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The study of the use of nanotechnology for drug delivery has been extensive. Nanomedical approaches for therapeutics; drug delivery in particular is superior to conventional methods in that it allows for controlled targeted delivery and release, higher stability, extended circulation time, minimal side-effects, and improved pharmacokinetic clearance (of the drug) form the body, to name a few. The magnitude of COVID-19, the current ongoing pandemic has been severe; it has caused widespread the loss of human life. In individuals with severe COVID-19, immune dysregulation and a rampant state of hyperinflammation is observed. This kind of an immunopathological response is detrimental and results in rapid disease progression, development of secondary infections, sepsis and can be fatal. Several studies have pin-pointed the reason for this immune dysregulation; deviations in the signaling pathways involved in the mediation and control of immune responses. In severe COVID-19 patients, many signaling cascades including JAK/STAT, NF-κB, MAPK/ERK, TGF beta, VEGF, and Notch signaling were found to be either upregulated or inactivated. Targeting these aberrant signaling pathways in conjunction with antiviral therapy will effectuate mitigation of the hyperinflammation, hypercytokinemia, and promote faster recovery. The science of the use of nanocarriers as delivery agents to modulate these signaling pathways is not new; it has already been explored for other inflammatory diseases and in particular, cancer therapy. Numerous studies have evaluated the efficacy and potential of nanomedical approaches to modulate these signaling pathways and have been met with positive results. A treatment regime, that includes nanotherapeutics and antiviral therapies will prove effective and holds great promise for the successful treatment of COVID-19. In this article, we review different nanomedical approaches already studied for targeting aberrant signaling pathways, the host immune response to SARS-CoV-2, immunopathology and the dysregulated signaling pathways observed in severe COVID-19 and the current treatment methods in use for targeting signaling cascades in COVID-19. We then conclude by suggesting that the use of nanomedical drug delivery systems for targeting signaling pathways can be extended to effectively target the aberrant signaling pathways in COVID-19 for best treatment results.
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INTRODUCTION

The current and ongoing outbreak of the novel coronavirus SARS-CoV-2 infection; COVID-19 began a year back, in December 2019 (Li H. et al., 2020; Velavan and Meyer, 2020). The disease spread rapidly across the globe, affecting 223 countries and causing about 2,656,822 deaths to date (World Health Organization, 2020b,f). There has been no respite; currently, more COVID-19 cases have been reported in the past 4 weeks than in the first 6 months of the pandemic, which could be attributed to the second wave of COVID-19 (World Health Organization, 2020g). With the earnest and vigorous efforts by the scientific community globally, seven different vaccines have been rolled out in countries (World Health Organization, 2020d). Seventy three vaccines are in the clinical development stage and 182 are in the pre-clinical development phase (World Health Organization, 2020c). While the disease presentation of COVID-19 is similar to influenza infections, the mortality for COVID-19 is significantly higher; 3–4% as compared to below 0.1% for influenza infections (World Health Organization, 2020a). The reason for this high fatality lies in the fact that the severity of COVID-19 disease is not only due to SARS-CoV-2 infection, but also due to the complex host immune response. Patients with severe COVID-19 disease exhibit immune dysregulation; a hyper-activated/exhausted immune response associated with hyperinflammation and sustained cytokine production/hypercytokinemia (Giamarellos-Bourboulis et al., 2020; Praveen et al., 2020; Tahaghoghi-Hajghorbani et al., 2020; Tay et al., 2020; Varchetta et al., 2020; Wei et al., 2020). As a result, such patients exhibit organ injury, organ failure progressing into ARDS, secondary infections, sepsis, septic shock, and multiple organ failure leading to mortality (Li D. et al., 2020; Pedersen and Ho, 2020; Qin et al., 2020). Additionally, patients with co-morbidities (diabetes, cancer, liver disease, CKD, COPD, CVA, CVD, hypertension; especially the elderly) and immunocompromised individuals are more susceptible to severe COVID-19 disease and this patient group is associated with increased complications and higher mortality (Fung and Babik, 2020; Gao et al., 2020; Guan et al., 2020; Harrison et al., 2020; Luo L. et al., 2020; Mehraeen et al., 2020; Posso et al., 2020; Singh and Misra, 2020).

Both inflammatory responses and immune responses are crucial and a perquisite for the targeting and elimination of SARS-CoV-2 and consequent disease. However, in the severe COVID-19 cases, immune-mediated injury and acute inflammation drive the immunopathogenesis that causes a quick deterioration and death. Multiple signaling pathways are responsible for powering this sustained cytokine production and acute inflammation and are implicated in the destructive immunopathogenesis observed in COVID-19. Targeting these overactivated signaling pathways which are at the root of the state of hyperinflammation will facilitate suitable immunomodulatory intervention for maximum therapeutic effects (Merad and Martin, 2020; Song et al., 2020; Yarmohammadi et al., 2020). Nanomedicine presents tremendous potential, with advantages like improved safety, efficacy, targeting, toxicity profiles, patient compliance and increase in the intracellular uptake of the drug (Ventola, 2012). A novel and an efficient strategy would involve the use of nanomedical approaches to target the signal cascades to curb the hyperinflammation and hypercytokinemia and thus mitigate the immunopathogenesis observed in COVID-19.



NANOMEDICINE

The application of nanotechnology; nanoscale materials to the field of health sciences and medicine for the purpose of diagnosis, monitoring, control, prevention, and treatment of disease is nanomedicine (Hawthorne et al., 2017; Tekade et al., 2017). A nanoscale material may be a natural, incidental or a manufactured material comprising of particles, either in an unbound state or as an aggregate, wherein the size range of one or more external dimensions is between 1 and 100 nm for ≥50% (threshold between 1 and 50%) of the particles, according to the number size distribution that encapsulates a therapeutic compound (Arms et al., 2018; Soares et al., 2018). Some of the nanoscale systems that can be employed for drug delivery are lipid-based vehicles, polymer-based delivery systems, metal nanoparticles, nanoshells, and non-injectable nanovectors (Riehemann et al., 2009). Liposomes, solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) are the lipid-based nanoparticles that facilitate the transport of both hydrophobic and hydrophilic molecules, controlled drug release with a very low or no toxicity (García-Pinel et al., 2019). In polymer-based delivery systems, the polymer may be of natural origin like chitosan, starch, alginate, cellulose; biosynthesized, poly-β-hydroxybutyrate (PHB) or chemically synthesized materials like polylactic acid (PLA), polyurethane, poly(lactic-glycolic acid) (PLGA), polymethyl methacrylate resin (PMMA). Some of the main advantages of these of these polymer-based delivery systems include high biological safety, good biodegradability, and safe delivery of the drug (Han et al., 2018). Metal nanoparticles are made up of pure metals; gold, platinum, silver, titanium, zinc, cerium, iron, and thallium or their compounds (oxides, hydroxides, sulfides, phosphates, fluorides, and chlorides) (Piñón-Segundo et al., 2013). The noble metals are known for non-toxicity and antimicrobial properties and the metal oxide nanoparticles have a high stability, ease of preparation and easy fictionalization (Nikolova and Chavali, 2020; Yaqoob et al., 2020). Nanoshells consist of spherical dielectric nanoparticles surrounded by an ultrathin conductive metal layer that is activated by tunable optical resistance. Nanoshells tagged with specific antibodies are useful in the treatment of immunological disease efficiently. Nanovectors (first, second, and third generation) are nanoparticles that transport and deliver more than one bioactive molecule/therapeutic agent. Non-injectable nanovectors offer a convenient method for delivery of drugs via oral route. In recent years the use of nanomedical technology has revolutionized healthcare strategies and is envisioned to have a great impact in offering better drug delivery and gene therapy, thus gaining an increasing research interest in the current medical sector of the modern world (Riehemann et al., 2009; Muthuraman et al., 2018; Prasad et al., 2018).



NANOMEDICINE: TARGETING SIGNALING PATHWAYS

Signaling transduction pathways are a chain of reactions that involve a complex ballet of molecules interacting and stimulating surrounding proteins, lipids and ions that culminate in the transmission of signals from the cell surface to a variety of intracellular targets including transcription factors. These molecular circuits detect, amplify, and integrate diverse external signals that result in changes in enzyme activity or ion-channel activity as a consequence of which induction of gene expression, cytoskeletal reorganization and modulation of differentiation occurs (Cooper, 2000; Berg et al., 2002b; Svoboda and Reenstra, 2002). Some of the important signaling pathways are the JAK/STAT, TLR, NF-κB, PI3K/AkT, mTOR, MAPK/ERK, AMPK, TGF beta, VEGF, and Notch signaling cascades. As all these signaling pathways are very complex, they occasionally fail, causing a disruption in the normal cellular function and ultimately leads to the establishment of a pathological state in the body. Defects in the signaling pathways are the basis of many diseases and are thus the target for drug therapies (Mora-Garcia and Sakamoto, 1999; Berg et al., 2002a; Halazy, 2003). Nanomedicine presents a novel, safe and effective approach to target these aberrant pathways. The use of nanoparticles to target errant signal cascades and the specific transcriptional factors involved has been explored for treatment of inflammatory diseases and cancer therapy (Tiwari et al., 2018).


