a role in intracellular cholesterol trafficking, endocytosis, and neutral lipid metabolism (Laitinen et al., 2002; Hynynen et al., 2009). The precise functions of these ORPs in the DENV replication cycle remain to be studied in detail. Interestingly, empirical evidence suggests that African descent is protective against dengue hemorrhagic phenotype in the Cuban population and two candidate genes, OSBPL10 and RXRA, have been implicated to confer protection (Sierra et al., 2017). Knockdown of OSBPL10 gene expression leads to a significant reduction in DENV2 replication. Although it is still not clear how OSBPL10 contributes to DENV replication, it is important to note that proteins involved in lipid metabolism play a crucial role in the DENV life cycle.



Ebola Virus (EBOV) and Marburg Virus (MARV)

Ebola virus (EBOV), Marburg virus (MARV) belong to the Filoviridae family. These are filamentous, enveloped and negative-sense ssRNA viruses. Infection with EBOV causes Ebola virus disease (EVD) a fatal illness associated with coagulation disorders, hemorrhagic fever, lymphopenia, leading to septic shock and multi organ failure in affected humans and primates. MARV infection also leads to similar clinical sequelae as that of EBOV. Infected individuals experience severe watery diarrhea, abdominal pain, vomiting, and lethargy which progresses into severe hemorrhagic manifestation and shock. The average fatality rate of EVD is around 50% and about 90% in MARV infection (Schnittler and Feldmann, 2003; Maruyama et al., 2014). Filovirus genome expresses seven structural proteins, including a glycoprotein (GP), nucleoprotein (NP), viral proteins (VP) 24, VP30, VP35, VP40, and an RNA-dependent RNA polymerase. The EBOV-GP controls two critical aspects of viral entry: receptor binding and membrane fusion. Studies using global gene disruption in human cells led to the identification of the role of NPC1 in Filovirus entry (Carette et al., 2011). Cells defective for the homotypic fusion and protein sorting (HOPS) complex or NPC1 function, including primary fibroblasts derived from human NPC1 disease patients, are resistant to infection by Ebola and Marburg viruses (Carette et al., 2011). HOPS complex regulates the late endosomes maturation by mediating their fusion with lysosomes (Nickerson et al., 2009). Defect in HOPS complex may perturb the endo-lysosomal trafficking which may negatively impact Filovirus entry (Carette et al., 2011). NPC1-null cells are resistant to EBOV infection and the expression of human NPC1 reverses the resistance (Carette et al., 2011). Upon cleavage by cathepsin in late endosomes the receptor-binding domain (RBD) of the GP gets exposed thereby facilitating its interaction with its intracellular receptor NPC1 in the late endosomal/lysosomal compartments leading to membrane fusion and release of the viral genome. Computational analysis has shown that NPC1 utilizes two protruding loops to engage a hydrophobic cavity on the head of cleaved GP with exposed RBD resulting in a conformational change in the GP internal fusion loop and membrane fusion (Wang et al., 2016). Overall these studies suggest that filovirus requires the NPC1 to promote membrane fusion and viral escape from the vesicular compartment protein, independent of NPC1 role in cholesterol transport function from the endosomal/lysosomal compartments.



Enteroviruses

Enteroviruses are positive sense, ssRNA virus of family Picornaviridae, genus Enterovirus. Many viruses such as Poliovirus, Coxsackievirus, Echovirus, and human Rhinovirus belong to the Enterovirus category. Clinical manifestations of Enterovirus infection includes poliomyelitis, meningitis, hand-foot-and-mouth disease, rhinitis and other respiratory diseases (Tapparel et al., 2013). Poliovirus 2BC and 3A proteins play an important role in membrane rearrangements and require PI4KIIIβ as an essential host factor, which promotes accumulation of PI4P lipids on replication organelle (RO) and facilitates its formation (Hsu et al., 2010; Arita et al., 2013; Arita, 2014). 25-hydroxycholesterol (25HC) a high-affinity ligand of OSBP and its analog enviroxime perturb Poliovirus replication by inhibiting OSBP and transcriptional inhibition of the SREBP/SCAP pathway suggesting OSBP-mediated transfer of cholesterol to poliovirus replication organelles is crucial for efficient replication (Arita et al., 2013). Replication of human Rhinoviruses (the causative agent of the common cold) also requires OSBP-mediated transfer of cholesterol in exchange of PI4P at MCSs (Roulin et al., 2014). RNAi mediated knockdown of Sac1, an ER resident PI4P phosphatase also resulted in inhibition of Rhinovirus replication. PI4P dephosphorylation may reduce the competition for sterol binding on OSBP and thereby enhance rhinovirus replication by stimulating cholesterol transfer (Roulin et al., 2014). However another study showed that OSBP mutant lacking the PI4P binding PH domain fails to localize near the viral replication sites highlighting the importance of OSBP binding to PI4P (Strating et al., 2015). The PI4P-cholesterol flux also promotes the coupling of other lipids into Rhinovirus replication organelles, such as phosphatidylcholine (PC) through Phosphatidylinositol transfer protein β (PITPβ), which enhances the complexity of lipids build up in the membranes and facilitates the formation of replication organelles. Similar to Poliovirus, Coxsackievirus has also been shown to reorganize the secretory pathway to promote the formation of PI4P lipid-enriched microenvironment in a PI4KIIIβ-dependent manner (Hsu et al., 2010). The viral RNA-dependent RNA polymerase of Coxsackievirus specifically binds to PI4P and promotes PI4P mediated assembly of the replication complex. 25HC binds to OSBP with higher affinity than cholesterol and locks OSBP in an inactive state and inhibits replication of both Rhinoviruses and Coxsackievirus B3. Itraconazole was recently found to inhibit Enterovirus replication by binding to OSBP (Strating et al., 2015). In agreement, other OSBP antagonists like 25HC, OSW-1, and T-00127-HEV2, also showed inhibitory activity against Enterovirus replication (Arita et al., 2013; Roulin et al., 2014; Albulescu et al., 2015). Both itraconazole and posaconazole can bind to NPC1 and perturbs NPC1 mediated cholesterol transport from late endosomes/lysosomes, this can lead to inhibition of Enterovirus entry as well as viral replication due to the overall effect on cellular cholesterol homeostasis (Shim et al., 2016). Enterovirus protein 3A binds and exploits the Acyl-coenzyme A binding domain containing 3 (ACBD3) protein to recruit PI4KIIIβ to the viral ROs to produce PI4P and promote OSBP-mediated cholesterol flux (Hsu et al., 2010; Greninger et al., 2012; Rönnberg et al., 2012; Sasaki et al., 2012; Nchoutmboube et al., 2013; Téoulé et al., 2013). ACBD3 is a Golgi resident protein that recruits PI4KIIIβ to the Golgi and trans-Golgi network (TGN) and stimulates its enzymatic activity to produce PI4P (Sohda et al., 2001; Baumlova et al., 2014; Boura and Nencka, 2015). Using infection models of Enteroviruses A71 (EV-A71), D68 (EV-D68), Rhinovirus, and Poliovirus various groups have demonstrated that 3A protein binds with GOLD domain of ACBD3 and knockdown of either ACBD3 or PI4KIIIβ perturbs replication of these viruses signifying the role of PI4P and OSBP in enterovirus replication (Greninger et al., 2012; Rönnberg et al., 2012; Nchoutmboube et al., 2013; Téoulé et al., 2013; Lei et al., 2017; Lu et al., 2020). A recent study contradicted the above finding, and shown that trans-rescue of EV-A71 pseudo virus replication with PI4KIIIβ deletion mutants suggested that the ACBD3-binding site of PI4KIIIβ is not essential for EV-A71 or poliovirus replication (Arita, 2019).



Aichi Virus (AiV)

Aichi virus (AiV) is a positive-sense single-stranded RNA virus of the Picornaviridae family and genus Kobuvirus (Rivadulla and Romalde, 2020). It is transmitted through the consumption of contaminated food and water and affects children below 5 years of age causing acute gastroenteritis (Rivadulla and Romalde, 2020). AiV hijacks intracellular cholesterol transport by exploiting OSBP to enrich cholesterol at viral replication sites in exchange for PI4P (Sasaki et al., 2012). Similar to enteroviruses, AiV interacts with ACBD3 to recruit PI4KIIIβ to the replication sites and enhance PI4P synthesis (Ishikawa-Sasaki et al., 2014). OSBP, VAP-A/B, and Sac1 co-localize to the replication organelles and serve as essential host factors for AiV replication (Ishikawa-Sasaki et al., 2018). AiV proteins 2B, 2BC, 2C, 3A, and 3AB bind with ACBD3 and PI4KIIIβ at replication sites to enhance PI4P levels which in turn leads to OSBP mediated cholesterol enrichment required for the formation of replication organelles (Ishikawa-Sasaki et al., 2018). AiV replication is inhibited upon silencing OSBP and the ER-resident VAP-A/B due to defect in OSBP-mediated cholesterol transfer at replication organelle.



