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Inositol plays many important roles in cellular processes through its various derivatives including phosphatidylinositol phosphates. Viruses use phosphatidylinositol phosphates for their replication in multiple processes including entry, formation of replication organelles, assembly and release. For these processes, viruses recruit phosphatidylinositol kinases to meet their demand of phosphatidylinositol phosphates. Inhibitors of phosphatidylinositol kinases have been shown to inhibit various viruses. The complexity of various types and isoforms of phosphatidylinositol kinases can be a problem in developing a broad-spectrum antiviral as different viruses use various types and isoforms of the enzyme. Inositol monophosphatase is an enzyme required for both de novo biosynthesis and intracellular recycling of inositol. It can provide a chokepoint to limit the availability of cellular inositol, phosphatidylinositol, and phosphatidylinositol phosphates. It can be a promising target for broad-spectrum antiviral development.
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1 Introduction

Inositol, hexahydroxy-cyclohexane, is a cyclic polyol which composed of a six-carbon ring, and each carbon is hydroxylated. There are nine stereoisomers of inositol (cis-, epi-, allo, myo-, neo-, scyllo-, L- chiro-, D- chiro-, and muco-inositol). Seven isomers are found in nature, except for epi- and allo-inositol, while myo-inositol (MI) is the most abundant form (Loewus and Loewus, 1983; Thomas et al., 2016).

Inositol is found in both prokaryotes and eukaryotes. The primary role of inositol in prokaryotes is to regulate physiological osmolarity and cellular pH (Hazra and Nandy, 2016). Inositol is also essential for osmoregulation to protect the cells from hyperosmolarity in the mammalian brain and kidney cells (Garcia-Perez and Burg, 1990; Dai et al., 2016). However, more diverse functions were observed in eukaryotes. Inositol serves as a precursor to several derived metabolites, including inositol phosphates (InsP), phosphatidylinositol (PtdIns), various forms of phosphorylated PtdIns or phosphoinositides (PPIns), and inositol pyrophosphates (PP-InsPs).

PtdIns is a ubiquitous phospholipid found in the cytoplasmic leaflet of the plasma membrane, membrane-bound organelles, and endoplasmic reticulum (ER), where it is synthesized. It is also a precursor of PPIns, which act as second messengers in multiple signaling pathways and are involved in diverse biological processes, including actin cytoskeletal organization, membrane dynamics, and lipid metabolism and transport. Moreover, the network of phosphorylated inositol derivatives coordinates the cellular response to nutrients and the balance between energy production and utilization on two primary metabolic pathways: AMP-activated protein kinases (AMPK) and the mammalian target of rapamycin (mTOR) (Tu-Sekine and Kim, 2022). PPIns also participate in immune cell functions, cellular stress response, apoptosis, and secretion (Chen et al., 1998; De Craene et al., 2017; Chhetri, 2019; Bizzarri et al., 2023). PPIns levels are regulated by several phosphatidylinositol kinases (PIKs) and phosphatases, which are differently distributed across various subcellular compartments. This distribution results in the different localization of PPIns and their roles in several metabolic pathways (Beziau et al., 2020).

Viruses exploit host cellular pathways to enhance their replication (Fischl and Bartenschlager, 2011). Common targets manipulated by viruses include lipid metabolism and transport, as well as lipid-mediated signal transductions. Alterations in lipid metabolism and transport are required to redirect cellular lipids to favor viral replication and assembly. Additionally, viruses evade the host immune response by interfering with signal transduction mechanisms. Most viruses suppress interferon (IFN)-induced transcriptional responses, including the Janus kinase (JAK)/signal transducers and activators of transcription (STAT) signaling pathways (Alcami and Koszinowski, 2000). For instance, the NS4B protein of the dengue virus (DENV) blocks IFN signaling by reducing the nuclear translocation of STAT1, thereby affecting the JAK/STAT pathway (Ezeonwumelu et al., 2021). The viral strategy for manipulating host cellular lipids or disrupting signal transductions can be mediated through inositol metabolism by targeting host PIKs, phosphatases, and their accessory proteins. For instance, viruses recruit phosphatidylinositol 4-kinases (PI4Ks) to establish phosphatidylinositol 4-phosphate (PI4P)-enriched replication organelles (ROs) to concentrate the lipids required for their replication within ROs (Berger et al., 2009; Berger et al., 2011; McPhail and Burke, 2023).

Therefore, a comprehensive understanding of the importance of inositol, PtdIns, and PPIns metabolisms, especially the roles of PIKs involved in viral replication cycles can provide a novel approach for developing antiviral strategies.



2 Biosynthesis of myo-inositol and its derivatives

Organisms mainly rely on the cellular biosynthesis of MI, either the de novo synthesis from glucose or the catabolism of PtdIns, PPIn, and InsP (Gonzalez-Uarquin et al., 2020). However, inositol could also be acquired from food consumption. The intracellular inositol can be imported via inositol transporters (Gonzalez-Salgado et al., 2012). Inositol transporters, conserved across bacteria to animals, mediate uptake and regulate intracellular distribution. There are two groups of inositol transporters: sodium ion-coupled and proton-coupled, which are located in the plasma membrane (Schneider, 2015). SMIT1 and SMIT2, sodium/myo-inositol transporters encoded by SLC5A3 and SLC5A11 (Hitomi and Tsukagoshi, 1994; Berry et al., 1995), share 43% amino acid sequence identity (Coady et al., 2002). SMIT1 mainly contributes to osmoregulation by controlling inositol accumulation in the cells of the brain and kidney. Upregulation of SLC5A3 was observed in hypertonic and high osmolarity conditions (Yamauchi et al., 1995). The preferred substrate of SMIT1 and SMIT2 is inositol, with a Km value of 55 μM and 120 μM, respectively (Coady et al., 2002). Both SMIT1 and SMIT2 show low affinity to glucose (Hager et al., 1995; Coady et al., 2002). The mammalian proton-coupled inositol transporters (HMIT1) encoded by the SLC2A13 gene are highly expressed in the brain, and the upregulation results in hypertonic conditions (Uldry et al., 2001). The affinity for myo-inositol shows a Km value of 100 μM. HMIT1 also binds with scyllo-, chiro-, and muco-inositol (Uldry et al., 2001).

Inositol can be generated de novo from glucose-6-phosphate (G6P) to inositol-3-phosphate [Ins(3)P] by myo-inositol 1-phosphate synthase (MIPS, ISYNA1) (Eisenberg, 1967). Then the phosphate moiety is removed by inositol monophosphatase (IMPase, IMPA1, IMPA2) into free MI (Figures 1, 2) (Loewus et al., 1980; Bizzarri et al., 2023). Both MIPS and IMPase contribute significantly to maintaining free MI for biosynthesis of various derivatives. Additionally, MI can activate p53, which results in the upregulation of ISYNA1 expression as positive feedback for MI generation (Bizzarri et al., 2023).
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FIGURE 1
Biosynthesis and interconversion of phosphoinositides (PPIns), inositol phosphates (InsPs), and inositol pyrophosphates (PP-InsPs), mediated by various PIKs and phosphatases. The interconversion of seven PPIns is shown in the top panel. PIKs are represented in blue, while phosphatidylinositol phosphatases (PI phosphatases) are represented in red. Biosynthesis of InsPs and PP-InsPs is shown in the middle and bottom panels, respectively. CDP-DAG, cytidine diphosphate diacylglycerol; PI, phosphatidylinositol; PIS, phosphatidylinositol synthase; IMPase, inositol monophosphatase; DAG, diacylglycerol; PI-PLC, phosphatidylinositol phospholipase-C; INPP5, inositol polyphosphate-5-phosphatase; INPP4, inositol polyphosphate-4-phosphatase; IPMK, inositol polyphosphate multikinase; IPPK, inositol-pentakisphosphate 2-kinase; IP6K, inositol hexakisphosphate kinase; PPIP5K, diphosphoinositol-pentakisphosphate kinase; ITPK1, inositol-tetrakisphosphate 1-kinase; MINPP, multiple inositol polyphosphate phosphatase; HK, hexokinase; MIPS, myo-inositol 1-phosphate synthase.
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FIGURE 2
Schematic diagram illustrating the biosynthesis of myo-inositol (MI), phosphatidylinositol (PI), and various phosphoinositides (PPIns), along with the subcellular distribution of phosphatidylinositol kinases (PIKs), PPIns, viral target sites, and the targets of PIK inhibitors with antiviral activity (indicated by red letters and lines). SMIT1 and 2: sodium/myo-inositol transporters 1 and 2; HMIT, proton-coupled inositol transporter; PM, plasma membrane; ER, endoplasmic reticulum; TGN, trans-Golgi network; HK, hexokinase; MIPS, myo-inositol 1-phosphate synthase; G-6-P, glucose-6-phosphate; IMPase, inositol monophosphatase; CTP, cytidine triphosphate; PA, phosphatidic acid; DAG, diacylglycerol; CDP-DAG, cytidine diphosphate diacylglycerol; CDS, CDP-diacylglycerol synthase; PIS, phosphatidylinositol synthase; ROs, viral replication organelles; PI4KII (α and β), phosphatidylinositol 4-kinases type II; PI4KIII (α and β), phosphatidylinositol 4-kinases type III; PIKfyve, phosphatidylinositol 5-kinase; PI3KCI, phosphatidylinositol 3-kinase type I; PI3KC2, phosphatidylinositol 3-kinase type II; Vps34 or PI3KC3, vacuolar protein sorting 34 or phosphatidylinositol 3-kinase type III; PIP5KI, phosphatidylinositol-4-phosphate-5-kinase type I; ORPs, oxysterol-binding protein (OSBP)-related proteins; PI(3)phosphatase, phosphatidylinositol phosphatases. SARS-CoV (1 and 2), severe acute respiratory syndrome coronavirus; MERS-CoV, Middle East respiratory syndrome coronavirus; HCV, hepatitis C virus; DENV, dengue virus; ZIKV, Zika virus; JEV, Japanese encephalitis virus; CV, coxsackieviruses; CVB, coxsackievirus B; PV, poliovirus; RV, rhinovirus; EV68/71, enterovirus 68 and 71; EMCV, encephalomyocarditis virus; IAV, influenza A virus; EBOV, Ebola virus; ZEBOV, Zaire ebolavirus; HIV-1, human immunodeficiency virus-1; HSV-1, herpes simplex virus-1; CMV, cytomegalovirus; EBV, Epstein–Barr virus; and KSHV, Kaposi sarcoma–associated herpesvirus.


MI derivatives are classified into two main categories: lipid-associated and soluble forms. Lipid-associated MI derivatives include PtdIns and phosphorylated forms (phosphoinositides/PPIns), while soluble derivatives comprise InsP and PP-InsPs.


2.1 Biosynthesis of phosphatidylinositol and phosphoinositides

The synthesis of PtdIns occurs in the endoplasmic reticulum (ER) through the condensation of free MI and a liponucleotide, cytidine diphosphate diacylglycerol (CDP-DAG), facilitated by CDP-diacylglycerol–inositol 3-phosphatidyltransferase (CDIPT or phosphatidylinositol synthase; PIS) (Loewus and Loewus, 1983; Eisenberg and Parthasarathy, 1987). Meanwhile, CDP-DAG is synthesized in the ER from phosphatidic acid and cytidine triphosphate via CDP-diacylglycerol synthase (CDS) activity (Blunsom and Cockcroft, 2020). PtdIns predominantly localize to cellular membranes, including the nucleus, ER, Golgi complex, endosomes, and lysosomes (De Craene et al., 2017), and account for 10–20% of total cellular phospholipids in eukaryotic cells, whereas PPIns comprise only ∼1% (Di Paolo and De Camilli, 2006; Balla, 2013; see Figures 1, 2). PtdIns can be phosphorylated by different PIKs on the hydroxyl groups at positions three, four, and five. There are three main types of PPIns, which contain one, two, or three phosphate groups. The seven members of PPIns include phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 4-phosphate (PI4P), phosphatidylinositol 5-phosphate (PI5P), phosphatidylinositol 3,4-bisphosphate [PI(3,4)P2], phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2], phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], and phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3].

The interconversion of the seven PPIns is mediated by several families of PIKs and phosphatidylinositol phosphatases, whose variant isoforms are localized in different subcellular compartments, resulting in varied distribution of PPIns (Figure 1). This determines their specific roles in different biological processes.


2.1.1 Phosphatidylinositol 3-kinases (PI3Ks)

PI3Ks, membrane-associated PIKs, phosphorylate the inositol ring at the D3 position and comprise three subunits: p85 regulatory subunit, p55 regulatory subunit, and p110 catalytic subunit. PI3Ks were classified to three types, including type I, II, and III based on different structures and specific substrates (Katso et al., 2001).

PI3K type I (PI3KCI) mainly generates PI(3,4,5)P3 from PI(4,5)P2, which is a second messenger in PI3K/Akt/mTOR pathway (Amzel et al., 2008). PI3K type I can be further divided into type IA and type IB. Type IA PI3Ks are heterodimers of a regulatory subunit p85 and a catalytic subunit p110. The catalytic subunit p110 can be p110α, p110β, or p110δ isoforms, and only p110γ catalytic subunit is found PI3K type IB (Engelman et al., 2006). Based on different p110 catalytic subunits, PI3Ks can also be classified into four isoforms, including α, β, δ, and γ isoforms. PI3Ks are activated differently downstream of receptor tyrosine kinases (RTKs), G protein-coupled receptors and Ras GTPases (Yuan and Cantley, 2008; Vanhaesebroeck et al., 2010). Upon PI3K/Akt/mTOR pathway activation, PI3KCI produces PI(3,4,5)P3, which recruits Akt to the membrane by acting as the binding site. Akt is then phosphorylated by phosphoinositide-dependent protein kinase-1 (PDK1), activating mTOR signaling that regulates cell proliferation, survival, and motility (Paplomata and O’Regan, 2014).

PI(3,4,5)P3 is dephosphorylated at the D3 position by phosphatase and tensin homolog (PTEN), a tumor suppressor that function as PIP3-phosphatase, converting it back to PI(4,5)P2.

This results in the inactivation of the PI3K/Akt/mTOR pathway (Csolle et al., 2020). Mutation of PI3Ks have been implicated in various human cancers. PI3KCI inhibition has become a target in cancer therapeutics, as PI3K inhibitors can reduce cellular proliferation and promote cell death (Yang et al., 2019).

PI3K type II (PI3KC2) generates PI3P and PI(3,4)P2 from PI and PI4P, respectively, by phosphorylation at D3 position of the MI ring. PI3KC2 is resistance against wortmannin and LY294002 (Wang Y. et al., 2006). There are three isoforms, including PI3KC2α, PI3KC2β, and PI3KC2γ. PI(3,4)P2 produced by PI3KC2α promotes the maturation of clathrin-coated pits (CCPs) and facilitates membrane neck scission during clathrin-coated vesicle formation (Schöneberg et al., 2017). Moreover, the endocytic pools of PI3P produced by PI3KC2α mediate endosomal signaling, including that of RhoA, Rac1, and Rap1 (Yoshioka, 2021). PI3KC2β is also essential for the formation and maturation of CCPs through its recruitment via interaction with intersectin-1 (ITSN1), which stimulates actin filament formation at CCPs (Russo and O’Bryan, 2012; Almeida-Souza et al., 2018). PI3KC2γ mediates insulin-dependent production of endosomal PI(3,4)P2 that can extend the activation of endosomal Akt2 (Braccini et al., 2015).

PI3K type III (PI3KC3) is involved in intracellular membrane trafficking and autophagy. Its primary isoform, vacuolar protein sorting 34 (Vps34), phosphorylates PtdIns to generate PI3P, which is essential for the formation of early endosomes and autophagosomes (Li et al., 2024). Vps34 functions by forming two different complexes, which regulate the activity of different pathways. Complex I is involved in autophagy, whereas Complex II participates in endocytosis and membrane trafficking for vacuolar protein sorting (Backer, 2008; Jean and Kiger, 2014).



2.1.2 Phosphatidylinositol 4-kinases (PI4Ks)

PI4Ks phosphorylate the D4 hydroxyl of the myo-inositol ring in PtdIns, producing PI4P. The produced PI4P then serves as a precursor for the synthesis of other PPIns. Moreover, PI4P can be exchanged for lipids being transported to the plasma membrane or organelle membranes. PI4Ks consist of four isoforms, which can be classified into two types based on domain organization and biochemical properties: type II (PI4KIIα and PI4KIIβ) and type III (PI4KIIIα and PI4KIIIβ) (Li et al., 2021). Distinct structural motifs in each isoform confer unique protein interactions, driving isoform-specific localization and functional roles (Clayton et al., 2013; Boura and Nencka, 2015). See the details of PI4K domain organization in reference (Boura and Nencka, 2015).

