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Severe disease from SARS-CoV-2 infection often progresses to multi-organ failure and results in an increased mortality rate amongst these patients. However, underlying mechanisms of SARS- CoV-2-induced multi-organ failure and subsequent death are still largely unknown. Cytokine storm, increased levels of inflammatory mediators, endothelial dysfunction, coagulation abnormalities, and infiltration of inflammatory cells into the organs contribute to the pathogenesis of COVID-19. One potential consequence of immune/inflammatory events is the acute progression of generalized edema, which may lead to death. We, therefore, examined the involvement of water channels in the development of edema in multiple organs and their contribution to organ dysfunction in a Murine Hepatitis Virus-1 (MHV-1) mouse model of COVID-19. Using this model, we recently reported multi-organ pathological abnormalities and animal death similar to that reported in humans with SARS-CoV-2 infection. We now identified an alteration in protein levels of AQPs 1, 4, 5, and 8 and associated oxidative stress, along with various degrees of tissue edema in multiple organs, which correlate well with animal survival post-MHV-1 infection. Furthermore, our newly created drug (a 15 amino acid synthetic peptide, known as SPIKENET) that was designed to prevent the binding of spike glycoproteins with their receptor(s), angiotensin- converting enzyme 2 (ACE2), and carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) (SARS-CoV-2 and MHV-1, respectively), ameliorated animal death and reversed altered levels of AQPs and oxidative stress post-MHV-1 infection. Collectively, our findings suggest the possible involvement of altered aquaporins and the subsequent edema, likely mediated by the virus-induced inflammatory and oxidative stress response, in the pathogenesis of COVID- 19 and the potential of SPIKENET as a therapeutic option.
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INTRODUCTION
COVID-19 is caused by infection with SARS-CoV-2, a coronavirus that causes respiratory illness and can ultimately result in organ damage and multi-organ failure (Mokhtari et al., 2020 and references therein). The multi-organ damage is thought to be caused by cytokine storm, septic shock, thrombosis, and oxidative/nitrative stress (Xu et al., 2020). There have been more than 470 million cases in the last 27 months and over 6 million deaths across almost 200 countries. Further, the number of cases and deaths continue to increase despite vaccination, and underlying mechanisms of SARS-CoV-2 induced multi-organ failure and subsequent death remain largely unknown.
The multi-organ dysfunction induced by SARS-CoV-2 includes acute lung, liver and progressive kidney failure, neurological complications, cardiovascular disease, and a multitude of hematologic abnormalities (Gu et al., 2005; Chen et al., 2020; El Zowalaty et al., 2020; Mokhtari et al., 2020; Robba et al., 2020; Shanmugaraj et al., 2020; Zhou et al., 2020; Henderson et al., 2021; Lopes-Pacheco et a., 2021; Matsuishi et al., 2021; Thakur et al., 2021; Tyagi and Singh, 2021; Zhao et al., 2022). The acute lung failure is characterized by the presence of focal, interstitial, diffuse proteinaceous and alveolar edema (Ackermann et al., 2020; Menter et al., 2020). The liver failure is likely due to a direct SARS-CoV-2 cytopathy based on the ultrastructural features of conspicuous mitochondria swelling in the infected hepatocytes (Wang et al., 2020). The progressive kidney injury is due to edema with an associated inflammatory infiltrate of the renal interstitium (Larsen et al., 2020), swelling of cells and edema in the interstitial space of distal tubules and collecting ducts. With regards to neurological complications, autopsies of brain samples from patients who died of COVID-19 revealed the presence of edema (Reichard et al., 2020). Cytotoxic brain edema was also identified in a newborn with COVID-19 (Fragoso et al., 2021). Some reported signs of cardiovascular damage from SARS-CoV-2 infection showed cardiomyocyte hypertrophy, interstitial hyperemia, edema, left ventricular dilatation and inflammation (Puntmann et al., 2020). These findings suggest that the development of edema is multisystemic in SARS-CoV-2 infection.
Cytokine storm has been strongly implicated in the pathogenesis of COVID-19 (Jose and Manuel, 2020; Zaim et al., 2020). One potential consequence of immune and inflammatory events is the acute progression of generalized edema, which may lead to death (Wiggli et al., 2013; Rump and Adamzik, 2018).
Aquaporins (AQPs) are integral membrane proteins that function to aid the diffusion of water and small solutes across the cell membrane, thereby regulating extracellular-intracellular osmolar balance (Verkman and Mitra, 2000; Agre, 2006). Several studies have shown that AQPs can be regulated by microbial/parasitic infections, inflammation-associated responses, and vascular and cell water homeostasis, which implicate their involvement in the disease progression (Azad et al., 2021 and references therein). While thrombosis and inflammation are major factors in SARS-CoV- 2 infection (Mitchell, 2020), studies addressing their interaction with AQPs are absent. Thus far, the only studies that even mention AQPs in relation to respiratory viruses do not investigate the mechanisms: 1) a 59-year-old woman with aquaporin-4-positive neuromyelitis Optica who developed mild respiratory syndrome (Creed et al., 2020), and 2) reduced AQP-1 level was observed in lung endothelial cells in golden Syrian hamsters (Allnoch et al., 2021). However, little to nothing is currently known regarding the role of AQPs in multi-organ dysfunction in SARS- CoV-2 infection. We, therefore, investigated whether AQPs play a role in multi-organ dysfunction in SARS-CoV-2 infection.
We recently established a Murine Hepatitis Virus-1 (MHV-1) mice model of COVID-19 (Paidas et al., 2021). In this model, infection of A/J mice with MHV-1 produces symptoms similar to those seen clinically in patients with SARS-CoV-2 infection and leads to high mortality (Khanolkar et al., 2009; Leibowitz et al., 2010; Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque., 2006; Paidas et al., 2021; Tian et al., 2021). Two days post-MHV-1 inoculation the mice present with severe pulmonary disease and 7 days post-infection the mortality reaches 60% (Khanolkar et al., 2009; Leibowitz et al., 2010; Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque., 2006; Paidas et al., 2021; Tian et al., 2021). On day 2, pulmonary edema, as evidenced by fluid accumulation in the alveolar spaces, and patchy interstitial alveolar thickening was observed. On days 2 and 6 post-MHV-1 infection, morphometric analysis showed infiltration of the lung tissue by macrophages and neutrophils. Increased infiltrates of T cells were also noted by day 6 post-infection. At death, the lungs showed severe interstitial pneumonitis with the presence of consolidation, hyaline membranes, fibrin deposition, and dense lymphocyte and macrophage infiltrate. Liver histology was normal up to day 6, but on day 7, just prior to death, there was severe hepatic congestion and lung and heart failure, as described in humans (Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque et al., 2006; Paidas et al., 2021; Tian et al., 2021). These findings show that A/J mice develop both a SARS-like pulmonary disease and subsequent multi-organ failure when inoculated with MHV-1 intranasally, despite these two coronaviruses using different receptors, angiotensin-converting enzyme 2 (ACE2) and carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) (SARS-CoV-2 and MHV-1, respectively). It should be highlighted that the activation of CEACAM1 was shown to stimulate clinical aspects similar to those of SARS-CoV-2 (Khanolkar et al., 2009; Leibowitz et al., 2010; Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque et al., 2006; Paidas et al., 2021; Tian et al., 2021).