African Swine Fever Virus (ASFV)

African swine fever virus (ASF), is a large dsDNA virus of the Asfarviridae family and causes hemorrhagic fever in pigs with a high mortality rate. Initially, it was endemic in Africa but has slowly spread to Europe, China, and Southeast Asia causing huge socioeconomic losses (Karger et al., 2019). The viral replication takes place in the cytoplasm but is also reported to occur in the nucleus during the initial stages of infection (García-Beato et al., 1992; Rojo et al., 1999). ASFV remodels the intracellular membranes into viral replication factories (VF). ASFV promotes the redistribution of the intracellular vesicular system and redirects endosomal traffic to the early replication site resulting in the accumulation of endosomal membranes that provide membrane source and cholesterol supply required to establish the VF (Cuesta-Geijo et al., 2017). The cholesterol flux to the ASFV viral factories at the MCSs is mediated by a number of proteins such as the ACBD3, PI4KIIIβ, and the LTPs, OSBP and OSBP related proteins (ORP), which have high affinity to oxysterols and cholesterol (Galindo et al., 2019). ASFV utilizes ACBD3 to recruits PI4KIIIβ to VF promoting the accumulation of PI4P that triggers the redistribution of OSBP to the periphery of VFs and promotes cholesterol flux to the VFs. Itraconazole and 25-hydroxycholesterol (25-HC) has been shown to inhibit ASFV replication by blocking OSBP activity (Galindo et al., 2019).



Adenoviruses (AdV)

Mammalian Adenovirus is a non-enveloped, dsDNA virus of the family Adenoviridae, genus Mastadenovirus. Adenoviruses commonly cause lower respiratory tract infection which is infrequent and sporadic in nature (Masci and Wormser, 2005). Virus infection is generally persistent and can be detected months after primary exposure (van der Veen and Lambriex, 1973; Horvath et al., 1986). Adenovirus infection in young children leads to gastrointestinal and respiratory symptoms or a combination of both. Adenovirus symptoms are mild and self-limiting but considerable morbidity and death have been observed in the pediatric population (Singh-Naz and Rodriguez, 1996; Mahr and Gooding, 1999; Walls et al., 2003). Human AdV is classified into six groups (HAdV-A to HAdV-F) based on their physical, biological, and chemical properties (Ghebremedhin, 2014; Lion, 2014). Adenovirus type 2 and type 5 (AdV2 and AdV5) of group C primarily target epithelial cell lining of the upper respiratory tract through binding to Coxsackievirus B adenovirus receptor (CAR) and αv integrin co-receptors (Meier and Greber, 2004). The viruses uncoat at plasma membrane thereby releasing the viral lytic protein VI that forms lesion on the plasma membrane leading to calcium influx and activation of canonical repair mechanism involving lysosome fusion with the plasma membrane. This leads to the release of acid sphingomyelinase (ASMase) into the extracellular space which in turn promotes localized degradation of sphingomyelin and generation of ceramide lipid in the outer plasma membrane leaflet thereby causing invagination and subsequent penetration and escape of viral capsid from endosome to the cytosol (Burckhardt et al., 2011; Luisoni et al., 2015). The adenovirus E3 transcript product RIDα is a small 13.7-kilodalton protein that attenuates EGF receptor (EGFR) signaling by promoting EGFR accumulation in pre-lysosomal compartments and subsequent degradation (Hoffman and Carlin, 1994). RIDα is also associated with attenuation of pro-inflammatory NFκB signaling induced by stress-activated EGF receptors (Zeng and Carlin, 2019). RIDα also modulates cholesterol homeostasis by regulating cholesterol transport from endosomes to the ER (Cianciola et al., 2013). RIDα rescues NPC1-deficient cells from accumulation of lysosomal storage organelles, by diverting excess free cholesterol to lipid droplets (Cianciola and Carlin, 2009). RIDα directly interacts with the sterol-binding protein ORP1L, a member of the OSBP-related proteins (ORPs) family and with ER-resident VAP proteins through its FFAT motif and supports the transport of LDL-derived cholesterol from endosomes to the ER, where it gets converted to cholesteryl esters and stored in lipid droplets. However, unlike NPC1 mediated cholesterol transport to ER and regulation of SREBP transcription factor, RIDα mediated cholesterol transport is sensitive to ACAT inhibition and correlates with induction of lipid droplets formation in adenovirus-infected cells (Cianciola and Carlin, 2009; Cianciola et al., 2013, 2017). Thus adenovirus RID-α restores the perturbed cholesterol balance during the early stages of acute infection and downregulates pro-inflammatory signaling pathway by innate immune toll-like receptor 4, which plays a major role in AdV pathogenesis.



Herpes Simplex Virus Type 1 (HSV-1)

Herpes Simplex type 1 (HSV-1) is a linear dsDNA enveloped virus of the family Herpesviridae, subfamily Alphaherpesvirinae, genus Simplex virus. The pathogenesis of HSV-1 infection follows a cycle of infection which involves infection of epithelial cells followed by latency in neurons, and finally reactivation with symptoms such as primary and recurrent vesicular eruptions generally in the orolabial and genital mucosa (Pires de Mello et al., 2016). The herpes viruses undergo multiple distinct membrane fusion events during the multiples stages of life cycle such as entry and release of nascent virions. Herpes virus entry involves receptor binding and membrane fusion with plasma membrane resulting in the release of the nucleocapsid in the cytoplasm and subsequent delivery of the viral genome into the nucleus. The assembly of new nucleocapsid occurs in the nucleus, which are too large to get through the nuclear pores and bud into inner nuclear membrane resulting in transiently enveloped nascent virions (Padula et al., 2009; Wright et al., 2009). Subsequently, these virions fuse with the outer nuclear membrane releasing the naked nucleocapsid into the cytoplasm followed by their re-envelopment while fusion into Golgi compartment. While the virions bud out of the Golgi compartment they acquire a double-envelope, which is lost when the viruses fuse with plasma membrane leading to release of single enveloped mature virions (Siminoff and Menefee, 1966; Stackpole, 1969; Henaff et al., 2012). The membrane fusion functions are performed by multifunctional viral glycoproteins (Connolly et al., 2021). HSV-1 glycoprotein M (gM), a recognized modulator of virus-induced membrane fusion, interacts with the E-Syt1 host protein. E-Syt1 is a membrane fusion regulator that belongs to the extended synaptotagmins family (El Kasmi et al., 2018). E-Syt1 facilitates ER-PM tethering and is known to regulate many potential fusion steps of HSV-1 during the viral life cycle. Knocked down of E-Syt1 is associated with increased secretion of infectious virions and depletion of cell-associated viral particles suggesting that E-Syt1 negatively regulates virus release. In agreement, overexpression of E-Syt proteins E-Syt1 and E-Syt3 caused inhibition of virus release (El Kasmi et al., 2018). Transmission electron microscopy revealed that knockdown of E-Syt1 resulted in a modest and statistically significant decrease of the virus particles in the nucleus and cytoplasm with a concomitant increase at the cell surface. Currently, it is not clear if the glycerophospholipids transfer activity of E-Syt plays any role in the negative regulation of HSV release (El Kasmi et al., 2018).



Chikungunya Virus (CHIKV)

Chikungunya, is a positive-sense ssRNA arbovirus of genus Alphavirus and family Togaviridae (Wong et al., 2021). As per WHO report the disease occurs mainly in Africa and Asia (WHO). Clinical manifestation of CHIKV infection is characterized by high fever, intense myalgia and arthralgia, nausea, fatigue, and rash (in 50% of the cases) (Wong et al., 2021). CHIKV is internalized by receptor mediated endocytosis (Lee et al., 2013). Presence of cholesterol in the plasma membrane has been shown to be essential for entry/fusion of a wide range of RNA viruses such as members of Filovirus, Alphavirus, and Flavivirus (Medigeshi et al., 2008; Rothwell et al., 2009; Herbert et al., 2015). Methyl-β cyclodextrine mediated depletion of cholesterol lead to inhibition of CHIKV entry and/or fusion (Bernard et al., 2010). In agreement, CHIKV infection of primary fibroblasts from patients with NPC disease, harboring mutations in the NPC-1 or NPC-2, lead to reduce levels of CHIKV infection and total viral output suggesting that cholesterol plays a crucial role in CHIKV life cycle. The infection of mutant fibroblasts with CHIKV-glycoproteins pseudo typed particles also demonstrated that both NPC-1 and NPC-2 deficiency affect viral entry/fusion events (Wichit et al., 2017)




ANTIVIRALS TARGETING LTPS

We have already discussed how viruses exploit the LTPs to facilitate different steps of their life cycle. Different viruses utilize the LTPs in a distinct manner to promote the establishment of viral replication complexes or facilitate viral entry and release. The LTPs not only facilitate the transfer of specific lipid but also recruit specific host/viral proteins to the viral replication factories. Targeting LTPs may provide potential avenues to develop specific and pan-viral inhibitors (as mentioned in Table 1). For instance, the antiviral effect of the interferon-inducible transmembrane protein 3 (IFITM3) on viral entry is mediated by the disruption of VAP-A and OSBP interaction resulting in deregulated cholesterol homeostasis and marked accumulation of cholesterol in multi vesicular bodies and late endosomes. The resultant defect in cholesterol trafficking results in defective fusion of viral membranes with endosomal compartments resulting in the blocking of virus release into the cytosol (Amini-Bavil-Olyaee et al., 2013). However, we need to pay attention that these strategies do not perturb cellular lipid homeostasis and lead to toxicity.


TABLE 1. Antivirals targeting lipid transfer protein.