The kinase domain of both type II PI4K isoforms contains a cysteine-rich (CCPCC) motif. Palmitoylation of this motif regulates their membrane association and enzymatic activity (Boura and Nencka, 2015). Moreover, type II PI4Ks are insensitive to wortmannin (Guo et al., 2003). PI4KIIα is the most abundant isoform, accounting for half of total PI4P synthesis. It is associated with membranes, primarily the trans-Golgi network (TGN) and late endosomes, which function in cargo sorting during TGN to late endosome trafficking (Wei et al., 2002; Jovi et al., 2012; Boura and Nencka, 2015). PI4KIIβ, meanwhile, is primarily found inactive in the cytosol within heat shock protein 90 (Hsp90) stabilization. Upon palmitoylation, it associates with the membrane of the trafficking vesicles and become active (Balla et al., 2002).

PI4Ks Type III consist of two isoforms, PI4KIIIα (also known as PI4KA) and PI4KIIIβ (also known as PI4KB), both of which are membrane-associated proteins and wortmannin-sensitive. PI4KIIIα mainly localizes in the ER, early cis-Golgi, and plasma membrane (Clayton et al., 2013). PI4KIIIα is recruited to the plasma membrane by association with other regulatory proteins, including TTC7, FAM126, and EFR3B (Nakatsu et al., 2012; Lees et al., 2017). It is responsible for most of the PI4P generation at the plasma membrane. The generation of PI4P at the plasma membrane is important for maintaining lipid composition via the non-vesicular lipid transport. PI4P can be exchanged for lipids being transported, including phosphatidylserine (PS) from the ER to the plasma membrane (Nakatsu et al., 2012), or cholesterol from the ER to the TGN, mediated by the oxysterol-binding protein (OSBP)-related proteins (ORPs; ORP5 and ORP8) (Delfosse et al., 2020; McPhail and Burke, 2023).

PI4KIIIβ is primarily localized at the Golgi, TGN, and Golgi-derived vesicles. Both PI4KIIIβ and PI4Ks type II are mainly responsible for PI4P generation at the Golgi and TGN. This produced PI4P plays a key role in lipid transport via multiple cargoes, including cholesterol, ceramide, and sphingolipid (Weixel et al., 2005; McPhail and Burke, 2023). A small GTPase, Arf1, acts as a recruiter for PI4KIIIβ to localize it to the Golgi for PI4P generation, which is crucial for vesicle formation and transport (Godi et al., 1999; Bilodeau et al., 2020). PI4KIIIβ also associates with the calcium binding protein neuronal calcium sensor-1 (NCS-1) (Taverna et al., 2002) and the Rab11 GTPase (Graaf et al., 2004), which are important in the recruitment of other lipid transport proteins.



2.1.3 PIP4K/PIP5K family

The members of the PIP4K/PIP5K family are classified into three distantly related groups: phosphatidylinositol-4-phosphate-5-kinase type I (PIP5KI), phosphatidylinositol-5-phosphate 4-kinase type II (PIP4K), and phosphatidylinositol-3-phosphate 5-kinase type III (PIKfyve). Both PIP5KI and PIP4K are responsible for the generation of PI(4,5)P2. PIP5KI phosphorylates PI4P at the D5 position, whereas PIP4K phosphorylates PI5P at the D4 position. Since the level of PI4P is much higher than that of PI5P, the major production of PI(4,5)P2 is mediated through PIP5KI activity (van den Bout and Divecha, 2009). PI(4,5)P2 is the most abundant bi-phosphorylated PPIn and is mostly found at the plasma membrane.

PIKfyve is responsible for the generation of PI(3,5)P2 and PI5P. PI(3,5)P2 can be produced by phosphorylation at D5 position of PI3P (McCartney et al., 2014). However, PIKfyve indirectly produces PI5P. It is shown that this enzyme generates a PI(3,5)P2 pool, which is then dephosphorylated by phosphatases, yielding PI5P (Zolov et al., 2012). PIKfyve is mainly involved in the maturation of endosomes from early endosomes to the TGN and lysosome transport (Rivero-Ríos and Weisman, 2022). PI(3,5)P2 is required for the recruitment of the effector protein sorting nexin-1, which participates in late endosome trafficking (Rutherford et al., 2006).




2.2 Biosynthesis of inositol phosphates and inositol pyrophosphates

Soluble phosphorylated MI derivatives include inositol phosphates (InsPs), composed of inositol rings bearing one or more phosphate groups at distinct positions. When two phosphates occupy the same position, they form inositol pyrophosphates (PP-InsPs) (Shah et al., 2017). Their biosynthesis pathways via lipid- or glucose-dependent pathways, depending on precursor origin (Figure 1) (Tu-Sekine and Kim, 2022).

In the lipid-dependent pathway, PI(4,5)P2 is converted into 1,2-diacylglycerol (DAG) and Ins(1,4,5)P3 by phospholipase-C (PLC) (Pattni and Banting, 2004). Ins(1,4,5)P3 could be dephosphorylated by inositol polyphosphate-5-phosphatase (INPP5) and inositol polyphosphate-4-phosphatase (INPP4) to Ins(1,4)P2 and Ins(4)P, respectively, for recycling to free MI by the activity of IMPase. Alternatively, Ins(1,4,5)P3 can be further phosphorylated by inositol polyphosphate multikinase (IPMK) into Ins(1,3,4,5)P4, Ins(1,3,4,5,6)P5, and finally by inositol-pentakisphosphate 2-kinase (IPPK) into inositol-6-phosphate (InsP6). Then the activity of inositol hexakisphosphate kinase (IP6K) and diphosphoinositol-pentakisphosphate kinase (PPIP5K) can convert InsP6 to various PP-InsPs (Irvine and Schell, 2001; Tu-Sekine and Kim, 2022; Bizzarri et al., 2023).

The glucose-dependent InsP biosynthesis starts with the conversion of glucose to G6P. Then G6P is converted to inositol-3-phosphate [Ins(3)P] by MIPS activity (Eisenberg, 1967). The phosphate of Ins(3)P can be removed by IMPase to free MI or converted to Ins(3,4)P2 and higher InsP by inositol-tetrakisphosphate 1-kinase (ITPK1) (Raboy and Bowen, 2006). The primary pathway in InsP and PP-InsPs biosynthesis is lipid-dependent, only phosphate starvation stimulates the glucose-dependent pathway (Desfougères et al., 2019).




3 Phosphatidylinositol kinases and viral replication

A common strategy for manipulating host cellular biological pathways involves hijacking the function of PIKs, which regulate numerous biological processes. The manipulation of PIKs by representative viruses from each group in the Baltimore classification system is described below and illustrated in Figure 2.


3.1 DNA viruses


3.1.1 Group I: double-stranded DNA (dsDNA) viruses


3.1.1.1 Adenoviruses

Adenoviruses are non-enveloped, icosahedral dsDNA viruses measuring 90–100 nm in diameter and containing a genome of approximately 30–37 kbp. They are members of the family Adenoviridae. Human adenoviruses belong to the genus Mastadenovirus and are usually associated with infections of the respiratory tract, intestinal tract, and eye (Burrell et al., 2017).

The adenovirus E4-ORF1 gene encodes an oncoprotein that promotes viral replication, cell survival, and cellular transformation through activation of PI3K. E4-ORF1 interacts with the regulatory and catalytic subunits of PI3K, elevating their expression levels. PI3K activation requires the formation of an E4-ORF1–PI3K complex in the cytoplasm, which subsequently binds to the membrane-associated cellular protein Discs Large 1 (Dlg1). At the membrane, the resulting complex of three proteins activates PI3K, leading to downstream activation of Akt (Kong et al., 2014). Moreover, PI3K activation upon adenovirus interaction with αv integrins is required for adenovirus internalization. Wortmannin and LY294002, potent PI3K inhibitors, have demonstrated inhibition of adenovirus infection (Li et al., 1998). In addition, LY294002 inhibits activation of the Akt/mTOR pathway and induces early cytopathic effects and caspase-mediated cell death in adenovirus-infected cells (Rajala et al., 2005; Tong et al., 2014).



3.1.1.2 Herpesviruses

Herpesviruses are enveloped dsDNA viruses with highly complex virions and genomes, encoding approximately 70 to 200 proteins. The Herpesviridae family is characterized by a dual life cycle, lytic and latent infection, which can establish lifelong persistence host cells. Eight human herpesviruses have been identified: herpes simplex viruses (HSV)-1 and -2, varicella-zoster virus (VZV), cytomegalovirus (CMV), Epstein–Barr virus (EBV), human herpesviruses (HHV)-6 and -7, and Kaposi sarcoma–associated herpesvirus (KSHV, also known as HHV-8).

Human herpesviruses activate PI3K/Akt signaling at multiple stages of the viral life cycle to modulate the cellular environment in favor of viral replication, particularly influencing transcription, translation, cell cycle regulation, suppression of apoptosis, and evasion of the host innate immune response. A comprehensive review is available in reference (Liu and Cohen, 2015). The activation of PI3K/Akt signaling occurs during the entry step, following the binding of HSV-1 to cellular receptors (MacLeod and Minson, 2010). Similarly, this activation is observed upon EBV binding to CD21 on B cells (Barel et al., 2003), and during the interaction of KSHV glycoproteins with integrins (Naranatt et al., 2003). In CMV infection, phosphorylation of the platelet-derived growth factor receptor α (PDGFR-α) triggers its interaction with the p85 subunit of PI3K, leading to Akt activation (Soroceanu et al., 2008). Inhibition of PI3K activity by the PI3K inhibitor LY294002 suppresses HSV-1 entry and fusion, as well as CMV early gene expression and genome replication (Johnson et al., 2001; Tiwari and Shukla, 2010; McFarlane et al., 2011).

To maintain the latent stage of HSV-1, persistent PI3K activation is required and is mediated by nerve growth factor (NGF) binding to the TrkA receptor tyrosine kinase (RTK) (Camarena et al., 2010). Inhibition of PI3K leads to HSV-1 reactivation. Moreover, EBV and KSHV are oncogenic viruses, and PI3K/Akt activation has been observed in malignancies associated with these viruses (Bhatt and Damania, 2012; Chen, 2012). Additionally, aberrant activation of PI3K/Akt signaling is frequently observed in various types of cancer, often resulting from mutations or amplification of genes encoding PI3K catalytic subunits (Bowles et al., 2007). Therefore, targeting the PI3K/Akt signaling pathway represents a critical strategy for drug development aimed at treating both human malignancies and viral infections.

In addition, increased PI4K and PIP5KI activities have been observed in EBV-infected B cells, resulting in elevated levels of PI4P and PI(4,5)P2. These phosphoinositides serve as precursors for the second messengers; 2-diacylglycerol and inositol 1,4,5-trisphosphate, which are required for EBV-induced activation of human B cells (Suzuki et al., 1992).



3.1.1.3 Poxviruses

Poxviruses are large enveloped viruses that belong to the family Poxviridae and have brick-shaped or oval structures ranging from 220 to 450 nanometers in length. The Chordopoxvirinae subfamily includes several genera, among which the genus Orthopoxvirus comprises notable human pathogens such as variola virus (smallpox), vaccinia virus, cowpox virus, and monkeypox virus (MPXV) (Lane and Xiang, 2022).

A previous study identified PI3P and PI4P binding sites on the H7 protein of vaccinia virus, which were found to be essential for viral membrane biogenesis (Kolli et al., 2015). Notably, inhibition of PI4KIIIβ using various bithiazole derivatives significantly reduced MPXV production (Martina et al., 2024). Moreover, PI3K/Akt activation was found to be elevated following infection with poxviruses, including vaccinia, cowpox (Soares et al., 2009), and rabbitpox (myxoma) viruses (Wang G. et al., 2006), contributing to apoptosis suppression (Soares et al., 2009), enhanced viral mRNA translation (Zaborowska and Walsh, 2009), and poxvirus morphogenesis (McNulty et al., 2010). Inhibition of PI3K, either through chemical inhibitors or deletion of its catalytic subunit, resulted in reduced late gene expression and decreased virus production (McNulty et al., 2010; Dunn and Connor, 2012).




3.1.2 Group II: single-stranded DNA (ssDNA) viruses

The viruses in this group have ssDNA genomes and replicate in the nucleus. Examples of viruses include the Anelloviridae, Circoviridae, and Parvoviridae families. Most Group II viruses contain circular genomes, except for parvoviruses. The family Parvoviridae consists of two subfamilies: Parvovirinae, which includes viruses that infect vertebrates, and Densovirinae, which infect insects. The virion is non-enveloped and possesses an icosahedral capsid surrounding its genome. A study using the insect parvovirus Junonia coenia densovirus (JcDV) demonstrated that the PI3K/Akt/TOR pathway is essential during the early stages of infection, likely facilitating the progression of host cells into a phase of the cell cycle suitable for viral replication and non-structural (NS) protein expression. Subsequently, the NS proteins appear to inhibit TOR activity, which suppresses cap-dependent translation, while promoting the preferential translation of viral mRNAs and enhancing viral replication (Salasc et al., 2016).




3.2 RNA viruses


3.2.1 Group III: double-stranded RNA (dsRNA) viruses


3.2.1.1 Rotaviruses

Rotaviruses are the most common cause of gastroenteritis in infants and young children. This genus belongs to the Reoviridae family. The virion is non-enveloped and contains a triple-layered capsid that encloses a segmented dsRNA genome.

PI3K/Akt/mTOR signaling is essential for the rotavirus life cycle at multiple stages. The binding of the viral capsid to cell surface receptors triggers PI3K activation early in infection, leading to the phosphorylation of Akt and extracellular signal-regulated kinase (ERK), which are crucial for the uncoating process. Subunit E of the V1 domain of V-ATPase directly interacts with phosphorylated PI3K, Akt, and ERK, facilitating proton gradient formation via ATP hydrolysis to acidify the late endosome, thereby enabling virus uncoating (Soliman et al., 2018). Moreover, rotavirus non-structural protein 1 (NSP1) interacts with the PI3K regulatory subunits (p85α and p85β) (Bagchi et al., 2013), leading to the activation of PI3K/Akt signaling. This promotes cell survival or suppresses premature apoptosis, thereby supporting viral production (Bagchi et al., 2010).

In addition, the PI3K inhibitor LY294002 reduces viral production, as evidenced by decreased levels of viral RNA, protein synthesis, and infectious viral particles. These findings confirm that PI3K/Akt/mTOR signaling is essential for sustaining rotavirus infection (Yin et al., 2018).




3.2.2 Group IV: positive-sense single-stranded RNA (+ssRNA) viruses


3.2.2.1 Picornaviruses

Picornaviruses are small, spherical, non-enveloped RNA viruses, and approximately 20–30 nm in diameter. They belong to the Picornaviridae family, which comprises five genera: Enterovirus, Rhinovirus, Hepatovirus, Cardiovirus, and Aphthovirus (Lin et al., 2009). Their genome, approximately 7.5–9 kb in length, is enclosed within an icosahedral capsid (Tapparel et al., 2013).

The replication of most picornaviruses impacts host lipid metabolism. The ROs of picornaviruses initially originate from the ER and TGN, establishing extensive contacts with both the ER and lipid droplets. These contacts are crucial for facilitating the transport of lipids necessary for viral replication (Pattni and Banting, 2004). Increased PI4P levels are also observed upon several picornavirus infections (Belov and van Kuppeveld, 2012).

The viral 3A proteins of Aichivirus (AiV), bovine kobuvirus, poliovirus (PV), coxsackievirus B3 (CVB3), and human rhinovirus 14 (HRV14) are found to associate with PI4KIIIβ (Greninger et al., 2012). The viral 3A protein modulates the recruitment of PI4KIIIβ by activating ADP-ribosylation factor 1 (Arf1) GTPase with guanine nucleotide exchange factor (GBF1). This leads to the accumulation of PI4KIIIβ at the ROs, creating PI4P-enriched membranes (Hsu et al., 2010). The increased PI4P levels at ROs facilitate lipid transport, mediated by lipid transport proteins, enriching sphingolipids and sterols, which are crucial for viral replication (Altan-Bonnet and Balla, 2012). ORPs mediate the transfer of sterol or PS from the ER to other cellular compartments, including viral ROs, by exchanging them for PI4P (Fuggetta et al., 2024). These alterations are critical for several picornaviruses, including PV (Arita, 2014), coxsackievirus (CV) (Dorobantu et al., 2014), rhinovirus (RV) (Spickler et al., 2013), AiV (McPhail et al., 2017), enterovirus 68/71(EV68/71) (van der Schaar et al., 2013), and encephalomyocarditis virus (EMCV) (Dorobantu et al., 2016). In addition, a previous study showed that the recruitment of viral RNA-dependent RNA polymerase (RdRP) of EV71, AiV, and CVB3 to the lipid bilayer of ROs is driven by the overall negative charge of the ROs rather than a specific interaction with PI4P (Dubankova et al., 2017).

