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Abstract

:

COVID-19—a severe acute respiratory syndrome disease caused by coronavirus 2 (SARS-CoV-2)—has recently attracted global attention, due to its devastating impact, to the point of being declared a pandemic. The search for new natural therapeutic drugs is mandatory, as the screening of already-known antiviral drugs so far has led to poor results. Several species of marine algae have been reported as sources of bioactive metabolites with potential antiviral and immunomodulatory activities, among others. Some of these bioactive metabolites might be able to act as antimicrobial drugs and also against viral infections by inhibiting their replication. Moreover, they could also trigger immunity against viral infection in humans and could be used as protective agents against COVID-In this context, this article reviews the main antiviral activities of bioactive metabolites from marine algae and their potential exploitation as anti-SARS-CoV-2 drugs.
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1. Introduction


The World Health Organization (WHO) confirmed the emergence of a novel coronavirus (nCoV-2019, later defined SARS-CoV-2) on 12 January 2020 in Wuhan, China and named the derived pathology “coronavirus disease 2019 (COVID-19)”, an acute respiratory tract infection [1]. COVID-19 cases quickly spread around the world, and it was declared a pandemic on March 11, 2020 [2]. Cough, fever, headache, sore throat, dyspnea, and weariness are common COVID-19 symptoms which can lead to a severe respiratory infection, pneumonia, and multiple organ failure, resulting in patient death. COVID-19 is particularly life-threatening to people with diabetes, cardiovascular disease, hypertension, cancer, HIV, and a variety of autoimmune diseases [3].



In order to rapidly find a treatment for COVID-19, many already-known synthetic drugs have been tested against SARS-CoV-2 although mostly with low or questionable efficacy and a variety of adverse effects. In this regard, the screening of compounds extracted from natural sources could yield new structures able to interact strongly with the virus, thus inhibiting it. The marine ecosystem is the most biodiverse ecosystem [4] and it can provide a variety of bioactive metabolites. Algae-derived bioactive metabolites have been shown to have several potential therapeutic effects, including antiviral activity [5,6]. For example, bioactive metabolites derived from marine algae have been tested against human cytomegalovirus (HCMV), human enterovirus, influenza virus, human immunodeficiency virus type-1 (HIV-1), herpes simplex virus (HSV), hepatitis B virus, murine norovirus, and respiratory syncytial virus (RSV) and displayed strong antiviral activity [7,8]. Thus, algal metabolites might also have a therapeutic effect by inhibiting SARS-CoV-2, halting illness progression.



Immunity is crucial for the treatment of viral diseases such as COVID-19 [9]. Antiviral immunity has been proven in studies against a variety of viral pathologies, and algal metabolites have been shown to possess promising activity [8]. To date, many metabolites from plants and animals, as well as marine species and microbes, have been tested against HIV and HSV [10]. Thus, the use of immune system-boosting algae-derived bioactive metabolites may play a leading role in fighting coronavirus infections by improving innate immune responses. Nutraceuticals from Spirulina have been extensively studied and made commercially available as an innate enhancement [11]. Furthermore, their antiviral activity against HIV and HSV was also evaluated both in vitro and in vivo [12].



Although some vaccines against COVID-19 have been produced and are being successfully used to prevent infections and/or reduce disease severity, antiviral drugs are still needed to treat symptomatic patients [13]. Nevertheless, despite the fact that a few antivirals have already proved effective, the discovery of new drugs could have several advantages, e.g., greater effectiveness, broader range of action (also toward new variants), and lower cost, as well as for a better worldwide supply (for example, to the poorest countries) [14]. Despite the numerous articles about COVID-19, limited research has been carried out considering algae-derived bioactive metabolites as potential therapeutic agents. In this regard, this review tries to fill that gap by focusing on this aspect and how algal metabolites could inhibit SARS-CoV-2.