Coronaviruses have advanced various mechanisms to identify diverse receptors for their cross- species transmission and expansion. These viruses use a variety of cellular receptors and co- receptors that allow them to infect a wide range of avian and mammalian species (Trbojević- Akmačić et al., 2021; Zhang et al., 2021). The spike protein mainly mediates viral entry into host cells (Huang et al., 2020; Trbojević-Akmačić et al., 2021; Zhang et al., 2021), although several other molecules have been suggested (e.g., C-type lectins, DC-SIGN, L-SIGN) (Rahimi, 2020; Thépaut et al., 2021; Jackson et al., 2022). During maturation, the spike protein is cleaved into receptor binding and membrane fusion subunits (S1 and S2 subunits, respectively) (Duan et al., 2020; Huang et al., 2020; Jackson et al., 2022). The S1 subunit contains the amino-terminal (N- terminal) domain (NTD) and C domain, and the C domain binds to the Aminopeptidase-N and ACE2, while the NTD binds to CEACAM1 in MHV (Zhang et al., 2021). However, thus far it is not known whether the NTD plays a functional role in SARS-CoV-2 entry mechanisms.
MHV is more extensively studied than any other coronaviruses. The primary physiological function of its receptor, CEACAM1, is to mediate cell adhesion and signaling. CEACAM1 is chiefly expressed in macrophages, epithelial and endothelial cells. While mammalian CEACAM are conserved, only murine CEACAM1a serves as an efficient MHV receptor (see references Jackson et al., 2022; Peng et al., 2011; Yang et al., 2020 for structural and functional aspects and similarities and differences between ACE2 and CEACAM1). While the molecular determinants for the viral and host specificities of SARS-CoV have been elucidated in the past decade, the interaction between coronaviruses and CEACAM1 remains elusive.
Despite available vaccination against COVID-19, the number of cases and deaths continue to increase. Additionally, the FDA has fully approved just one drug, Remdesivir, to counteract SARS-CoV-2 infection, and only for certain populations (i.e., hospitalized adult and pediatric patients aged ≥12 years and weighing ≥40 kg), while Paxlovid (Nirmatrelvir/Ritonavir tablets- oral use), Dexamethasone, Molnupiravir (MK-4482/EIDD-281), Bamlanivimab, Etesevimab, Casirivimab and Imdevimab were authorized for emergency use by FDA. Based on the molecular structure of SARS-CoV-2 spike glycoprotein-1 (S1) and its interaction with the ACE2 receptor, we designed a peptide (a 15 amino acid synthetic peptide, also known as SPIKENET) that specifically binds to S1, thereby preventing SARS-CoV-2 entry into the host cell. We found that SPIKENET reversed the disease and reduced death in an MHV-1 mice model of COVID-19. SPIKENET also reduced oxidative stress, and altered AQPs and tissue edema in multiple organs, strongly suggesting that infection-induced changes in tissue oxidative stress and the subsequent increase in tissue edema may be crucial factors in the progression of COVID-19.
MATERIALS AND METHODS
SPIKENET, Design, Synthesis and Characterization
Computational protein docking (ClusPro, a protein-protein docking server) was used to design a peptide, SPIKENET that specifically binds to the SARS-CoV-2 spike glycoprotein-1 (S1). We also examined whether SPIKENET has a binding affinity with the human ACE2 receptor. A molecular docking study between the receptor-binding domain (RBD) of SARS-CoV-2 and SPIKENET was performed to understand the nonbonded interactions, and peptide conformation over the human ACE2 binding site of the RBD and to calculate the binding affinity of the peptide. The docking study created 10 different conformations of SPIKENET after the docking simulation. From these conformations, the highest binding affinity model (−156.2 kcal/mol) was chosen for further binding analysis. To confirm the peptide binding affinity of S1 and ACE2 with SPIKENET, we also measured the extent of SPIKENET binding with S1 and ACE2 by spectroscopy. Briefly, the absorbance with relevant wavelength for S1 or ACE2 and SPIKENET was collected independently as well as when S1 or ACE2 and SPIKENET were added together.
Since the MHV-1 host receptor is CEACAM1 (CCM), we first examined whether SPIKENET has a binding affinity with the CEACAM-1 RBD of the MHV-1 N-terminal domain (NTD) (MHV-1 S1) as well as with the CCM. Accordingly, we performed molecular docking of SPIKENET with SARS-CoV-2 S1, as well as molecular dynamic studies to confirm the binding of SPIKENET with MHV-1 NTD, and with CCM.
The initial structures of the MHV1-NTD and CCM human receptor were obtained from the Protein Data Bank database from the structure of 6vsj, and the NTD was truncated at residues 16–283 from MHV1-S1 for dynamic study. The ligand peptide of SPIKENET has 15 residues with the sequence of MVRIKPASANKPSDD and its 2D structure was built using the Avogadro (v. 1.2.0) molecular modeling program, and geometrical optimization was done using the Steepest Descent algorithm with the universal force field to get an energy-optimized 3D structure. To investigate the binding efficacy of SPIKENET with the NTD of MHV1-S1 and receptor CCM, the truncated NTD and CCM were docked with SPIKENET using ClusPro server at the NTD and CCM binding site. SPIKENET binding with NTD and CCM was subjected to Molecular dynamics (MD) simulation to understand the binding affinity of SPIKENET (SPK) with NTD and CCM. MD simulation was performed with the default setting of the GROMACS 5.4.1 package and simulation was done by applying GROMOS96 54a7 force field for all protein atoms. After the minimization of complex structure, position restrained MD simulation was done upon slow heating to 300 K in NVT [conserved amount of substance (N), volume (V) and temperature (T) in the canonical ensemble] and NPT [conserved amount of substance (N), pressure (P) and temperature (T) in the isothermal–isobaric ensemble] with a constant particles number, constant temperature, constant volume, and constant pressure, respectively, at 1 atm pressure throughout 500 ps. The final production MD calculation was then carried out for a total of 50ns MD simulation for our target complexes of NTD + SPK and CCM + SPK with a time step of 1 fs at the constant pressure (1 atm) and temperature (300 K). The MD trajectories were analyzed from time to time using the visual molecular dynamic (VMD) program.
MHV-1 Inoculation and the Effect of SPIKENET
To test the effect of our peptide on SARS-CoV-2 infection, we used an established mice model of COVID-19 (Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque., 2006; Paidas et al., 2021; Tian et al., 2021). Female A/J mice (8 weeks old, weighing 22 g) were purchased from Jackson Laboratories (Bar Harbor, ME) and were housed in pairs in micro-isolated cages in the animal colony at the Biomedical Research Building animal isolation facility at the University of Miami Miller School of Medicine. Mice were fed standard lab chow and provided with water ad libitum. The study followed the guidelines of the University of Miami Institutional Animal Care and Use Committee (IACUC protocol number 20-131 LF) approved on 8 October 2020.