Nanomedical Targeting of the JAK/STAT Signaling Pathway

The Janus kinase-signal transducer and activator of transcription (JAK/STAT) pathway has an important role to play in transferring signals from the receptors on the surface of cell membrane to the nucleus. This pathway is crucial for the production of a range of growth factors and cytokines, leading to critical events in the body; the development of the immune system, organismal growth, hematopoiesis, stem cell maintenance, and mammary gland development. The JAK/STAT pathway is involved in proliferation, differentiation, migration, apoptosis, and cell survival; its outcome dependent on the signal, tissue, and cellular context (Harrison, 2012; Seif et al., 2017). Several studies have been carried out; in vitro and in vivo for targeting STAT using nanoparticles, liposomes and micelles (Ashrafizadeh et al., 2019). Reduced expression of STAT3 was achieved using gold nanoparticles as carriers for STAT3 siRNA and imatinib, both in vitro and in vivo (Labala et al., 2017). PEI-PLGA-FITC nanoparticles with siRNA targeting STAT3 brought about the downregulation of IL-6 in Balb/c mice (Das et al., 2014). In ovarian cancer cell lines A2780CP and A2780ss, liposome carriers of shRNA against STAT3 brought about an increase in apoptosis and inhibited cell proliferation (Jiang et al., 2013). Downregulation of STAT3 was also achieved by using micelle nanoparticles for the delivery of STAT3 siRNA in an in vivo study in mice with tumor-associated DCs (Luo et al., 2015). Large unilamellar vesicle (LUV) nanoparticles with PEGylated particle containing WHI-P131 (Jak3 tyrosine kinase inhibitor) was prepared and exhibited significant efficacy in targeting JAK3/STAT pathway in vitro and in vivo (Uckun et al., 2010).



Nanomedical Targeting of the TLR Signaling Pathway

Toll-like receptor (TLR) signaling has a very important part to play in innate immune responses with respect to pathogens. The toll-like receptors are responsible for recognition of pathogen-associated molecular patterns of different microbes. Subsequent signaling drives the recruitment of specific adaptor molecules that leads to the activation of transcription factors NF-κB and IRFs that direct the course of the innate immune response (Kawasaki and Kawai, 2014). TLR nano-inhibitors are in the preclinical stage of investigation (Gao et al., 2017). Synthesized glycol-split non-anticoagulant heparin with D-erythro-sphingosine graft nanoparticles, with the ability to self-assemble into NAHNP were effective in suppressing the LPS-induced MyD88-dependent NF-κB activation that resulted in the inhibition of subsequent cytokines production in mouse macrophages (Babazada et al., 2014). Another nanodevice, high-density lipoprotein (HDL)-like nanoparticles with a gold NP core and a HDL coating was able to inhibit TLR4 signaling induced by different sources of LPS and Gram-negative bacteria in human cell lines and PBMC (Foit and Thaxton, 2016). Gold nanoparticles designed with a glycolipid mimicking lipid A binding to CD14 and the TLR-MD2 pocket successfully inhibited the activation of TLR4-MD2 induced by LPS in murine and human cells (Lavado et al., 2014). An anti-inflammatory peptide (P12)-gold nanoparticle hybrid developed exhibited inhibitory effects on TLR2, TLR3, TLR5, and both arms of TLR4 (MyD88-dependent NF-κB and TRIF-dependent IRF3 activation) signaling pathways (Yang et al., 2011, 2013, 2015, 2016).



Nanomedical Targeting of the NF-κB Signaling Pathway

Nuclear factor-κB is a family of transcription factors that are associated with vital functions; regulation of inflammation, innate and adaptive immune responses and development, cell survival and proliferation (O'Dea and Hoffmann, 2009). In a study carried out poly lactide co-glycolide (PLGA) nanoparticles conjugated with anti-CD44 and encapsulating NF-κB inhibitor parthenolide (PTL) were designed and tested for bioactivity in vitro in leukemic cell lines Kasumi-1, KG-1a, and THP-1. Treatment with prepared PTL nanoparticles induced a marked reduction (40%) in proliferation when compared to treatment with free PTL (Ruttala and Ko, 2015). In another study, mannosylated nanoparticles used for the delivery of siRNA to ex vivo macrophages in culture could successfully modulate NF-κB signaling (Darwish et al., 2019). Curcumin-loaded nanospheres was shown to inhibit NF-κB activity in metastatic LNCaP, PC3, and DU145 prostate cancer cell lines (Mukerjee and Vishwanatha, 2009; Yallapu et al., 2010; Maher et al., 2011). The sustained release of paclitaxel and curcumin from PTX-loaded albumin nanoparticles (APN) prepared and encapsulated in PEGylated hybrid liposomes containing CUR (CL-APN) via a thin-film hydration technique occurred in sequential kinetics; curcumin downregulated nuclear factor NF-kB and enhanced the therapeutic efficacy of paclitaxel (Mimeault and Batra, 2011; Ortega et al., 2016).



Nanomedical Targeting of the PI3K/AkT Signaling Pathway

An intracellular pathway of great importance, the phosphatidylinositol-4,5-bisphosphate 3-kinase/protein kinase B (PI3K/AkT) pathway is associated with essential cellular functions like cellular quiescence, proliferation, longevity, and cancer (Xie et al., 2019). Nanomedical approaches have provided interesting avenues for targeting this pathway; some of which are in the pre-clinical stage and others are at the clinical stages (Sharma et al., 2019). A PI3Kα inhibitor BYL719 was encapsulated into P-selectin-targeted nanoparticles and studies were carried out to evaluate its efficacy and specificity in mouse models of head and neck squamous cell carcinomas. Successful targeting resulted in reduction of tumor growth and additionally, the acute and chronic metabolic side effects normally observed with BYL719 treatment were effectively abrogated with the nanotechnological treatment approach (Mizrachi et al., 2017). In another study, nanoparticles were designed and prepared with the PI3K/mTOR dual inhibitor, BEZ235 effectively brought about the inhibition of the PI3K/mTOR pathway in in vitro and in vivo studies in non-Hodgkin's lymphoma models (Au et al., 2020). N-(4-hydroxyphenyl)4-hydroxy-2-quinolone-3-carboxamide, a PI3Kα inhibitor was conjugated with gold nanorods and the effect of these nanoparticles was explored on MCF-7 breast cancer cells. Gene expression of several transcription factors responsible for cell growth and proliferation, apoptotic pathways, and cell cycle arrest was significantly effected by the treatment with the prepared nanocomplex (Mahmoud et al., 2020). PLGA nanoparticles synthesized with inhibitor GANT61 and curcumin effectively mediated PI3K/AkT inhibition in heterogeneous breast cancer cell line MCF-7 (Borah et al., 2020).



Nanomedical Targeting of the mTOR Signaling Pathway

The mammalian target of rapamycin (mTOR) is a well-conserved serine/threonine kinase. The mTOR signaling pathway is responsible for sensing and integrating diverse environmental cues for the regulation of organismal growth and homeostasis (Laplante and Sabatini, 2012a,b). Modulation of the mTOR signaling by the use of nanomedical approaches is still in the pre-clinical stage. There have been several studies that have shown that this approach increases the bioavailability and efficacy; however the mechanism of mTOR activity modulation and mode of action is still to be established (Lunova et al., 2019). Polystyrene nanoparticles with amino groups act as inhibitors of mTOR signaling consequently inducing G2 cell-cycle arrest and inhibition of proliferation in three leukemia cell lines (Loos et al., 2014). Inhibition of mTOR in podocytes was observed on treatment with titanium dioxide nanoparticles thus causing autophagy and protecting against oxidative stress on the cell proliferation (Zhang et al., 2016). In a mouse model of Alzheimer's disease, functionalized single-walled carbon nanotubes efficiently reversed the abnormal activation of mTOR signaling thus alleviating the autophagic/lysosomal defects in primary glia (Xue et al., 2014). Superior anti-tumor activity was observed on employing nanoparticles for co-delivery of rapamycin and paclitaxel by targeting the aberrant PI3K/Akt/ mTOR pathway in vitro in MDA-MB-468 and MCF-7 breast cancer cells (Blanco et al., 2014).