2. Structure of SARS-CoV-2 and Its Pathogenesis


Coronaviruses (CoVs) are single-stranded RNA viruses that can infect both humans and animals, causing a variety of respiratory and intestinal illnesses as well as life-threatening conditions, such as bronchiolitis and pneumonia [15]. CoV infections are especially dangerous for people who have a weakened immune system [16]. The International Committee on Virus Taxonomy (ICTV) classified the 2019 new coronavirus as SARS-CoV-2 [17,18]. Similar to the other coronaviruses, SARS-CoV-2 has a spherical shape and is made up of a capsid formed by the nucleocapsid protein (N-protein) with the viral DNA crammed inside. A cover is also present on the capsid, from which several structural proteins are produced. Membrane (M) proteins, spike (S) proteins, and envelope (E) proteins are three important structural components of the envelope shell [19]. The S-proteins protrude from the surface and mediate the virus’s entry into the host cell, stretching the virus’s crown-like appearance (Figure 1).



2.1. Interaction between the Host and the Coronavirus: The Heart of the Disease


The downstream section of the ORF1 (open reading frame 1) of coronaviruses contains unique genes that encode for structural proteins required for viral growth [19]. The spikes in the glycoprotein of the coronavirus are required for the viral attachment and penetration into host cells [19]. Cellular proteins, such as HAT (human airway trypsin-like proteases), cathepsins, and TMPRS2 (transmembrane protease serine 2), assist spike protein breaking, which leads to a deeper penetration of the coronavirus [16]. However, the coronavirus requires the crucial ACE2 (angiotensin-converting enzyme 2) receptor, which is also found in human cells, for viral entrance [20]. The spike protein interacts with the ACE2 receptor, inducing conformational changes that enhance the endosomal membrane fusion and the release of viral hereditary elements into the cytoplasm of the host cell [21]. The replication of CoV begins with the translation of ORF1a and ORF1b into pp1a and pp1ab polyproteins. Non-structural proteins (NSPs) are formed when these proteins are cleaved by proteases. The RTC (replicase–polymerase replication –transcription complex) is made up of NSPs that are involved in gRNA (viral genomic RNA) replication and subgenomic RNA transcription [21]. As a result of the continued production of structural proteins and other accessory proteins, accumulation of gRNA and viral proteins leads to the creation of fast-track virions [22]. The nucleocapsid is budded and then transferred by secretory vesicles, finally abandoning the host cell after the assembly process is completed. Budding is caused by the endoplasmic reticulum to Golgi intermediate complex (ERGIC) assembly process [22]. Understanding the mechanism of entry of the virus and its replication, as also schematized in Figure 2, shed light on the pathogenesis of the new coronavirus infection.




2.2. Pathogenesis of SARS-CoV-2


The pathogenesis of the new coronavirus infection is very similar to that of the SARS-CoV infection, which causes severe inflammation. SARS-CoV-2 is transmitted mostly by respiratory droplets, similarly to other coronaviruses that also cause respiratory illness [23]. Symptoms of COVID-19 infection include chills, dry cough, fever, sore throat, tiredness, and breathing difficulties. Cases of COVID-19 with severe ARDS (acute respiratory distress syndrome), which can lead to lung failure, are characterized by shortness of breath and low blood oxygen levels. Alveolar impairment, hyaline membrane formation, and modest microvesicular steatosis were seen in biopsy samples from liver, lung, and heart tissue of COVID-19 patients, indicating ARDS [24].



SARS-CoV-2 infects cells by initially forming a bond with the ACE2 protein and then entering them [25]. The host cell goes into pyroptosis as a result of the virus’s replication and release. PAMPs (pathogen-associated molecular patterns) and DAMPs (damage-associated molecular patterns) are released during pyroptosis and are recognized by surrounding cells, triggering the production of pro-inflammatory markers [26]. As a result, these protein molecules attract immune cells to the infection site, causing inflammation. Immune cells include monocytes, T cells, and macrophages [27]. The cells may disrupt the air–blood barrier by removing vascular endothelial cells and airway epithelial cells, resulting in collateral tissue damage. The coronavirus uses the high expression of the ACE2 receptor in endothelial cells and airway epithelial cells to penetrate inside the cell [28]. As a result, acute sickness is caused by both the viral infection and the overactive immunological response.