MHV-1 was purchased from American Type Culture Collection (ATCC, cat# VR-261, Manassas, VA). Mice were inoculated with 5,000 PFU intranasally (Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque et al., 2006; Mokhtari e al., 2020; Paidas et al., 2021; Tian et al., 2021) which was produced by mixing 5 × 103 PFU MHV-1 with 50 μl of ice-cold Dulbecco’s modified eagle medium (DMEM) and instilled into the nares as quickly as possible. The mice were observed to ensure inhalation of the virus. The mice were divided into five groups: 1) healthy controls, 2) infusion of healthy controls with DMEM, 3) infusion of MHV-1 alone, 4) infusion of SPIKENET alone, and 5) infusion of MHV-1 + SPIKENET (5 mg/kg. b.wt.).
Clinical Observation
A/J mice inoculated with MHV-1 with and without SPIKENET were monitored for clinical signs as described previously (Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque et al., 2006; Paidas et al., 2021; Tian et al., 2021). Symptoms were scored by stages: 0) without symptoms, I) drowsiness and lack of motion, II) slightly ruffled fur and altered hind limb posture, III) ruffled fur and difficulty breathing, IV) ruffled fur, inactive, moderately labored breathing, V) ruffled fur, severe difficulty breathing and lethargy, and VI) moribund and death (Tian et al., 2021).
Mice that reached a disease stage of V and VI were weighed and euthanized, and their organs were removed and fixed in 10% formalin, processed routinely for paraffin sections and stained with Hematoxylin and Eosin. To measure the extent of liver failure, blood was collected via cardiac puncture once mice reached stages V and VI and serum was used to measure aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and bilirubin, with and without SPIKENET, as previously described (Paidas et al., 2021; Tian et al., 2021). Post-MHV-1, body weight was measured daily in mice both with and without SPIKENET treatment.
Examination of Viral Proteins and AQPs in Tissues by Immunohistochemistry (Immunofluorescence)
Paraffin-embedded tissue sections from normal (uninfected) and MHV-1-inoculated mice (10 microns) with and without SPIKENET were incubated with antibodies specific to viral proteins and AQPs SARS-CoV-2 (COVID-19) Spike S1 rabbit monoclonal antibody (Cat# GTX635671; GeneTex California, United States); and SARS-CoV-2 Nucleocapsid mouse monoclonal antibody (Cat# MA5-29981: Invitrogen Massachusetts, United States) were used at 1:200 dilution. AQP1 Polyclonal Antibody (Cat# A53228-020: EpiGentek NY, United States); AQP4 Polyclonal Antibody (Cat# A50672- 020: EpiGentek NY, United States); AQP5 Polyclonal Antibody (Cat# BS-1554R-TR: Bioss Antibodies, Massachusetts, United States); and AQP8 Polyclonal Antibody (Cat# PA1511; Boster Biological Co., Ltd. California, United States) were used at 1:300 dilution. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies (Vector Laboratories CA, United States) were used at 1:500 dilution. Immunofluorescent images were acquired with a Zeiss LSM510/UV Axiovert 200 M confocal microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY, United States) with a plan apochromat ×40 objective lens, and ×2 zoom resulting in images of 125 × 125 μm in the area and 1.0 μm optical slice thickness (1.0 Airy units for Alexa Fluor 546 or 568 emission channel). The images were randomly collected in a “blinded” manner. At least 12 fluorescent images were captured per mouse. Images were quantified using the Volocity 6.0 High-Performance Cellular Imaging Software (PerkinElmer, Waltham, MA, United States) as described previously (Jayakumar AR. et al., 2014; 2017), and normalized to the number of DAPI-positive cells and to the area and intensity of DAPI.
Immunoblot
Tissues from uninfected, infected, and drug-treated animals, were subjected to gel electrophoresis and immunoblotting as described previously (Jayakumar AR. et al., 2014; Jayakumar et al., 2014 A. R.). Primary antibodies to AQP1 Polyclonal Antibody (Cat# A53228-020: EpiGentek NY, United States); AQP4 Polyclonal Antibody (Cat# A50672-020: EpiGentek NY, United States); AQP5 Polyclonal Antibody (Cat# BS-1554R-TR: Bioss Antibodies, Massachusetts, United States); AQP8 Polyclonal Antibody (Cat# PA1511; Boster Biological Co., Ltd. California, United States) and β-actin mouse monoclonal (C4, Cat# sc-47778: Santa Cruz Biotechnology, Inc. California, United States), were used at 1:2,000 dilution. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies (1:1,000) (Vector Laboratories, CA, United States) were used at 1:5,000 dilution. Optical density of the bands was quantified with the Sigma Scan Pro program (Jandell Scientific, CA, United States) as a proportion of the signal of a house-keeping protein band (β-actin) (Jayakumar AR. et al., 2014; Jayakumar et al., 2014 A. R.).
Tissue Water Measurement
Tissue water content was measured by the wet/dry weight method (Jayakumar AR. et al., 2014; Jayakumar et al., 2014 A. R.) where approximately 10 mg of tissue (8 pieces from each mouse) was dissected, and wet weights of tissue were determined. The tissue was then dried in an oven at 100°C and dry weights were determined. The difference in wet/dry weights was expressed as percent water content.
Primary Culture of Astrocytes
Primary cultures of cortical astrocytes were prepared as described previously (Ducis et al., 1990). The cerebral cortices of 1-2-day-old rat pups were minced and homogenized, filtered, and the pellet was re-suspended and seeded onto 35 mm culture dishes in DMEM containing penicillin, and streptomycin and 15% fetal bovine serum. The culture plates were then incubated at 37°C with 5% CO2 and 95% air, ensuring changing of the culture media twice weekly. Fetal bovine serum was replaced with 10% horse serum 10 days after seeding. After14 days, cultures were treated with 0.5 mm dibutyryl cAMP (Sigma, St. Louis, MO, United States) to enhance cellular differentiation (Juurlink and Hertz, 1985). Cultures were determined to have at least 95% astrocytes as determined by glial fibrillary acidic protein (GFAP) immunohistochemistry. All cultures used were 24–28 days old.
Primary Culture of Microglia
Primary cultures of rat microglia were grown on a monolayer of astrocyte cultures prepared from brains of 1-day old pups following the method of Flanary and Streit (Flanary and Streit, 2006). The meninges of the cerebral cortices were removed and the cerebral cortices were minced in Hank’s balanced salt solution (0.137 M NaCl, 0.2 M NaH2PO4, 0.2 M KH2PO4, 5.4 mm KCl, 5 mm glucose, 58.4 mm sucrose, 0.25 μg/ml Fungizone, and 1 × 106 U penicillin/streptomycin) with 0.25% trypsin and incubated for 30 min at 37°C. 5 ml of DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin was used to stop the trypsin reaction. The suspension was triturated multiple times and passed through sterile filters (130, 40 μm). The suspension was then ultimately seeded into T75 flasks and allowed to grow for 4 days, at which point the medium was changed and incubation was continued for an additional 6 days. Flasks were shaken on an orbital shaker (100 rpm) for 1 h at 37°C and the media containing microglia was then collected, centrifuged and replated at a density of 1 × 104 in 35 mm2 plates. ED1 immunoreactivity was used to ensure that the cultures were composed of at least 98% microglia.