Nanomedical Targeting of the MAPK/ERK Signaling Pathway

The mitogen-activated protein kinase/extracellular-signal regulated kinase 1/2 (MAPK/ERK) are essential signaling cascades that are involved in the regulation of diverse cellular processes, including proliferation, differentiation, apoptosis, and stress responses (Guo et al., 2020). The use of nanotechnology to target the MAPK/ERK signaling pathways is still in the development stages; while there are significant number of studies that are promising, clinical efficacy is yet to be demonstrated (Inamdar et al., 2010). Engineered nanoparticles of a unique hexadentate-polyD,L-lactic acid-co-glycolic acid polymer conjugated chemically to a selective MAPK inhibitor PD98059 were administered to melanoma-bearing mice in a study. Effective targeting of MAPK signaling by the nanoparticles results in an inhibition of proliferation of the melanoma and lung carcinoma cells and induction of apoptosis in vitro and inhibition of tumor growth in vivo (Basu et al., 2009). In murine B16F10 melanoma cells, two injections of a LPH (liposome-polycation-hyaluronic acid) nanoparticle designed with miRNA-34a brought about a downregulation of MAPK pathway (Chen et al., 2010). Luminescent ruthenium-modified selenium nanoparticles (Ru-SeNPs) effectively suppressed the ERK signaling pathway in a study carried out on HepG2 cells (Sun et al., 2013). A combination of sorafenib and nanoliposomal ceramide was found to be more potent in targeting MAPK and PI3K/Akt pathways than either agent alone in a study carried out in UACC 903, 1205 Lu, FF2441 and MDA-MB-231 cells (Tran et al., 2008).



Nanomedical Targeting of the AMPK Signaling Pathway

An evolutionary conserved serine/threonine kinase, the 5′- adenosine monophosphate (AMP)-activated protein kinase (AMPK) regulates diverse metabolic and physiological processes. AMPK signaling is involved in regulating growth and reprogramming metabolism, and has been recently connected to cellular processes including autophagy and cell polarity (Mihaylova and Shaw, 2011; Jeon, 2016). Nanoparticle delivery systems facilitate the target drugs to exert a significant modulatory effect on AMPK signaling. Studies employing bismuth nanoparticles, iron oxide nanoparticles, micellar nanoparticles, and cationic polystyrene nanoparticles established that the AMPK signaling could be targeted and modulated effectively with nanotechnological approach (Khan et al., 2012; Chiu et al., 2015; Liu et al., 2018; Hui-Hui et al., 2019).



Nanomedical Targeting of the TGF Beta Signaling Pathway

The transforming growth factor β superfamily are secreted ligands that are responsible for the regulation of diverse developmental and physiological functions (Bierie and Moses, 2010; Wrana, 2013). In a melanoma model of tumor studied using B16F10 l cells, both nanoparticle-based delivery systems; lipid-calcium-phosphate (LCP) nanoparticle (NP) and liposome-protamine-hyaluronic acid (LPH) NP for the delivery of LCP vaccine and siRNA, respectively, were capable of downregulating the TGF-β signaling (Xu et al., 2014). In another study, polyethyleneimine/polyethylene glycol-conjugated MSNPs loaded with TGF-β inhibitor LY364947 that were designed mediated systemic biodistribution and retention at the tumor site and effective targeting of TGF-β signaling in in vitro and in vivo models of pancreatic ductal adenocarcinoma (Meng et al., 2013). In another in vivo study, a synergistic approach using a nanoparticle drug delivery system that included the TGF-β signaling pathway inhibitor LY364947 was found to enhance both tumor penetration and cancer stem cell clearance because of effective inhibition of the TGF-β signaling pathway (Lu et al., 2016). The immunosuppressive TGF-β1 signaling could be attenuated by the use of gold nanoparticles, as exhibited by a study carried out on in an in vivo model of murine bladder tumor 2 cells in syngeneic C3H/HeN mice (Tsai et al., 2013).



Nanomedical Targeting of the VEGF Signaling Pathway

The vascular endothelial growth factor (VEGF) is a family of soluble growth factors; VEGF-A/VEGF, VEGF-B, VEGF-C, VEGF-D, and placenta growth factor (PGF) that exert salient biological functions through interactions with transmembrane tyrosine kinase receptors, present on cell surfaces (Frumovitz and Sood, 2007; Stacker and Achen, 2013). Master regulators of vascular development and of blood and lymphatic vessel function, the VEGF family is involved in regulating angiogenesis, lymphangiogenesis and vascular permeability and in the stimulation of cell migration in macrophage lineage and endothelial cells (Shibuya, 2011; Koch and Claesson-Welsh, 2012). Significant downregulation of VEGF signaling was achieved by the use of chitosan nanoparticles in a nude mice xenografted model with human hepatocellular carcinoma (HCC) (BEL-7402) cells (Xu et al., 2009). In other studies, PEGylated nanoconjugated delivery systems (for inhibitors/siRNA) inhibited VEGF signaling by blocking receptor binding or expression thus inhibiting tumor angiogenesis (Schiffelers et al., 2004; Kim et al., 2006). VEGF signaling could be effectively targeted by the use of gold nanoparticles conjugated with anti-VEGF antibody in a study using primary CLL B cells resulting in the induction of apoptosis of these CLL B cells (Mukherjee et al., 2007).



Nanomedical Targeting of the Notch Signaling Pathway

Notch is a cell surface receptor. The interaction of a ligand with notch ensues cleaving of its intracellular domain which travels to the nucleus to regulate transcription. Notch signaling is an inherent part of cell fate assignation and pattern formation during development. The Notch signaling pathway is involved in regulating cell proliferation, cell fate, differentiation, and cell death (Ehebauer et al., 2006; Kopan, 2012). Efficacious targeting of Notch signaling was achieved in vitro and in vivo by the use of mesoporous silica nanoparticles carrying Notch inhibitor; γ-secretase inhibitor (Mamaeva et al., 2011, 2016). γ-secretase inhibitor conjugated with iron oxide nanoparticles was also effective for downregulating Notch signaling in hepatocarcinoma and glioblastoma stem cells (Orza, 2015). The use of poly(lactide-co-glycolide) (PLGA) nanoparticles to deliver γ-secretase inhibitor dibenzazepine was found to effectively target and downregulate Notch signaling in diet-induced obese mice (Jiang et al., 2017). Significant downregulation of Notch signaling and consequently arresting of tumor growth resulted from the administration of siDCAMKL-1 encapsulated poly(lactide-co-glycolide) nanoparticles in HCT116 xenografts (Sureban et al., 2011).



Clinical Trials Involving Nanomedical Targeting of Signaling Pathways

Paclitaxel is involved in the downregulation of JAK/STAT signaling pathway, inhibits PI3K/AKT signaling pathway and activates MAPK and TLR4 signaling (Wang et al., 2006; Fujita et al., 2018; Ren et al., 2018). A novel Cremophor EL-free polymeric micelle formulation of paclitaxel, Genexol-PM was subjected to a multicenter phase II study to evaluate its efficacy and safety in patients with histologically confirmed metastatic breast cancer (MBC). Forty-one women received Genexol-PM by intravenous infusion every 3 weeks without premedication until disease progression or intolerability. Thirty-seven patients who received Genexol-PM as a first-line therapy for their metastatic disease showed a response rate of 59.5% and two responses were reported in four patients treated in the second-line setting for their metastatic disease. Sensory peripheral neuropathy, myalgia, hypersensitivity reactions, neutropenia, and thrombocytopenia were the adverse effects reported (Lee et al., 2008). The tyrosine kinase EphA2 is involved in the suppression of the AKT–mTORC1 and RAS–ERK pathways. A phase I clinical trial assessing the potency of a DOPC-based liposomal formulation targeting the tyrosine kinase EphA2 in patients with advanced and recurring solid tumors is underway (Bi-Wagner et al., 2017; Singh et al., 2018). A lipid-based nanoparticle formulation containing siRNAs targeting both vascular endothelial growth factor (VEGF) and kinesin spindle protein (KSP) (ALN-VSP) was tested on 41 patients with both hepatic and extrahepatic tumors. ALN-VSP was found to be generally well-tolerated (Tabernero et al., 2013). Protein kinase N3 (PKN3) has been identified as a downstream effector of the PI3K signaling pathway (Hattori et al., 2017). In a dose-escalation phase I clinical trial, the efficacy of a liposomal RNA interference therapeutic called Atu027 that targets the protein kinase N3 was evaluated. The results were promising, with disease stabilization for 41% of patients reported (Schultheis et al., 2014). The PLK1 (Polo-like kinase 1) is a potent activator of the MAPK/ERK signaling pathway. Intravenous delivery of lipid nanoparticles containing therapeutic siRNA targeting PLK1, TKM-080301 has been developed and is currently in phase 1/2 clinical trial for the treatment of neuroendocrine and adrenocortical cancers (Bk-Lam et al., 2015; Wu et al., 2016).