3. Diversity of Bioactive Metabolites and Their Potential Health Benefits as Dietary Supplements


Diet plays a critical role in the prevention of metabolic syndromes such as diabetes, cancer, and chronic diseases related with ageing [29,30]. Marine algae-derived bioactive metabolites, such as amino acids, peptides, fatty acids, lipids, carbohydrates, polysaccharides, sterols, polyphenols, photosynthetic pigments, carrageenan, agar, fucoidan, laminaran, naviculan, vitamins, and minerals, exert a persuasive antioxidant activity that has a beneficial effect in fighting the aforementioned diseases [5]. In addition to preventing these chronic diseases, some of these metabolites have been also tested as antiviral agents against several virus-associated infections [8]. Moreover, both marine microalgae and macroalgae (seaweeds) contain high amounts of amino acids and vitamins [31,32,33,34], which might help to fight viral diseases [35].



3.1. Cyanobacteria- and Algae-Derived Bioactive Metabolites and Their Potential Role as Antiviral Agents


The molecular structure of the main algae-derived bioactive metabolites and their potential antiviral activities against human pathogenic viruses and their mode of action are given in Figure 3 and Table 1, respectively.



Marine algae are rich in polysaccharides that exhibit antiviral activities [6,12]. Polysaccharides extracted from Spirulina platensis have shown antiviral activity against various viruses, such as measles virus, HSV type 1, influenza A virus, HCMV, mumps virus, and HIV-1, in several human cell lines [12]. Calcium spirulan from this cyanobacterium repressed viral replication by inhibiting viral entry into the host cell. The chief constituents of calcium spirulan are calcium and sulfated glucuronic acid, xylose, glucose, mannose, galacturonic acid, ribose, fructose, rhamnose, and galactose, which displayed antiviral effects due to the molecular conformation adopted by chelating the calcium ions with the sulfate groups [12]. Serum samples from animals given calcium spirulan also showed long-term antiviral activity against HSV-1 and HIV-1 [62].



Moreover, marine algae are also rich in sulfated polysaccharides that prevent the replication of viruses, and they have been clinically tested, e.g., against HSV-1 [63,64]. Sulfated polysaccharides inhibit antiviral pathways and act as potential replication inhibitors of retroviruses such as HIV-V [36]. Carrageenan is a common polysaccharide with recognized activity against viral infections. Carrageenan is a sulfated polymer isolated from red algae, such as Gigartina, Chondrus, Eucheuma, and Hypnea, able to block viral entry by inhibiting binding to the host cells [37]. It was also shown to limit the reproduction of DENV in mosquitoes and in mammalian cells [36]. Moreover, it possesses an operative role against HPV (human papillomavirus), which leads to genital warts and cervical cancer [65]. Carrageenans with low molecular weight (3, 5, and 10 kDa) show a repressing effect against the influenza virus [38,39]. In addition, the administration of a carrageenan-based nasal spray (Iota-carrageenan), also recognized as “super-shedders”, is effective against the common cold, by improving viral clearance and reducing cold duration. A carrageenan extracted from a red alga (Schizymenia pacifica) was able to hinder the functions of reverse transcriptase in avian and mammalian retroviruses. Furthermore, it also prevented the binding between the host and the virus in the early stages of the infection [40]. Extracellular sulfated polysaccharides isolated from Cochlodinium polykrikoides reduced blood coagulation and inhibited influenza A and B virus in MDCK cells, respiratory virus of types A and B in Hep-2 cells, and immunodeficiency virus of type-1 in MT-4 cells [53]. p-KG03, another sulfated exo-polysaccharide derived from Gyrodinium impudicum, showed antiviral properties against EMCV (encephalomyocarditis virus) without toxicity in HeLa cells [54]. In addition, it inhibited duplication of influenza A virus by targeting adsorption and integration into the host cell [54].