Moreover, activation of PI3K/Akt signaling during PV and RV attachment and entry has been observed, resulting in the suppression of apoptosis (Bentley et al., 2007; Autret et al., 2008). A similar mechanism has also been identified in cardioviruses, which suppress apoptosis to maintain infected cell viability. ECMV and coxsackievirus likewise activate PI3K/Akt signaling; however, this activation does not appear to be entry-dependent. Instead, it plays a crucial role in inhibiting apoptosis and promoting viral replication (Esfandiarei et al., 2004; Esfandiarei et al., 2007). An inhibitor of PI4KIII and PI3K, has demonstrated antiviral activity against several picornaviruses (Delang et al., 2012; Siltz et al., 2014; Cheong et al., 2023; Martina et al., 2024).



3.2.2.2 Flaviviruses

Flaviviruses, a genus within the Flaviviridae family, are enveloped spherical viruses approximately 50 nm in diameter. The genus includes diverse viruses, such as hepatitis C virus (HCV), dengue virus (DENV), Japanese encephalitis virus (JEV), Zika virus (ZIKV), West Nile virus (WNV), yellow fever virus (YFV), and tick-borne encephalitis virus (TBEV) (van den Elsen et al., 2021).

The involvement of PIKs in viral replication was observed during HCV infection. PI4P, which is primarily localized to the ER membranes, exhibits increased expression and altered redistribution, forming a punctate pattern in the cytoplasm (Deng et al., 2010). It was found that HCV recruited PI4KIIIα to the site of viral replication or the membranous web structure by directly interacting with viral non-structural protein 5A (NS5A) (Bishé et al., 2012). The membranous web is a complex structure of membranes derived from ER membranes, containing double-membrane vesicles (DMVs) induced by HCV (Blanchard and Roingeard, 2018). The interaction of PI4KIIIα and NS5A results in enhanced PI4KIIIα activity and increased PI4P levels (Berger et al., 2011). Impaired interaction between NS5A and PI4KIIIα leads to reduced PI4P levels and alters the morphology of the membranous web, resembling the phenotype observed when PI4KIIIα expression is silenced (Reiss et al., 2013). Additionally, the presence of PI4P at the TGN membrane is essential for HCV secretion (Bishé et al., 2012). PI4KIIIα also regulates the phosphorylation status of NS5A and viral RNA replication (Berger et al., 2011; Reiss et al., 2013). A number of studies have revealed the involvement of PI4KIIIβ as an essential factor for the viral replication of different HCV genotypes (Borawski et al., 2009; Coller et al., 2012; Delang et al., 2012; Zhang et al., 2012). The silencing of PI4KIIIβ results in the inhibition of HCV infection; however, it does not affect HCV membranous web formation (Tai and Salloum, 2011).

The function of PI3Ks is also essential for HCV replication. HCV NS5A can interact with the regulatory subunit p85 of PI3K, thereby freeing the catalytic subunit p110, allowing PI3K to generate PI(3,4)P2 and PI(3,4,5)P3. This leads to Akt recruitment and activation of the PI3K/Akt signaling pathway, which drives cell survival and suppresses apoptosis. The irregular activation of the PI3K/Akt signaling pathway results in the development of hepatocellular carcinoma (Bishé et al., 2012; Cheng et al., 2015). There are a number of PI4KIII inhibitors with antiviral activity against HCV genotype 1b, including PIK-93, Enviroxime, and AL-9, which have shown inhibitory effects on both PI4KIIIα and PI4KIIIβ (Borawski et al., 2009; Delang et al., 2012). PIK-93 and AL-9 also inhibit certain types of PI3Ks.

Moreover, PI4KIIIβ was identified as an essential factor in ZIKV replication. PI4P is enriched at ZIKV ROs, and treatment with the PI4KIIIβ inhibitor, bithiazole, was found to inhibit ZIKV replication (Martina et al., 2021). Particularly, enriched PI4P contributes a negative charge to the lipid bilayer and mediates electrostatic interaction between NS1 and the ER membrane (Ci et al., 2021). The overexpression of a lipid phosphatase, Sac1, which dephosphorylates PI4P, disrupted NS1-induced ER membrane remodeling and impaired ZIKV replication. The electrostatic interaction between NS1 of flaviviruses is crucial for the induction of ROs by binding to negatively charged lipids and might also be applicable to other flaviviruses (Martina et al., 2021). ZIKV and other flaviviruses, such as DENV and West Nile virus (WNV), form convoluted membranes and vesicle packets within the ER as their ROs, while HCV forms double-membrane vesicles (Mazeaud et al., 2021).

However, the replication of DENV is independent of both PI4KIIIα and PI4KIIIβ (Heaton et al., 2010; Delang et al., 2012). Silencing of PI4KIIIα had no effects on DENV replication (Reiss et al., 2011). WNV infection is also independent of PI4P, as no alterations in PI4P distribution and colocalization with viral double-stranded RNA (dsRNA) have been observed. The treatment with PIK-93, a PI4K inhibitor, had no effect on WNV replication (Martín-Acebes et al., 2011). Nevertheless, both DENV and WNV manipulate host lipid metabolism. Fatty acid synthase (FASN) is recruited to the replication sites of both DENV and WNV, and treatment with FASN inhibitors such as Cerulenin and C75 significantly inhibited viral replication (Mackenzie et al., 2007; Heaton et al., 2010). Moreover, itraconazole and posaconazole have been shown to inhibit DENV and ZIKV by targeting oxysterol-binding protein (OSBP) function in the redistribution of cholesterol (Meutiawati et al., 2018).

Flaviviruses usually activate apoptosis in the late stage of infection; however, they also initiate survival signaling to create and prolong a favorable cellular environment for their replication through PI3K/Akt/mTOR pathway. Upon interaction with DENV serotype 2 (DENV-2) and Japanese encephalitis virus (JEV), apoptosis is inhibited by activating the PI3K/Akt pathway at an early stage of viral infection (Lee et al., 2005). However, PI3K/Akt signaling is not required for JEV and DENV-2 replication, as LY294002, a PI3K inhibitor, has no effects on viral RNA replication, viral protein expression, and virion production (Lee et al., 2005). Furthermore, PI3K signaling regulates the type I IFN (IFN-I) response, which is important for controlling WNV infection. The inhibition of PI3Ks by 3-methyl adenine (3-MA), Wortmannin, and LY294002 increased viral production (Wang et al., 2017).



3.2.2.3 Coronaviruses

Coronaviruses are members of the family Coronaviridae and are characterized as large, spherical, enveloped viruses that feature prominent spike (S) glycoproteins protruding from their envelope. They have an approximate diameter of 118–140 nm. Their genome consists of +ssRNA, ranging from 25 to 32 kb and containing 7–10 open reading frames (ORFs) (Chen et al., 2020). Three coronaviruses have caused severe disease in humans: severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1), Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2.

PI4KIIIβ was identified as being involved in the entry of SARS-CoV-1, mediated by angiotensin I-converting enzyme 2 (ACE2) receptors (Yang et al., 2012). Silencing of PI4KIIIβ resulted in the inhibition of SARS-CoV-1 entry. PI4KIIIβ is important for regulating lipid membrane composition; an increase in PI4P levels in the organelle membrane is also favorable for SARS-CoV-1 (Yang et al., 2012). Moreover, PIKfyve, the lipid kinase responsible for PI(3,5)P2 production, which regulates early endosome to late endosome maturation, is crucial for SARS-CoV-2, MERS-CoV, and murine hepatitis virus (MHV) entry. Inhibition of PIKfyve by apilimod significantly reduces viral entry (Ou et al., 2020).

Furthermore, PI3K also participates in MERS-CoV replication by regulating cell proliferation and apoptosis through the PI3K/Akt/mTOR signaling pathways. Wortmannin, a PI3K inhibitor, also inhibited MERS-CoV infection (Kindrachuk et al., 2015).




3.2.3 Group V: negative-sense single-stranded RNA (−ssRNA) viruses


3.2.3.1 Ebolaviruses

The Ebolavirus genus belongs to the Filoviridae family of viruses. It includes five species: Bundibugyo ebolavirus (BDBV), Zaire ebolavirus (ZEBOV), Reston ebolavirus (RESTV), Sudan ebolavirus (SUDV), and Taï Forest ebolavirus (TAFV) (Jain et al., 2021).

During viral entry, Ebolaviruses (EBOV) rely on the interaction between its viral glycoprotein and the host cellular protein Niemann-Pick C1 (NPC1), which is located in late endosomes and lysosomes. PIKfyve, which is responsible for PI(3,5)P2 production to regulate endosome maturation, thus mediates the transport of EBOV to NPC1-positive late endosomes (Qiu et al., 2018). The inhibition of PIKfyve using apilimod was also shown to inhibit the entry of ZEBOV (Kang et al., 2020).

Moreover, the interaction between viral VP40 and the plasma membrane is critical for the assembly and budding of EBOV. This step requires high concentrations of PI(4,5)P2, PI3P, and PI(3,4,5)P3. Especially, the enrichment of PI(4,5)P2 at the plasma membrane, which is mainly generated by PIP5KI, changes the lipid composition and induces membrane curvature during assembly and budding (Gc et al., 2016; Johnson et al., 2016).

Furthermore, it has been identified that PI3KC1 and Akt activation participates in the regulation of ZEBOV entry through modulation of Rac1, which is the regulatory protein involved in endocytosis. Inhibition of PI3K or Akt activation resulted in reduced viral entry (Saeed et al., 2008).



3.2.3.2 Orthomyxoviruses

Viruses of the Orthomyxoviridae family are characterized by segmented −ssRNA genomes and surface glycoproteins hemagglutinin (HA) and neuraminidase (NA), which are crucial for viral entry, subtype distinction, and infectivity. Their genomes typically consist of 6 to 8 RNA segments, each packaged into ribonucleoprotein (RNP) complexes that encode essential proteins for replication (Foster et al., 2018). Influenza A, B, and C viruses are the most notable orthomyxoviruses, responsible for seasonal influenza and periodic pandemics in both humans and animals.

Activation of PI3K/Akt signaling by influenza A virus (IAV) occurs at multiple stages of viral replication and can have either pro-viral or anti-viral effects. Binding of IAV to sialic acids on the host cell surface, followed by endocytosis, requires activation of PI3K/Akt signaling to facilitate viral internalization (Ehrhardt and Ludwig, 2009). PI3K/Akt signaling activation is initiated through clustering of RTKs, such as the epidermal growth factor receptor (EGFR) (Eierhoff et al., 2010). However, PI3K signaling triggered by pathogen recognition receptors also lead to host innate immune responses activation (Ayllon et al., 2012). Moreover, IAV directly activates PI3K/Akt signaling through interaction between its N1 protein and the p85 regulatory subunit of PI3KCI, ultimately leading to inhibition of apoptosis (Hale et al., 2006; Shin et al., 2007). Although only early PI3K activation was observed with influenza B virus infection (Ehrhardt et al., 2007).

During viral assembly, the viral ribonucleoprotein (vRNP) of IAV must be transported from the nucleus to the plasma membrane. IAV has been shown to induce cellular PI4P levels and alter its localization via ATG16L1, which is essential for autophagosome formation, thereby promoting vRNP trafficking (Alemany et al., 2025).




3.2.4 Group VI: single-stranded RNA-reverse transcription (RT) viruses


3.2.4.1 Retroviruses

These viruses belong to the family Retroviridae. The virions of retroviruses contain reverse transcriptase, which converts their RNA genome into DNA that subsequently integrates into the host genome. Examples of retroviruses include the human immunodeficiency virus (HIV), which causes acquired immunodeficiency syndrome (AIDS), the human T-lymphotropic virus (HTLV), which is associated with certain types of leukemia and lymphoma, and murine leukemia virus (MLV) (Chameettachal et al., 2023).

PtdIns kinases are identified to be involved in the human immunodeficiency virus-1 (HIV-1) replication cycle. The interaction of HIV-1 with the cell surface receptor CD4 can activate PI3K/Akt signaling pathways, which are important in HIV-1 entry, increasing cell survival and viral spread, and interfering with the immune response (Hamada et al., 2019; Pasquereau and Herbein, 2022). PI3KCI, α isoform (with the p110α catalytic subunit), which is responsible for PI(3,4,5)P3 generation, is identified as a crucial factor for HIV-1 entry and fusion. PIK-75, a PI3K p110α isoform-specific inhibitor, can inhibit HIV-1 entry (Hamada et al., 2019). Additionally, the negative factor (Nef) of HIV-1 interacts with p85, a regulatory subunit of PI3K, which is required to activate Nef-associated p21-activated kinase (PAK) (Wolf et al., 2001). The activation of PAK suppresses apoptosis and T cell development, leading to facilitated viral replication (Wolf et al., 2001). The inhibition of PI3K showed reduced HIV-1 production (Linnemann et al., 2002).

PIP5KI, which is responsible for PI(4,5)P2 production, is also involved in HIV-1 entry and assembly. PI(4,5)P2 is required for actin cytoskeleton remodeling, regulating endocytosis and thereby viral entry (Ling et al., 2006; Gonzales et al., 2020). PI(4,5)P2 also mediates the binding of Gag polyprotein precursors (Pr55Gag) to the plasma membrane in viral assembly. Particularly, the downregulation of PIP5K1α and PIP5K1γ isoforms impairs the targeting of Pr55Gag to the plasma membrane (Gonzales et al., 2020).




3.2.5 Group VII: dsDNA-RT viruses

These viruses possess a dsDNA genome and utilize reverse transcriptase to replicate their genome from transcribed RNA. An example is the Hepadnaviridae family.


3.2.5.1 Hepadnaviruses

These enveloped viruses are characterized by a partially dsDNA genome and preferentially infects and replicates within liver cells. They are associated with both acute and chronic hepatitis, which can progress to cirrhosis and liver cancer. The most well-known member of this group is hepatitis B virus (HBV), a major human pathogen.

Activation of PI3K/Akt/mTOR signaling is observed during HBV entry. However, transient treatment with the PI3K inhibitor LY294002 has no effect on the entry process, suggesting that HBV-induced Akt activation is not essential for viral entry. Notably, prolonged treatment with PI3K/Akt/mTOR inhibitors, including LY294002, an Akt inhibitor, and rapamycin, results in increased levels of HBV capsids and capsid DNA, thereby enhancing viral replication (Xiang and Wang, 2018).

HBx, a protein encoded by HBV, stimulates viral replication and contributes to the development of HBV-associated hepatocellular carcinoma (HCC). HBx has been found to activate PI3K/Akt signaling; however, this activation leads to a reduction in HBV replication. Although Akt activation by HBx appears to negatively regulate HBV replication, it is also essential for the suppression of apoptosis, which may support persistent, non-cytopathic HBV replication. Akt modulates HBV replication by decreasing the activity of the transcription factor hepatocyte nuclear factor 4α (HNF4α). These findings highlight the crucial role of HBx in balancing HBV replication and host cell survival through PI3K/Akt signaling (Rawat and Bouchard, 2015). Additionally, Akt1 activation is among the most consistent features observed in HBV-induced HCC (Boyault et al., 2007).






4 Phosphatidylinositol kinases as an antiviral target

The biosynthesis of PtdIns and its phosphorylated derivatives involves a range of cellular biological processes. As obligate parasites, viruses rely on host cellular machinery to support their replication. A common strategy employed by viruses to manipulate these processes and create a favorable environment for their replication involves regulating the functions of PIKs and the expression levels of PPIns (Figure 2). Modulating these PIKs is crucial for viral entry, fusion, genome replication, translation, assembly, and release across multiple viral families (Buchkovich et al., 2008; Dunn and Connor, 2012), highlighting PIKs as promising antiviral targets.

Several pan- or isoform-specific PI3K, PI4K, and PIKfyve inhibitors, include LY294002, PIK-75, PIK-93, enviroxime, bithiazole derivatives, CUR-N399, and apilimod, have demonstrated antiviral activity against multiple viruses (Table 1 and Figure 2) (Walker et al., 2000; Delang et al., 2012; Martina et al., 2021; Li et al., 2024).


TABLE 1 Inhibitors of phosphatidylinositol kinases with board-spectrum antiviral activity.