COVID-19: DISEASE, IMMUNE RESPONSE, IMMUNOPATHOLOGY AND CLINICOBIOLOGICAL PHASES


Disease

SARS-CoV-2 is a novel beta coronavirus and is a positive stranded RNA virus (Ouassou et al., 2020). It is transmitted through direct/indirect or close contact with infected people; through respiratory droplets expelled from the infected person, aerosol transmission combined with droplet transmission or through contaminated surfaces (that contain respiratory droplets) (World Health Organization, 2020e). The mean incubation period ranges from 2.1 to 11.1 days and the median incubation period is 3 days (Dhama et al., 2020; Velavan and Meyer, 2020). Though other organ systems are also involved, SARS-CoV-2 primarily affects the respiratory system, with the lungs being the primary site of infection. The virus infects alveolar epithelial cells in the lungs by exploiting receptor-mediated endocytosis, with ACE2 as the entry receptor. The initial COVID-19 symptoms observed are fever, dry cough, tachypnea, and shortness of breath. Other symptoms include headache, muscle aches, tiredness, chest pain or pressure, diarrhea, dyspnea, nasal congestion, loss of taste/smell, chills, and nausea. Clinical examinations revealed elevated levels of LDH, AST, ALT, urea, creatinine. Inflammatory markers ESR, PCT, CRP, and D-dimer levels are also high in COVID-19 patients. On the other hand serum albumin, hemoglobin count and eosinophil count are decreased. Leucopenia, lymphopenia, neutrophilia are some other common clinical presentations; few patients also exhibit thrombocytopenia. The levels of inflammatory/modulatory cytokines and chemokines like IL-1, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, IFNγ, TNFα, HGF, VEGF, M-CSF, G-CSF, GM-CSF, IP-10, MCP-1, MIP-1α, CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10 are also elevated. Radiological findings include the presence of ground glass opacities, patchy consolidation in the lungs. Pleural effusion, cavitation, calcification, and lymphadenopathy may also be reported (Costela-Ruiz et al., 2020; Esakandari et al., 2020; He et al., 2020; Lotfi et al., 2020; Mortaz et al., 2020; Parasher, 2020; Shah et al., 2020; Wang et al., 2020b; Yuki et al., 2020).



Immune Response

Initial viral recognition is crucial for mounting an innate and/or adaptive antiviral response. The innate immune response is initiated following the recognition of SARS-CoV-2 by pathogen-associated molecular patterns (PAMPs). Viral RNA/dsRNA/uncapped mRNA are recognized both by endosomal RNA receptors TLR3, TLR7, TLR8, TLR9 and by cytosolic RNA sensor RIG1/MDA5. This initial recognition by TLRs drives the complex TLR signaling that leads to the expression of various genes culminating in the production of antiviral cytokines; type I IFNs, IL-1β, and IL-6. Recognition by PAMPs also results in the activation of NF-κB, which is a hallmark of most viral infections. This activation catalyzes the NK-κB signaling pathways that trigger the expression of IFN genes involved in innate immunity. Taken together, this comprises the first line of defense against SARS-CoV-2 infection at the entry site. TLR recognition also triggers the pathogen-activated protein kinases (MAPKs) pathway through the mediation of MyD88. The production of type I IFN causes the activation of the JAK/STAT signaling via IFNAR that brings about the phosphorylation of transcription factors STAT1 and STAT2 by JAK1 and TYK2 kinases. Nuclear translocation of the transcription factors ensues, followed by the initiation of transcription of IFN-stimulated genes (ISGs) under the control of IFN-stimulated response element (ISRE) containing promoters. This manner of mounting of the type I IFN response promotes the effective suppression of both viral replication and dissemination at an early stage. Normally, viral antigens are presented via antigen presenting cells (dendritic cells, macrophages) to CD4+ T-helper cells that further sensitize CD8+ cytotoxic T lymphocytes. These cytotoxic T lymphocytes can blunt viral replication by directly killing infected cells and secrete antiviral cytokines including IFN and TNFα. Recruitment of NK cells that takes place is vital for resistance of viral replication to eradicate virus-infected cells. Production of cytokines facilitates the recruitment of monocytes and neutrophils to the site of infection and the activation of other pro-inflammatory cytokines and chemokines like IL-1, IL-6, IL-8, IL-21, TNFβ, and MCP1. Humoral immune response is mediated by CD4+ T-helper cell mediated activation of B-cells that produce virus-specific antibodies. Initially, within the first week, SARS-CoV-2 activates T-cells; and virus-specific memory CD4+ cells and CD8+ T cells peak within 2 weeks. However, in patients with severe COVID-19, a marked decrease in CD8+ cytotoxic T lymphocytes and CD4+ T-cells is observed. Additionally, the surviving T-cells exhibit functional exhaustion. There is also a reduction in the NK cell count along with decreased functionality that promotes reduced clearance of infected and activated cells in addition to an unchecked elevation of tissue-damaging inflammation markers. In response to SARS-CoV-2, specific IgA, IgM (~4–6 days post exposure) and IgG (~7–10 days post exposure) are produced. The complement system is also involved in facilitating antiviral response. In severe COVID-19 patients, widespread complement activation is observed (Santoro et al., 2003; Thompson and Iwasaki, 2008; Schmitz et al., 2014; Astuti and Ysrafil, 2020; Azkur et al., 2020; Diao et al., 2020; Guihot et al., 2020; Iqbal, 2020; Prompetchara et al., 2020; Risitano et al., 2020; Sousa and Brites, 2020; Stephens and McElrath, 2020; van Eeden et al., 2020; Zheng M. et al., 2020).

Normally, airway mucus which lines the epithelial surfaces in the respiratory tract is involved in important innate immune function; it provides for a mode to effectively detoxifying noxious molecules mediated by the trapping and removal of pathogens from the airway via mucociliary clearance. Mucin glycoproteins are the major macromolecular constituents of mucus, in addition to proteoglycans, lipids, proteins and DNA which are also present in smaller quantities. Secreted mucins and membrane-associated mucins are the two major families of mucins. Among the two, membrane-associated mucins function as cell surface receptors for pathogens and also activate intracellular signaling pathways. The expression of secretary mucins is regulated by pleiotropic cytokines (IL-4, IL-13, IL-9) and proinflammatory cytokines (IL-1β, IL-6, TNFα). Transmembrane mucins on the other hand are selectively regulated by inflammation and inflammatory cytokines (IL-6, IFNγ, TNFα, TGFβ) and are also involved in the regulation of inflammatory responses themselves. JAK/STAT, TLR, NF-κB, Akt, MAPK/ERK signaling pathways are selectively modulated by transmembrane mucins. Infection with SARS-CoV-2 causes an allergic reaction in the mucosa of the respiratory tract that activates the secretion of mucin and modulates its chemical structure, facilitating the viral entry into the cells. Consequently, SARS-CoV-2 initiates mucus-mediated inflammatory pathways (Voynow and Rubin, 2009; van Putten and Strijbis, 2017; Earhart et al., 2020; Khan et al., 2021).



Immunopathology

In addition to activating antiviral immune responses, SARS-CoV-2 is responsible for disrupting the normal protective immune response thus leading to an impaired immune system which promotes a dysfunctional immune response. The uncontrolled inflammatory and immune responses ensuing can lead to immunopathogenesis which can prove to be fatal in the severe and critical COVID-19 patients. Some of the manifestations and features of the immunopathogenesis observed in COVID-19 patients are as follows. A highly impaired type I and III IFN response, which is characterized by absence of IFNβ and a low IFNα production and activity and is associated with persistent viral load in the blood and an exacerbated inflammatory response. Patients exhibit a significant decrease in CD4+ T, CD8+ T, NK, and B cell number. Moreover, T-cells show exhaustion phenotypes and reduced functional diversity. Programmed cell death protein-1, T cell immunoglobulin domain and mucin domain-3 levels on CD8+ T cells are increased; killer cell lectin-like receptor subfamily C member 1 receptor expression on cytotoxic lymphocytes, including NK and CD8+ T cells, is also increased. Abnormal number of granulocytes and monocytes is found; increased neutrophils and an abnormal neutrophil-to-lymphocyte ratio is an indicator of severe disease in patients. Elevated levels of cytokines are observed; IL-1β, IL-6, and IL-10 in particular. Increased antibodies and relatively high B cell levels correlate with poor prognosis. Thrombotic complications including platelet activation, stasis of blood flow, microvascular pulmonary thrombosis, extensive diffuse alveolar damage and thrombi present within small peripheral vessels in the lungs are characteristic of the coagulopathy observed in patients (Hadjadj et al., 2020; Jacques and Apedaile, 2020; The Lancet Haematology, 2020; Yang et al., 2020; Peter et al., 2021).