[image: Table 1]Spontaneous interruption of HCV replication has been observed by treatment with bicyclol an active compound in traditional Chinese medicine that induces glycolipid transfer protein (GLTP) expression (Huang et al., 2019). HCV NS5A plays a key role in virus replication by activating the PI4KIIIα kinase and binding with OSBP and VAP in the ER (Albulescu et al., 2017). The binding site of GLTP to VAP-A overlaps with that of the NS5A binding site. VAP-A has a higher affinity to GLTP than NS5A, hence the induction of GLTP expression by bicyclol blocks the interaction between VAP-A and NS5A, causing a defect in the assembly of the HCV replication complex (Huang et al., 2019). CERT inhibitor, HPA-12, has also been found to suppress HCV secretion but not viral RNA replication due to the inhibition of ceramide trafficking from the ER to Golgi, the site of sphingomyelin synthesis (Yasuda et al., 2001; Aizaki et al., 2008). Itraconazole (ITZ) is an antifungal agent, which has been shown to have anti-cancer as well as antiviral properties. ITZ can bind to both OSBP and ORP4. ITZ inhibits the cholesterol and PI4P transfer function of OSBP. This leads to defect in virus-induced membrane alterations and establishment of viral replication complexes. ITZ exhibits broad-spectrum antiviral activity against many enteroviruses such as Poliovirus, Coxsackievirus, Enterovirus-71 and Rhinovirus. In agreement overexpression of OSBP reversed inhibitory effect of ITZ (Strating et al., 2015). TTP-8307, an another OSBP inhibitor similar to ITZ also exhibits anti-enteroviral potential (Albulescu et al., 2017). Posaconazole (POS) a derivative of ITZ has been effectively used to inhibit DENV replication by targeting OSBP. Knockdown of OSBP further sensitized the DENV-infected cells to the antiviral activity of POS and ITZ. DENV replication is also inhibited by OSW-1, a well-established ligand, and an inhibitor of OSBP (Meutiawati et al., 2018). OSW-1, an anti-cancer compound extracted from the bulbs of the plant Ornithogalum saundersiae, also has a high affinity for OSBP (Burgett et al., 2011). OSW-1 exhibited anti-viral activity against different species of enteroviruses by inhibiting OSBP function (Albulescu et al., 2017). U18666A is a cationic amphiphilic drug, which interacts with the luminal loop 2 of NPC1. NPC1 plays a major role in the entry of Ebola and Marburg viruses by interacting with the viral spike glycoprotein (Lu et al., 2015). The U18666A binding region on NPC1 overlaps with the viral glycoprotein binding site and hence blocks the interaction between the viral glycoprotein and NPC1 thereby inhibiting Ebola and Marburg virus entry (Lu et al., 2015). NPC1 inhibition by U18666A may perturb cholesterol transport into the cytosol from the endosomal/lysosomal compartments thereby leading to accumulation of cholesterol in late endosomes and lysosomes (Schloer et al., 2019). The OSBP inhibitors ITZ and POS have also been shown to interrupt NPC1 mediated cholesterol flux from the endosomal/lysosomal compartments (Shim et al., 2016). The resultant dysregulation in the intracellular cholesterol homeostasis may affect both the viral entry and replication events due to overall defects in: (i) membrane fusion required for viral entry and (ii) rearrangement of membranes for the establishment of the viral replication complexes. Imipramine, a class II cationic amphiphilic drug that mimics the molecular phenotype of NPC1 by blocking cholesterol exit from the late endosomes to the cell membrane is effective in inhibition of CHIKV replication in the primary human epidermal fibroblasts by interrupting intracellular cholesterol trafficking (Wichit et al., 2017). A schematic illustration of the therapeutic targeting of LTPs to inhibit the multiple stages in a viral life cycle is depicted in Figure 3.
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FIGURE 3. Schematic summary of the lipid transfer proteins as attractive therapeutic avenues against viruses. OSW1, ITZ (Itraconazole), POS (Posaconazole) binds to OSBP and inhibits its lipid shuttling activity at the ER-Golgi or ER-Viral replication membrane contact sites resulting in the disruption of viral replication sites. HPA-12 is a CERT inhibitor that inhibits ceramide trafficking from the ER to the site of sphingomyelin synthesis. PIK93 can inhibit both PI4KIIIα and PI4KIIIβ whereas AL9 inhibits PI4KIIIα thereby inhibiting PI4P production and recruitment of OSBP and CERT, which eventually affects non-vesicular lipid transport and viral replication sites integrity. U18666A binds to the luminal loop of NPC1 and blocks NPC1 mediated cholesterol flux from late endosomes/lysosomes thereby affecting viral entry and release into the cytosol (Created with BioRender.com).




CONCLUDING REMARKS

There are still some lacunae in our understanding of how the LTPs function and how they co-ordinate with other LTPs and other modes of lipid transport to maintain intracellular lipid trafficking. Detailed studies of these aspects will provide clear insight into intracellular lipid trafficking and homeostasis. The establishment of specific replication structures is central to the life cycles of many RNA viruses and a clear understanding of the virus-host interactions that govern membrane rearrangement and assembly of these complex structures will enable the development of therapeutic strategies with pan-viral potential. Paradoxically many viruses exploit these common host factors to build structures that are very unique to individual viruses and drastically differ in shape and size. It is still an enigma how the viruses build such atypical structures and how the LTPs contribute in terms of recruiting other essential factors and lipids to the replication sites. Many studies suggest upregulation of autophagy during viral infection and the cross-talk between the LTPs and autophagy would be an interesting area to explore.



AUTHOR CONTRIBUTIONS

KA, BS, and PVK drafted the manuscript. KA, BS, and GHS improved the manuscript significantly by extensive discussion, addition and revision. GHS had edited the manuscript. All authors approved the submitted version.



ACKNOWLEDGMENTS

GHS acknowledges funding received from the DST-SERB ECR grant (ECR/2016/001503) and Intermediate Fellowship (IA/I/15/1/501826) from the Wellcome Trust-DBT India Alliance. BS acknowledges the Ph.D. fellowship from the Institute of Life Sciences, Bhubaneswar and PVK acknowledges the Young Scientist Fellowship (12014/74/2020-HR) from DHR-ICMR. We thank Dr. Ajay Parida, Director, Institute of Life Sciences, Bhubaneswar for his support and encouragement.



REFERENCES

Achleitner, G., Gaigg, B., Krasser, A., Kainersdorfer, E., Kohlwein, S. D., Perktold, A., et al. (1999). Association between the endoplasmic reticulum and mitochondria of yeast facilitates interorganelle transport of phospholipids through membrane contact. Eur. J. Biochem. 264, 545–553. doi: 10.1046/j.1432-1327.1999.00658.x

Aizaki, H., Morikawa, K., Fukasawa, M., Hara, H., Inoue, Y., Tani, H., et al. (2008). Critical role of virion-associated cholesterol and sphingolipid in hepatitis C virus infection. J. Virol. 82, 5715–5724. doi: 10.1128/JVI.02530-07

Albulescu, L., Bigay, J., Biswas, B., Weber-Boyvat, M., Dorobantu, C. M., Delang, L., et al. (2017). Uncovering oxysterol-binding protein (OSBP) as a target of the anti-enteroviral compound TTP-8307. Antiviral Res. 140, 37–44. doi: 10.1016/j.antiviral.2017.01.008

Albulescu, L., Strating, J. R. P. M., Thibaut, H. J., van der Linden, L., Shair, M. D., Neyts, J., et al. (2015). Broad-range inhibition of enterovirus replication by OSW-1, a natural compound targeting OSBP. Antiviral Res. 117, 110–114. doi: 10.1016/j.antiviral.2015.02.013

Alpy, F., and Tomasetto, C. (2005). Give lipids a START: the StAR-related lipid transfer (START) domain in mammals. J. Cell Sci. 118, 2791–2801. doi: 10.1242/jcs.02485

Amako, Y., Sarkeshik, A., Hotta, H., Yates, J., and Siddiqui, A. (2009). Role of oxysterol binding protein in hepatitis C Virus infection. J. Virol. 83, 9237–9246. doi: 10.1128/JVI.00958-09

Amako, Y., Syed, G. H., and Siddiqui, A. (2011). Protein kinase D negatively regulates hepatitis C virus secretion through phosphorylation of oxysterol-binding protein and ceramide transfer protein. J. Biol. Chem. 286, 11265–11274. doi: 10.1074/jbc.M110.182097

Amini-Bavil-Olyaee, S., Choi, Y. J., Lee, J. H., Shi, M., Huang, I.-C., Farzan, M., et al. (2013). The antiviral effector IFITM3 disrupts intracellular cholesterol homeostasis to block viral entry. Cell Host Microbe 13, 452–464. doi: 10.1016/j.chom.2013.03.006

Arita, M. (2014). Phosphatidylinositol-4 kinase III beta and oxysterol-binding protein accumulate unesterified cholesterol on poliovirus-induced membrane structure. Microbiol. Immunol. 58, 239–256. doi: 10.1111/1348-0421.12144

Arita, M. (2019). Essential domains of phosphatidylinositol-4 kinase III β required for enterovirus replication. Microbiol. Immunol. 63, 285–288. doi: 10.1111/1348-0421.12718

Arita, M., Kojima, H., Nagano, T., Okabe, T., Wakita, T., and Shimizu, H. (2013). Oxysterol-binding protein family I is the target of minor enviroxime-like compounds. J. Virol. 87, 4252–4260. doi: 10.1128/JVI.03546-12

Basu, A., Mills, D. M., Mitchell, D., Ndungo, E., Williams, J. D., Herbert, A. S., et al. (2015). Novel small molecule entry inhibitors of Ebola Virus. J. Infect. Dis. 212(Suppl.), S425–S434. doi: 10.1093/infdis/jiv223

Baumlova, A., Chalupska, D., Róźycki, B., Jovic, M., Wisniewski, E., Klima, M., et al. (2014). The crystal structure of the phosphatidylinositol 4-kinase IIα. EMBO Rep. 15, 1085–1092. doi: 10.15252/embr.201438841

Berger, K. L., Cooper, J. D., Heaton, N. S., Yoon, R., Oakland, T. E., Jordan, T. X., et al. (2009). Roles for endocytic trafficking and phosphatidylinositol 4-kinase III alpha in hepatitis C virus replication. Proc. Natl. Acad. Sci. U.S.A. 106, 7577–7582. doi: 10.1073/pnas.0902693106