Statistical Analysis
In vivo studies: Five to sixteen mice from control and experimental groups were presented. The data were subjected to analysis of variance followed by Tukey’s multiple comparison test. A p < 0.05 value was considered significant. In vitro studies: Each group consisted of 5 culture dishes per experiment for free radical, LDH release and protein carbonyl measurements, and four culture dishes each per experiment for cell volume and cytokine measurements, respectively. Each set of experiments was performed 5–11 times from multiple seedings. The extent of cell swelling, and other analysis were normalized to protein values and subjected to analysis of variance (ANOVA) followed by Tukey’s post-hoc comparisons.
RESULT
SPIKENET Synthesis and Binding Affinity to the Spike Glycoprotein
Since no drugs currently exist to effectively eradicate SARS-CoV-2 infection, identification of a therapy to combat SARS-CoV-2 is extremely critical. We found highly specific SPIKENET binding affinity to the human ACE2 binding domain of spike glycoprotein-1 (S1) as determined by computational protein docking and by spectroscopy (Figures 1A–C).
[image: Figure 1]FIGURE 1 | SPIKENET Structure and Binding Affinity to the ACE2 Binding Domain of the SARS-CoV-2 Spike Glycoprotein. (A) Structure of SPIKENET, a 15 amino acid synthetic peptide targeted to the ACE2 binding domain of the SARS-CoV-2 spike glycoprotein. (B) Computational protein docking approach shows highly specific SPIKENET binding affinity to the ACE2 binding domain of the SARS-CoV-2 spike glycoprotein (S1). (C) Spectroscopic analysis shows highly specific SPIKENET (SPK) binding affinity to the ACE2 binding domain of the SARS-CoV-2 spike glycoprotein (S1). (D) High affinity binding of SPIKENET to the CEACAM1 binding domain of the MHV-1 spike glycoprotein: Computer modeling studies. (E) highly specific SPIKENET binding affinity to S1-RBD of the recently identified Omicron SARS-CoV-2 variant. Ab, absorbance; Wl, wavelength. High affinity binding of SPIKENET to the CEACAM1 binding domain of the MHV-1 spike glycoprotein. High affinity binding of SPIKENET to the CEACAM1 binding domain of the MHV-1 spike glycoprotein: Computer modeling studies. Ab, absorbance; Wl, wavelength. High affinity binding of SPIKENET to the CEACAM1 binding domain of the MHV-1 spike glycoprotein: Confirmatory computer molecular dynamic studies. The RMSD of both complexes with their respective native proteins are shown in (F,G). Comparing the RMSD of both NTD and NTD + SPK (F) after 50 ns dynamic simulation, the structures showed complete equilibration in the system and the SPK peptide was well stabilized with high affinity at the CCM binding location of NTD. However, the RMSD analysis of CCM and CCM+ SPK structures after the 50 ns dynamic simulation exhibited more flexibility at the NTD binding site of CCM than native CCM (G), suggesting the SPK peptide detachment and displacement over the CCM.
Since we use the MHV-1 mouse model of COVID-19 (Biosafety Level-2 facility), we examined whether SPIKENET (SPK) has similar binding affinity with MHV-1 S1. We now show SPK binding affinity to the CCM binding domain of the MHV-1 NTD by modelling (Figure 1D), as well as by molecular dynamic studies (Figures 1F,G). Briefly, all the trajectories of both complexes, N terminal domain-SPIKENET (NTD-SPK) and CEACAM1-SPIKENET (CCM-SPK), were analyzed to understand the binding affinity of SPK with NTD/ CCM and their conformational changes during the simulation. Hence, the root mean square deviation (RMSD) for protein backbone atoms using least-squares fitting, and the root mean square fluctuation for every residue were calculated for both complexes and the native proteins using their final coordinates obtained from MD simulation. The RMSD of both complexes, NTD-SPK and CCM-SPK, with their respective native proteins are shown in Figures 1F,G. Comparing the RMSD of both NTD/NTD + SPK after 50 ns dynamic simulation, the structures showed complete equilibration in the system and the SPK peptide is well stabilized with high affinity at the CCM binding location of the NTD (Figure 1F). However, the RMSD analysis of CCM and CCM + SPK structures after the 50 ns dynamic simulation exhibit more flexibility at the NTD binding site of CCM than native CCM (Figure 1G), suggesting SPK detachment/displacement over the CCM. The initial detachment of SPK showed in the range of 10–18 ns, and after 45 ns SPK had completely dissociated from the CCM. The stabilized RMSD of NTD with SPK indicates the reliability of peptide binding with the NTD. Noteworthy, in addition to a highly specific SPIKENET binding affinity to the ACE2 binding domain of spike glycoprotein-1 (S1), we also found highly specific SPIKENET binding affinity to S1-RBD of the recently identified Omicron SARS-CoV-2 variant (Figure 1E), a s well as with other SARS-CoV-2 variants (alpha, beta, gamma, delta variants, data not shown).
The LIGPLOT diagram of protein-peptide interaction between the RBD and SPIKENET is shown in Figure 2. The pink color SPIKENET peptide residues are shown on the top and yellow color amino acid residues of the RBD from SARS-CoV-2 are shown at the bottom. The SPIKENET (>98.7% pure by HPLC analysis and no other traces identified) peptide consists of 15 amino acid residues, 14 of which are shown in non-bonded interactions with the RBD of SARS-CoV-2, which proves that SPIKENET has a significant binding affinity with the S1. These findings strongly suggest that SPIKENET is a potent competitive inhibitor of S1 that can effectively prevent SARS-CoV-2 endocytosis.
[image: Figure 2]FIGURE 2 | The LIGPLOT diagram of protein-peptide interaction between the RBD and SPIKENET. The pink color SPIKENET peptide residues are shown on the top and yellow color amino acid residues of the RBD from SARS-CoV- two are shown at the bottom. The SPIKENET peptide consists of 15 amino acid residues, 14 of which are shown in non-bonded interactions with the RBD of SARS-CoV-2, which proves that SPIKENET has a significant binding affinity with the spike glycoprotein-1. These findings strongly suggest that SPIKENET is a potent competitive inhibitor of S1.