COVID-19 pneumonia is also associated with mucus hypersecretion and mucus plugging. Autopsy reports on COVID-19 patients who succumbed due to hypoxia and ARDS have also confirmed the same; specifically reporting the following. Copious amounts of gray-white viscous fluid in the lungs and along the distal respiratory tract of COVID-19 patients has been reported. Large quantity of viscous secretions was seeping from the air sacs, white foamy mucus adhering in the airway, gelatinous mucus adhering in the bronchial lumen and muciod material within the bronchial branches have been reported. A very prominent feature of COVID-19 also observed was that the large amounts of highly viscous mucus caused obstruction to small airway, leading to infections, ventilator dysfunction, ARDS, and an uncorrectable hypoxia. Studies have established the expression of mucins in the epithelial cells of the lungs and also the accumulation of the same in the bronchoalveolar lavage fluid (BALF) of COVID-19 patients. Mucus accumulation and the aggregation of mucins with platelets can cause plugging of the pulmonary airways that adversely affects the blood-gas barrier resulting in induction of hypoxia and a diminished lung capacity. As airway mucus looses its antimicrobial activity within 24 h and can colonize bacteria thereafter, pulmonary infections can occur. Lung autopsies have of COVID-19 patients have also revealed superimposed bacterial pneumonia with suppurative bronchopneumonic infiltrates and bacterial abscesses. All this makes hypersecretion of airway mucus and mucus plugging one of the major causes of death in critically ill COVID-19 patients. A study on critically-ill COVID-19 patients assessed the levels of mucin proteins MUC1 (membrane-tethered) and MUC5AC (secreted) in the airway mucus and reported higher levels of both MUC1 and MUC5AC than healthy controls (Bikdeli et al., 2020; Carsana et al., 2020; Deshpande, 2020; Farooqi et al., 2020; Lax et al., 2020; Liu et al., 2020; Menter et al., 2020; Wang et al., 2020a; Zhang Y. et al., 2020; Lu et al., 2021).

Although COVID-19 primarily affects the respiratory system, increasing evidence has shown that it is essentially a multi-systemic disease. Other organs and systems can be affected from the beginning of infection or subsequently after respiratory infection. Studies have revealed that SARS-CoV-2 positive cells were most frequently present not only in the lungs, but also in the heart, kidneys, gastrointestinal tract, submandibular glands and liver during the early stages of the disease. In case patients with longer disease courses, the presence of SAR-CoV-2 positive cells was sporadic in these organs. SARS-CoV-2 induces diffuse alveolar damage in the lungs that causes pneumonia, hypoxia, ARDS, and critical disease. Some of the other organ systems affected are briefly discussed as follows. Cardiovascular complications, including myocardial injury, heart failure, and arrhythmias have been reported. Over a third of COVID-19 patients were found to develop a broad spectrum of neurological symptoms which affected the central nervous system, peripheral nervous system, and skeletal muscles, including anosmia and ageusia. Hematological complications are frequent as also are gastrointestinal effects, symptoms of the same are also frequently encountered and may persist for several days. Other systems like the kidneys, the liver, the endocrine organs, the skin and the eyes are also affected by the systemic COVID-19 disease. Whilst SARS-CoV-2 does directly effect the different body organs and systems, the systemic disease is a consequence of the pathobiological immune alterations; the overwhelming inflammatory response in particular. Inflammatory changes in the heart with lymphohistiocytic infiltration, myocyte injury, and fibrosis post-COVID-19 have been reported. In the brain, the presence of lymphocytic infiltrate, massive activation of microglia with formation of nodules, presence of T cells could be identified in COVID-19 patients. The olfactory bulbs presented the most pronounced inflammatory reaction and excessive inflammation of the medulla oblongata was observed. In the liver, mild hepatic portal inflammation was present. Tubular epithelial cell vacuolization was frequently seen in the kidneys, as reported by a study on COVID-19 patients. In the bone marrow, discrete fibrosis, and abnormalities in megakaryocytes; increased numbers and abnormal morphology was noted (Gavriatopoulou et al., 2020; Massabeti et al., 2020; Munjal et al., 2020; Rabaan et al., 2020; Schurink et al., 2020; Temgoua et al., 2020).



Clinicobiological Phases of COVID-19

Researchers, having extensively studied the course of COVID-19 have identified that there are three critical clinicobiological phases of the disease. The clinicobiological phases of COVID-19 have been identified as the initial asymptomatic/pre-symptomatic disease phase, the propagating phase with mild/moderate/severe symptoms and the complicating phase of COVID-19 disease with impaired/disproportionate and/or defective immunity. Approximately 50–80% of individuals infected with SARS-CoV-2 are asymptomatic. After an incubation period of ~5.2 days, onset of symptoms occurs. In the pre-symptomatic phase of COVID-19 disease, two organ systems are involved; the respiratory and the gastrointestinal systems. Infection initially involves the upper respiratory system and then proceeds to the lower respiratory system. Mild fever, cough (dry), sore throat, oropharyngeal mucositis, nasal congestion, malaise, headache, muscle pain are the symptoms that suggest the occurrence of upper respiratory tract infection. Smell and taste disorders (anosmia and dysgeusia) and nausea and diarrhea are the characteristics of the gastrointestinal symptoms of the initial clinicobiological phase of COVID-19 disease. In the second phase of COVID-19 disease, the infection proceeds to the lower respiratory system, myocardium and other organ systems. Moderate to severe pneumonia, severe dyspnea, respiratory distress, tachypnea (>30 breaths/min), and hypoxia (SpO2 <90% on room air) mark this phase of COVID-19 disease. Systemic disease involving other organ systems occurs in the propagating phase, which is the second clinicobiological phase of COVID-19. The effects of disease can be observed on several organ systems, like the cardiovascular system (direct myocardial injury from hemodynamic derangement or hypoxemia, inflammatory myocarditis, stress cardiomyopathy, microvascular dysfunction or thrombosis due to hypercoagulability, or systemic inflammation), the hematopoietic system (lymphopenia, elevated factor VII, elevated fibrinogen, circulating prothrombotic microparticles, neutrophil extracellular traps), the renal system [acute kidney injury (AKI), hematuria, or proteinuria, acute tubular injury], the central nervous system (hyposmia or anosmia), and others systems also (conjunctivitis, Guillain-Barré syndrome). In the third clinicobiological phase of COVID-19 disease, the clinical status of the patient worsens; as the disease has spread all over the body, including majority of the organ systems; respiratory system, cardiovascular system, gastrointestinal system, bone marrow and hematopoietic system, renal system, liver, and other systems. In this complicating phase of COVID-19 disease, patients develop ARDS, sepsis, MOF and septic shock and the fatality rate in this patient group is high. Severe lymphopenia, elevated leukocyte and neutrophil counts, extremely high D-dimer levels, increasing levels of blood urea and creatinine, severe hypoxia, elevated levels of proinflammatory cytokines, hyperbilirubinemia, acidosis, high lactate, coagulopathy, and thrombocytopenia are the features of the terminal phase of COVID-19 syndrome that is associated with poor clinical outcome (Turk et al., 2020a,b).




SIGNALING CASCADES IN COVID-19


COVID-19 and the JAK/STAT Signaling Pathway

A state of hypercytokinemia is observed in COVID-19 patients with severe disease and this correlates with adverse clinical outcome. The JAK/STAT signaling pathway is activated by several cytokines and is a major signaling mediator for cytokines and chemokines. SARS-CoV-2-mediated hyperinflammation is primarily brought about via the JAK/STAT signaling cascade that can be triggered both by the SARS-CoV-2 structural and non-structural proteins that eventually results in elevated cytokine levels. The escalating cytokine levels (IL-6, IL-1β, and IFNγ) further stimulate the activation of the JAK/STAT signaling pathway in patients, which results in a degenerative feedback loop being established (Battagello et al., 2020; Luo W. et al., 2020; Satarker et al., 2020). SARS-CoV-2 inhibits STAT1 phosphorylation which results in blocking ISGs transcription in monocyte-derived dendritic cells and macrophages, thus contributing to the impairment of interferon responses. An impaired STAT1 function effectuates a compensatory signaling shift via STAT1-independent pathways and a STAT3-dependent transcriptional profile becomes dominant. This results in a positive feedback loop being established between STAT3 and plasminogen activator inhibitor-1 (PAI-1). Such a transcriptional rewiring toward STAT3 and upregulation of PAI-1 drives the rapid coagulopathy/thrombosis, proinflammatory conditions, profibrotic status, and T cell lymphopenia observed in COVID-19 (Matsuyama et al., 2020).