Bernard, E., Solignat, M., Gay, B., Chazal, N., Higgs, S., Devaux, C., et al. (2010). Endocytosis of chikungunya virus into mammalian cells: role of clathrin and early endosomal compartments. PLoS One 5:e11479. doi: 10.1371/journal.pone.0011479

Boura, E., and Nencka, R. (2015). Phosphatidylinositol 4-kinases: function, structure, and inhibition. Exp. Cell Res. 337, 136–145. doi: 10.1016/j.yexcr.2015.03.028

Burckhardt, C. J., Suomalainen, M., Schoenenberger, P., Boucke, K., Hemmi, S., and Greber, U. F. (2011). Drifting motions of the adenovirus receptor CAR and immobile integrins initiate virus uncoating and membrane lytic protein exposure. Cell Host Microbe 10, 105–117. doi: 10.1016/j.chom.2011.07.006

Burgett, A. W. G., Poulsen, T. B., Wangkanont, K., Anderson, D. R., Kikuchi, C., Shimada, K., et al. (2011). Natural products reveal cancer cell dependence on oxysterol-binding proteins. Nat. Chem. Biol. 7, 639–647. doi: 10.1038/nchembio.625

Carette, J. E., Raaben, M., Wong, A. C., Herbert, A. S., Obernosterer, G., Mulherkar, N., et al. (2011). Ebola virus entry requires the cholesterol transporter Niemann-Pick C1. Nature 477, 340–343. doi: 10.1038/nature10348

Centers for Disease Control and Prevention (2019). Dengue. Available online at: https://www.cdc.gov/dengue/index.html (accessed January, 2021).

Chatel-Chaix, L., and Bartenschlager, R. (2014). Dengue virus- and hepatitis C virus-induced replication and assembly compartments: the enemy inside–caught in the web. J. Virol. 88, 5907–5911. doi: 10.1128/JVI.03404-13

Cheruku, S. R., Xu, Z., Dutia, R., Lobel, P., and Storch, J. (2006). Mechanism of cholesterol transfer from the Niemann-Pick type C2 protein to model membranes supports a role in lysosomal cholesterol transport. J. Biol. Chem. 281, 31594–31604. doi: 10.1074/jbc.M602765200

Chiapparino, A., Maeda, K., Turei, D., Saez-Rodriguez, J., and Gavin, A.-C. (2016). The orchestra of lipid-transfer proteins at the crossroads between metabolism and signaling. Prog. Lipid Res. 61, 30–39. doi: 10.1016/j.plipres.2015.10.004

Cianciola, N. L., and Carlin, C. R. (2009). Adenovirus RID-alpha activates an autonomous cholesterol regulatory mechanism that rescues defects linked to Niemann-Pick disease type C. J. Cell Biol. 187, 537–552. doi: 10.1083/jcb.200903039

Cianciola, N. L., Chung, S., Manor, D., and Carlin, C. R. (2017). Adenovirus modulates toll-like receptor 4 signaling by reprogramming ORP1L-VAP protein contacts for cholesterol transport from endosomes to the endoplasmic reticulum. J. Virol. 91:e01904-16. doi: 10.1128/JVI.01904-16

Cianciola, N. L., Greene, D. J., Morton, R. E., and Carlin, C. R. (2013). Adenovirus RIDα uncovers a novel pathway requiring ORP1L for lipid droplet formation independent of NPC1. Mol. Biol. Cell 24, 3309–3325. doi: 10.1091/mbc.E12-10-0760

Cleef, K., Overheul, G., Thomassen, M., Kaptein, S., Davidson, A., Jacobs, M., et al. (2013). Identification of a new dengue virus inhibitor that targets the viral NS4B protein and restricts genomic RNA replication. Antiviral Res. 99, 165–171. doi: 10.1016/j.antiviral.2013.05.011

Connolly, S. A., Jardetzky, T. S., and Longnecker, R. (2021). The structural basis of herpesvirus entry. Nat. Rev. Microbiol. 19, 110–121. doi: 10.1038/s41579-020-00448-w

Côté, M., Misasi, J., Ren, T., Bruchez, A., Lee, K., Filone, C. M., et al. (2011). Small molecule inhibitors reveal Niemann-Pick C1 is essential for Ebola virus infection. Nature 477, 344–348. doi: 10.1038/nature10380

Csordás, G., Renken, C., Várnai, P., Walter, L., Weaver, D., Buttle, K. F., et al. (2006). Structural and functional features and significance of the physical linkage between ER and mitochondria. J. Cell Biol. 174, 915–921. doi: 10.1083/jcb.200604016

Cuesta-Geijo, M. Á, Barrado-Gil, L., Galindo, I., Muñaoz-Moreno, R., and Alonso, C. (2017). Redistribution of endosomal membranes to the african swine fever virus replication site. Viruses 9:133. doi: 10.3390/v9060133

D’Angelo, G., Polishchuk, E., Di Tullio, G., Santoro, M., Di Campli, A., Godi, A., et al. (2007). Glycosphingolipid synthesis requires FAPP2 transfer of glucosylceramide. Nature 449, 62–67. doi: 10.1038/nature06097

D’Angelo, G., Rega, L. R., and De Matteis, M. A. (2012). Connecting vesicular transport with lipid synthesis: FAPP2. Biochim. Biophys. Acta 1821, 1089–1095. doi: 10.1016/j.bbalip.2012.01.003

D’Angelo, G., Uemura, T., Chuang, C.-C., Polishchuk, E., Santoro, M., Ohvo-Rekilä, H., et al. (2013). Vesicular and non-vesicular transport feed distinct glycosylation pathways in the Golgi. Nature 501, 116–120. doi: 10.1038/nature12423

Das, K., and Nozaki, T. (2018). Non-vesicular lipid transport machinery in Entamoeba histolytica. Front. Cell. Infect. Microbiol. 8:315. doi: 10.3389/fcimb.2018.00315

De Matteis, M., Campli, A., and Godi, A. (2005). The role of phosphoinositides at the Golgi complex. Biochim. Biophys. Acta 1744, 396–405. doi: 10.1016/j.bbamcr.2005.04.013

El Kasmi, I., Khadivjam, B., Lackman, M., Duron, J., Bonneil, E., Thibault, P., et al. (2018). Extended synaptotagmin 1 interacts with herpes simplex Virus 1 Glycoprotein M and negatively modulates virus-induced membrane fusion. J. Virol. 92:JVI.01281-17. doi: 10.1128/JVI.01281-17

Elbaz, Y., and Schuldiner, M. (2011). Staying in touch: the molecular era of organelle contact sites. Trends Biochem. Sci. 36, 616–623. doi: 10.1016/j.tibs.2011.08.004

Fukasawa, M., Nishijima, M., and Hanada, K. (1999). Genetic evidence for ATP-dependent endoplasmic reticulum-to-Golgi apparatus trafficking of ceramide for sphingomyelin synthesis in Chinese hamster ovary cells. J. Cell Biol. 144, 673–685. doi: 10.1083/jcb.144.4.673

Galindo, I., Cuesta-Geijo, M. Á, Del Puerto, A., Soriano, E., and Alonso, C. (2019). Lipid exchange factors at membrane contact sites in african swine fever virus infection. Viruses 11:199. doi: 10.3390/v11030199

García-Beato, R., Salas, M. L., Viñuela, E., and Salas, J. (1992). Role of the host cell nucleus in the replication of African swine fever virus DNA. Virology 188, 637–649. doi: 10.1016/0042-6822(92)90518-t

Gewaid, H., Aoyagi, H., Arita, M., Watashi, K., Suzuki, R., Sakai, S., et al. (2020). Sphingomyelin is essential for the structure and function of the double-membrane vesicles in hepatitis C Virus RNA replication factories. J. Virol. 94:e01080-20. doi: 10.1128/JVI.01080-20

Ghai, R., Du, X., Wang, H., Dong, J., Ferguson, C., Brown, A. J., et al. (2017). ORP5 and ORP8 bind phosphatidylinositol-4, 5-biphosphate (PtdIns(4,5)P (2)) and regulate its level at the plasma membrane. Nat. Commun. 8:757. doi: 10.1038/s41467-017-00861-5

Ghebremedhin, B. (2014). Human adenovirus: viral pathogen with increasing importance. Eur. J. Microbiol. Immunol. 4, 26–33. doi: 10.1556/EuJMI.4.2014.1.2

Giorgi, C., De Stefani, D., Bononi, A., Rizzuto, R., and Pinton, P. (2009). Structural and functional link between the mitochondrial network and the endoplasmic reticulum. Int. J. Biochem. Cell Biol. 41, 1817–1827. doi: 10.1016/j.biocel.2009.04.010

Godi, A., Di Campli, A., Konstantakopoulos, A., Di Tullio, G., Alessi, D. R., Kular, G. S., et al. (2004). FAPPs control Golgi-to-cell-surface membrane traffic by binding to ARF and PtdIns(4)P. Nat. Cell Biol. 6, 393–404. doi: 10.1038/ncb1119

Greninger, A. L., Knudsen, G. M., Betegon, M., Burlingame, A. L., and Derisi, J. L. (2012). The 3A protein from multiple picornaviruses utilizes the golgi adaptor protein ACBD3 to recruit PI4KIIIβ. J. Virol. 86, 3605–3616. doi: 10.1128/JVI.06778-11

Hanada, K. (2018). Lipid transfer proteins rectify inter-organelle flux and accurately deliver lipids at membrane contact sites. J. Lipid Res. 59, 1341–1366. doi: 10.1194/jlr.R085324