Alginates hinder HIV replication by reducing DNA polymerase activity and inhibiting viral reproduction by downregulating the functioning of reverse transcriptase, disrupting the viral adsorption, and educating host cell defense mechanisms [8]. Sulfated polymannuroguluronate (SPMG) inhibits HIV-1 infection by preventing viral glycoprotein gp120 from attaching to CD4 molecules on the surface of T cells [8]. In addition, it prevents viral multiplication and syncytium formation between infected and healthy cells. The alginate-derived marine polysaccharide drug 911 reduced HIV-1 infection in MT4 cells and chronic infection in H9 cells [66,67].



Extracellular polysaccharides, such as galactosides isolated from the red alga Agardhiella tenera, exhibited antiviral properties against DENV, HSV-1, HSV-2, HIV-1, HIV-2, and Hep A virus (hepatitis A virus) [41]. Galactans isolated from Callophyllis variegate showed antiviral activity against HSV-1, HSV-2, and DENV-2 with low cytotoxicity [42]. The antiviral efficacy of a sulfated galactan isolated from Schizymenia binderi against HSV-1 and HSV-2 was also demonstrated [43].



Fucans are high-molecular-weight polysaccharides classified into three subgroups as fucoidans, glycuronogalactofucans, and xylofucoglycuronans [44]. Sulfated fucans isolated from Dictyota mertensii, Lobophorava riegata, Fucus vesiculosus, and Spatoglossum schroederi prevented HIV infection by slowing the action of reverse transcriptase. [44]. In the BHK-21 cell line of baby hamster kidney cells, a fucan polysaccharide produced from Cladosiphon okamuranus inhibited DENV-2 infection [45]. Compared to known synthetic drugs, the fucose polysaccharides compound (MC26) isolated from Sargassum piluliferum showed promising anti-influenza viral activity with extremely low cytotoxicity both in vivo and in vitro [46]. Fucoidans isolated from brown algae, such as Undaria pinnatifida, Adenocytis utricularis, Cystoseira indica, and Stoechospermum marginatum, showed antiviral activity in vivo and in vitro against both DNA and RNA viruses, such as HSV-1 and HSV-2, cytomegalovirus, and DENV, by inhibiting viral interaction with the cells and the syncytium formation. [47]. Moreover, fucoidans extracted from Turbinaria decurrens and Dictyota bartayesiana displayed potential inhibitory efficacy against HIV [47,48]. Laminarin from Laminaria japonica, Eisenia bicyclis, and Ecklonia kurome yields two derivatives, i.e., that with glucose residues and that with a terminal D-mannitol residue, which also prevented the adsorption of HIV reverse transcriptase [49,50].



HSV-1, HSV-2, influenza A virus, and HCMV all have carbohydrates as cellular receptors, and Nostoflan, an acidic polysaccharide produced from Nostoc flagelliforme, showed antiviral properties against those viruses, also preventing the initial stage of the virus infection [51]. Naviculan is a type of sulfated polysaccharide derived from Navicula directa which is composed of xylose, galactose, fucose, rhamnose, sulfate, and mannose, and it displayed novel antiviral properties against HSV-1, HSV-2, and influenza A virus. Moreover, it hindered the combination of gp160 HIV-expressing cells and the CD4 receptor [52].