The JAK/STAT signaling cascade is also involved in the regulation of the production of mucin proteins. Activation of STAT6 mediated by IL-4 via its receptor results in the activation of the MUC5AC gene complex consisting of MUC1/2/4. The elevated levels cytokines including IL-4 that can subsequently drive JAK/STAT signaling could be responsible for the higher levels of MUC5AC and MUC1 that were observed in the airway of COVID-19 patients (Xia et al., 2017; Khan et al., 2021).



COVID-19 and the TLR Signaling Pathway

TLR signaling is vital in the initial stages of an infection as it is responsible for the initiation of innate immune response. In patients with severe COVID-19, the levels of pro-inflammatory cytokines are significantly high; many of which are products of TLR signaling. While the spike protein of SARS-CoV-2 interacts with TLR1, TLR4, and TLR6, highest binding energy is reported with TLR4. TLR4 signaling in particular, has been implicated in the initiation and progression of inflammatory disease. Majority of the immunopathological consequences in severe COVID-19 disease is a consequence of the interaction of the SARS-CoV-2 antigens with the TLRs. Furthermore, studies have demonstrated that TLR cascades are a vital mediator of COVID-19 immunopathogenesis. In a study of the immune transcriptome of 28 COVID-19 patients (8 severe/critical and 20 mild/moderate cases), the expression of TLR4 and its downstream signaling molecules were found to be upregulated indicating that upregulated TLR signaling could be a significant contributor to the uncontrolled pathological inflammation (Brandão et al., 2020; Onofrio et al., 2020; Sohn et al., 2020; Patra et al., 2021).



COVID-19 and the NF-κB Signaling Pathway

The interaction of viral material with TLR also triggers the NF-κB signaling cascade. NF-κB signaling plays a significant role in the enhancement of gene expression of cytokines and chemokines which are further involved in inflammatory signaling. SARS-CoV-2-induced NF-κB activation induces the production of IL-1, IL-2, IL-6, IL-12, TNFα, LT-α, LT-β, GM-CSF, and other chemokines in cells like the macrophages of lung, liver, kidney, central nervous system, gastrointestinal system, and cardiovascular system. In severe COVID-19, hyper-activation of the NF-κB pathway has been reported. This hyper-activation of NF-κB is mediated by a hyper-activated IL-6 amplifier response and STAT3 that eventually results in multi-inflammatory responses (Battagello et al., 2020; Hariharan et al., 2020).

The production of cytokines IL-1B, IL-6, IL-8, and TNFα which are modulated by NF-κB signaling are known to cause pulmonary inflammation and also promote mucus hypersecretion, indicating that NF- κB signaling can also mediate mucus hypersecretion in COVID-19 (Wang et al., 2007; Hariharan et al., 2020).



COVID-19 and the PI3K/AkT Signaling Pathway

The involvement of the PI3K/AkT pathway in lung injury and lung fibrogenesis has been established. This pathway has also been implicated in several inflammatory diseases. In COVID-19 disease, the PI3K/AkT signaling pathway is up-regulated. In a study carried out on Huh7 cells infected with SARS-CoV-2, marked alterations of PI3K/AkT signaling was observed (Appelberg et al., 2020; Hou et al., 2020; Somanath, 2020; Xia et al., 2020).



COVID-19 and the mTOR Signaling Pathway

Antibody-dependent enhancement (ADE), particularly suboptimal antibody-elated responds and the cross-reactive antibodies associated with ADE could be a significant promoter of hypercytokinemia in COVID-19. Cross-reactive antibodies can promote the entry of virus into monocytes/macrophages via the Fc receptor which eventually results in viral replication and release after immune escape. Autopsies reports of COVID-19 revealed that mainly monocytes/macrophages were the exuding cells in the alveolar cavity of patients. Virus inclusions were detected in the macrophages of these patients. The mTOR signaling pathway has an important role to play in the development of antibody producing B-cells. An inhibition of mTOR curbs the proliferation of memory B cells that will result in a restrained early cross-reactive antibody production, lower the ADE and consequently control the cytokine storm in severe cases of COVID-19. mTOR activation (in a STAT3 dependent or independent manner) can be mediated by IL-6, which is elevated in COVID-19 patients. Thus, mTOR inhibition can also dampen the cytokine storm by targeting the mTOR-NLRP3-IL-1β axis of the IL-6 pathway. At the same time, SARS-CoV-2 is a positive sense single-stranded RNA virus and can potentially exploit the mTOR signaling cascade and use the host translational machinery for viral replication. For this purpose also, the use of mTOR inhibitors in COVID-19 treatment will be useful; to limit the multiplication of virus and infection. An in vitro study on SARS-CoV-2-infected Huh7 cells revealed significant modulations of the mTOR pathway during the course of the SARS-CoV-2 infection (Appelberg et al., 2020; Ramaiah, 2020; Yarmohammadi et al., 2020; Zheng Y. et al., 2020).



COVID-19 and the MAPK/ERK Signaling Pathway

Coronaviruses have been implicated in exploiting the host MAPK/ERK signaling cascade for viral pathogenesis. The probability that the same holds true for SARS-CoV-2 is high. Furthermore, the p38 MAPK pathway which is a proinflammatory pathway is involved in facilitating the production of pro-inflammatory cytokines including TNFα, IL-1β, and IL-6. TNFα and IL-1β are in turn involved in the activation of NF-κB signaling, altogether mediating hypercytokinemia, inflammation, thrombosis, and vasoconstriction in COVID-19. Modulation of MAPK signaling can also be arbitrated by IL-6, non-canonically. MAPK signaling cascades have also been incriminated lung and heart injury. In the study carried out in SARS-CoV-2 infected Huh7 cells, the MAPK signaling pathways were found to be upregulated (Appelberg et al., 2020; Battagello et al., 2020; Ghasemnejad-Berenji and Pashapour, 2020; Grimes and Grimes, 2020; Hou et al., 2020; Wehbe et al., 2020).

The MAPK signaling pathway is also involved in the regulation of the secretion of mucus. Mucus hypersecretion in COVID-19 disease can be mediated by MAPK/ERK via the action of IL-6 and TNFα. The binding of IL-6 to its receptor IL-6R activates Growth factor receptor-bound protein 2 and Son of Sevenless complex (GRB2/SOS), further activating Ras and Raf signaling cascades, which in turn activate JNK via the p38/MAPK pathway. The activation of JNK results in the upregulation of MUC5AC gene in the airway epithelium which enhances the mucus hypersecretion. TNFα increases the expression of EGFR in the airways, that can activate Ras, Raf, and MUC2 via Erk1/2 which can also result in the hypersecretion of mucus (Khan et al., 2021).



COVID-19 and the AMPK Signaling Pathway

The effect of SARS-CoV-2 on AMPK signaling was studied in human bronchial epithelial cells NCI-H1299 and monkey kidney cells (VeroFM) infected with the Munich strain [multiplicity of infection (MOI) of 0.0005] or heat-inactivated (mock-infected cells) SARS-CoV-2 virus. SARS-CoV-2 was found to reprogram the metabolism in the infected cells, limit the activation of AMPK thus downregulating AMPK signaling significantly. Activation of AMPK can effectively switch off mTOR signaling and also inhibit NF-κB pathway. Thus, AMPK signaling brings about a shift from proinflammatory responses toward anti-inflammatory and repairing response. Additionally, AMPK signaling activates Nrf2 and AMPK-Nrf2 pathway and ameliorates pneumonia. Taken together, this implies that AMPK activation can block hyperinflammation and lung injury in COVID-19 (Ayres, 2020; Azar et al., 2020; Chen et al., 2020; Icard et al., 2020; Maiese, 2020; Nils et al., 2020; Xu et al., 2020).



COVID-19 and the TGF Beta Signaling Pathway

TGF-β is a potent fibrogenic cytokine. As a cytokine, it promotes the recruitment neutrophils, macrophages and lymphocytes into the lungs during SARS-CoV-2 infection. This brings about an increase in the total TGF-β locally. The amount of active TGF-β gradually builds up in the lungs during the course of infection. TGF-β signaling promotes the establishment of fibrosis and induces a loss of fluid homeostasis in the lungs which ultimately results in functional failure of the lungs and death of the patients in severe COVID-19 disease. Upregulation of the TGF beta signaling cascade results a consequence of SARS-CoV-2 infection. Additionally, TGF-β signaling drives activated B cells to switch to the terminal antibody class IgA2, which have a minimal contribution toward humoral immunity against SARS-CoV-2 (Chen, 2020; Delpino and Quarleri, 2020; Evans and Lippman, 2020; Ferreira-Gomes et al., 2020; Reiken et al., 2021).