As reported in several structures, the residues which are involved in binding with the human ACE2 receptor, leading to viral infection in humans, are found to be similar to those of SPIKENET peptide binding. Binding analysis of the complex structure of RBD-SPIKENET shows that the residues Gln-474, Lys-458, Ser-477, Tyr-473, Thr-500, Gln-498, Arg-403, Lys-417, Asp-420, and Asn-460 from the RBD have strong electrostatic intermolecular interactions (within the range of 2.59–3.06 A distances) with the residues Ser-13, Asp-14, Asp-15, Met-1, Arg-3, Pro-6, Ser-8, Ala-7, Asn-10, and Lys-11 from SPIKENET. Apart from these non-bonded interactions in this complex, the residues Phe-456, Phe-497, Gly-476, Asn-501, Tyr-505, Gly-502, Gly-496, Tyr-449 Gln-493, Gly-447, Tyr-453, Glu-406, Leu-455, Tyr-495, and Tyr-421 show hydrophobic interactions with residues Pro-12, Val-2, Ile-4, and Ala-9 from SPIKENET, which contribute significantly to peptide stability at the ACE2 binding site of the RBD.
Multiple sequence alignment (MSA) of human receptor binding domains (RBDs) from SARS- CoV-2 and N-terminal domain (NTD) from MHV-1 confirms that both these domains share less than 12% sequence similarity, which suggests that both these structures are dissimilar. Moreover, the structural alignment of the RBDs and NTDs of viral spike proteins showed a root mean square deviation (RMSD) of 17.4 Å, which also strongly supports the structural dissimilarity, but they hold the β-sheets in their core structure. Interesting to note, the investigation of both human receptor binding sites by the creation of an electrostatic surface diagram revealed that the structures are dissimilar, but receptor binding sites of both the structures have almost similar, highly hydrophobic binding environments. Hence the ability of both these domains to strongly bind with SPIKENET.
While it is unclear how SPIKENET has a high binding affinity with S1 proteins of both SARS- CoV-2 and MHV-1, we examined multiple sequence alignments (MSA) of human RBDs from SARS-CoV-2 and NTD from MHV-1 receptor binding sites by creating an electrostatic surface diagram. While we found that the structures are different, the RBDs of both the structures have similar, highly hydrophobic binding environments (Figure 3), resulting in strong binding affinity with SPIKENET. The theoretical mass of SPIKENET is 1628.9 Da and the observed mass is 1628.4 Da. The final purity of the peptide is 98.7%. The peptide was synthesized by Sigma/Aldrich (Saint Louis, MO, United States). It is supplied in 10 mg vials of a white lyophilized powder. It does not contain any preservative, and is chemically and physically stable for 72 h after reconstitution when stored at −20 to −40°C. The lyophilized powder can be stored at −20 to −80°C. For short-term (3–6 months) the powder can be stored at −20°C and for long-term (6–48 months) the powder can be stored at −80°C. The specific effective shelf life can be obtained from the product information sheet. The peptide was not administered after the expiration date indicated on the package and vial. To ensure product sterility, the peptide was reconstituted and administered using aseptic techniques.
[image: Figure 3]FIGURE 3 | Multiple sequence alignment (MSA) of human receptor binding domains (RBDs) from COVID-19 and N-terminal domain (NTD) from MHV-1 are shown in (B), which confirms that both these domains share less than 12% sequence similarity, which suggests that both these structures are dissimilar. Moreover, structural alignment of the RBDs and NTDs of viral spike proteins showed a root mean square deviation (RMSD) of 17.4 Å (A), which also strongly supports the structural dissimilarity, but they hold the β-sheets in their core structure. Interesting to note, the investigation of both human receptor binding sites by the creation of an electrostatic surface diagram revealed that the structures are dissimilar, but receptor binding sites of both the structures have almost similar, highly hydrophobic binding environments (C,D). Hence the ability of both these domains to strongly bind with SPIKENET.
Effect of SPIKENET on MHV-1 Inoculated Mice
We earlier reported that MHV-1 inoculated mice displayed severe venous thrombosis, body weight loss and death (Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque et al., 2006; Paidas et al., 2021; Tian et al., 2021), characteristic features of COVID-19. We now found that treatment of MHV-1 inoculated mice with SPIKENET (3 doses of 5 mg/kg, given every alternate day from day 2, i.e., 2, 4 and 6 days post-MHV-1) diminished the formation of venous thrombosis (Figure 4C), body weight loss (Figure 4G), edema and death rate (Figures 4F–H). We also found increased liver enzymes (AST and ALT) in MHV-1-infected mice and that SPIKENET prevented these changes (AST, 3459.2 ± 684.1 units/l in MHV-1 infected mice, as compared to 96.8 ± 14.2 in control and 608.7 ± 356.8 in SPK treated group; ALT, 3068.5 ± 861.3 units/l in MHV-1 infected mice, as compared to 31.5 ± 11.6 in control and 1029.1 ± 436.7 in SPK treated group; ALP, 986.3± 158.4 units/l in MHV-1 infected mice, as compared to 589.1 ± 108.7 in control and 643.8 ± 94.1 in SPK treated group; billirubin, 0.86 ± 0.2 units/l in MHV-1 infected mice, as compared to 0.075. ± 0.02 in control and 0.23 ± 0.06 in SPK treated group).
[image: Figure 4]FIGURE 4 | Severe sickness in MHV-1 inoculated mice. (A) Normal mouse. (B) MHV-1 infected mice showing sickness. (C) MHV-1 inoculated mice treated with 5 mg/kg SPIKENET (SPK) ameliorated the clinical symptoms and disease progression. (D) MHV-1 infected mice showing venous thrombosis similar to symptoms in patients with COVID-19 (E). Elevated edema was observed in MHV-1 infected brain, lung, liver, kidney, and heart, as compared to control (F). Treatment of MHV-1-infected mice with SPK (5 mg/kg; 3 injections from 2 to 6 days) showed edema level similar to control on day 7 (F). SPK also reversed MHV-1-induced reduction in animal weight (G), as well as improved survival (H). ANOVA, n = 5 for control; n = 16 for virus alone and n = 7 for MHV1 + SPK group (similarly for Figures 5, 6 (see below). *p < 0.05 versus control; †p < 0.05 verses MHV-1 infected mice. Con, control. Error bars represent mean ± SEM.
SPIKENET Diminished Edema in the MHV-1 Mouse Model of COVID-19
Studies in humans associated with SARS-CoV-2 infection suggest the probable role of generalized edema in the disease progression of COVID-19 (Lopes-Pacheco et al., 2021 and references therein). Since these studies are based on histopathological examinations, we utilized our MHV-1 mouse model to investigate whether generalized edema also occurrs and the means by which MHV-1 induces edema. We identified increased edema with varying degrees in lung, liver, brain, kidney and heart (Figure 4F). Treatment of MHV-1-inoculated mice with SPIKENET showed an edema level similar to control on day 7. Further, treatment of MHV-1-inoculated mice with a small molecular peptide (VRIKPGTANKPSED) had no effect in animal survival consistent with lack of binding affinity with S1 or ACE2/CEACAM1 (Figure not shown). These findings suggest that the development of edema in various organs may be a critical event in SARS-CoV-2 infection, and that our newly created peptide, SPK, which was effective in preventing S1 binding with ACE2 or CCM, offers a potential therapeutic strategy for SARS-CoV-2 infection.