Hanada, K., Kumagai, K., Yasuda, S., Miura, Y., Kawano, M., Fukasawa, M., et al. (2003). Molecular machinery for non-vesicular trafficking of ceramide. Nature 426, 803–809. doi: 10.1038/nature02188

Harris, E., Videa, E., Pérez, L., Sandoval, E., Téllez, Y., Pérez, M. L., et al. (2000). Clinical, epidemiologic, and virologic features of dengue in the 1998 epidemic in Nicaragua. Am. J. Trop. Med. Hyg. 63, 5–11. doi: 10.4269/ajtmh.2000.63.5

Heaton, N. S., Perera, R., Berger, K. L., Khadka, S., Lacount, D. J., Kuhn, R. J., et al. (2010). Dengue virus nonstructural protein 3 redistributes fatty acid synthase to sites of viral replication and increases cellular fatty acid synthesis. Proc. Natl. Acad. Sci. U.S.A. 107, 17345–17350. doi: 10.1073/pnas.1010811107

Helle, S. C. J., Kanfer, G., Kolar, K., Lang, A., Michel, A. H., and Kornmann, B. (2013). Organization and function of membrane contact sites. Biochim. Biophys. Acta 1833, 2526–2541. doi: 10.1016/j.bbamcr.2013.01.028

Henaff, D., Radtke, K., and Lippé, R. (2012). Herpesviruses exploit several host compartments for envelopment. Traffic 13, 1443–1449. doi: 10.1111/j.1600-0854.2012.01399.x

Herbert, A. S., Davidson, C., Kuehne, A. I., Bakken, R., Braigen, S. Z., Gunn, K. E., et al. (2015). Niemann-pick C1 is essential for ebolavirus replication and pathogenesis in vivo. mBio 6:e00565-15. doi: 10.1128/mBio.00565-15

Higgins, M. E., Davies, J. P., Chen, F. W., and Ioannou, Y. A. (1999). Niemann-Pick C1 is a late endosome-resident protein that transiently associates with lysosomes and the trans-Golgi network. Mol. Genet. Metab. 68, 1–13. doi: 10.1006/mgme.1999.2882

Hoffman, P., and Carlin, C. (1994). Adenovirus E3 protein causes constitutively internalized epidermal growth factor receptors to accumulate in a prelysosomal compartment, resulting in enhanced degradation. Mol. Cell. Biol. 14, 3695–3706. doi: 10.1128/mcb.14.6.3695

Holthuis, J. C. M., and Levine, T. P. (2005). Lipid traffic: floppy drives and a superhighway. Nat. Rev. Mol. Cell Biol. 6, 209–220. doi: 10.1038/nrm1591

Horvath, J., Palkonyay, L., and Weber, J. (1986). Group C adenovirus DNA sequences in human lymphoid cells. J. Virol. 59, 189–192. doi: 10.1128/JVI.59.1.189-192.1986

Hsu, N.-Y., Ilnytska, O., Belov, G., Santiana, M., Chen, Y.-H., Takvorian, P. M., et al. (2010). Viral reorganization of the secretory pathway generates distinct organelles for RNA replication. Cell 141, 799–811. doi: 10.1016/j.cell.2010.03.050

Huang, M.-H., Li, H., Xue, R., Li, J., Wang, L., Cheng, J., et al. (2019). Up-regulation of glycolipid transfer protein by bicyclol causes spontaneous restriction of hepatitis C virus replication. Acta Pharm. Sin. B 9, 769–781. doi: 10.1016/j.apsb.2019.01.013

Hynynen, R., Suchanek, M., Spandl, J., Bäck, N., Thiele, C., and Olkkonen, V. M. (2009). OSBP-related protein 2 is a sterol receptor on lipid droplets that regulates the metabolism of neutral lipids. J. Lipid Res. 50, 1305–1315. doi: 10.1194/jlr.M800661-JLR200

Ishikawa-Sasaki, K., Nagashima, S., Taniguchi, K., and Sasaki, J. (2018). Model of OSBP-Mediated cholesterol supply to aichi virus RNA replication sites involving protein-protein interactions among viral proteins, ACBD3, OSBP, VAP-A/B, and SAC1. J. Virol. 92:e01952-17. doi: 10.1128/JVI.01952-17

Ishikawa-Sasaki, K., Sasaki, J., and Taniguchi, K. A. (2014). Complex comprising phosphatidylinositol 4-Kinase IIIβ, ACBD3, and aichi virus proteins enhances phosphatidylinositol 4-Phosphate synthesis and is critical for formation of the viral replication complex. J. Virol. 88, 6586–6598. doi: 10.1128/JVI.00208-14

Junjhon, J., Pennington, J. G., Edwards, T. J., Perera, R., Lanman, J., and Kuhn, R. J. (2014). Ultrastructural characterization and three-dimensional architecture of replication sites in dengue virus-infected mosquito cells. J. Virol. 88, 4687–4697. doi: 10.1128/JVI.00118-14

Kallen, C. B., Billheimer, J. T., Summers, S. A., Stayrook, S. E., Lewis, M., and Strauss, J. F. III (1998). Steroidogenic acute regulatory protein (StAR) is a sterol transfer protein. J. Biol. Chem. 273, 26285–26288. doi: 10.1074/jbc.273.41.26285

Karger, A., Pérez-Núñez, D., Urquiza, J., Hinojar, P., Alonso, C., Freitas, F. B., et al. (2019). An update on african swine fever virology. Viruses 11:864. doi: 10.3390/v11090864

Khan, I., Katikaneni, D. S., Han, Q., Sanchez-Felipe, L., Hanada, K., Ambrose, R. L., et al. (2014). Modulation of hepatitis C virus genome replication by glycosphingolipids and four-phosphate adaptor protein 2. J. Virol. 88, 12276–12295. doi: 10.1128/JVI.00970-14

Kim, Y. J., Guzman-Hernandez, M.-L., Wisniewski, E., and Balla, T. (2015). Phosphatidylinositol-phosphatidic acid exchange by Nir2 at ER-PM contact sites maintains phosphoinositide signaling competence. Dev. Cell 33, 549–561. doi: 10.1016/j.devcel.2015.04.028

Ko, D. C., Binkley, J., Sidow, A., and Scott, M. P. (2003). The integrity of a cholesterol-binding pocket in Niemann-Pick C2 protein is necessary to control lysosome cholesterol levels. Proc. Natl. Acad. Sci. U.S.A. 100, 2518–2525. doi: 10.1073/pnas.0530027100

Kobayashi, T., Beuchat, M. H., Lindsay, M., Frias, S., Palmiter, R. D., Sakuraba, H., et al. (1999). Late endosomal membranes rich in lysobisphosphatidic acid regulate cholesterol transport. Nat. Cell Biol. 1, 113–118. doi: 10.1038/10084

Kudo, N., Kumagai, K., Tomishige, N., Yamaji, T., Wakatsuki, S., Nishijima, M., et al. (2008). Structural basis for specific lipid recognition by CERT responsible for nonvesicular trafficking of ceramide. Proc. Natl. Acad. Sci. U.S.A. 105, 488–493. doi: 10.1073/pnas.0709191105

Kumagai, K., Yasuda, S., Okemoto, K., Nishijima, M., Kobayashi, S., and Hanada, K. (2005). CERT mediates intermembrane transfer of various molecular species of ceramides. J. Biol. Chem. 280, 6488–6495. doi: 10.1074/jbc.M409290200

Kwon, H. J., Abi-Mosleh, L., Wang, M. L., Deisenhofer, J., Goldstein, J. L., Brown, M. S., et al. (2009). Structure of N-terminal domain of NPC1 reveals distinct subdomains for binding and transfer of cholesterol. Cell 137, 1213–1224. doi: 10.1016/j.cell.2009.03.049

Laitinen, S., Lehto, M., Lehtonen, S., Hyvärinen, K., Heino, S., Lehtonen, E., et al. (2002). ORP2, a homolog of oxysterol binding protein, regulates cellular cholesterol metabolism. J. Lipid Res. 43, 245–255. doi: 10.1016/s0022-2275(20)30166-8

Lebiedzinska, M., Szabadkai, G., Jones, A. W. E., Duszynski, J., and Wieckowski, M. R. (2009). Interactions between the endoplasmic reticulum, mitochondria, plasma membrane and other subcellular organelles. Int. J. Biochem. Cell Biol. 41, 1805–1816. doi: 10.1016/j.biocel.2009.02.017

Lee, R. C. H., Hapuarachchi, H. C., Chen, K. C., Hussain, K. M., Chen, H., Low, S. L., et al. (2013). Mosquito cellular factors and functions in mediating the infectious entry of chikungunya virus. PLoS Negl. Trop. Dis. 7:e2050. doi: 10.1371/journal.pntd.0002050

Lei, X., Xiao, X., Zhang, Z., Ma, Y., Qi, J., Wu, C., et al. (2017). The Golgi protein ACBD3 facilitates Enterovirus 71 replication by interacting with 3A. Sci. Rep. 7:44592. doi: 10.1038/srep44592

Lev, S. (2006). Lipid homoeostasis and Golgi secretory function. Biochem. Soc. Trans. 34, 363–366. doi: 10.1042/BST0340363

Lev, S. (2010). Non-vesicular lipid transport by lipid-transfer proteins and beyond. Nat. Rev. Mol. Cell Biol. 11, 739–750. doi: 10.1038/nrm2971

Levine, T. P., and Munro, S. (2002). Targeting of Golgi-specific pleckstrin homology domains involves both PtdIns 4-kinase-dependent and -independent components. Curr. Biol. 12, 695–704. doi: 10.1016/s0960-9822(02)00779-0