COVID-19 and the VEGF Signaling Pathway

Increased expression of VEGF correlates with disease severity of COVID-19. The plasma levels of VEGF in COVID-19 patients are also increased. The genes encoding VEGF-A and VEGF-C are also upregulated in patients. VEGFs are important factors in acute lung injury and ARDS; the role played by VEGF and VEGF signaling in the pulmonary endothelial dysfunction observed in COVID-19 is indisputable. VEGF signaling mediated by VEGF released from platelets is involved in activating the coagulation cascade that is characterized by increased fibrin generation, thrombosis in larger vessels, blood clot deposition in the microvasculature and promoting the coagulopathy observed in COVID-19. Hypoxia also induces the expression of VEGF causing plasma extravasation and pulmonary edema, further increasing tissue hypoxia. VEGF signaling also promotes inflammation in the lung. In a study on rhesus macaques infected with SARS-CoV-2, the old macaques exhibited downregulation of genes associated with VEGF signaling unlike the juvenile macaques; which is remarkable, considering that elderly COVID-19 patients have increased levels of VEGF. In another study in rodents infected with SARS-CoV-2, it was found that the spike protein subverts VEGF-A/NRP-1 pro-nociceptive signaling causing amelioration of VEGF-A mediated pain (Chernyak et al., 2020; Colantuoni et al., 2020; Jin et al., 2020; Meini et al., 2020; Moutal et al., 2020; Perico et al., 2020; Rosa et al., 2020; Teuwen et al., 2020; Turkia, 2020; Pang et al., 2021).



COVID-19 and the Notch Signaling Pathway

Abnormal Notch signaling contributes considerably to pathogenesis in different lung diseases. The Notch signaling pathway is a positive regulator of IL-6 production in macrophages. In turn, IL-6 amplifies Notch signaling, that can create a positive feedback loop for IL-6 production. TLR activation can also induce Notch signaling indirectly, through STAT3. This gives way to the existence of a positive feedback loop between Notch signaling and JAK/STAT3 pathway, driving Notch-boosted IL-6. With respect to Th cells, Notch signaling varies; Notch signaling through Dll1,4 ligands promotes inflammatory Th1/Th17 cytokine production while Jagged1 blunts the IL-6-induced Th17 activation. It is also speculated that Notch signaling can effectively prevent SARS-CoV-2 infection by reducing the levels of furin that would interfere with viral entry into the cell. In the study with rhesus macaques infected with SARS-CoV-2, juvenile macaques exhibited upregulated Notch signaling pathways. NOTCH1 was found to be downregulated in SARS-CoV-2 infection (Hildebrand et al., 2018; Islam and Khan, 2020; Rizzo et al., 2020).

A diagrammatic representation of SARS-CoV-2 infection and subsequent host immune response with emphasis on signaling cascades is found in Figure 1.
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FIGURE 1. SARS-CoV-2 infection and host immune response with emphasis on signaling cascades.





CURRENT TREATMENT METHODS TARGETING PIVOTAL SIGNALING PATHWAYS IN COVID-19

Several studies have been undertaken and clinical trials are underway to evaluate the efficacy of different small molecule inhibitors that can target some of the aberrant signaling pathways in COVID-19. Ruxolitinib, baricitinib; an inhibitor of JAK1 and JAK2 and tofacitinib; an inhibitor of JAK1, JAK2, JAK3, and TYK2 being are being used in case of severe COVID-19 and/or are under ongoing phase I/II/III/IV clinical trials for COVID-19 treatment (Luo W. et al., 2020). Validation of a few molecules like imiquimod, M5049, hydroxychloroquine sulfate, chloroquine phosphate, EC-18, PUL-042 that block TLR signaling and/or act as agonists of intracellular TLRs is being performed in phase I/II/III clinical trials (Patra et al., 2021). Clinical trials involving two glucocorticoids, methylprednisolone and dexamethasone which potentially inhibit the NF-κB pathway and control the hyperinflammatory state in COVID-19 are ongoing; these corticosteroids are also being used in case of severe COVID-19 (Hariharan et al., 2020). The efficacy of sirolimus, an mTOR inhibitor for the treatment of patients with COVID-19 is being evaluated in two small-scale clinical trials (Zheng Y. et al., 2020). A clinical trial involving bevacizumab, a humanized monoclonal antibody that targets VEGF is also underway (Yarmohammadi et al., 2020).

Though the various inhibitors of these signaling cascades can efficiently target the respective signaling cascade, their use is often associated with adverse effects. GI toxicity, risk of opportunistic infections, immunosuppression, headache, dizziness are some side-effects of the use of ruxolitinib. Upper-respiratory tract infections, thromboembolic events, nasopharyngitis, headache are some of the adverse effects reported with the use of baricitinib. GI perforations, blood clots, angioderma, hepatotoxicity, lymphopenia, hepatitis, pulmonary embolism are some of the negative effects observed with the use of tofacitinib (Luo W. et al., 2020). Fever, headache, myalgia, arthralgia, pain can result from the treatment with imiquimod (Angelopoulou et al., 2020). GI effects, cardiomyopathy and neurological adverse effects can occur on treatment with chloroquine and hydroxychloroquine treatment (Gevers et al., 2020; U.S. Food and Drug Administration, 2020). Methylprednisolone and dexamethasone treatment can also cause side-effects (Alessi et al., 2020; Edalatifard et al., 2020). The use of mTOR inhibitors for treatment can also result in potential side effects (Husain and Byrareddy, 2020).

Among the many advantages of nanotechnology treatment strategies, one of the most important advantage is that the side effects of the drug can be greatly reduced (De Jong and Borm, 2008; Sutradhra and Amin, 2014). This warrants that the use of nanomedical approaches to target these signaling cascades is a promising strategy to curb the rampant state of hyperinflammation and effectively treat COVID-19.



NANOMEDICAL TARGETING OF PIVOTAL SIGNALING PATHWAYS IN COVID-19

Identifying important signaling pathways that are altered; either upregulated or downregulated during SARS-CoV-2 infection will throw light on the most relevant molecular cascades implicated in the biological processes and unveil the key molecular players that may be targeted to reduce the immune dysfunction and consequently severe COVID-19 disease. A very interesting observation made by a group of researchers is that during their analysis of the literature on COVID-19 and related topics, they noticed many similarities in the pathogenesis of COVID-19 and cancers. Signaling cascades like JAK/STAT, NF-κB, mTOR, MAPK/ERK, VEGF that are dysregulated in COVID-19 are also implicated in cancer development and progression. Nanomedical targeting of these pathways have been the subjects of extensive clinical investigations and clinical trials with respect to cancer treatment. As the ground work is already accomplished; i.e., the efficacy of nanomedical approaches to target signaling cascades is established, extending those findings to COVID-19 treatment is not a far cry.

Nanotechnology has much to offer in the fight against the COVID-19 pandemic. The use of nanotechnology to deliver immunomodulatory drugs in COVID-19 will be advantageous; drug delivery to physiologically in-accessible sites is facilitated, specificity and targeting is improved, reduced drug distribution to non-target tissues minimizes possible side effects, the large surface-to-volume ratio of NP increases drug loading and the inherent virucidal activity of NP (gold/silver) is a bonus point (Bhavana et al., 2020; Palestino et al., 2020; Weiss et al., 2020). Some strategic guidelines for the development of nanotherapeutics to treat COVID-19 include an appropriate nanocarrier selection that will bypass the conventional limitations of the drug candidate, chemical altering/(re)engineering the drug molecule for improved compatibility with the nanocarrier and employing nanocarriers for multiple drug molecules (Chauhan et al., 2020).