	Inhibitors
	Targeted PIKs
	Virus group and species or strain
	Findings
	References





	LY294002
	PI3Kα, PI3Kδ, PI3Kβ
	HAdV-2
	Inhibits viral entry, conc. 100 μM (SW480 cells)
	Li et al., 1998



	HAdV-19
	Inhibits Akt activation, conc. 20 μM (HCF cells)
	Rajala et al., 2005



	HSV-1
	Inhibits viral entry, conc. 0.05–0.5 mM (RPE, HeLa and CF cells)
	Tiwari and Shukla, 2010



	HCMV
	Inhibits virus replication, conc. 10 μM (HFFF2 cells)
	McFarlane et al., 2011



	conc. 1–20 μM (HEL fibroblasts)
	Johnson et al., 2001



	CyHV-2
	Inhibits virus replication and protein expression (GiCF cells)
	Song et al., 2024



	RVA-SA11
	Inhibits virus replication, conc. 1, 5 μM (Caco2 cells)
	Yin et al., 2018



	CVB
	Promotes CVB3-induced CPE and apoptosis
	Chen et al., 2014



	IAV
 A/WSN/33 (H1N1)
	Reduces virus replication, attenuates lung injury in mice
	Tang et al., 2023



	HIV-1
	Inhibits viral entry, conc. 3–10 μM (TZM-bl cells)
	Hamada et al., 2019



	PIK-75
	PI3Kα
	IAV
	Inhibits virus replication in A549 cells
	Perwitasari et al., 2015



	A/Anhui/1/2013 (H7N9)
	IC50: 0.04 μM



	A/California/04/09 (pdmH1N1)
	IC50: 0.32 μM



	A/Philippines/2/82-X79 (H3N2)
	IC50: 0.40 μM



	HIV-1
	Inhibits viral entry, conc. 3–30 nM (TZM-bl cells)
	Hamada et al., 2019



	PIK-93
	PI4KIIIβ, PI3Kγ, PI3Kα
	AiV
	inhibits virus replication, EC50: 0.60 μM (HeLa cells)
	Greninger et al., 2012



	CVB3
	Inhibits virus replication, conc. 1 μM (BGM kidney cells)
	Schaar et al., 2012



	EV71
	Inhibits virus replication, conc. 0.25 μM (RD cells)
	Xiao et al., 2017



	HRV
	Inhibits virus replication, (Cells) mean EC50 ± SD
	Mello et al., 2014



	HRV-C15
	(HeLa) 285 ± 258 nM
 (HAE) 225 ± 103 nM



	HRV-C11
	(HeLa cells) 90 ± 10 nM
 (HAE) 342 ± 81 nM



	HRV-C25
	(HeLa) 57 ± 33 nM



	HRV-C24
	(HeLa) 75 ± 9 nM



	HRV-A16
	(HeLa) 574 ± 115 nM
 (HAE) 127 ± 50 nM



	PV
	Inhibits virus replication
 Mean EC50 ± SD: 0.14 ± 0.0086 μM (RD cells)
	Arita et al., 2011



	HCV
	Inhibits virus replication
 (Huh-7.5) mean IC50 ± SD
 (Huh-7) mean EC50 ± SD
	Borawski et al., 2009; Delang et al., 2012; Delang et al., 2018



	Genotype 1a
	(Huh-7.5) 0.098 ± 0.05 μM
 (Huh-7) 0.47 ± 0.1 μM



	Genotype 1b
	(Huh-7.5) 0.05 ± 0.01 μM



	Genotype 1b (Huh 5–2)
	(Huh-7) 0.28 ± 0.07 μM



	Genotype 1b (Huh 9–13)
	(Huh-7) 0.17 ± 0.1 μM



	Genotype 2a
	(Huh-7.5) 0.39 ± 0.04 μM
 (Huh-7) 5.8 ± 0.5 μM



	Genotype 4a
	(Huh-7) 0.72 ± 0.01 μM



	SARS-CoV-2
	Inhibits viral entry, conc. 0.1–10 μmol/L (293T-ACE2 stable cell lines)
	Moore et al., 2022



	Enviroxime (LY122772)
	PI4KIIIβ, PI4KIIIα
	MPXV
	(VeroE6) EC50: 4.75 μM
	Martina et al., 2024



	CVB1
	Combination of 50 mg/kg enviroxime and 3.125–6.25 mg/kg disoxaril synergistically inhibits virus replication in mice
	Nikolaeva-Glomb and Galabov, 2004



	CVB3
	Inhibits virus replication, EC50: 0.7 μM
	Martina et al., 2024



	EV68
	(HeLa) EC50: 0.154 μM



	EV71
	EC50: 0.0303 μM



	HRV14
	EC50: 0.11 μM



	HRV16
	(HeLa) EC50: 0.042 μM



	HRV54
	EC50: 0.120 μM



	PV1
	EC50: 0.19 μM



	PV
	(L2OB and RD) MIC of 0.06 μg/ml
	Al-khayat and Ahmad, 2012



	Rubella virus
	(HeLa and WISH) MIC of 0.125 μg/ml



	HCV
	Inhibits virus replication
 (Huh-7) mean EC50 ± SD or only EC50 indicated
	Delang et al., 2012; Delang et al., 2018



	Genotype 1a
	0.49 ± 0.07 μM



	Genotype 1b
	0.22 μM



	Genotype 1b (Huh 5–2)
	0.33 ± 0.1 μM



	Genotype 1b (Huh 9–13)
	0.22 ± 0.06 μM



	Genotype 2a
	2.3 ± 0.8 μM



	Genotype 4a
	0.20 ± 0.1 μM



	HCoV-229E
	(Huh7) EC50: 4.75 μM
	Martina et al., 2024



	SARS-CoV-2
	(VeroE6) EC50: 0.57 μM



	Bithiazole derivatives
	PI4KIIIβ
	Different substituents on bithiazole derivatives showed varying antiviral activity across various viruses and cell types.
 (Cells) Ranges of EC50 or IC50 values
	(Martina et al., 2021; Martina et al., 2024)



	MPXV
	(VeroE6) EC50: 3–11 μM



	EV68
	(HeLa) EC50: 0.41–3.22 μM



	EV71
	(VeroE6) EC50: 0.05–0.03 μM



	HRV2
	(HeLa) IC50: 0.39–9.70 μM



	HRV14
	(HeLa) IC50: 0.48–15.30 μM



	HRV16
	(HeLa) EC50: 0.145–1.6 μM



	YFV
	(VeroE6) EC50: 1.05–1.52 μM



	ZIKV
	(VeroE6) EC50: 1.88–4.59 μM
 (Huh-7) EC50: 1.64–6.51 μM
 (Huh-7) IC50: 0.51–13.79 μM



	HCoV-229E
	(Huh-7) EC50: 0.55–0.94 μM



	SARS-CoV-2
	(VeroE6) EC50: 0.57–9.67 μM
 (Calu3) EC50: 2.71–11.2 μM
 (Calu3) IC50: 1.57–7.45 μM



	CUR-N399
	PI4KIIIβ
	Enterovirus A, B, C, D
	EC50: 2.5–53 nM
	Cheong et al., 2023



	Human rhinovirus A, B
	EC50: 2.8–53 nM



	Apilimod
	PIKfyve
	HRV14
	Inhibits virus replication
 (HeLa) IC50: 12.3 μM
	Baker et al., 2024



	HRV1B
	(HeLa) IC50: 0.52 μM



	HCoV-229E
	IC50: 0.04 μM



	HCoV-OC43
	IC50: 0.007 μM



	MERS-CoV
	Reduces viral entry, conc. 10–1,000 nM
 (HeLa/hDPP4 cells)
	Ou et al., 2020



	SARS-CoV-2
	(VeroE6) EC50 < 6.9 nM
	Su et al., 2022



	(VeroE6) IC50 ∼10 nM
	Kang et al., 2020



	Reduces viral entry, conc. 10–1,000 nM
 (293/hACE2 cells)
	Ou et al., 2020



	MHV
	Reduces viral entry, conc. 10–1,000 nM (HeLa/mCEACAM cells)



	ZEBOV
	Reduces viral entry, IC50 ∼50 nM
 (MA104 cells)
	Kang et al., 2020



	Various IAV strains
	(MDCK) IC50: 3.8–24.6 μM
	Baker et al., 2024



	IAV
 PR8 A/Puerto Rico/8/1934(H1N1)
	Inhibits body weight loss in BALB/c mice
 Dose: 2 mg/mL daily



	IBV
 Florida/4/2006
	(MDCK) IC50: 16.4 μM



	RSV A2
	Inhibits body weight loss in BALB/c mice
 Dose: 2 mg/mL daily
 (HEp-2) IC50: 19.6 μM



	PIV3 C243 strain
	(LLC-MK2 7.1) IC50: 31.1 μM






AiV, Aichivirus; BGM, buffalo green monkey; CPE, cytopathic effect; CVA21, coxsackievirus A21; CVB, coxsackievirus B; CVB3, coxsackievirus B3; CyHV-2, cyprinid herpesvirus 2; EV68, enterovirus 68; EV71, enterovirus 71; HAdV-2, human adenovirus 2; HAdV-19, human adenovirus 19; HCMV, human cytomegalovirus; HCoV-229E, human coronavirus 229E; HCoV-OC43, human coronavirus OC43; HCV, hepatitis C virus; HIV-1, human Immunodeficiency virus type 1; HSV-1, herpes simplex virus type 1; HRV, human rhinoviruses; HRV14, human rhinovirus 14; HRV-A16, human rhinovirus A16; HRV-C, human rhinovirus C; IAV, influenza A virus; IBV, influenza B virus; MIC, minimal inhibitory concentration; MHV, mouse hepatitis virus; MPXV, monkeypox virus; PIV3, human parainfluenza virus type 3; PV, poliovirus; PV1, poliovirus type 1; RVA-SA11, simian rotavirus SA11; RSV A2, respiratory syncytial virus A2; ZEBOV, Zaire ebolavirus.




LY294002 is a PI3K inhibitor that has demonstrated potent anti-tumor activity (Hu et al., 2000; Bar et al., 2005; Chang et al., 2015; Abdallah et al., 2020). However, in cancer study, it exhibited unfavorable pharmacological properties, such as limited solubility, short half-life, and off-target activities, that impede the achievement of therapeutic levels and may result in undesirable clinical effects (Gupta et al., 2003). Additionally, SF1126, a prodrug consisting of LY294002 conjugated to an RGDS (Arg-Gly-Asp-Ser) peptide, has demonstrated favorable pharmacokinetics and good tolerability in animal models (Garlich et al., 2008). Moreover, phase I clinical trials of SF1126 in patients with malignancies confirmed its tolerability and demonstrated efficacy across multiple types of human cancers (Chiorean et al., 2009; Mahadevan et al., 2012).

A study in mice demonstrated that PIK-75, a PI3K inhibitor, effectively suppressed tumor cell growth (Huang et al., 2022). However, it also targets other kinases, including DNA-dependent protein kinase (DNA-PK), raising concerns about off-target effects and poor solubility, which hinder the achievement of therapeutic concentrations (Jamieson et al., 2011; Talekar et al., 2012). Notably, the maximum serum concentration (Cmax) reached approximately 8 μM in mice, exceeding the IC50 values observed in in vitro antiviral assays against IAV and HIV-1 (Table 1), suggesting potential use in antiviral treatment. Furthermore, the development of a PIK-75 nanosuspension improved solubility and enhanced activity in both in vitro assay and mouse models (Talekar et al., 2013).

PIK-93 primarily inhibits PI4KIIIβ and also targets PI3Kγ and PI3Kα. In a mouse model, combination treatment with PIK-93 and a monoclonal antibody suppressed tumor growth and enhanced immune cell activity, thereby improving the efficacy of cancer immunotherapy (Lin et al., 2023). The IC50 or EC50 values of PIK-93 in in vitro antiviral assays against several viruses (Table 1) were below 1 μM, suggesting potential as an antiviral agent; however, data on its Cmax are still lacking.

Enviroxime is an antiviral agent that targets the viral 3A protein of rhinoviruses and enteroviruses, thereby blocking viral replication (Heinz and Vance, 1995). It primarily inhibits PI4KIIIβ and exhibits some activity against PI4KIIIα. Enviroxime has also shown potential inhibition of various genotypes of HCV, coronaviruses, rubella virus, and MPXV. Despite its potent antiviral activity in in vitro assays, clinical trials revealed unfavorable pharmacokinetics, undesirable side effects, and limited efficacy (Miller et al., 1985; Garrido et al., 2021). Plasma levels of enviroxime were notably low, with concentrations around 4 ng/ml (approximately 0.01 μM) (Bopp and Miner, 1982), substantially below the antiviral IC50 values (Table 1). However, co-administration of enviroxime with disoxaril synergistically inhibited coxsackievirus B1 (CVB1) replication in mice (Nikolaeva-Glomb and Galabov, 2004).

Bithiazole, a compound composed of two linked thiazole rings, primarily inhibits PI4KIIIβ. Derivatives bearing aliphatic or polar functional groups on the right side of the bithiazole scaffold exhibit broad-spectrum antiviral activity against various viral families, with IC50 values in the low micromolar range (Table 1). Furthermore, antiviral assays using a human-derived respiratory tissue model (MucilAir) demonstrated effective inhibition of human rhinovirus A16 (HRV-A16), suggesting potential for treating respiratory viral infections (Martina et al., 2024).

CUR-N399 is a PI4KIIIβ inhibitor that exhibits potent broad-spectrum antiviral activity against various genera of picornaviruses in low nanomolar concentrations, displays mild toxicity, and confers protection against lethal EV71 infection in mice (Cheong et al., 2023; Cheong et al., 2023), suggesting potential utility in antiviral therapy. Notably, a phase I clinical trial of CUR-N399 has been conducted to evaluate its safety, tolerability, and pharmacokinetic profile in healthy adults (NCT05016687).

Although apilimod demonstrated potent in vitro antiviral activity against various viral families, its poor pharmacokinetics, characterized by low plasma concentration and poor bioavailability, led to inefficacy during clinical trials (Sands et al., 2010; Krausz et al., 2012). A single oral dose of apilimod dimesylate at 15 mg yielded a Cmax of approximately 225 ng/mL (0.368 μM) at 1 h; however, by 6 h, the concentration dropped below 50 ng/mL (0.008 μM) (Ikonomov et al., 2019), which is lower than the desired effective concentration required for viral inhibition (Table 1).

PIK inhibitors, such as PIK-75, PIK-93, bithiazole derivatives, and CUR-N399, demonstrate antiviral activity against various viruses and possess favorable pharmacological properties, highlighting their potential as candidates for antiviral therapy. However, their inhibitory effects remain limited to specific viral families or select members within the same genus. Most reported activity targets picornaviruses; certain flaviviruses; coronaviruses; influenza viruses; other RNA viruses, such as ZEBOV, rubella virus, human parainfluenza virus, and respiratory syncytial virus (RSV); retroviruses such as HIV-1; and DNA viruses including HSV, HCMV, and MPXV.



5 Inositol monophosphatase as a broad-spectrum antiviral target

Although viruses within the same genus may share similarities, their replication depends on distinct PIK subtypes. For instance, DENV and WNV, both flaviviruses, do not require PI4K activity, unlike HCV. Interestingly, PI3K inhibition has been shown to enhance WNV production by suppressing PI3K signaling, which in turn impairs the IFN-I response (Wang et al., 2017). Additionally, the PI3K inhibitor LY294002 increases HBV replication (Xiang and Wang, 2018). Notably, viral genotype influences PIK dependency: different HCV genotypes exhibit differing reliance on PI4KIIIα or PI4KIIIβ isoforms, resulting in variable sensitivity to their corresponding PI4KIII inhibitors (Delang et al., 2012).

Our previous study on the elucidation of the antiviral mechanisms of ivermectin (IVM), an antiparasitic agent with potent broad-spectrum antiviral activity, demonstrated the inhibition of IMPase as one of its antiviral mechanisms (Jitobaom et al., 2024). IMPase generates free MI for both de novo inositol biosynthesis from glucose and the recycling of PPIns and InsPs. IVM binds to IMPase and inhibits its activity, resulting in the overall reduction of cellular myo-inositol levels, and inhibits virus replication of DENV-2, ZIKV, and SARS-CoV-2 (Jitobaom et al., 2024), which modulate PIKs differently. The inhibition of IMPase activity might provide a broader antiviral approach.



6 Future outlook

Compare to the use of PIK inhibitors, which may face an issue with the complexity of PIK subtypes, targeting IMPase may provide a benefit of broader coverage, as it affects all types of PtdIns. This may naturally result in broader effects on multiple cellular processes and increase the risk of side effects. Interfering with cellular machinery always carries the risk of detrimental effects on essential cellular functions, which may lead to adverse outcomes. However, our recent finding that ivermectin can inhibit IMPase, along with the well-established mechanism of lithium involving inhibition of IMPase, suggest that inhibiting this enzyme does not necessarily result in serious adverse effects (Jitobaom et al., 2024). Both ivermectin and lithium have been extensively used. While ivermectin is considered to have a good safety profile (Canga et al., 2008), lithium is characterized by a narrow therapeutic window (Gitlin, 2016). This difference suggests that the higher toxicity of lithium may involve additional mechanisms. Both ivermectin and lithium may act through multiple mechanisms, and it remains to be determined whether novel IMPase inhibitors with higher specificity might result in reduced adverse effects and improved safety profiles.

Another aspect of non-antiviral effects of IMPase inhibitors is that some may be beneficial. Both ivermectin and lithium exhibit anti-inflammatory activity (Seth et al., 2016; Murru et al., 2020; Qaswal et al., 2021; Zaidi and Dehgani-Mobaraki, 2022). This is because PtdIns, PPIns, and InsP are involved in the inflammatory signaling pathways. An anti-inflammatory effect may be beneficial in the treatment of viral diseases, as it helps mitigate tissue damage, illustrated by the use of steroid in COVID-19 therapy (Bahsoun et al., 2023).