Li, X., Saha, P., Li, J., Blobel, G., and Pfeffer, S. R. (2016). Clues to the mechanism of cholesterol transfer from the structure of NPC1 middle lumenal domain bound to NPC2. Proc. Natl. Acad. Sci. U.S.A. 113, 10079–10084. doi: 10.1073/pnas.1611956113

Lion, T. (2014). Adenovirus infections in immunocompetent and immunocompromised patients. Clin. Microbiol. Rev. 27, 441–462. doi: 10.1128/CMR.00116-13

Long, T., Qi, X., Hassan, A., Liang, Q., Brabander, J., and Li, X. (2020). Structural basis for itraconazole-mediated NPC1 inhibition. Nat. Commun. 11:152. doi: 10.1038/s41467-019-13917-5

Lu, F., Liang, Q., Abi-Mosleh, L., Das, A., De Brabander, J. K., Goldstein, J. L., et al. (2015). Identification of NPC1 as the target of U18666A, an inhibitor of lysosomal cholesterol export and Ebola infection. eLife 4:e12177. doi: 10.7554/eLife.12177

Lu, Y., Song, S., and Zhang, L. (2020). Emerging role for Acyl-CoA binding domain containing 3 at membrane contact sites during viral infection. Front. Microbiol. 11:608. doi: 10.3389/fmicb.2020.00608

Luisoni, S., Suomalainen, M., Boucke, K., Tanner, L. B., Wenk, M. R., Guan, X. L., et al. (2015). Co-option of membrane wounding enables virus penetration into cells. Cell Host Microbe 18, 75–85. doi: 10.1016/j.chom.2015.06.006

Maeda, K., Anand, K., Chiapparino, A., Kumar, A., Poletto, M., Kaksonen, M., et al. (2013). Interactome map uncovers phosphatidylserine transport by oxysterol-binding proteins. Nature 501, 257–261. doi: 10.1038/nature12430

Mahr, J. A., and Gooding, L. R. (1999). Immune evasion by adenoviruses. Immunol. Rev. 168, 121–130. doi: 10.1111/j.1600-065x.1999.tb01287.x

Malinina, L., Malakhova, M. L., Teplov, A., Brown, R. E., and Patel, D. J. (2004). Structural basis for glycosphingolipid transfer specificity. Nature 430, 1048–1053. doi: 10.1038/nature02856

Maruyama, J., Miyamoto, H., Kajihara, M., Ogawa, H., Maeda, K., Sakoda, Y., et al. (2014). Characterization of the envelope glycoprotein of a novel filovirus, lloviu virus. J. Virol. 88, 99–109. doi: 10.1128/JVI.02265-13

Masci, J. R., and Wormser, G. P. (2005). Mandell, douglas, and bennett’s principles and practice of infectious diseases, 6th Edition Edited by Gerald L. Mandell, John E. Bennett, and Raphael Dolin Philadelphia: Elsevier Churchill Livingstone, 2005. 3661 pp., illustrated. $329 (cloth). Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 41:277. doi: 10.1086/431218

Medigeshi, G. R., Hirsch, A. J., Streblow, D. N., Nikolich-Zugich, J., and Nelson, J. A. (2008). West Nile virus entry requires cholesterol-rich membrane microdomains and is independent of alphavbeta3 integrin. J. Virol. 82, 5212–5219. doi: 10.1128/JVI.00008-08

Meier, O., and Greber, U. F. (2004). Adenovirus endocytosis. J. Gene Med. 6, (Suppl. 1), S152–S163. doi: 10.1002/jgm.553

Mesmin, B., Bigay, J., Moser von Filseck, J., Lacas-Gervais, S., Drin, G., and Antonny, B. (2013). A four-step cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi tether OSBP. Cell 155, 830–843. doi: 10.1016/j.cell.2013.09.056

Meutiawati, F., Bezemer, B., Strating, J., Overheul, G., Žusinaite, E., Kuppeveld, F., et al. (2018). Posaconazole inhibits dengue virus replication by targeting oxysterol-binding protein. Antiviral Res. 157, 68–79. doi: 10.1016/j.antiviral.2018.06.017

Min, S.-W., Chang, W.-P., and Südhof, T. C. E. - (2007). Syts, a family of membranous Ca2+-sensor proteins with multiple C2 domains. Proc. Natl. Acad. Sci. U.S.A. 104, 3823–3828. doi: 10.1073/pnas.0611725104

Munkacsi, A. B., Porto, A. F., and Sturley, S. L. (2007). Niemann-Pick type C disease proteins: orphan transporters or membrane rheostats? Future Lipidol. 2, 357–367. doi: 10.2217/17460875.2.3.357

Murillo, A., Vera-Estrella, R., Barkla, B. J., Méndez, E., and Arias, C. F. (2015). Identification of host cell factors associated with astrovirus replication in Caco-2 Cells. J. Virol. 89, 10359–10370. doi: 10.1128/JVI.01225-15

Murphy, S. E., and Levine, T. P. (2016). VAP, a versatile access point for the endoplasmic reticulum: review and analysis of FFAT-like motifs in the VAPome. Biochim. Biophys. Acta 1861, 952–961. doi: 10.1016/j.bbalip.2016.02.009

Nchoutmboube, J. A., Viktorova, E. G., Scott, A. J., Ford, L. A., Pei, Z., Watkins, P. A., et al. (2013). Increased long chain acyl-Coa synthetase activity and fatty acid import is linked to membrane synthesis for development of picornavirus replication organelles. PLoS Pathog. 9:e1003401. doi: 10.1371/journal.ppat.1003401

Negro, F., and Sanyal, A. J. (2009). Hepatitis C virus, steatosis and lipid abnormalities: clinical and pathogenic data. Liver Int. Off. J. Int. Assoc. Study Liver 29, (Suppl. 2), 26–37. doi: 10.1111/j.1478-3231.2008.01950.x

Neufeld, E. B., Wastney, M., Patel, S., Suresh, S., Cooney, A. M., Dwyer, N. K., et al. (1999). The Niemann-Pick C1 protein resides in a vesicular compartment linked to retrograde transport of multiple lysosomal cargo. J. Biol. Chem. 274, 9627–9635. doi: 10.1074/jbc.274.14.9627

Nickerson, D. P., Brett, C. L., and Merz, A. J. (2009). Vps-C complexes: gatekeepers of endolysosomal traffic. Curr. Opin. Cell Biol. 21, 543–551. doi: 10.1016/j.ceb.2009.05.007

Padula, M. E., Sydnor, M. L., and Wilson, D. W. (2009). Isolation and preliminary characterization of herpes simplex virus 1 primary enveloped virions from the perinuclear space. J. Virol. 83, 4757–4765. doi: 10.1128/JVI.01927-08

Park, B. S., Song, D. H., Kim, H. M., Choi, B.-S., Lee, H., and Lee, J.-O. (2009). The structural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature 458, 1191–1195. doi: 10.1038/nature07830

Patel, S. C., Suresh, S., Kumar, U., Hu, C. Y., Cooney, A., Blanchette-Mackie, E. J., et al. (1999). Localization of Niemann-Pick C1 protein in astrocytes: implications for neuronal degeneration in Niemann- Pick type C disease. Proc. Natl. Acad. Sci. U.S.A. 96, 1657–1662. doi: 10.1073/pnas.96.4.1657

Peretti, D., Kim, S., Tufi, R., and Lev, S. (2020). Lipid transfer proteins and membrane contact sites in human cancer. Front. Cell Dev. Biol. 7:371. doi: 10.3389/fcell.2019.00371

Pérez-Lara, Á, and Jahn, R. (2015). Extended synaptotagmins (E-Syts): architecture and dynamics of membrane contact sites revealed. Proc. Natl. Acad. Sci. U.S.A. 112, 4837–4838. doi: 10.1073/pnas.1504487112

Perkins, G., Renken, C., Martone, M. E., Young, S. J., Ellisman, M., and Frey, T. (1997). Electron tomography of neuronal mitochondria: three-dimensional structure and organization of cristae and membrane contacts. J. Struct. Biol. 119, 260–272. doi: 10.1006/jsbi.1997.3885

Pires de Mello, C. P., Bloom, D. C., and Paixão, I. C. (2016). Herpes simplex virus type-1: replication, latency, reactivation and its antiviral targets. Antivir. Ther. 21, 277–286. doi: 10.3851/IMP3018

Ponting, C. P., and Aravind, L. (1999). START: a lipid-binding domain in StAR, HD-ZIP and signalling proteins. Trends Biochem. Sci. 24, 130–132. doi: 10.1016/s0968-0004(99)01362-6

Rao, C. S., Lin, X., Pike, H. M., Molotkovsky, J. G., and Brown, R. E. (2004). Glycolipid transfer protein mediated transfer of glycosphingolipids between membranes: a model for action based on kinetic and thermodynamic analyses. Biochemistry 43, 13805–13815. doi: 10.1021/bi0492197

Reiss, S., Rebhan, I., Backes, P., Romero-Brey, I., Erfle, H., Matula, P., et al. (2011). Recruitment and activation of a lipid kinase by hepatitis C virus NS5A is essential for integrity of the membranous replication compartment. Cell Host Microbe 9, 32–45. doi: 10.1016/j.chom.2010.12.002

Ridgway, N. D., Dawson, P. A., Ho, Y. K., Brown, M. S., and Goldstein, J. L. (1992). Translocation of oxysterol binding protein to Golgi apparatus triggered by ligand binding. J. Cell Biol. 116, 307–319. doi: 10.1083/jcb.116.2.307