Though the fact that nanomedical drug-delivery systems improves existing therapeutics is established, the practical application in viral diseases is vastly underexplored and greatly underused; as observed in the SARS-CoV-2 pandemic (Mainardes and Diedrich, 2020; Tyagi et al., 2021). Nanotechnology has been introduced into antiviral research before, but its prospects for success with SARS-CoV-2 are better than one might imagine, given that SARS-CoV-2 and nanomaterials are similar in size, SARS-CoV-2 (60–140 nm) is also near in size to most current FDA-approved nanomaterials, nanomaterials can co-deliver multiple drugs and allow drug targeting and control release (Tang et al., 2021). Nanomedical approaches for the treatment COVID-19 is being touted as an innovative and an effective treatment strategy (Jindal and Gopinath, 2020; Ruiz-Hitzky et al., 2020; Talebian and Conde, 2020). Nanoencapsulation of drugs may contribute to the development of safer treatments for COVID-19 (Mainardes and Diedrich, 2020). Currently, 16 nano-based vaccines are under R&D for the prevention of COVID-19 by leading institutes including NIH and Moderna, Novavax Inc., Pfizer, University of Tokyo, St. Petersburg Scientific Research Institute of Vaccines and Serums and CanSino Biologicals. Inc. (Campos et al., 2020; Nanomedicine the COVID-19 vaccines, 2020). A few studies to evaluate the efficacy and feasibility of the use of nano-delivery systems for COVID-19 treatment are also being explored. Novochizol aerosols are chitosan nanoparticles that have been developed by researchers in Cyprus that allow the encapsulation of multiple drugs to be efficiently delivered to the epithelial tissue of the lungs with controlled release to treat severe COVID-19. Iron oxide nanoparticles that have already been approved for the treatment of anemias have been found to interact with the S1-RBD of SARS-CoV-2 in molecular docking studies thus presenting a dual advantage for COVID-19 treatment. The use of theranostic nanoparticles for intranasal administration for COVID-19 therapy is also being explored. The FDA-approved gold-containing triethyl phosphine, commonly called auranofin was reported to inhibit the replication of SARS-COV-2 in vitro in human cells at low micro molar concentration. Auranofin treatment was also found to bring about a significant reduction in the expression of SARS-COV-2-induced cytokines in human cells. Auranofin-loaded nanoparticles have also been prepared [poly(lactic-co-glycolic acid) (PLGA) NPs], indicating that they could be a useful drug to limit SARS-CoV-2 infection and associated lung injury due to its antiviral, anti-inflammatory, and anti-reactive oxygen species (ROS) properties (Díez-Martínez et al., 2016; Rothan et al., 2020; Ghaffari et al., 2021). Silver nanoclusters coating deposited on facial masks (directly applicated on a FFP3 mask) was found to posses virucidal effect and completely reduced the titer of SARS-CoV-2 to zero in a study undertaken (Balagna et al., 2020). Cell nanosponges prepared with plasma membranes derived from human macrophages or pulmonary type II epithelial cells that attract bind to and neutralize SARS-CoV-2 have also been developed (Cavalcanti and Nogueira, 2020; Zhang Q. et al., 2020).

With the expertise from earlier studies on nanomedical targeting of aberrant signaling pathways in cancer research, the current research on nano-delivery systems for COVID-19 can be extended to target upregulated/activated signaling pathways (JAK/STAT, TLR, NF-κB, PI3K/AkT, mTOR, MAPK/ERK, TGF beta, VEGF, Notch cascades) or the downregulated/inactivated pathways (AMPK cascades) for correcting the dysregulated immune response characteristic in severe COVID-19. The downregulation of STAT3, inhibition of TLRs (TLR2; TLR3; TLR4; TLR5), NF-κB, PI3K/AkT, mTOR, MAPK/ERK/p53, modulation of AMPK, suppression of TGF-β, VEGF, and Notch which has been successfully achieved in several studies can be tested for efficacy in COVID-19 also. The use of novel futuristic delivery systems such as nanorobots, nanobubbles, nanofibers, and nanodiamonds for this purpose is also very promising. Nanorobots, made up of inorganic or polymeric nanomaterials, modified with biomimetic materials are capable of delivering various materials with high accuracy. In addition to a payload compartment to load the drug, they posses a miniature camera to navigate through the bloodstream and find the direct pathway to the cell; consequently targeting the drug delivery directly to the site of action. This can aid in the precise targeting of aberrant signaling cascades in COVID-19. Nanobubbles have an oxygen-containing core and can be loaded with drugs and combined with ultrasound techniques to facilitate ultrasound-guided (minimally invasive) site-specific delivery. They can prove useful, not only for the delivery of various inhibitors for targeting upregulated signaling cascades but also for supplying oxygen to the hypoxic areas since they possess an oxygen-containing core. This dual advantage makes nanobubbles a lucrative nanodelivery system for addressing both the hyperinflammation and hypoxia in COVID-19. Nanofibers are another potential novel drug delivery systems that have already been explored for the delivery of antiviral (anti-HIV, influenza) drugs. With unique properties like large surface area and porosity with small pore size and high mechanical strength and capability to get surface modified, tunable release of drugs could be achieved in experimental studies. One of the most promising nanocarbon materials, nanodiamonds posses multiple advantages, safety, structural stability, biocompatibility, non-toxicity, increased loading, solubility, bioavailability, and stability of the drug along with prolonged circulation times. They have been used for the delivery of antiviral drugs, various anticancer drugs, siRNAs, hormones, vitamins, and proteins. The use of nanodiamonds for the delivery of inhibitors for specific upregulated signaling pathways in COVID-19 can mediate better availability, stability and action of the drug (inhibitor) with minimal or even no side effects. Future research exploring the functionalities, safety, and efficacy of these novel nanodelivery systems to target aberrant signaling pathways in COVID-19 in the following months will be critical to exploit the unique properties and advantages that these nanodelivery systems offer (Chakravarty and Vora, 2020). This novel treatment approach can indeed prove powerful for clinical management of the severe COVID-19 cases and can effectively prevent the transition from mild to severe stages. This treatment approach of nanomedical targeting signal pathways to dampen the hyperinflammation and prevent severe COVID-19 can revolutionize the fight against COVID-19 and may provide solutions to address the ongoing pandemic. However, a thorough evaluation is crucial to avoid any detrimental effects of targeting signaling pathways, which could include impeding the protective host immune response or the interference with the viral clearance mechanism of the host. A word of caution, although nanostructures are attractive delivery systems for medicine, two decades of nanotoxicology research has shown that the interactions of nanomaterials with cells, animals, humans and the environment are extremely complex. They have been linked to cell apoptosis, inflammation, worsening of asthma, fibrosis, chronic inflammatory lung diseases, and carcinogenesis. Responsible research that takes into consideration all aspects including protocols, benefits, possible pitfalls, and dangers is an absolute prerequisite. Thorough investigation and clinical trials will aid in the development of a sustainable nanotechnological solution for COVID-19 employing safe nanomaterials that can be used effectively without any adverse effects (Contera et al., 2020; Jones et al., 2020; Rai et al., 2020).

The use of nanomedical targeting of the aberrant signaling cascades in COVID-19 is diagrammatically representated in Figure 2.
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FIGURE 2. Nanomedical targeting of the aberrant signaling cascades in COVID-19.




CONCLUSION

With the fact that the ongoing pandemic caused by SARS-CoV-2 has been raging successfully for over a year, the search for newer, novel strategies to contain it is the need of the hour. Patients with severe COVID-19 exhibit immune dysregulation, which can be traced back to aberrant signaling pathways. This modulation (upregulation/inactivation) of signaling pathways like JAK/STAT, NF-κB, TLR, mTOR, AMPK, Notch pathways drive the state of hypercytokinemia, hyperinflammation and coagulopathy that increase the severity of disease, slower the process of recovery and can also result in mortality in COVID-19. Nanomedical targeting of these signaling pathways has already been studied for the treatment of inflammatory diseases and cancer, in the past decade. The use of some nano-delivery systems are in the clinical stages, while some are in the clinical trial stage. Harnessing the potential of nanoscale drug delivery systems like liposomes, gold nanoparticles, metal oxide nanoparticles, nanobubbles, nanofibers, nanodiamonds for COVID-19 therapy will certainly prove to be advantageous. The targeting of errant signaling pathways that are responsible for driving hyperinflammation and severe disease by nanomedical approaches presents a novel, promising treatment strategy for COVID-19. We anticipate that the use of FDA-approved nanomaterials such as liposomes, PLGA nanoparticles can be used to encapsulate drug molecules that can modulate signal cascades like STAT3 siRNA, NF-κB inhibitor parthenolide, PI3K/mTOR dual inhibitor BEZ235, TGF-β inhibitor LY364947, Notch inhibitor dibenzazepine (γ-secretase inhibitor) will help achieve their long-term circulation and sustained release. The possibility of co-delivery of multiple drugs that nanodelivery systems offers is also of interest, for the improved targeting of the aberrant signal cascades thus attaining a better treatment efficiency and with minimal/no adverse effects, ultimately curbing the hyperinflammation and severe disease in COVID-19. This approach however, necessitates a thorough study; it should not interfere with the protective host immune response or with the viral clearance mechanism of the host. In conclusion, as we enter into the second year of the COVID-19 pandemic with an improved understanding of SARS-CoV-2 and the COVID-19 disease, we surmise that nanomedicine and nanodelivery systems present a more effective approach to dealing with SARS-CoV-2 and associated disease. In particular, the nanomedical targeting of aberrant signaling cascades like JAK/STAT, NF-κB, PI3K/AkT, AMPK/ERK, TGF beta, Notch observed in severe COVID-19 disease is a novel approach that is worth exploring and holds great promise.
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