Host-targeting and drug repurposing for antiviral development are an area intensely pursued by many research groups, particularly during the COVID-19 pandemic. Several drugs were evaluated in clinical trials but were found to be ineffective. Multiple factors contributed to these failures, including differences in SARS-CoV-2 cell entry mechanisms between cell lines used for antiviral testing and human lung tissue, which likely explained the lack of clinical efficacy observed with chloroquine (Das et al., 2021). In many cases, in vitro IC50 values exceed the concentrations achievable in vivo. The fact that these repurposed drugs were not specifically developed for this indication contributes to their low potency and the lack of clinical efficacy.

Identification of antiviral mechanisms can provide therapeutic targets for the development of novel drugs with enhanced potency and clinical efficacy. Structure-based drug design, coupled with advancement in artificial intelligence, can accelerate drug discovery by leveraging knowledge of specific target enzymes. Effective broad-spectrum antivirals are critical for mitigating and controlling pandemics. Strengthening efforts in this area should be considered an important component of the preparedness for future pandemics.



Author contributions

KJ: Conceptualization, Visualization, Writing – original draft, Writing – review & editing. PA: Conceptualization, Funding acquisition, Writing – review & editing.



Funding

The authors declare that financial support was received for the research and/or publication of this article. This study was supported by the National Research Council of Thailand (NRCT) under grant number N42A670585. Partial support was also provided by the Faculty of Medicine Siriraj Hospital, Mahidol University, Thailand.



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.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

	Abdallah, M., El-Readi, M., Althubiti, M., Almaimani, R., Ismail, A., Idris, S., et al. (2020). Tamoxifen and the PI3K inhibitor: LY294002 synergistically induce apoptosis and cell cycle arrest in breast cancer MCF-7 Cells. Molecules 25:3355. doi: 10.3390/molecules25153355

	Alcami, A., and Koszinowski, U. (2000). Viral mechanisms of immune evasion. Trends Microbiol. 8, 410–418. doi: 10.1016/s0966-842x(00)01830-8

	Alemany, C., Graça, J. D., Gianetto, Q. G., Dupont, M., Paisant, S., Douch, T., et al. (2025). Influenza A virus induces PI4P production at the endoplasmic reticulum in an ATG16L1-dependent manner to promote the egress of viral ribonucleoproteins. PLoS Biol. 23:e3002958. doi: 10.1371/journal.pbio.3002958

	Al-khayat, Z., and Ahmad, A. (2012). Antiviral activity of enviroxime against polio virus and rubella virus in tissue culture. Ibnosina J. Med. Biomed. Sci. 4:9. doi: 10.4103/1947-489X.210752

	Almeida-Souza, L., Frank, R. A .W., García-Nafría, J., Colussi, A., Gunawardana, N., Johnson, C. M., et al. (2018). A Flat BAR protein promotes actin polymerization at the base of clathrin-coated pits. Cell 174, 325–337.e14. doi: 10.1016/j.cell.2018.05.020

	Altan-Bonnet, N., and Balla, T. (2012). Phosphatidylinositol 4-kinases: Hostages harnessed to build panviral replication platforms. Trends Biochem. Sci. 37, 293–302. doi: 10.1016/j.tibs.2012.03.004

	Amzel, L. M., Huang, C., Mandelker, D., Lengauer, C., Gabelli, S. B., and Vogelstein, B. (2008). Structural comparisons of class I phosphoinositide 3-kinases. Nat. Rev. Cancer 8, 665–669. doi: 10.1038/nrc2443

	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., Kojima, H., Nagano, T., Okabe, T., Wakita, T., and Shimizu, H. (2011). Phosphatidylinositol 4-kinase III beta is a target of enviroxime-like compounds for antipoliovirus activity. J. Virol. 85, 2364–2372. doi: 10.1128/jvi.02249-10

	Autret, A., Martin-Latil, S., Brisac, C., Mousson, L., Colbère-Garapin, F., and Blondel, B. (2008). Early phosphatidylinositol 3-kinase/Akt pathway activation limits poliovirus-induced JNK-mediated cell death. J. Virol. 82, 3796–3802. doi: 10.1128/jvi.02020-07

	Ayllon, J., García-Sastre, A., and Hale, B. (2012). Influenza A viruses and PI3K: Are there time, place and manner restrictions? Virulence 3, 411–414. doi: 10.4161/viru.20932

	Backer, J. (2008). The regulation and function of Class III PI3Ks: Novel roles for Vps34. Biochem. J. 410, 1–17. doi: 10.1042/bj20071427

	Bagchi, P., Dutta, D., Chattopadhyay, S., Mukherjee, A., Halder, U., Sarkar, S., et al. (2010). Rotavirus Nonstructural protein 1 suppresses virus-induced cellular apoptosis to facilitate viral growth by activating the cell survival pathways during early stages of infection. J. Virol. 84, 6834–6845. doi: 10.1128/jvi.00225-10

	Bagchi, P., Nandi, S., Nayak, M., and Chawla-Sarkar, M. (2013). Molecular mechanism behind rotavirus NSP1-mediated PI3 kinase activation: Interaction between NSP1 and the p85 subunit of PI3 kinase. J. Virol. 87, 2358–2362. doi: 10.1128/jvi.02479-12

	Bahsoun, A., Fakih, Y., Zareef, R., Bitar, F., and Arabi, M. (2023). Corticosteroids in COVID-19: Pros and cons. Front. Med. 10:1202504. doi: 10.3389/fmed.2023.1202504

	Baker, J., Ombredane, H., Daly, L., Knowles, I., Rapeport, G., and Ito, K. (2024). Pan-antiviral effects of a PIKfyve inhibitor on respiratory virus infection in human nasal epithelium and mice. Antimicrob Agents Chemother 68:e0105023. doi: 10.1128/aac.01050-23

	Balla, A., Tuymetova, G., Barshishat, M., Geiszt, M., and Balla, T. (2002). Characterization of type II phosphatidylinositol 4-kinase isoforms reveals association of the enzymes with endosomal vesicular compartments. J. Biol. Chem. 277, 20041–20050. doi: 10.1074/jbc.M111807200

	Balla, T. (2013). Phosphoinositides: Tiny lipids with giant impact on cell regulation. Physiol. Rev. 93, 1019–1137. doi: 10.1152/physrev.00028.2012

	Bar, J., Lukaschuk, N., Zalcenstein, A., Wilder, S., Seger, R., and Oren, M. (2005). The PI3K inhibitor LY294002 prevents p53 induction by DNA damage and attenuates chemotherapy-induced apoptosis. Cell Death Different. 12, 1578–1587. doi: 10.1038/sj.cdd.4401677

	Barel, M., Balbo, M., Le Romancer, M., and Frade, R. (2003). Activation of Epstein-Barr virus/C3d receptor (gp140, CR2, CD21) on human cell surface triggers pp60src and Akt-GSK3 activities upstream and downstream to PI 3-kinase, respectively. Eur. J. Immunol. 33, 2557–2566. doi: 10.1002/eji.200324059

	Belov, G., and van Kuppeveld, F. (2012). (+)RNA viruses rewire cellular pathways to build replication organelles. Curr. Opin. Virol. 2, 740–747. doi: 10.1016/j.coviro.2012.09.006

	Bentley, J. K., Newcomb, D. C., Goldsmith, A. M., Jia, Y., Sajjan, U. S., and Hershenson, M. B. (2007). Rhinovirus activates interleukin-8 expression via a Src/p110beta phosphatidylinositol 3-kinase/Akt pathway in human airway epithelial cells. J. Virol. 81, 1186–1194. doi: 10.1128/jvi.02309-06

	Berger, K., Kelly, S., Jordan, T., Tartell, M., and Randall, G. (2011). Hepatitis C virus stimulates the phosphatidylinositol 4-kinase III alpha-dependent phosphatidylinositol 4-phosphate production that is essential for its replication. J. Virol. 85, 8870–8883. doi: 10.1128/jvi.00059-11

	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. 106, 7577–7582. doi: 10.1073/pnas.0902693106

	Berry, G. T., Mallee, J. J., Kwon, H. M., Rim, J. S., Mulla, W. R., Muenke, M., et al. (1995). The human osmoregulatory Na+/myo-inositol cotransporter gene (SLC5A3): Molecular cloning and localization to chromosome 21. Genomics 25, 507–513. doi: 10.1016/0888-7543(95)80052-N

	Beziau, A., Brand, D., and Piver, E. (2020). The role of phosphatidylinositol phosphate kinases during viral infection. Viruses 12:1124. doi: 10.3390/v12101124

	Bhatt, A., and Damania, B. (2012). AKTivation of PI3K/AKT/mTOR signaling pathway by KSHV. Front. Immunol. 3:401. doi: 10.3389/fimmu.2012.00401

	Bilodeau, P., Jacobsen, D., Law-Vinh, D., and Lee, J. (2020). Phosphatidylinositol 4-kinase III beta regulates cell shape, migration, and focal adhesion number. Mol. Biol. Cell 31, 1904–1916. doi: 10.1091/mbc.E19-11-0600

	Bishé, B., Syed, G., and Siddiqui, A. (2012). Phosphoinositides in the Hepatitis C virus life cycle. Viruses 4, 2340–2358. doi: 10.3390/v4102340

	Bizzarri, M., Monti, N., Piombarolo, A., Angeloni, A., and Verna, R. (2023). Myo-Inositol and D-Chiro-inositol as modulators of ovary steroidogenesis: A narrative review. Nutrients 15:1875. doi: 10.3390/nu15081875

	Blanchard, E., and Roingeard, P. (2018). The hepatitis C virus-induced membranous web in liver tissue. Cells 7:191. doi: 10.3390/cells7110191

	Blunsom, N., and Cockcroft, S. (2020). CDP-Diacylglycerol Synthases (CDS): Gateway to phosphatidylinositol and cardiolipin synthesis. Front. Cell Dev. Biol. 8:63. doi: 10.3389/fcell.2020.00063

	Bopp, R., and Miner, D. (1982). Determination of enviroxime in a variety of biological matrixes by liquid chromatography with electrochemical detection. J. Pharm. Sci. 71, 1402–1406. doi: 10.1002/jps.2600711223

	Borawski, J., Troke, P., Puyang, X., Gibaja, V., Zhao, S., Mickanin, C., et al. (2009). Class III phosphatidylinositol 4-kinase alpha and beta are novel host factor regulators of hepatitis C virus replication. J. Virol. 83, 10058–10074. doi: 10.1128/jvi.02418-08

	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

	Bowles, D. W., Kochenderfer, M., Cohn, A., Sideris, L., Nguyen, N., Cline-Burkhardt, V., et al. (2007). PIK3CA mutations and PTEN loss correlate with similar prognostic factors and are not mutually exclusive in breast cancer. Clin. Cancer Res. 13, 3577–3584. doi: 10.1158/1078-0432.Ccr-06-1609

	Boyault, S., Rickman, D. S., Reyniès, A d, Balabaud, C., Rebouissou, S., Jeannot, E., et al. (2007). Transcriptome classification of HCC is related to gene alterations and to new therapeutic targets. Hepatology 45, 42–52. doi: 10.1002/hep.21467

	Braccini, L., Ciraolo, E., Campa, C. C., Perino, A., Longo, D. L., Tibolla, G., et al. (2015). PI3K-C2γ is a Rab5 effector selectively controlling endosomal Akt2 activation downstream of insulin signalling. Nat. Commun. 6:7400. doi: 10.1038/ncomms8400

	Buchkovich, N., Yu, Y., Zampieri, C., and Alwine, J. (2008). The TORrid affairs of viruses: Effects of mammalian DNA viruses on the PI3K-Akt-mTOR signalling pathway. Nat. Rev. Microbiol. 6, 266–275. doi: 10.1038/nrmicro1855

	Burrell, C., Howard, C., and Murphy, F. (2017). “Chapter 18 - Adenoviruses,” in Fenner and White’s Medical Virology, 5th Edn, eds C. Burrell, C. Howard, and F. Murphy (London: Academic Press), 263–271.

	Camarena, V., Kobayashi, M., Kim, J. Y., Roehm, P., Perez, R., Gardner, J., et al. (2010). Nature and duration of growth factor signaling through receptor tyrosine kinases regulates HSV-1 Latency in Neurons. Cell Host Microbe. 8, 320–330. doi: 10.1016/j.chom.2010.09.007

	Canga, A. G., Prieto, A. M., Liébana, M. J., Martínez, N. F., Vega, M. S., and Vieitez, J. J. (2008). The pharmacokinetics and interactions of ivermectin in humans–a mini-review. Aaps J. 10, 42–46. doi: 10.1208/s12248-007-9000-9

	Chameettachal, A., Mustafa, F., and Rizvi, T. (2023). Understanding retroviral life cycle and its genomic RNA packaging. J. Mol. Biol. 435:167924. doi: 10.1016/j.jmb.2022.167924

	Chang, L., Graham, P. H., Ni, J., Hao, J., Bucci, J., Cozzi, P. J., et al. (2015). Targeting PI3K/Akt/mTOR signaling pathway in the treatment of prostate cancer radioresistance. Crit. Rev. Oncol. Hematol. 96, 507–517. doi: 10.1016/j.critrevonc.2015.07.005

	Chen, J. (2012). Roles of the PI3K/Akt pathway in Epstein-Barr virus-induced cancers and therapeutic implications. World J. Virol. 1, 154–161. doi: 10.5501/wjv.v1.i6.154

	Chen, L., Spiliotis, E., and Roberts, M. (1998). Biosynthesis of Di-myo-inositol-1,1’-phosphate, a novel osmolyte in hyperthermophilic archaea. J. Bacteriol. 180, 3785–3792. doi: 10.1128/jb.180.15.3785-3792.1998

	Chen, Y., Liu, Q., and Guo, D. (2020). Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med. Virol. 92, 418–423. doi: 10.1002/jmv.25681

	Chen, Z., Yang, L., Liu, Y., Tang, A., Li, X., Zhang, J., et al. (2014). LY294002 and Rapamycin promote coxsackievirus-induced cytopathic effect and apoptosis via inhibition of PI3K/AKT/mTOR signaling pathway. Mol. Cell. Biochem. 385, 169–177. doi: 10.1007/s11010-013-1825-1

	Cheng, D., Zhang, L., Yang, G., Zhao, L., Peng, F., Tian, Y., et al. (2015). Hepatitis C virus NS5A drives a PTEN-PI3K/Akt feedback loop to support cell survival. Liver Int. 35, 1682–1691. doi: 10.1111/liv.12733

	Cheong, D. H., Yogarajah, T., Wong, Y. H., Arbrandt, G., Westman, J., and Chu, J. J. (2023). CUR-N399, a PI4KB inhibitor, for the treatment of Enterovirus A71 infection. Antiviral Res. 218:105713. doi: 10.1016/j.antiviral.2023.105713

	Chhetri, D. (2019). Myo-inositol and its derivatives: Their emerging role in the treatment of human diseases. Front. Pharmacol. 10:1172. doi: 10.3389/fphar.2019.01172

	Chiorean, E., Mahadevan, D., Harris, W., Hoff, D., Younger, A., Ramanathan, R., et al. (2009). Phase I evaluation of SF1126, a vascular targeted PI3K inhibitor, administered twice weekly IV in patients with refractory solid tumors. J. Clin. Oncol. 27, 2558–2558. doi: 10.1200/jco.2009.27.15_suppl.2558

	Ci, Y., Yang, Y., Xu, C., Qin, C., and Shi, L. (2021). Electrostatic interaction between NS1 and negatively charged lipids contributes to flavivirus replication organelles formation. Front. Microbiol. 12:641059. doi: 10.3389/fmicb.2021.641059

	Clayton, E., Minogue, S., and Waugh, M. (2013). Mammalian phosphatidylinositol 4-kinases as modulators of membrane trafficking and lipid signaling networks. Prog. Lipid Res. 52, 294–304. doi: 10.1016/j.plipres.2013.04.002

	Coady, M., Wallendorff, B., Gagnon, D., and Lapointe, J. (2002). Identification of a Novel Na+/myo-Inositol Cotransporter. J. Biol. Chem. 277, 35219–35224. doi: 10.1074/jbc.M204321200

	Coller, K. E., Heaton, N. S., Berger, K. L., Cooper, J. D., Saunders, J. L., and Randall, G. (2012). Molecular determinants and dynamics of hepatitis C virus secretion. PLoS Pathog. 8:e1002466. doi: 10.1371/journal.ppat.1002466

	Csolle, M., Ooms, L., Papa, A., and Mitchell, C. (2020). PTEN and Other PtdIns(3,4,5)P(3) lipid phosphatases in breast cancer. Int. J. Mol. Sci. 21:9189. doi: 10.3390/ijms21239189

	Dai, G., Yu, H., Kruse, M., Traynor-Kaplan, A., and Hille, B. (2016). Osmoregulatory inositol transporter SMIT1 modulates electrical activity by adjusting PI(4,5)P2 levels. Proc. Natl. Acad. Sci. 113, E3290–E3299. doi: 10.1073/pnas.1606348113