Rivadulla, E., and Romalde, J. L. A. (2020). Comprehensive review on human aichi virus. Virol. Sin. 35, 501–516. doi: 10.1007/s12250-020-00222-5

Rojo, G., García-Beato, R., Viñuela, E., Salas, M. L., and Salas, J. (1999). Replication of African swine fever virus DNA in infected cells. Virology 257, 524–536. doi: 10.1006/viro.1999.9704

Rönnberg, T., Jääskeläinen, K., Blot, G., Parviainen, V., Vaheri, A., Renkonen, R., et al. (2012). Searching for cellular partners of hantaviral nonstructural protein NSs: Y2H screening of mouse cDNA library and analysis of cellular interactome. PLoS One 7:e34307. doi: 10.1371/journal.pone.0034307

Rothwell, C., Lebreton, A., Young Ng, C., Lim, J. Y. H., Liu, W., Vasudevan, S., et al. (2009). Cholesterol biosynthesis modulation regulates dengue viral replication. Virology 389, 8–19. doi: 10.1016/j.virol.2009.03.025

Roulin, P. S., Lötzerich, M., Torta, F., Tanner, L. B., van Kuppeveld, F. J. M., Wenk, M. R., et al. (2014). Rhinovirus uses a phosphatidylinositol 4-phosphate/cholesterol counter-current for the formation of replication compartments at the ER-Golgi interface. Cell Host Microbe 16, 677–690. doi: 10.1016/j.chom.2014.10.003

Sainz, B. J., Barretto, N., Martin, D. N., Hiraga, N., Imamura, M., Hussain, S., et al. (2012). Identification of the Niemann-Pick C1-like 1 cholesterol absorption receptor as a new hepatitis C virus entry factor. Nat. Med. 18, 281–285. doi: 10.1038/nm.2581

Sakamoto, H., Okamoto, K., Aoki, M., Kato, H., Katsume, A., Ohta, A., et al. (2005). Host sphingolipid biosynthesis as a target for hepatitis C virus therapy. Nat. Chem. Biol. 1, 333–337. doi: 10.1038/nchembio742

Sasaki, J., Ishikawa, K., Arita, M., and Taniguchi, K. (2012). ACBD3-mediated recruitment of PI4KB to picornavirus RNA replication sites. EMBO J. 31, 754–766. doi: 10.1038/emboj.2011.429

Schauder, C. M., Wu, X., Saheki, Y., Narayanaswamy, P., Torta, F., Wenk, M. R., et al. (2014). Structure of a lipid-bound extended synaptotagmin indicates a role in lipid transfer. Nature 510, 552–555. doi: 10.1038/nature13269

Schloer, S., Goretzko, J., Kühnl, A., Brunotte, L., Ludwig, S., and Rescher, U. (2019). The clinically licensed antifungal drug itraconazole inhibits influenza virus in vitro and in vivo. Emerg. Microbes Infect. 8, 80–93. doi: 10.1080/22221751.2018.1559709

Schnittler, H.-J., and Feldmann, H. (2003). Viral hemorrhagic fever–a vascular disease? Thromb. Haemost. 89, 967–972. doi: 10.1055/s-0037-1613397

Shepard, C. W., Finelli, L., and Alter, M. J. (2005). Global epidemiology of hepatitis C virus infection. Lancet. Infect. Dis. 5, 558–567. doi: 10.1016/S1473-3099(05)70216-4

Shim, A., Song, J.-H., Kwon, B.-E., Lee, J.-J., Ahn, J.-H., Kim, Y.-J., et al. (2016). Therapeutic and prophylactic activity of itraconazole against human rhinovirus infection in a murine model. Sci. Rep. 6:23110. doi: 10.1038/srep23110

Sierra, B., Triska, P., Soares, P., Garcia, G., Perez, A. B., Aguirre, E., et al. (2017). OSBPL10, RXRA and lipid metabolism confer African-ancestry protection against dengue haemorrhagic fever in admixed Cubans. PLoS Pathog. 13:e1006220. doi: 10.1371/journal.ppat.1006220

Siminoff, P., and Menefee, M. G. (1966). Normal and 5-bromodeoxyuridine-inhibited development of herpes simplex virus. An electron microscope study. Exp. Cell Res. 44, 241–255. doi: 10.1016/0014-4827(66)90429-0

Simmons, C. P., Farrar, J. J., Nguyen, v. V., and Wills, B. (2012). Dengue. N. Engl. J. Med. 366, 1423–1432. doi: 10.1056/NEJMra1110265

Singh-Naz, N., and Rodriguez, W. (1996). Adenoviral infections in children. Adv. Pediatr. Infect. Dis. 11, 365–388.

Sleight, R. G. (1987). Intracellular lipid transport in eukaryotes. Annu. Rev. Physiol. 49, 193–208. doi: 10.1146/annurev.ph.49.030187.001205

Soccio, R. E., and Breslow, J. L. (2003). StAR-related lipid transfer (START) proteins: mediators of intracellular lipid metabolism. J. Biol. Chem. 278, 22183–22186. doi: 10.1074/jbc.R300003200

Sohda, M., Misumi, Y., Yamamoto, A., Yano, A., Nakamura, N., and Ikehara, Y. (2001). Identification and characterization of a novel Golgi protein, GCP60, that interacts with the integral membrane protein giantin. J. Biol. Chem. 276, 45298–45306. doi: 10.1074/jbc.M108961200

Soto-Acosta, R., Bautista-Carbajal, P., Cervantes-Salazar, M., Angel-Ambrocio, A. H., and Del Angel, R. M. (2017). DENV up-regulates the HMG-CoA reductase activity through the impairment of AMPK phosphorylation: a potential antiviral target. PLoS Pathog. 13:e1006257. doi: 10.1371/journal.ppat.1006257

Sprong, H., van der Sluijs, P., and van Meer, G. (2001). How proteins move lipids and lipids move proteins. Nat. Rev. Mol. Cell Biol. 2, 504–513. doi: 10.1038/35080071

Stackpole, C. W. (1969). Herpes-type virus of the frog renal adenocarcinoma. I. Virus development in tumor transplants maintained at low temperature. J. Virol. 4, 75–93. doi: 10.1128/JVI.4.1.75-93.1969

Stoeck, I. K., Lee, J.-Y., Tabata, K., Romero-Brey, I., Paul, D., Schult, P., et al. (2018). Hepatitis C Virus replication depends on endosomal cholesterol homeostasis. J. Virol. 92:e01196-17. doi: 10.1128/JVI.01196-17

Strating, J. R. P. M., van der Linden, L., Albulescu, L., Bigay, J., Arita, M., Delang, L., et al. (2015). Itraconazole inhibits enterovirus replication by targeting the oxysterol-binding protein. Cell Rep. 10, 600–615. doi: 10.1016/j.celrep.2014.12.054

Suchanek, M., Hynynen, R., Wohlfahrt, G., Lehto, M., Johansson, M., Saarinen, H., et al. (2007). The mammalian oxysterol-binding protein-related proteins (ORPs) bind 25-hydroxycholesterol in an evolutionarily conserved pocket. Biochem. J. 405, 473–480. doi: 10.1042/BJ20070176

Sun, L., Meijer, A., Froeyen, M., Zhang, L., Thibaut, H. J., Baggen, J., et al. (2015). Antiviral activity of broad-spectrum and enterovirus-specific inhibitors against clinical isolates of enterovirus D68. Antimicrob. Agents Chemother. 59, 7782–7785. doi: 10.1128/AAC.01375-15

Syed, G. H., Amako, Y., and Siddiqui, A. (2010). Hepatitis C virus hijacks host lipid metabolism. Trends Endocrinol. Metab. 21, 33–40. doi: 10.1016/j.tem.2009.07.005

Tapparel, C., Siegrist, F., Petty, T. J., and Kaiser, L. (2013). Picornavirus and enterovirus diversity with associated human diseases. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 14, 282–293. doi: 10.1016/j.meegid.2012.10.016

Téoulé, F., Brisac, C., Pelletier, I., Vidalain, P.-O., Jégouic, S., Mirabelli, C., et al. (2013). The Golgi protein ACBD3, an interactor for poliovirus protein 3A, modulates poliovirus replication. J. Virol. 87, 11031–11046. doi: 10.1128/JVI.00304-13

Thomas, D. L. (2013). Global control of hepatitis C: where challenge meets opportunity. Nat. Med. 19, 850–858. doi: 10.1038/nm.3184

van der Veen, J., and Lambriex, M. (1973). Relationship of adenovirus to lymphocytes in naturally infected human tonsils and adenoids. Infect. Immun. 7, 604–609. doi: 10.1128/IAI.7.4.604-609.1973

van Meer, G. (1989). Lipid traffic in animal cells. Annu. Rev. Cell Biol. 5, 247–275. doi: 10.1146/annurev.cb.05.110189.001335

Walls, T., Shankar, A. G., and Shingadia, D. (2003). Adenovirus: an increasingly important pathogen in paediatric bone marrow transplant patients. Lancet. Infect. Dis. 3, 79–86. doi: 10.1016/s1473-3099(03)00515-2

Wang, H., Shi, Y., Song, J., Qi, J., Lu, G., Yan, J., et al. (2016). Ebola Viral Glycoprotein Bound to Its Endosomal Receptor Niemann-Pick C1. Cell 164, 258–268. doi: 10.1016/j.cell.2015.12.044

Wang, H., and Tai, A. W. (2019). Nir2 Is an effector of VAPs necessary for efficient hepatitis C Virus replication and phosphatidylinositol 4-Phosphate enrichment at the viral replication organelle. J. Virol. 93:e00742-19. doi: 10.1128/JVI.00742-19

Welsch, S., Miller, S., Romero-Brey, I., Merz, A., Bleck, C. K. E., Walther, P., et al. (2009). Composition and three-dimensional architecture of the dengue virus replication and assembly sites. Cell Host Microbe 5, 365–375. doi: 10.1016/j.chom.2009.03.007

Wichit, S., Hamel, R., Bernard, E., Talignani, L., Diop, F., Ferraris, P., et al. (2017). Imipramine inhibits chikungunya virus replication in human skin fibroblasts through interference with intracellular cholesterol trafficking. Sci. Rep. 7:3145. doi: 10.1038/s41598-017-03316-5

Wong, E., Suárez, J. A., Naranjo, L., and Castrejón-Alba, M. M. (2021). Arbovirus rash in the febrile returning traveler as a diagnostic clue. Curr. Trop. Med. Rep. 1–8. doi: 10.1007/s40475-021-00229-2 [Epub ahead of print].