Histopathological Changes in a Mouse Model of COVID-19
We recently showed that MHV-1 inoculated mice displayed weight loss and death (Agostini et al., 2018; Caldera-Crespo et al., 2021; De Albuquerque et al., 2006; Paidas et al., 2021; Tian et al., 2021), just like that seen in humans with SARS-CoV-2 infection. Additionally, multi-organ histopathological damage similar to that observed in humans with SARS-CoV-2 was observed in the MHV-1 inoculated mice. Lung findings include “severe lung inflammation, peribronchiolar interstitial infiltration, bronchiolar epithelial cell necrosis, intra-alveolar necrotic debris, alveolar exudation, mononuclear cell infiltration, hyaline membrane formation, the presence of hemosiderin-laden macrophages, as well as interstitial edema” (Paidas et al., 2021). The livers of infected mice showed “severe liver vascular congestion, luminal thrombosis of portal and sinusoidal vessels, hepatocyte degeneration, cell necrosis and hemorrhagic changes” (Paidas et al., 2021). In the kidney there was “proximal and distal tubular necrosis, hemorrhage in interstitial tissue, and vacuolation of renal tubules” (Paidas et al., 2021). Examination of the heart demonstrated “severe interstitial edema, vascular congestion and dilation, and red blood cell extravasation into the interstitium” (Paidas et al., 2021). The MHV-1 infected mice brains were riddled with “congested blood vessels, perivascular cavitation, cortical pericellular halos, vacuolation of neuropils, darkly stained nuclei, pyknotic nuclei and associated vacuolation of the neuropil in the cortex, and acute eosinophilic necrosis and necrotic neurons with fragmented nuclei and vacuolation in the hippocampus” (Paidas et al., 2021). Noteworthy, treatment of MHV-1 infected mice with 5 mg/kg SPIKENET reversed these changes (Figure 5).
[image: Figure 5]FIGURE 5 | SPIKENET (SPK) diminishes MHV-1-induced pathological changes in lung, liver, kidney, heart and brain. Representative histological images of hematoxylin and eosin (H&E) stained lung, liver, kidney, heart and brain tissue sections of a normal mouse (A,D,G,J,M,P) and an infected mouse at day 7 (B,E,H,K,N,Q). “MHV-1-infected mice lungs showed arterial endothelial swelling, inflammation/granular degeneration of cells and migration of leukocytes into lung (arrow). Peribronchiolar interstitial infiltration, bronchiole epithelial cell necrosis and necrotic cell debris within alveolar lumens, alveolar exudation, infiltration, hyaline membrane formation and alveolar hemorrhage with red blood cells within the alveolar space and interstitial edema were also observed in MHV-1-infected mice (B). MHV-1-infected mice at day 7 showed hepatocyte degeneration, severe periportal hepatocellular necrosis with pyknotic nuclei, severe hepatic congestion (arrowheads), ballooned hepatocytes (arrow), vacuolation and the presence of piecemeal necrosis, as well as hemorrhagic changes and hemorrhagic changes when compared to uninfected mice (E). Kidney from an MHV-1 infected mouse showed proximal and distal tubular necrosis (arrowheads), hemorrhage in the interstitial tissue (arrow), and vacuolation of renal tubules (H). MHV-1 infected mouse heart showed severe interstitial edema (arrows), vascular congestion and dilation (arrowheads), and red blood cell extravasation into the interstitium (K). Congested blood vessels (arrowhead), pericellular halos (short arrow), pyknotic nuclei amid associated vacuolation of the neuropil (long arrows), perivascular cavitation suggestive of edema, vacuolation of neuropils, darkly stained nuclei, and acute eosinophilic necrosis were observed in MHV- 1-treated mice (N,Q), as compared to untreated mice” (Paidas et al., 2021). MHV-1 inoculated mice treated with 5 mg/kg SPIKENET (SPK) ameliorated all of these changes (C,F,I,L,O,R) (H&E original magnification is ×400 for all images).
Altered AQPs in Multiple Organs Post-MHV-1-Inoculation in Mice
Overexpression of AQPs or increased levels in plasma membrane have been shown to contribute to the development of edema or balance the intra- and extracellular water levels (Johansson et al., 1998; Ma et al., 1997; Rama Rao et al., 2010; Wittekindt and Dietl, 2019). We found that AQPs 1, 4, 5, and 8 were increased in all organs examined, while AQPs 1 was differentially regulated (Figure 6). Further, treatment with SPIKENET (5 mg/kg) reduced the levels of AQPs 4, 5, and 8 and reversed the decreased AQP1 level to normal (Figure 6). To complement the immunofluorescence observation, we also performed semiquantitaive Western blots and found simialr results with all AQPs (Figure 7), while the levels of AQPs measured by Westrn blots are slighly deferent from the immunofluorescence images. This may be due to sensitivity of the methods (i.e., the fluorescence method may be more sensitive than the Western blot). Overall, our findings strongly suggest that the altering of AQPs, likely mediated by increased oxidative stress in multiple organs, may be a crucial event in the pathogenesis of SARS-CoV-2 infection and suggests the probable role of generalized edema.
[image: Figure 6]FIGURE 6 | Altered AQP levels were identified in various organs post-MHV-1 inoculation. While increased AQPs 1 and 4 have been identified in various organs, AQP1 levels were decreased in lungs post-MHV-1. Further, treatment of MHV-1 inoculated mice with SPK (5 mg/kg) reversed these changes. A widespread increase in AQPs 5 and 8 was observed in mice post-MHV-1 inoculation, and treatment of MHV-1 inoculated mice with SPK (5 mg/kg) reversed these changes. Scale bar = 25 μm. Quantitation of AQPs 1, 4, 5, and 8 immunofluorescence images. ANOVA, n = 5 (Control), 16 (MHV-1) and 7 (MHV-1 + SPK). *p < 0.05 versus control; †p < 0.05 verses MHV-1 infected mice. Error bars represent mean ± SEM.
[image: Figure 7]FIGURE 7 | Altered AQP levels were identified in various organs post-MHV-1 inoculation. Representative immunoblots showed an increase in AQPs 1, 4, 5, and 8 in various organs, while AQP1 levels were decreased in lungs post-MHV-1. Further, treatment of MHV-1 inoculated mice with SPK (5 mg/kg) reversed AQP levels. AQP levels are normalized against β-actin. ANOVA, n = 4. *p < 0.05 versus control; †p < 0.05 verses MHV-1 infected mice. Error bars represent mean ± SEM.
To examine whether the SPK effect is indeed due to prevention or amilioration of viral load, we precisely exmined the presence of viral particles in all tissues with and without SPK treatment. We found that the viral particles (S1 and Nucleocapsid) are present in all organs (predominantly around the nucleus, and in the cytoplasm) in MHV-1 infeced animals. Decreased number of viral particles were identified in lung and brain, and were absent in liver, kidney and heart of MHV-1 infected mice that were treated with SPK (Figures 8–10). These findings strongly suggest that SPK prsemiquantitaive Western blots and found simialr results with allevented the viral replication although other effects (i.e., inhibition of inflammation or other factors in addition to reducing the viral load) cannot be ruled-out.