Phycobiliproteins extracted from Spirulina are well recognized for their anti-inflammatory, antioxidant, and antimicrobial activities, and they also exhibit antiviral properties [55,56]. Oral administration (5, 12.5, and 25 mg/kg every 4 h) of a Spirulina extract reduced viral infection in female BALB/c mice previously inoculated with H1N1 virus. Moreover, it increased the survival rate by 20%, 40%, and 60%, respectively [55]. C-phycocyanin and allophycocyanin made up 50% and 10%, respectively, of the total protein fraction and contributed to the antiviral properties of the Spirulina extract [57]. Extracts of Brazilian raw marine algae also exhibited an extraordinary anti-therapeutic action. In addition, they also inhibited the viral activity of HSV-1 (86.1%) with greater efficacy than HSV-2 (55.5%) [58]. An aqueous extract from Laurencia obtusa red algae showed in vitro antiviral activity by hindering the reproduction of influenza B, A (H3N2), and A (H1N1) viruses [56]. Furthermore, extracts of Egyptian Ulva lactuca and Cystoseira myrica seaweeds displayed notable antiviral activities against Coxsackie B4, hepatitis A, HSV-1, and HSV-2 [59]. Cold water extract from Arthrospira platensis exhibited an antiviral effect against mice infected with H1N1 (influenza A/WSN/33) virus [55,56]. Allophycocyanin isolated from S. platensis neutralized the enterovirus 71-induced cytopathic effect in human rhabdomyosarcoma cells by delaying the synthesis of viral RNA and diminishing the apoptotic process along with DNA fragmentation, reduction in membrane damage, and sub-G1 phase cell decline [57]. It also delayed Pheophorbide-like compounds isolated from Dunaliella primolecta that prevent the cytopathic effect of HSV-1 virus during adsorption, entry, and invasion into host cells [60]. Phlorotannins from Ecklonia cava inhibited syncytia formation, lytic cycle effects, and viral p24 antigen production both in vitro and in vivo. They also effectively inhibited the HIV-1 reverse transcriptase enzyme [61].




3.2. Algae-Derived Lectins: A Promising Source of Antiviral Activity


Lectins are highly specific carbohydrate-binding proteins responsible for many recognition processes at the cellular and molecular levels, as well as for the binding of fungi and viruses to the host cell. Algae are a rich source of lectins, which are used in biomedical research for their antiviral, antinociceptive, anti-inflammatory, and anti-tumor activity, among others [68,69].



Algal lectins bind reversibly to receptors of viruses in a non-covalent and very specific way. Cyanovirin, a special class of algal lectin (molecular weight of 11 kDa) extracted from Nostoc ellipsosporum, binds to the glycoprotein (gp120) envelope and inhibits the entry of several viruses, such as HIV-1, HIV-2, SIV (simian immunodeficiency virus), and feline immunodeficiency virus [70]. Cyanovirin works after the attachment between virus and host cell is complete or in the entry course after the CD-4 binding step. In CD4 T cells, microvirin isolated from Microcystis aeruginosa reduces initiation markers such as CD69, CD25, and HLA-DR. It also prevents HIV-1-infected T cells from forming syncytium with healthy CD4 T cells [71]. Griffithsin, a type of algal lectin identified from Griffithsia sp., is thought to be the most potent HIV inhibitor, with an IC50 value in the picomolar range [72]. Additionally, it inhibits HCV (hepatitis C virus) infection of Huh-7 hepatoma cells in vitro and HCV infection of mice with human primary hepatocytes in the liver in vivo [73]. It also binds to the HCV envelope glycoproteins (E1 and E2), preventing the virus from infecting human hepatocytes [73,74]. Furthermore, griffithsin protects mice infected with genital HSV-2 and prevents cell-to-cell transmission without causing harm [75]. It is also known to prevent SARS-CoV infection by specifically binding to the S-protein [76] and MERS-CoV infection in vitro at the level of viral entry [77]. Scytovirin isolated from Scytonema varium displayed antiviral activities against Zaire ebolavirus, Marburg virus, HIV, and SARS-CoV [78]. Mice infected with the Ebola virus received hypodermic scytovirin (30 mg/kg/day) every 6 h, resulting in a 90% survival rate [79]. Scytovirin was shown to bind with high affinity to oligosaccharides rich in mannose on the glycoprotein envelope, thus blocking viral entry into the target cell [80]. The red alga Kappaphycus alvarezii and the green alga Boodlea coacta have higher levels of mannose-specific lectin (i.e., KAA-2) and agglutinin (i.e., BCA), respectively. Multiple strains of influenza virus, including the pandemic H1N1-2009, are inhibited by these lectins. Furthermore, they also restrict the entry of the virus into the host cell after the direct binding of hemagglutinin (HA) to the envelope of the virus [60,81,82]. Marine algae-derived lectins with promising antiviral properties and their mode of action are summarized in Table 2.