	Das, S., Ramachandran, A. K., Birangal, S. R., Akbar, S., Ahmed, B., and Joseph, A. (2021). The controversial therapeutic journey of chloroquine and hydroxychloroquine in the battle against SARS-CoV-2: A comprehensive review. Med. Drug Discov. 10:100085. doi: 10.1016/j.medidd.2021.100085

	De Craene, J., Bertazzi, D., Bär, S., and Friant, S. (2017). Phosphoinositides, major actors in membrane trafficking and lipid signaling pathways. Int. J. Mol. Sci. 18:634. doi: 10.3390/ijms18030634

	Delang, L., Harak, C., Benkheil, M., Khan, H., Leyssen, P., Andrews, M., et al. (2018). PI4KIII inhibitor enviroxime impedes the replication of the hepatitis C virus by inhibiting PI3 kinases. J. Antimicrob. Chemother. 73, 3375–3384. doi: 10.1093/jac/dky327

	Delang, L., Paeshuyse, J., and Neyts, J. (2012). The role of phosphatidylinositol 4-kinases and phosphatidylinositol 4-phosphate during viral replication. Biochem. Pharmacol. 84, 1400–1408. doi: 10.1016/j.bcp.2012.07.034

	Delfosse, V., Bourguet, W., and Drin, G. (2020). Structural and functional specialization of OSBP-related proteins. Contact 3:2515256420946627. doi: 10.1177/2515256420946627

	Deng, Y., Almsherqi, Z., Ng, M., and Kohlwein, S. (2010). Do viruses subvert cholesterol homeostasis to induce host cubic membranes? Trends Cell Biol. 20, 371–379. doi: 10.1016/j.tcb.2010.04.001

	Desfougères, Y., Wilson, M., Laha, D., Miller, G., and Saiardi, A. (2019). ITPK1 mediates the lipid-independent synthesis of inositol phosphates controlled by metabolism. Proc. Natl. Acad. Sci. U. S. A. 116, 24551–24561. doi: 10.1073/pnas.1911431116

	Di Paolo, G., and De Camilli, P. (2006). Phosphoinositides in cell regulation and membrane dynamics. Nature 443, 651–657. doi: 10.1038/nature05185

	Dorobantu, C. M., Schaar, H. M., Ford, L. A., Strating, J. R., Ulferts, R., Fang, Y., et al. (2014). Recruitment of PI4KIIIβ to coxsackievirus B3 replication organelles is independent of ACBD3, GBF1, and Arf1. J. Virol. 88, 2725–2736. doi: 10.1128/jvi.03650-13

	Dorobantu, C., Albulescu, L., Lyoo, H., van Kampen, M., and De Francesco, R. (2016). Mutations in encephalomyocarditis virus 3A protein uncouple the dependency of genome replication on host factors phosphatidylinositol 4-kinase IIIα and oxysterol-binding protein. mSphere 1:e00068-16. doi: 10.1128/mSphere.00068-16

	Dubankova, A., Humpolickova, J., Klima, M., and Boura, E. (2017). Negative charge and membrane-tethered viral 3B cooperate to recruit viral RNA dependent RNA polymerase 3Dpol. Sci. Rep. 7:17309. doi: 10.1038/s41598-017-17621-6

	Dunn, E., and Connor, J. (2012). HijAkt: The PI3K/Akt pathway in virus replication and pathogenesis. Prog. Mol. Biol. Transl. Sci. 106, 223–250. doi: 10.1016/b978-0-12-396456-4.00002-x

	Ehrhardt, C., and Ludwig, S. (2009). A new player in a deadly game: Influenza viruses and the PI3K/Akt signalling pathway. Cell. Microbiol. 11, 863–871. doi: 10.1111/j.1462-5822.2009.01309.x

	Ehrhardt, C., Wolff, T., and Ludwig, S. (2007). Activation of phosphatidylinositol 3-kinase signaling by the nonstructural NS1 protein is not conserved among type A and B influenza viruses. J. Virol. 81, 12097–12100. doi: 10.1128/jvi.01216-07

	Eierhoff, T., Hrincius, E., Rescher, U., Ludwig, S., and Ehrhardt, C. (2010). The epidermal growth factor receptor (EGFR) promotes uptake of influenza A viruses (IAV) into host cells. PLoS Pathog. 6:e1001099. doi: 10.1371/journal.ppat.1001099

	Eisenberg, F. Jr. (1967). D-myoinositol 1-phosphate as product of cyclization of glucose 6-phosphate and substrate for a specific phosphatase in rat testis. J. Biol. Chem. 242, 1375–1382. doi: 10.1016/S0021-9258(18)96102-8

	Eisenberg, F., and Parthasarathy, R. (1987). Measurement of biosynthesis of myo-inositol from glucose 6-phosphate. Methods Enzymol. 141, 127–143. doi: 10.1016/0076-6879(87)41061-6

	Engelman, J., Luo, J., and Cantley, L. (2006). The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism. Nat. Rev. Genet. 7, 606–619. doi: 10.1038/nrg1879

	Esfandiarei, M., Boroomand, S., Suarez, A., Si, X., Rahmani, M., and McManus, B. (2007). Coxsackievirus B3 activates nuclear factor kappa B transcription factor via a phosphatidylinositol-3 kinase/protein kinase B-dependent pathway to improve host cell viability. Cell Microbiol. 9, 2358–2371. doi: 10.1111/j.1462-5822.2007.00964.x

	Esfandiarei, M., Luo, H., Yanagawa, B., Suarez, A., Dabiri, D., Zhang, J., et al. (2004). Protein kinase B/Akt regulates coxsackievirus B3 replication through a mechanism which is not caspase dependent. J. Virol. 78, 4289–4298. doi: 10.1128/jvi.78.8.4289-4298.2004

	Ezeonwumelu, I., Garcia-Vidal, E., and Ballana, E. (2021). JAK-STAT pathway: A novel target to tackle viral infections. Viruses 13:2379. doi: 10.3390/v13122379

	Fischl, W., and Bartenschlager, R. (2011). Exploitation of cellular pathways by Dengue virus. Curr. Opin. Microbiol. 14, 470–475. doi: 10.1016/j.mib.2011.07.012

	Foster, J., Mendoza, J., and Seetahal, J. (2018). “Chapter 7 - viruses as pathogens: Animal viruses, with emphasis on human viruses,” in Viruses, eds P. Tennant, G. Fermin, and J. Foster (London: Academic Press), 157–187.

	Fuggetta, N., Rigolli, N., Magdeleine, M., Hamaï, A., Seminara, A., Drin, G., et al. (2024). Reconstitution of ORP-mediated lipid exchange coupled to PI4P metabolism. Proc. Natl. Acad. Sci. U. S. A. 121:e2315493121. doi: 10.1073/pnas.2315493121

	Garcia-Perez, A., and Burg, M. (1990). Importance of organic osmolytes for osmoregulation by renal medullary cells. Hypertension 16, 595–602. doi: 10.1161/01.hyp.16.6.595

	Garlich, J. R., De, P., Dey, N., Su, J. D., Peng, X., Miller, A., et al. (2008). A vascular targeted pan phosphoinositide 3-kinase inhibitor prodrug, SF1126, with antitumor and antiangiogenic activity. Cancer Res. 68, 206–215. doi: 10.1158/0008-5472.Can-07-0669

	Garrido, A., Vera, G., Delaye, P., and Enguehard-Gueiffier, C. (2021). Imidazo[1,2-b]pyridazine as privileged scaffold in medicinal chemistry: An extensive review. Eur. J. Med. Chem. 226:113867. doi: 10.1016/j.ejmech.2021.113867

	Gc, J., Gerstman, B., Stahelin, R., and Chapagain, P. (2016). The Ebola virus protein VP40 hexamer enhances the clustering of PI(4,5)P2 lipids in the plasma membrane. Phys. Chem. Chem. Phys. 18, 28409–28417. doi: 10.1039/C6CP03776C

	Gitlin, M. (2016). Lithium side effects and toxicity: Prevalence and management strategies. Int. J. Bipolar. Disord. 4:27. doi: 10.1186/s40345-016-0068-y

	Godi, A., Pertile, P., Meyers, R., Marra, P., Tullio, G. D., Iurisci, C., et al. (1999). ARF mediates recruitment of PtdIns-4-OH kinase-beta and stimulates synthesis of PtdIns(4,5)P2 on the Golgi complex. Nat. Cell Biol. 1, 280–287. doi: 10.1038/12993

	Gonzales, B., Rocquigny, H., Beziau, A., Durand, S., Burlaud-Gaillard, J., Krull, S., et al. (2020). Type I phosphatidylinositol-4-phosphate 5-kinases α and γ play a key role in targeting HIV-1 Pr55Gag to the plasma membrane. J. Virol. 94:e00189-20. doi: 10.1128/jvi.00189-20

	Gonzalez-Salgado, A., Steinmann, M. E., Greganova, E., Rauch, M., Mäser, P., Sigel, E., et al. (2012). myo-Inositol uptake is essential for bulk inositol phospholipid but not glycosylphosphatidylinositol synthesis in Trypanosoma brucei*. J. Biol. Chem. 287, 13313–13323. doi: 10.1074/jbc.M112.344812

	Gonzalez-Uarquin, F., Rodehutscord, M., and Huber, K. (2020). Myo-inositol: Its metabolism and potential implications for poultry nutrition-a review. Poult. Sci. 99, 893–905. doi: 10.1016/j.psj.2019.10.014

	Graaf, P d, Zwart, W. T., Dijken, R. A., Deneka, M., Schulz, T. K., Geijsen, N., et al. (2004). Phosphatidylinositol 4-kinasebeta is critical for functional association of rab11 with the Golgi complex. Mol. Biol. Cell. 15, 2038–2047. doi: 10.1091/mbc.e03-12-0862

	Greninger, A., Knudsen, G., Betegon, M., Burlingame, A., and Derisi, J. (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

	Guo, J., Wenk, M. R., Pellegrini, L., Onofri, F., Benfenati, F., and Camilli, P. (2003). Phosphatidylinositol 4-kinase type IIα is responsible for the phosphatidylinositol 4-kinase activity associated with synaptic vesicles. Proc. Natl. Acad. Sci. U. S. A. 100, 3995–4000. doi: 10.1073/pnas.0230488100

	Gupta, A. K., Cerniglia, G. J., Mick, R., Ahmed, M. S., Bakanauskas, V. J., Muschel, R. J., et al. (2003). Radiation sensitization of human cancer cells in vivo by inhibiting the activity of PI3K using LY294002. Int. J. Radiat. Oncol. Biol. Phys. 56, 846–853. doi: 10.1016/s0360-3016(03)00214-1

	Hager, K., Hazama, A., Kwon, H. M., Loo, D. D., Handler, J. S., and Wright, E. M. (1995). Kinetics and specificity of the renal Na+/myo-inositol cotransporter expressed in Xenopus oocytes. J. Membr. Biol. 143, 103–113. doi: 10.1007/bf00234656

	Hale, B., Jackson, D., Chen, Y., Lamb, R., and Randall, R. (2006). Influenza A virus NS1 protein binds p85beta and activates phosphatidylinositol-3-kinase signaling. Proc. Natl. Acad. Sci. U. S. A. 103, 14194–14199. doi: 10.1073/pnas.0606109103

	Hamada, K., Maeda, Y., Mizutani, A., and Okada, S. (2019). The Phosphatidylinositol 3-Kinase p110α/PTEN signaling pathway is crucial for HIV-1 entry. Biol. Pharm. Bull. 42, 130–138. doi: 10.1248/bpb.b18-00801

	Hazra, A., and Nandy, P. (2016). Myo-inositol 1-phosphate synthase – the chosen path of evolution. BioTechnologia 97, 95–108. doi: 10.5114/bta.2016.60780

	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

	Heinz, B., and Vance, L. (1995). The antiviral compound enviroxime targets the 3A coding region of rhinovirus and poliovirus. J. Virol. 69, 4189–4197. doi: 10.1128/jvi.69.7.4189-4197.1995

	Hitomi, K., and Tsukagoshi, N. (1994). cDNA sequence for rkST1, a novel member of the sodium ion-dependent glucose cotransporter family. Biochim. Biophys. Acta Biomembr. 1190, 469–472. doi: 10.1016/0005-2736(94)90110-4

	Hsu, N., Ilnytska, O., Belov, G., Santiana, M., Chen, Y., 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

	Hu, L., Zaloudek, C., Mills, G., Gray, J., and Jaffe, R. (2000). In vivo and in vitro ovarian carcinoma growth inhibition by a phosphatidylinositol 3-kinase inhibitor (LY294002). Clin. Cancer Res. 6, 880–886.

	Huang, S., Liu, Y., Chen, Z., Wang, M., and Jiang, V. (2022). PIK-75 overcomes venetoclax resistance via blocking PI3K-AKT signaling and MCL-1 expression in mantle cell lymphoma. Am. J. Cancer Res. 12, 1102–1115.

	Ikonomov, O., Sbrissa, D., and Shisheva, A. (2019). Small molecule PIKfyve inhibitors as cancer therapeutics: Translational promises and limitations. Toxicol. Appl. Pharmacol. 383:114771. doi: 10.1016/j.taap.2019.114771

	Irvine, R., and Schell, M. (2001). Back in the water: The return of the inositol phosphates. Nat. Rev. Mol. Cell Biol. 2, 327–338. doi: 10.1038/35073015

	Jain, S., Martynova, E., Rizvanov, A., Khaiboullina, S., and Baranwal, M. (2021). Structural and functional aspects of ebola virus proteins. Pathogens 10:1330. doi: 10.3390/pathogens10101330

	Jamieson, S., Flanagan, J. U., Kolekar, S., Buchanan, C., Kendall, J. D., Lee, W., et al. (2011). A drug targeting only p110α can block phosphoinositide 3-kinase signalling and tumour growth in certain cell types. Biochem. J. 438, 53–62. doi: 10.1042/bj20110502

	Jean, S., and Kiger, A. (2014). Classes of phosphoinositide 3-kinases at a glance. J. Cell Sci. 127(Pt 5), 923–928. doi: 10.1242/jcs.093773

	Jitobaom, K., Peerapen, P., Boonyuen, U., Meewan, I., Boonarkart, C., Sirihongthong, T., et al. (2024). Identification of inositol monophosphatase as a broad-spectrum antiviral target of ivermectin. J. Med. Virol. 96:e29552. doi: 10.1002/jmv.29552

	Johnson, K., Taghon, G., Scott, J., and Stahelin, R. (2016). The Ebola Virus matrix protein, VP40, requires phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) for extensive oligomerization at the plasma membrane and viral egress. Sci. Rep. 6:19125. doi: 10.1038/srep19125

	Johnson, R., Wang, X., Ma, X., Huong, S., and Huang, E. (2001). Human cytomegalovirus up-regulates the phosphatidylinositol 3-Kinase (PI3-K) pathway: Inhibition of PI3-K activity inhibits viral replication and virus-induced signaling. J. Virol. 75, 6022–6032. doi: 10.1128/jvi.75.13.6022-6032.2001

	Jovi, M., Kean, M. J., Szentpetery, Z., Polevoy, G., Gingras, A., Brill, J. A., et al. (2012). Two phosphatidylinositol 4-kinases control lysosomal delivery of the Gaucher disease enzyme, β-glucocerebrosidase. Mol. Biol. Cell 23, 1533–1545. doi: 10.1091/mbc.E11-06-0553

	Kang, Y., Chou, Y., Rothlauf, P., Liu, Z., Soh, T., Cureton, D., et al. (2020). Inhibition of PIKfyve kinase prevents infection by Zaire ebolavirus and SARS-CoV-2. Proc. Natl. Acad. Sci. U. S. A. 117, 20803–20813. doi: 10.1073/pnas.2007837117

	Katso, R., Okkenhaug, K., Ahmadi, K., White, S., Timms, J., and Waterfield, M. D. (2001). Cellular function of phosphoinositide 3-kinases: Implications for development, homeostasis, and cancer. Annu. Rev. Cell Dev. Biol. 17, 615–675. doi: 10.1146/annurev.cellbio.17.1.615

	Kindrachuk, J., Ork, B., Hart, B. J., Mazur, S., Holbrook, M. R., Frieman, M. B., et al. (2015). Antiviral Potential of ERK/MAPK and PI3K/AKT/mTOR signaling modulation for middle east respiratory syndrome coronavirus infection as identified by temporal kinome analysis. Antimicrob. Agents Chemother. 59, 1088–1099. doi: 10.1128/aac.03659-14

	Kolli, S., Meng, X., Wu, X., Shengjuler, D., Cameron, C., Xiang, Y., et al. (2015). Structure-function analysis of vaccinia virus H7 protein reveals a novel phosphoinositide binding fold essential for poxvirus replication. J. Virol. 89, 2209–2219. doi: 10.1128/jvi.03073-14

	Kong, K., Kumar, M., Taruishi, M., and Javier, R. (2014). The human adenovirus E4-ORF1 protein subverts discs large 1 to mediate membrane recruitment and dysregulation of phosphatidylinositol 3-kinase. PLoS Pathog. 10:e1004102. doi: 10.1371/journal.ppat.1004102

	Krausz, S., Boumans, M. J., Gerlag, D. M., Lufkin, J., Kuijk, A. W., Bakker, A., et al. (2012). Brief report: A phase IIa, randomized, double-blind, placebo-controlled trial of apilimod mesylate, an interleukin-12/interleukin-23 inhibitor, in patients with rheumatoid arthritis. Arthritis Rheum. 64, 1750–1755. doi: 10.1002/art.34339

	Lane, R., and Xiang, Y. (2022). “Poxvirus,” in Encyclopedia of Infection and Immunity, ed. N. Rezaei (Oxford: Elsevier), 146–153.