[image: Figure 8]FIGURE 8 | The presence of MHV-1 virus with and without SPK treatment in lung and brain. The long arrows indicate the presence of viral particles (S1 and Nucleocapsid) in the lungs and brains of MHV-1 infected mice. The short arrows indicate the reduced level of viral particles in SPK treated group n = 4. Scale bar = 30 μm.
[image: Figure 9]FIGURE 9 | The presence of MHV-1 virus with and without SPK treatment in heart. The long arrows indicate the presence of viral particles (S1 and Nucleocapsid) in the hearts of MHV-1 infected mice. The viral particles are absent in the SPK treated group. n = 4. Scale bar = 30 μm.
[image: Figure 10]FIGURE 10 | The presence of MHV-1 virus with and without SPK treatment in liver and kidney. The long arrows indicate the presence of viral particles (S1 and Nucleocapsid) in the livers and kidneys of MHV-1 infected mice. The short arrows in the kidney indicate the reduced level of viral particles in the SPK treated group, while viral particles are absent in the liver post-SPK treatment. n = 4. Scale bar = 30 μm.
Oxidative Stress
While alterations in the redox system have been proposed in the pathophysiology of general infection (Forcados et al., 2021), little is currently known regarding the involvement of oxidative stress in SARS-CoV-2 infection and its impact on pathophysiologic alterations. We identified lipid peroxidation-derived aldehydes, 4-hydroxynonenol (4-HNE) and malondialdehyde (MDA), in various organs of MHV-1 inoculated mice (6 days post-MHV-1) (Figure 11). Further, treatment of MHV-1 infected mice with SPIKENET (5 mg/kg) diminished such effect (Figure 11). These findings collectively suggest that OS may be a crucial factor involved in SARS-CoV-2 infection.
[image: Figure 11]FIGURE 11 | Oxidative stress post-MHV-1 infection in mice. (A) Representative immunofluorescence images from four individual animals show an increase in levels of 4-hydroxynonenol (4-HNE) and malondialdehyde (MDA) in lung, liver, kidney, brain and heart. Treatment of MHV-1 inoculated mice with SPK (5 mg/kg) prevented such an increase. (B,C) Quantitation of 4-HNE and MDA levels with and without SPK post-MHV-1 infection. ANOVA, n = 4. *p < 0.05 versus control; †p < 0.05 verses MHV-1 infected mice. Scale bar = 25 μm. Error bars represent mean ± SEM.
Microglia and Astrocytes
A hallmark of SARS-CoV-2 infection is systemic proinflammation, which is usually associated with the production of reactive oxygen species followed by oxidative stress, contributing to the development of disease progression. We, therefore, examined SPIKENET’s effects on oxidative stress and inflammation and found that SPIKENET diminished lipopolysaccharide (LPS)-induced inflammatory response, as well as oxidative stress in primary cultures of rat brain microglia (Figure 12). We also found inhibition of LPS-induced cell death (LDH release) and cell stress by SPIKENET in primary cultures of rat brain microglia, as well as inhibition of a chemically induced cell swelling in astrocyte cultures (a major event appearing in lungs post-SARS-CoV-2 infection) (Figure 12). In addition to the anti-inflammatory and anti-oxidative effects of SPIKENET, we also found that exposure of brain microglia, astrocytes and neurons to high concentrations of SPIKENET (50 and 100 μm) did not affect cell survival or mitochondrial function as measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay (data not shown). Collectively these findings suggest the potential usefulness of SPIKENET to prevent SARS-CoV- 2 infection.
[image: Figure 12]FIGURE 12 | Effect of SPIKENET (SPK) on hydrogen peroxide (H2O2)-induced oxidative stress (protein carbonyl formation) (12 h) (A), and LPS-induced LDH release (36 h) (B) in primary cultures of rat brain microglia, as well as H2O2-induced increase in cell volume (24 h) in primary cultures of rat brain astrocytes (C). SPK significantly diminished these effects in glial cells (30 min post-treatment). Exposure of primary microglia to LPS (24 h) showed an increase in DCF fluorescence (D), as well as an increase in IL-6 level (E) in cell culture medium, and such increase was diminished and blocked by treatment of cells (30 min post-treatment) with SPIKENET. C, control; LPS, lipopolysaccharide. *p < 0.05 vs. control. †p < 0.05 vs. LPS. C, control; AIU, arbitrary intensity units; LPS, lipopolysaccharide. Error bars represent mean ± SEM.
DISCUSSION
Our findings show an alteration in AQP 1, 4, 5, and 8 protein levels and associated oxidative stress, along with various degrees of tissue edema in multiple organs, which correlate well with animal survival post-MHV-1 infection. Further, SPIKENET, our newly created drug (a 15 amino acid synthetic peptide) that was designed to prevent binding of spike proteins with their receptor(s), ameliorated animal death, pathological changes, the altered protein levels of AQPs, and the formation of edema post-MHV-1. Additionally, SPIKENET also ameliorated animal death in a humanized animal model of SARS-CoV-2 infection (unpublished observation). Collectively, these findings suggest the possible involvement of aquaporins and the subsequent development of edema in various organs in the pathogenesis of COVID-19. AQP activity is highly regulated by gating or by trafficking in the plasma membrane. Phosphorylation of serine residues has been shown to modulate AQP gating (Johansson et al., 1998; Pires-Neto et al., 2016). AQPs (AQP0-AQP12) are divided into three sub-classes based on the selectiveness of the pores: orthodox aquaporins (AQPs 0, 1, 2, 4, 5, 6, and 8), aquaglyceroporins (AQPs 3, 7, 9, and 10) and unorthodox aquaporins (AQPs 11 and 12) (Agre, 2006). AQPs serve different functional purposes and are implicated in a wide variety of diseases including cancer, renal dysfunction, neurological disorders, metabolic syndrome, and cardiac diseases (Azad et al., 2021).
Lung edema can appear suddenly or may develop over a period depending on the cause (e.g., defective heart conditions, pneumonia, or exposure to toxins, viral infection, blood poisoning and sepsis, or due to certain drugs) (Towne et al., 2000; Wittekindt and Dietl, 2019), resulting in chest pain, difficulty in breathing, etc. Studies on lung diseases have shown that AQPs are involved in diseases where there is disturbance of airway surface liquid volume homeostasis, such as in asthma, chronic obstructive pulmonary disease (COPD), and acute lung injury (Towne et al., 2000; Wittekindt and Dietl, 2019). The precise mechanism involved in the development of lung edema induced by SARS-CoV-2 infection remains unknown.