Wong, L. H., Gatta, A. T., and Levine, T. P. (2019). Lipid transfer proteins: the lipid commute via shuttles, bridges and tubes. Nat. Rev. Mol. Cell Biol. 20, 85–101. doi: 10.1038/s41580-018-0071-5

Wong, Y. C., Ysselstein, D., and Krainc, D. (2018). Mitochondria-lysosome contacts regulate mitochondrial fission via RAB7 GTP hydrolysis. Nature 554, 382–386. doi: 10.1038/nature25486

World Health Organization (2020). Chikungunya. Available online at: https://www.who.int/news-room/fact-sheets/detail/chikungunya (accessed January, 2021).

Wright, C. C., Wisner, T. W., Hannah, B. P., Eisenberg, R. J., Cohen, G. H., and Johnson, D. C. (2009). Fusion between perinuclear virions and the outer nuclear membrane requires the fusogenic activity of herpes simplex virus gB. J. Virol. 83, 11847–11856. doi: 10.1128/JVI.01397-09

Yamaji, T., and Hanada, K. (2014). Establishment of HeLa cell mutants deficient in sphingolipid-related genes using TALENs. PLoS One 9:e88124. doi: 10.1371/journal.pone.0088124

Yamaji, T., and Hanada, K. (2015). Sphingolipid metabolism and interorganellar transport: localization of sphingolipid enzymes and lipid transfer proteins. Traffic 16, 101–122. doi: 10.1111/tra.12239

Yasuda, S., Kitagawa, H., Ueno, M., Ishitani, H., Fukasawa, M., Nishijima, M., et al. (2001). A novel inhibitor of ceramide trafficking from the endoplasmic reticulum to the site of sphingomyelin synthesis. J. Biol. Chem. 276, 43994–44002. doi: 10.1074/jbc.M104884200

You, J., Hou, S., Malik-Soni, N., Xu, Z., Kumar, A., Rachubinski, R. A., et al. (2015). Flavivirus infection impairs peroxisome biogenesis and early antiviral signaling. J. Virol. 89, 12349–12361. doi: 10.1128/JVI.01365-15

Yu, H., Liu, Y., Gulbranson, D. R., Paine, A., Rathore, S. S., and Shen, J. (2016). Extended synaptotagmins are Ca&lt;sup&gt;2+&lt;/sup&gt;-dependent lipid transfer proteins at membrane contact sites. Proc. Natl. Acad. Sci. U.S.A. 113, 4362–4367. doi: 10.1073/pnas.1517259113

Zeng, X., and Carlin, C. R. (2019). Adenovirus early region 3 RIDα protein limits NFκB signaling through stress-activated EGF receptors. PLoS Pathog. 15:e1008017. doi: 10.1371/journal.ppat.1008017

Zhou, Y., Li, S., Mäyränpää, M. I., Zhong, W., Bäck, N., Yan, D., et al. (2010). OSBP-related protein 11 (ORP11) dimerizes with ORP9 and localizes at the Golgi-late endosome interface. Exp. Cell Res. 316, 3304–3316. doi: 10.1016/j.yexcr.2010.06.008

Zilversmit, D. B. (1983). Lipid transfer proteins: overview and applications. Methods Enzymol. 98, 565–573. doi: 10.1016/0076-6879(83)98183-1


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 © 2021 Avula, Singh, Kumar and Syed. 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/fmicb-12-673509-t001.jpg
Virus LTP
HCV OSBP
HCV GLTP
HCV CERT
HCV NPC1LA
Enteroviruses OSBP
DENV OSBP
EBOV NPC1
CHIKV NPC1

Target step

Replication

Replication
Secretion
Entry
Replication

Replication

Entry

Entry

Inhibitor

Itraconazole
Posaconazole
OSWA1
Bicyclol
HPA-12

Ezetimibe
Itraconazole
TTP-8307
OSWH1
Posaconazole
OSWH1
U18666A 3.47
MBX2254
MBX2270
Imipramine

References

Sohda et al. (2001)
Sohda et al. (2001)
van Meer (1989)
Shim et al. (2016)
Yasuda et al. (2001),
Aizaki et al. (2008)
Sainz et al. (2012)
Sohda et al. (2001)
Sun et al. (2015)
Albulescu et al. (2017)
Sierra et al. (2017)
Burgett et al. (2011)
Wichit et al. (2017)
Coté et al. (2011)
Basu et al. (2015)
Wichit et al. (2017)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Role of Lipid Transfer Proteins (LTPs) in the Viral Life Cycle



		INTRODUCTION



		LIPID TRANSFER PROTEINS (LTPS)



		Oxysterol-Binding Protein (OSBP) Related Proteins (ORPs)



		START (StAR-Related Lipid-Transfer) Domain Proteins



		Niemann-Pick Type C1 and C2 (NPC1 and NPC2) Proteins



		Extended Synaptotagmins (E-Syts Family)



		Four-Phosphate Adaptor Protein 2 (FAPP2)



		N-Terminal Domain-Interacting Receptor (Nir)







		LIPID TRANSFER PROTEINS IN THE VIRAL LIFE CYCLE



		Hepatitis C Virus (HCV)



		Dengue Virus (DENV)



		Ebola Virus (EBOV) and Marburg Virus (MARV)



		Enteroviruses



		Aichi Virus (AiV)



		African Swine Fever Virus (ASFV)



		Adenoviruses (AdV)



		Herpes Simplex Virus Type 1 (HSV-1)



		Chikungunya Virus (CHIKV)







		ANTIVIRALS TARGETING LTPS



		CONCLUDING REMARKS



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Role of Lipid Transfer Proteins
(LTPs) in the Viral Life Cycle





OPS/images/fmicb-12-673509-g001.jpg
Oxysterol binding protein (OSBP)
NH2

START domain containing protein (STARD)

NH2 COOH

Ceramide transfer protein (CERT)

NII2 COOH

Niemann-I'ick C1 (NI'C1)

NH2 -_ coon
Niemann-Pick C2 (NPC2)

Extended synaptotagmins (E-SYT-2)

p— ._._-f COOH
Four phosphate adaptor protein (FAPP)

NH?2 COOH

N terminal domain interacting receptor (NIR2)

M ——

PH

FFAT
SBD
MENTAL
START

NTD
SSD

CTD

SP

PRD
SMP LTD

GLTP

PITD

DDHD

LNS2

Plekstrin homology domain

Two phenylalanines in an acidictract

Sterol binding domain

MLNG64 NH2 terminal domain

StaR related lipid transfer domain

N terminal domain (cholesterol binding domain)
Sterol sensing domain

C terminal domain (cysteine rich domain)
Signal peptide

Proline rich domain

Synaptotagmin like mitochondrial
lipid transfer domain
Glycolipid transfer protein homology domain

., | DESEETLAR R .
| § I 1y

itol transfer domain
Two aspartic acid histidine aspartic acid

Lipin /Ned1/SMP2 domain







OPS/images/fmicb-12-673509-g003.jpg
Inhibitors of Viral Replication

Wl

i.p;i!ll'

v

i
r

®

O

|[}/]

!

:

RS
TIRTRR IMRARTRR CRRRRTATY MRTR ARMARRMR If

|

!
wi

AT IO ATV

S04 bebbol s00ess ) weesbs 1ebet besi dbe

MUUARRAR TR

)
>

(8

-l
N

Wi

= o5

L 4
-
-
-
-
-
-
-
-
-
-
-
-
“
-

’
~

Viral <~

Inhibitors of Viral entry

ALY
£ i

" o
ﬂ%%ﬁ Inhibits cholesterol
LULILLL £+~ Transport rom Late

endosome/lysosomes and
blocks virus release into
cytosol.

sessess

A

=

-

U18666A

I' O
Replication & O O . -L .
\ Assembly OVlral secretion
—> O ﬂ O a >
O i:> i?;

PIK93
L

_.===- Pl4KB

PKD

O
Golgi stacks






OPS/images/fmicb-12-673509-g002.jpg
N

{0 R TR
\""itl_:’_:,"l . . . \ “. ,
(-8 Binding of virus k
AR RRRRRRR RN A

AL Cell merny

YNNI

g 0 O

Viral RNA release

&ja\ o@ o

Ml
i

ol |
Povmiibtil

o
e

RIRne
9

ER-Membrane

Cholesterol Transfer

e

o ST
LUl e

5O
& & ’ - X‘f i[ KL ILT

Pl Transfer

Membrane contact sites

NIR2

VAP-A

OSBP

CERT

Cholesterol

Ceramide

Nucleocapsid

Virus






OPS/images/logo.jpg
, frontiers
in Microbiology