	Lee, C., Liao, C., and Lin, Y. (2005). Flavivirus activates phosphatidylinositol 3-kinase signaling to block caspase-dependent apoptotic cell death at the early stage of virus infection. J. Virol. 79, 8388–8399. doi: 10.1128/jvi.79.13.8388-8399.2005

	Lees, J., Zhang, Y., Oh, M., Schauder, C., Yu, X., Baskin, J., et al. (2017). Architecture of the human PI4KIIIα lipid kinase complex. Proc. Natl. Acad. Sci. 114, 13720–13725. doi: 10.1073/pnas.1718471115

	Li, E., Stupack, D., Klemke, R., Cheresh, D., and Nemerow, G. (1998). Adenovirus endocytosis via alpha(v) integrins requires phosphoinositide-3-OH kinase. J. Virol. 72, 2055–2061. doi: 10.1128/jvi.72.3.2055-2061.1998

	Li, H., Wen, X., Ren, Y., Fan, Z., Zhang, J., He, G., et al. (2024). Targeting PI3K family with small-molecule inhibitors in cancer therapy: Current clinical status and future directions. Mol. Cancer 23:164. doi: 10.1186/s12943-024-02072-1

	Li, Y., Mikrani, R., Hu, Y., Faran Ashraf Baig, M., Abbas, M., Xu, M., et al. (2021). Research progress of phosphatidylinositol 4-kinase and its inhibitors in inflammatory diseases. Eur. J. Pharmacol. 907:174300. doi: 10.1016/j.ejphar.2021.174300

	Lin, C., Huang, K., Kao, S., Lin, M., Lin, C., Yang, S., et al. (2023). Small-molecule PIK-93 modulates the tumor microenvironment to improve immune checkpoint blockade response. Sci. Adv. 9:eade9944. doi: 10.1126/sciadv.ade9944

	Lin, J., Chen, T., Weng, K., Chang, S., Chen, L., and Shih, S. (2009). Viral and host proteins involved in picornavirus life cycle. J. Biomed. Sci. 16:103. doi: 10.1186/1423-0127-16-103

	Ling, K., Schill, N., Wagoner, M., Sun, Y., and Anderson, R. (2006). Movin’ on up: The role of PtdIns(4,5)P(2) in cell migration. Trends Cell Biol. 16, 276–284. doi: 10.1016/j.tcb.2006.03.007

	Linnemann, T., Zheng, Y., Mandic, R., and Matija Peterlin, B. (2002). Interaction between Nef and phosphatidylinositol-3-kinase leads to activation of p21-activated kinase and increased production of HIV. Virology 294, 246–255. doi: 10.1006/viro.2002.1365

	Liu, X., and Cohen, J. (2015). The role of PI3K/Akt in human herpesvirus infection: From the bench to the bedside. Virology 47, 568–577. doi: 10.1016/j.virol.2015.02.040

	Loewus, F., and Loewus, M. (1983). myo-Inositol: Its biosynthesis and metabolism. Annu. Rev. Plant Biol. 34, 137–161. doi: 10.1146/annurev.pp.34.060183.001033

	Loewus, M., Loewus, F., Brillinger, G., Otsuka, H., and Floss, H. (1980). Stereochemistry of the myo-inositol-1-phosphate synthase reaction. J. Biol. Chem. 255, 11710–11712. doi: 10.1016/S0021-9258(19)70191-4

	Mackenzie, J., Khromykh, A., and Parton, R. (2007). Cholesterol manipulation by West Nile virus perturbs the cellular immune response. Cell Host Microbe. 2, 229–239. doi: 10.1016/j.chom.2007.09.003

	MacLeod, I., and Minson, T. (2010). Binding of herpes simplex virus type-1 virions leads to the induction of intracellular signalling in the absence of virus entry. PLoS One 5:e9560. doi: 10.1371/journal.pone.0009560

	Mahadevan, D., Chiorean, E. G., Harris, W. B., Hoff, D. D., Stejskal-Barnett, A., Qi, W., et al. (2012). Phase I pharmacokinetic and pharmacodynamic study of the pan-PI3K/mTORC vascular targeted pro-drug SF1126 in patients with advanced solid tumours and B-cell malignancies. Eur. J. Cancer 48, 3319–3327. doi: 10.1016/j.ejca.2012.06.027

	Martina, M. G., Carlen, V., Reysen, S. V., Bianchi, E., Cabella, N., Crespan, E., et al. (2024). Bithiazole inhibitors of PI4KB show broad-spectrum antiviral activity against different viral families. Antiviral Res. 231:106003. doi: 10.1016/j.antiviral.2024.106003

	Martina, M. G., Vicenti, I., Bauer, L., Crespan, E., Rango, E., Boccuto, A., et al. (2021). Bithiazole inhibitors of phosphatidylinositol 4-kinase (PI4KIIIβ) as broad-spectrum antivirals blocking the replication of SARS-CoV-2, Zika virus, and human rhinoviruses. ChemMedChem 16, 3548–3552. doi: 10.1002/cmdc.202100483

	Martín-Acebes, M., Blázquez, A., Jiménez de Oya, N., Escribano-Romero, E., and Saiz, J. (2011). West Nile virus replication requires fatty acid synthesis but is independent on phosphatidylinositol-4-phosphate lipids. PLoS One 6:e24970. doi: 10.1371/journal.pone.0024970

	Mazeaud, C., Anton, A., Pahmeier, F., Sow, A. A., Cerikan, B., Freppel, W., et al. (2021). The biogenesis of dengue virus replication organelles requires the ATPase activity of valosin-containing protein. Viruses 13:2092. doi: 10.3390/v13102092

	McCartney, A. J., Zolov, S. N., Kauffman, E. J., Zhang, Y., Strunk, B. S., Weisman, L. S., et al. (2014). Activity-dependent PI(3,5)P2 synthesis controls AMPA receptor trafficking during synaptic depression. Proc. Natl. Acad. Sci. U. S. A. 111, E4896–E4905. doi: 10.1073/pnas.1411117111

	McFarlane, S., Nicholl, M., Sutherland, J., and Preston, C. (2011). Interaction of the human cytomegalovirus particle with the host cell induces hypoxia-inducible factor 1 alpha. Virology 414, 83–90. doi: 10.1016/j.virol.2011.03.005

	McNulty, S., Bornmann, W., Schriewer, J., Werner, C., Smith, S. K., Olson, V. A., et al. (2010). Multiple phosphatidylinositol 3-kinases regulate vaccinia virus morphogenesis. PLoS One 5:e10884. doi: 10.1371/journal.pone.0010884

	McPhail, J., and Burke, J. (2023). Molecular mechanisms of PI4K regulation and their involvement in viral replication. Traffic 24, 131–145. doi: 10.1111/tra.12841

	McPhail, J., Ottosen, E., Jenkins, M., and Burke, J. (2017). The molecular basis of aichi virus 3A protein activation of phosphatidylinositol 4 kinase IIIβ, PI4KB, through ACBD3. Structure 25, 121–131. doi: 10.1016/j.str.2016.11.016

	Mello, C., Aguayo, E., Rodriguez, M., Lee, G., Jordan, R., Cihlar, T., et al. (2014). Multiple classes of antiviral agents exhibit in vitro activity against human rhinovirus type C. Antimicrob Agents Chemother. 58, 1546–1555. doi: 10.1128/aac.01746-13

	Meutiawati, F., Bezemer, B., Strating, J. R., Overheul, G. J., Žusinaite, E., van Kuppeveld, F. J., 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

	Miller, F., Monto, A., DeLong, D., Exelby, A., Bryan, E., Srivastava, S., et al. (1985). Controlled trial of enviroxime against natural rhinovirus infections in a community. Antimicrob. Agents Chemother. 27, 102–106. doi: 10.1128/aac.27.1.102

	Moore, M. J., Dorfman, T., Li, W., Wong, S. K., Li, Y., Kuhn, J. H., et al. (2022). Cytoplasmic domain and enzymatic activity of ACE2 are not required for PI4KB dependent endocytosis entry of SARS-CoV-2 into host cells. Virol. Sin. 37, 380–389. doi: 10.1016/j.virs.2022.03.003

	Murru, A., Manchia, M., Hajek, T., Nielsen, R. E., Rybakowski, J. K., Sani, G., et al. (2020). Lithium’s antiviral effects: A potential drug for CoViD-19 disease? Int. J. Bipolar Disord. 8:21. doi: 10.1186/s40345-020-00191-4

	Nakatsu, F., Baskin, J. M., Chung, J., Tanner, L. B., Shui, G., Lee, S. Y., et al. (2012). PtdIns4P synthesis by PI4KIIIα at the plasma membrane and its impact on plasma membrane identity. J. Cell Biol. 199, 1003–1016. doi: 10.1083/jcb.201206095

	Naranatt, P., Akula, S., Zien, C., Krishnan, H., and Chandran, B. (2003). Kaposi’s sarcoma-associated herpesvirus induces the phosphatidylinositol 3-kinase-PKC-zeta-MEK-ERK signaling pathway in target cells early during infection: Implications for infectivity. J. Virol. 77, 1524–1539. doi: 10.1128/jvi.77.2.1524-1539.2003

	Nikolaeva-Glomb, L., and Galabov, A. (2004). Synergistic drug combinations against the in vitro replication of Coxsackie B1 virus. Antiviral Res. 62, 9–19. doi: 10.1016/j.antiviral.2003.11.001

	Ou, X., Liu, Y., Lei, X., Li, P., Mi, D., Ren, L., et al. (2020). Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-CoV. Nat. Commun. 11:1620. doi: 10.1038/s41467-020-15562-9

	Paplomata, E., and O’Regan, R. (2014). The PI3K/AKT/mTOR pathway in breast cancer: Targets, trials and biomarkers. Ther. Adv. Med. Oncol. 6, 154–166. doi: 10.1177/1758834014530023

	Pasquereau, S., and Herbein, G. (2022). CounterAKTing HIV: Toward a “Block and Clear”. Strategy? Front. Cell Infect. Microbiol. 12:827717. doi: 10.3389/fcimb.2022.827717

	Pattni, K., and Banting, G. (2004). Ins(1,4,5)P3 metabolism and the family of IP3-3Kinases. Cell Signal. 16, 643–654. doi: 10.1016/j.cellsig.2003.10.009

	Perwitasari, O., Yan, X., O’Donnell, J., Johnson, S., and Tripp, R. (2015). Repurposing kinase inhibitors as antiviral agents to control influenza A virus replication. Assay Drug Dev. Technol. 13, 638–649. doi: 10.1089/adt.2015.0003.drrr

	Qaswal, A., Suleiman, A., Guzu, H., Harb, T., and Atiyat, B. (2021). The Potential Role of Lithium as an Antiviral Agent against SARS-CoV-2 via membrane depolarization: Review and hypothesis. Sci. Pharm. 89:11. doi: 10.3390/scipharm89010011

	Qiu, S., Leung, A., Bo, Y., Kozak, R. A., Anand, S. P., Warkentin, C., et al. (2018). Ebola virus requires phosphatidylinositol (3,5) bisphosphate production for efficient viral entry. Virology 513, 17–28. doi: 10.1016/j.virol.2017.09.028

	Raboy, V., and Bowen, D. (2006). Genetics of inositol polyphosphates. Subcell Biochem. 39, 71–101. doi: 10.1007/0-387-27600-9_4

	Rajala, M., Rajala, R., Astley, R., Butt, A., and Chodosh, J. (2005). Corneal cell survival in adenovirus type 19 infection requires phosphoinositide 3-Kinase/Akt activation. J. Virol. 79, 12332–12341. doi: 10.1128/jvi.79.19.12332-12341.2005

	Rawat, S., and Bouchard, M. (2015). The hepatitis B virus (HBV) HBx protein activates AKT to simultaneously regulate HBV replication and hepatocyte survival. J. Virol. 89, 999–1012. doi: 10.1128/jvi.02440-14

	Reiss, S., Harak, C., Romero-Brey, I., Radujkovic, D., Klein, R., Ruggieri, A., et al. (2013). The lipid kinase phosphatidylinositol-4 kinase III alpha regulates the phosphorylation status of hepatitis C virus NS5A. PLoS Pathog. 9:e1003359. doi: 10.1371/journal.ppat.1003359

	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

	Rivero-Ríos, P., and Weisman, L. (2022). Roles of PIKfyve in multiple cellular pathways. Curr. Opin. Cell Biol. 76:102086. doi: 10.1016/j.ceb.2022.102086

	Russo, A., and O’Bryan, J. (2012). Intersectin 1 is required for neuroblastoma tumorigenesis. Oncogene 31, 4828–4834. doi: 10.1038/onc.2011.643

	Rutherford, A. C., Traer, C., Wassmer, T., Pattni, K., Bujny, M. V., Carlton, J. G., et al. (2006). The mammalian phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) regulates endosome-to-TGN retrograde transport. J. Cell Sci. 119, 3944–3957. doi: 10.1242/jcs.03153

	Saeed, M., Kolokoltsov, A., Freiberg, A., Holbrook, M., and Davey, R. (2008). Phosphoinositide-3 kinase-Akt pathway controls cellular entry of Ebola virus. PLoS Pathog. 4:e1000141. doi: 10.1371/journal.ppat.1000141

	Salasc, F., Mutuel, D., Debaisieux, S., Perrin, A., Dupressoir, T., Grenet, A. G., et al. (2016). Role of the phosphatidylinositol-3-kinase/Akt/target of rapamycin pathway during ambidensovirus infection of insect cells. J. Gen. Virol. 97, 233–245. doi: 10.1099/jgv.0.000327

	Sands, B. E., Jacobson, E. W., Sylwestrowicz, T., Younes, Z., Dryden, G., Fedorak, R., et al. (2010). Randomized, double-blind, placebo-controlled trial of the oral interleukin-12/23 inhibitor apilimod mesylate for treatment of active Crohn’s disease. Inflamm. Bowel Dis. 16, 1209–1218. doi: 10.1002/ibd.21159

	Schaar, H. M., Linden, L v, Lanke, K. H., Strating, J. R., Pürstinger, G., Vries, E d, et al. (2012). Coxsackievirus mutants that can bypass host factor PI4KIIIβ and the need for high levels of PI4P lipids for replication. Cell Res. 22, 1576–1592. doi: 10.1038/cr.2012.129

	Schneider, S. (2015). Inositol transport proteins. FEBS Lett. 589, 1049–1058. doi: 10.1016/j.febslet.2015.03.012

	Schöneberg, J., Lehmann, M., Ullrich, A., Posor, Y., Lo, W., Lichtner, G., et al. (2017). Lipid-mediated PX-BAR domain recruitment couples local membrane constriction to endocytic vesicle fission. Nat. Commun. 8:15873. doi: 10.1038/ncomms15873

	Seth, C., Mas, C., Conod, A., Mueller, J., Siems, K., Kuciak, M., et al. (2016). Long-Lasting WNT-TCF response blocking and epigenetic modifying activities of withanolide F in human cancer cells. PLoS One 11:e0168170. doi: 10.1371/journal.pone.0168170

	Shah, A., Ganguli, S., Sen, J., and Bhandari, R. (2017). Inositol pyrophosphates: Energetic, omnipresent and versatile signalling molecules. J. Indian Inst. Sci. 97, 23–40. doi: 10.1007/s41745-016-0011-3

	Shin, Y., Liu, Q., Tikoo, S., Babiuk, L., and Zhou, Y. (2007). Influenza A virus NS1 protein activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway by direct interaction with the p85 subunit of PI3K. J. Gen. Virol. 88(Pt 1), 13–18. doi: 10.1099/vir.0.82419-0

	Siltz, L. A., Viktorova, E. G., Zhang, B., Kouiavskaia, D., Dragunsky, E., Chumakov, K., et al. (2014). New small-molecule inhibitors effectively blocking picornavirus replication. J. Virol. 88, 11091–11107. doi: 10.1128/jvi.01877-14

	Soares, J. A., Leite, F. G., Andrade, L. G., Torres, A. A., Sousa, L. P., Barcelos, L. S., et al. (2009). Activation of the PI3K/Akt pathway early during vaccinia and cowpox virus infections is required for both host survival and viral replication. J. Virol. 83, 6883–6899. doi: 10.1128/jvi.00245-09