As noted above, one mechanism which is actively involved in transporting water across plasma membranes is the expression of AQPs. AQPs 1, 3, 4, and 5 are predominantly expressed in the lung, particularly in the plasma membranes of endothelial, epithelial, basal, glandular, and acinar cells of the nasal epithelium, trachea, bronchi, and bronchioles (Towne et al., 2000; Wittekindt and Dietl, 2019 and references therein).
An increase in AQP1 and 5 has been observed in patients with acute lung injury and diffuse alveolar damage (Pires-Neto et al., 2016). While AQP1 levels are increased generally in most organs, its level decreased in the lung during other infections (Towne et al., 2000). Indeed, a recent study showed vascular inflammation and loss of AQP1 expression in endothelial cells, as well as increased fluid extravasation in SARS-CoV-2-infected golden Syrian Hamsters (Allnoch et al., 2021). Similarly, we identified decreased levels of AQP1 in MHV-1 inoculated mice. Further, treatment of MHV-1 infected mice with our newly created peptide, SPIKENET, reversed such a reduction, as well as diminished the level of elevated edema and animal death.
While the reason for the decline in levels of AQP-1 in our study, or the study performed in Syrian hamsters by Allnoch et al. (2021) is unclear, Allnoch et al. speculated that inflammation may be involved since there is an infiltration of macrophages in the alveolus that is known to affect intercellular junctions and might be causing the observed loss of AQP1. In general, a decrease in AQP-1 positively correlated with an increase in macrophage-derived mediators such as the generation of free radicals and cytokines, along with increased edema (Allnoch et al., 2021 and references therein). Additionally, loss of AQP1 level was also observed during hypoxic conditions (Towne et al., 2000; Wittekindt and Dietl, 2019), suggesting that hypoxia may also be a major event in the lung post-infection.
While other studies have reported decreased levels of AQP5 and associated elevation in lung edema in other viral infections (Towne et al., 2000; Zhang et al., 2018), we found elevated levels of AQPs 4, 5, and 8 in MHV-1 inoculated mice. Further, treatment with SPIKENET inhibited the increase of these AQP levels, in addition to reducing lung edema and animal death. The reason for such a contradiction between these studies and ours is unclear, but it is possible that the signaling system that is activated by SARS-CoV-2 may be different than that in other viruses studied. Collectively, these findings suggest the potential involvement of AQPs 1, 4, 5, and 8 in the development of lung edema and the subsequent progression of infection. Accordingly, our identification of altered levels of these AQPs and its contribution to the development of lung edema is crucial to better understanding the pathophysiology of SARS-Cov-2 infection.
Edema is one of the serious clinical features of nephritic and nephrotic syndrome and may cause localized puffiness to massive, generalized edema (Palmer and Alpern, 1997; Kurtzman, 2001). Abnormal accumulation of interstitial fluid in these conditions results from anomalous renal sodium retention and increased capillary wall permeability. Additionally, altered AQP expression has been strongly implicated in the pathogenesis of these syndromes (Wang et al., 2015; Valtueña et al., 2020). There are 7 AQPs in the kidney (AQP1, AQP2, AQP3, AQP4, AQP6, AQP7 and AQP11). We indeed identified increased levels of AQPs 1, 4, 5, and 8 in MHV-1 infected mice in various organs, although evidence for severe edema in the kidney in other infectious diseases is scant. Since nephritic and nephrotic syndromes are well known to induce massive, generalized edema (Kwon et al., 2009; Wang et al., 2015; Valtueña et al., 2020), it is possible that the increased level of AQPs 1, 4, 5 and 8 in MHV-1 infected mice kidneys may cause whole-body edema or it may contribute to the potentiation of infection-induced edema in various organs in COVID-19.
Edema in the liver and heart has also been implicated in disease progression in various conditions including in infection-induced injury to these organs and altered AQPs have been strongly implicated in their pathogenesis (Marinelli and LaRusso, 1997; Schrier et al., 2001; Frustaci et al., 2021). Our study also demonstrates significant edema in these organs, and treatment of these mice with SPIKENET reduced such edema. Thus, it is possible that an increase in AQPs 1, 4, 5, and 8, and the subsequent increase in edema in the liver and heart of SARS-CoV-2 infection, may contribute to the progression of COVID-19.
AQP4 has been predominantly reported to be involved in brain dysfunction due to its exclusive localization in astrocytes. Studies have also shown the potential involvement of AQPs 1, 5, and 9 in the development of brain edema in a variety of neurological conditions (Badaut et al., 2002; Papadopoulos et al., 2002). Increased AQPs, the associated edema, and the subsequent increased intracranial pressure and herniation has been strongly implicated in the development of coma and subsequent death (Agre, et al., 1997; Badaut et al., 2002). We indeed identified elevated levels of AQPs 1, 4, 5, and 8 in the brains of MHV-1 inoculated mice, along with an increase in edema, and treatment of these mice with SPIKENET exhibited a reduction in these AQPs, as well as in animal death. These findings strongly suggest the potential involvement of infection-indued brain AQPs and their involvement in edema formation and subsequent animal death in SARS-CoV-2 infection. The role of AQPs in the mechanisms of solute transport has been well established over a decade. Based on our current findings, we predict that generalized edema development may be a major event in SARS-CoV-2 infection, since alteration of water transport-related AQPs was specifically identified in this study (i.e., AQPs 1, 4, 5, 8). However, we cannot rule out the possibility of altered AQPs that regulate other solutes that may contribute to organ dysfunction. For example, AQP1 has also been proposed to transport CO2, glycerol, and cations under some conditions (Agre, et al., 1997; Yang .et al., 2000), but these results have been questioned (Agre, et al., 1997; Yang .et al., 2000). These aspects, in addition to its interaction with other ion channels/transporters/exchangers, need to be explored.
While we found changes in various AQPs in a particular organ, it is unclear whether all of these AQPs are involved in water transport, or they also transport other solutes/ions which may contribute to the multiorgan dysfunction observed in the current study. Further, it is not clear whether any interaction occurs in these AQPs that can regulate solute/ion movement. These aspects will be explored in future studies.
Overall our study demonstrates that AQPs 1, 4, 5, and 8 are increased in all organs examined except that AQP1 levels in the lung are reduced. Our findings on AQP1 support earlier findings showing that AQP1 levels decreased in lung endothelial cells in a humanized animal model of SARS-CoV-2 (Allnoch et al., 2021), and strongly suggest the usefulness of our model to study COVID-19. While there were limited to no expression or protein levels of one or more of the AQPs identified in various organs in normal mice, there was a significant increase in the levels of these AQPs in MHV-1 infected mice, suggesting that these AQPs may be conserved and expressed under favorable conditions. While it is not clear whether the altered levels of AQPs play a role in the pathogenesis of SARS-CoV-2 infection, our findings which demonstrate that SPIKENET prevented both animal death, as well as reversed the changes in AQP levels and edema, strongly suggest the potential role of AQPs in the mechanisms of animal death in SARS-CoV-2 infection. Therefore, targetting AQPs may be a useful approach to treat COVID-19 and diminish some of the multiorgan consequences.
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