	Soliman, M., Seo, J., Kim, D., Kim, J., Park, J., Alfajaro, M. M., et al. (2018). Activation of PI3K, Akt, and ERK during early rotavirus infection leads to V-ATPase-dependent endosomal acidification required for uncoating. PLoS Pathog. 14:e1006820. doi: 10.1371/journal.ppat.1006820

	Song, Y., Zhang, Y., Xiao, S., Li, P., Lu, L., and Wang, H. (2024). Akt inhibitors prevent CyHV-2 infection in vitro. Fish Shellfish Immunol. 154:109940. doi: 10.1016/j.fsi.2024.109940

	Soroceanu, L., Akhavan, A., and Cobbs, C. (2008). Platelet-derived growth factor-α receptor activation is required for human cytomegalovirus infection. Nature 455, 391–395. doi: 10.1038/nature07209

	Spickler, C., Lippens, J., Laberge, M., Desmeules, S., Bellavance, É, Garneau, M., et al. (2013). Phosphatidylinositol 4-kinase III beta is essential for replication of human rhinovirus and its inhibition causes a lethal phenotype in vivo. Antimicrob Agents Chemother. 57, 3358–3368. doi: 10.1128/aac.00303-13

	Su, J., Zheng, J., Huang, W., Zhang, Y., Lv, C., Deng, X., et al. (2022). PIKfyve inhibitors against SARS-CoV-2 and its variants including Omicron. Signal Transduct. Target. Ther. 7:167. doi: 10.1038/s41392-022-01025-8

	Suzuki, Y., Ohsugi, K., and Ono, Y. (1992). EBV increases phosphoinositide kinase activities in human B cells. J. Immunol. 149, 207–213. doi: 10.4049/jimmunol.149.1.207

	Tai, A., and Salloum, S. (2011). The role of the phosphatidylinositol 4-kinase PI4KA in Hepatitis C virus-induced host membrane rearrangement. PLoS One 6:e26300. doi: 10.1371/journal.pone.0026300

	Talekar, M., Ganta, S., Amiji, M., Jamieson, S., Kendall, J., Denny, W. A., et al. (2013). Development of PIK-75 nanosuspension formulation with enhanced delivery efficiency and cytotoxicity for targeted anti-cancer therapy. Int. J. Pharmaceut. 450, 278–289. doi: 10.1016/j.ijpharm.2013.04.057

	Talekar, M., Kendall, J., Denny, W., Jamieson, S., and Garg, S. (2012). Development and evaluation of PIK75 nanosuspension, a phosphatidylinositol-3-kinase inhibitor. Eur. J. Pharm. Sci. 47, 824–833. doi: 10.1016/j.ejps.2012.09.015

	Tang, Y., Su, R., Gu, Q., Hu, Y., and Yang, H. (2023). PI3K/AKT-mediated autophagy inhibition facilitates mast cell activation to enhance severe inflammatory lung injury in influenza A virus- and secondary Staphylococcus aureus-infected mice. Antiviral Res. 209:105502. doi: 10.1016/j.antiviral.2022.105502

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

	Taverna, E., Francolini, M., Jeromin, A., Hilfiker, S., Roder, J., and Rosa, P. (2002). Neuronal calcium sensor 1 and phosphatidylinositol 4-OH kinase beta interact in neuronal cells and are translocated to membranes during nucleotide-evoked exocytosis. J. Cell Sci. 115(Pt 20), 3909–3922. doi: 10.1242/jcs.00072

	Thomas, M., Mills, S., and Potter, B. (2016). The “Other” inositols and their phosphates: Synthesis, biology, and medicine (with Recent Advances in myo-Inositol Chemistry). Angew. Chem. Int. Ed. Engl. 55, 1614–1650. doi: 10.1002/anie.201502227

	Tiwari, V., and Shukla, D. (2010). Phosphoinositide 3 kinase signalling may affect multiple steps during herpes simplex virus type-1 entry. J. Gen. Virol. 91, 3002–3009. doi: 10.1099/vir.0.024166-0

	Tong, Y., Zhu, W., Huang, X., You, L., Han, X., Yang, C., et al. (2014). PI3K inhibitor LY294002 inhibits activation of the Akt/mTOR pathway induced by an oncolytic adenovirus expressing TRAIL and sensitizes multiple myeloma cells to the oncolytic virus. Oncol. Rep. 31, 1581–1588. doi: 10.3892/or.2014.3020

	Tu-Sekine, B., and Kim, S. (2022). The inositol phosphate system-a coordinator of metabolic adaptability. Int. J. Mol. Sci. 23:6747. doi: 10.3390/ijms23126747

	Uldry, M., Ibberson, M., Horisberger, J. D., Chatton, J. Y., Riederer, B. M., and Thorens, B. (2001). Identification of a mammalian H+-myo-inositol symporter expressed predominantly in the brain. EMBO J. 20, 4467–4477. doi: 10.1093/emboj/20.16.4467

	van den Bout, I., and Divecha, N. (2009). PIP5K-driven PtdIns(4,5)P2 synthesis: Regulation and cellular functions. J. Cell Sci. 122, 3837–3850. doi: 10.1242/jcs.056127

	van den Elsen, K., Quek, J., and Luo, D. (2021). Molecular insights into the flavivirus replication complex. Viruses 13:956. doi: 10.3390/v13060956

	van der Schaar, H., Leyssen, P., Thibaut, H. J., Palma, A d, Linden, L v, and Lanke, K. H. (2013). A novel, broad-spectrum inhibitor of enterovirus replication that targets host cell factor phosphatidylinositol 4-kinase IIIβ. Antimicrob Agents Chemother. 57, 4971–4981. doi: 10.1128/aac.01175-13

	Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., and Bilanges, B. (2010). The emerging mechanisms of isoform-specific PI3K signalling. Nat. Rev. Mol. Cell Biol. 11, 329–341. doi: 10.1038/nrm2882

	Walker, E. H., Pacold, M. E., Perisic, O., Stephens, L., Hawkins, P. T., Wymann, M. P., et al. (2000). Structural determinants of phosphoinositide 3-kinase inhibition by Wortmannin, LY294002, quercetin, myricetin, and staurosporine. Mol. Cell 6, 909–919. doi: 10.1016/S1097-2765(05)00089-4

	Wang, G., Barrett, J. W., Stanford, M., Werden, S. J., Johnston, J. B., Gao, X., et al. (2006). Infection of human cancer cells with myxoma virus requires Akt activation via interaction with a viral ankyrin-repeat host range factor. Proc. Natl. Acad. Sci. U. S. A. 103, 4640–4645. doi: 10.1073/pnas.0509341103

	Wang, L., Yang, L., Fikrig, E., and Wang, P. (2017). An essential role of PI3K in the control of West Nile virus infection. Sci. Rep. 7:3724. doi: 10.1038/s41598-017-03912-5

	Wang, Y., Yoshioka, K., Azam, M. A., Takuwa, N., Sakurada, S., Kayaba, Y., et al. (2006). Class II phosphoinositide 3-kinase alpha-isoform regulates Rho, myosin phosphatase and contraction in vascular smooth muscle. Biochem. J. 394(Pt 3), 581–592. doi: 10.1042/bj20051471

	Wei, Y. J., Sun, H. Q., Yamamoto, M., Wlodarski, P., Kunii, K., Martinez, M., et al. (2002). Type II Phosphatidylinositol 4-Kinase β Is a cytosolic and peripheral membrane protein that is recruited to the plasma membrane and activated by Rac-GTP. J. Biol. Chem. 277, 46586–46593. doi: 10.1074/jbc.M206860200

	Weixel, K., Blumental-Perry, A., Watkins, S., Aridor, M., and Weisz, O. (2005). Distinct golgi populations of phosphatidylinositol 4-phosphate regulated by phosphatidylinositol 4-kinases. J. Biol. Chem. 280, 10501–10508. doi: 10.1074/jbc.M414304200

	Wolf, D., Witte, V., Laffert, B., Blume, K., Stromer, E., Trapp, S., et al. (2001). HIV-1 Nef associated PAK and PI3-kinases stimulate Akt-independent Bad-phosphorylation to induce anti-apoptotic signals. Nat. Med. 7, 1217–1224. doi: 10.1038/nm1101-1217

	Xiang, K., and Wang, B. (2018). Role of the PI3K-AKT-mTOR pathway in hepatitis B virus infection and replication. Mol. Med. Rep. 17, 4713–4719. doi: 10.3892/mmr.2018.8395

	Xiao, X., Lei, X., Zhang, Z., Ma, Y., Qi, J., Wu, C., et al. (2017). Enterovirus 3A facilitates viral replication by promoting PI4KB-ACBD3 interaction. J. Virol. 91:e00791-17. doi: 10.1128/JVI.00791-17

	Yamauchi, A., Miyai, A., Shimada, S., Minami, Y., Tohyama, M., Imai, E., et al. (1995). Localization and rapid regulation of Na+/myo-inositol cotransporter in rat kidney. J. Clin. Investig. 96, 1195–1201. doi: 10.1172/JCI118151

	Yang, J., Nie, J., Ma, X., Wei, Y., Peng, Y., and Wei, X. (2019). Targeting PI3K in cancer: Mechanisms and advances in clinical trials. Mol. Cancer 18:26. doi: 10.1186/s12943-019-0954-x

	Yang, N., Ma, P., Lang, J., Zhang, Y., Deng, J., Ju, X., et al. (2012). Phosphatidylinositol 4-kinase IIIβ is required for severe acute respiratory syndrome coronavirus spike-mediated cell entry. J. Biol. Chem. 287, 8457–8467. doi: 10.1074/jbc.M111.312561

	Yin, Y., Dang, W., Zhou, X., Xu, L., Wang, W., Cao, W., et al. (2018). PI3K-Akt-mTOR axis sustains rotavirus infection via the 4E-BP1 mediated autophagy pathway and represents an antiviral target. Virulence 9, 83–98. doi: 10.1080/21505594.2017.1326443

	Yoshioka, K. (2021). Class II phosphatidylinositol 3-kinase isoforms in vesicular trafficking. Biochem. Soc. Trans. 49, 893–901. doi: 10.1042/bst20200835

	Yuan, T., and Cantley, L. (2008). PI3K pathway alterations in cancer: Variations on a theme. Oncogene 27, 5497–5510. doi: 10.1038/onc.2008.245

	Zaborowska, I., and Walsh, D. (2009). PI3K signaling regulates rapamycin-insensitive translation initiation complex formation in vaccinia virus-infected cells. J. Virol. 83, 3988–3992. doi: 10.1128/jvi.02284-08

	Zaidi, A., and Dehgani-Mobaraki, P. (2022). The mechanisms of action of ivermectin against SARS-CoV-2—an extensive review. J. Antibiot. 75, 60–71. doi: 10.1038/s41429-021-00491-6

	Zhang, L., Hong, Z., Lin, W., Shao, R., Goto, K., Hsu, V. W., et al. (2012). ARF1 and GBF1 Generate a PI4P-enriched environment supportive of hepatitis C virus replication. PLoS One 7:e32135. doi: 10.1371/journal.pone.0032135

	Zolov, S. N., Bridges, D., Zhang, Y., Lee, W., Riehle, E., Verma, R., et al. (2012). In vivo, Pikfyve generates PI(3,5)P2, which serves as both a signaling lipid and the major precursor for PI5P. Proc. Natl. Acad. Sci. U. S. A. 109, 17472–17477. doi: 10.1073/pnas.1203106109




Copyright
 © 2025 Jitobaom and Auewarakul. 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/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Inositol metabolism as a broad-spectrum antiviral target



		1 Introduction



		2 Biosynthesis of myo-inositol and its derivatives



		2.1 Biosynthesis of phosphatidylinositol and phosphoinositides



		2.1.1 Phosphatidylinositol 3-kinases (PI3Ks)



		2.1.2 Phosphatidylinositol 4-kinases (PI4Ks)



		2.1.3 PIP4K/PIP5K family







		2.2 Biosynthesis of inositol phosphates and inositol pyrophosphates







		3 Phosphatidylinositol kinases and viral replication



		3.1 DNA viruses



		3.1.1 Group I: double-stranded DNA (dsDNA) viruses



		3.1.1.1 Adenoviruses



		3.1.1.2 Herpesviruses



		3.1.1.3 Poxviruses







		3.1.2 Group II: single-stranded DNA (ssDNA) viruses







		3.2 RNA viruses



		3.2.1 Group III: double-stranded RNA (dsRNA) viruses



		3.2.1.1 Rotaviruses







		3.2.2 Group IV: positive-sense single-stranded RNA (+ssRNA) viruses



		3.2.2.1 Picornaviruses



		3.2.2.2 Flaviviruses



		3.2.2.3 Coronaviruses







		3.2.3 Group V: negative-sense single-stranded RNA (−ssRNA) viruses



		3.2.3.1 Ebolaviruses



		3.2.3.2 Orthomyxoviruses







		3.2.4 Group VI: single-stranded RNA-reverse transcription (RT) viruses



		3.2.4.1 Retroviruses







		3.2.5 Group VII: dsDNA-RT viruses



		3.2.5.1 Hepadnaviruses















		4 Phosphatidylinositol kinases as an antiviral target



		5 Inositol monophosphatase as a broad-spectrum antiviral target



		6 Future outlook



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology













OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/fmicb-16-1620775-g002.jpg
Intestine - Dietary MI

SMIT1
L SMIT2
HMIT

Enterocytes Y

(] N e -'/
_PI4KIIE I—Bithiazole
SARS-CoV-1

Glucose
HK
G-6-P
lMIPS
Inositol

monophosphate

CTP

Nucleus

em» P|3P generated by Vps34 am» PI(3,4,5)P3 generated by PIBKCI «==» PI4P generated by Pl4Ks

Blood plasma

Ell':fl—irggxime em» P|3P generated by PI3KC2 @ PI(3,5)P2 generated by PIKfyve ommm P1(4,5)P2 generated by PIP5KI
AL'SI “ PI(3,4)P2 generated by PI3KC2 @ P|5P
SMIT1 PM
SMIT2 | gy LY294002
e - PlaKiiio ‘ PIK-75
PIK-93 5
HeV Pita 5. PlBKey " End ocytosis
Lithium ’ )P2,\p >
(/ A 9
Ebselen _ HCV Ak (3’\L,.5)p /@’% ’v’xr 0:0 Phagocyt05|s
lvermectin P tq tive Yo 3
/O
MERS-CoV t Phagoso /,l
HIV-1 maturatuow H 1\V-1
ZEBOV '
e Phagosome P PI4P - Clathrine mediated
CMvV yhsan PIBKC2
Eg\H/V Pp%M i 130 ‘/PMP PlleiFe Dynamin
RV independent
cv - /
E&MV Late endO;::Il /“'3" arIy endosome :’)35;0';|3P
a
Autophagosome
3)phosphatase
PI PI5)P2 ———— > pI5P
Vps34 Apilimod EBOV
Pl PRI SARS-CoV-2
Autophagy MERS-CoV
| / J 14P
Pl4Kill i vy
PI4KIIIB VRS
HCV
’ cvB
_ | i- ~ PV
Viral ROs . | \ ; V|yra| ROs RV
P14Kllla HCV Pl(4,5P2 PI4KIII Aichivirus .
T’PI4P | . | PI4E EV68/71 Pl PI4P
- Enviroxime EMCV
PIKSS ' \ Z'LK;B%‘ \ SARS-CoV-2
AL-9 |\ Bithiazole ER ZKkv
CUR-N399 HIV-1





OPS/images/fmicb-16-1620775-g001.jpg
Biosynthesis and interconversion

C@G PIS of phosphoinositides
—>  Myo-inositol
A Vps34 (PI3KC3)
' PI3KC2 [4 PlKfyve
. Pl - PP ! » PI(3,5)P2
4 PI(3)phosphatase Pl(5)phosphatase ?
© 3
gl 5
AIE: =
2l|a o
5 PIP4K e
T PiSP
- | Pl(4)phosphatase J':]
IP5KI
Plap ——° » PI(45)P2 —15KC ., py(3.45)P3
TF " PI(5)phosphatase ' PI(3)phosphatase
£ e
a9
2|2
alla
o)
o
L/ PI(5)phosphatase
PI1(3,4)P2 <«
| / Pl(4)phosphatase
/ Biosynthesis of inositol phosphates
and inositol pyrophosphates
IMPase e
DAG PI-PLC
INPP5 INPP4
Ins(1,4,5)P3 > Ins(1,4)P2 » Ins(4)P
IPMK -
—— Lipid-dependent pathway
v INPPS MPKA1
Ins(1,3,45P4 ——— Ins(1,34)P3 ——— Ins(1,3,4,6)P4
(IPMK —
l IPPK
Ins(1,3,4,5,6)P5 > InsP6 —POR&PPIPSK_  \/arious PP-InsPs
t MINPP
IPMK
IMPase PK1
Ins@)P ————» Ins(3.4)P2 —1PK1 | 1ns(1,34)P3 —TPK1 . |ns(1,3,4,6)P4 = Glucose-dependent pathway
TMIPS
G-6-P ITPK1
THK InsP5

Glucose