3.3. Algae-Derived Bioactive Metabolites and Their Antiviral Potential against SARS-CoV-2


The development of antiviral drugs has paid much attention to controlling the host defense and targeting the viral infection process [81]. Blocking the signaling transduction pathways of human cells helps to control viral replication. The antiviral drugs targeting SARS-CoV-2 have been mainly synthesized with the primary goal of inhibiting RNA synthesis and replication by hindering the viral binding to human cell receptors [82]. With drug toxicities as a major concern, screening and validation of natural bioactive metabolites may enlighten the development of new pharmaceutical drugs as antiviral mediators against SARS-CoV-2.



Algae-derived bioactive metabolites such as lectins and polysaccharides, including carrageenan, nostoflan, microvirin, galactans, and cyanovirin, have been proposed as potential drugs against SARS-CoV-Sulfated polysaccharides bind to SARS-CoV-2 S-protein and function as diversions, preventing S-protein binding to the heparin sulfate co-receptor in host tissues and thereby preventing viral infection [83]. Polysaccharides from seaweed can hinder the viral life cycle by deactivating virions before viral infection [84]. Carrageenan and chitosan are types of polysaccharides that have shown virucidal actions by inhibiting viral infection [83]. These polysaccharides reduce viral infection by blocking several mechanisms, such as viral absorption, virus uncoating, incorporation, transcription, and replication. Nagle et al., reported that exopolysaccharides with carrageenan and sulfated polysaccharides isolated from Porphyridium prevent virus binding on the host cell. Modified chitosan significantly prevents against human coronaviruses HCoV-OC43, HCoV-229E, HCoV-NL63, and HCoVHKU1 [8,85]. Chitosan also inhibits low-pathogenic human coronaviruses [86]. Moreover, fucoidan and sulfated rhamnan downregulate the expression and stimulation of the epidermal growth factor receptor pathway to fight coronavirus [55]. Halitunal is a novel diterpene aldehyde isolated from Halimeda tuna which displayed in vitro antiviral activities against the murine coronavirus A59 [87]. Griffithsin extracted from red algae displayed antiviral properties by binding the oligosaccharides on the surface of MERS-CoV and SARS-CoV viral spike glycoproteins [76]. In addition, griffithsin also prevented the in vitro action of CoVs, such as HCoV-229E, HCoV-OC43, and HCoV-NL63, and in vivo against SARS-CoV-infected mice. It also performed very effectively against SARS-CoV-2 by inhibiting viral entry, integrase activity, reverse transcriptase activity, and protease activity. Ulvansare, a polysaccharide extracted from a green alga, is considered a potential therapeutic mediator against SARS-CoV-2 [85]. Phycocyanobilins, phycoerythrobilins, and folic acid isolated from Arthrospira displayed potential antiviral efficacy against SARS-CoV-2 [88]. In silico studies revealed that the bioactive compounds isolated from Gracilaria corticata, Laurencia papillosa, and Grateloupia filicina could possess therapeutic efficacy against SARS-CoVs, including SARS-CoV-2 [88,89].




3.4. Drug Synergy: The Emerging Therapy against SARS-CoV-2


Drug synergy has provided novel ideas for improving the efficacy of the preliminary anti-SARS-CoV-2 drugs [90]. A combination of polysaccharides and other bioactive metabolites of algal origin could be used as potent antiviral mediators against SARS-CoV-2 [55]. Astaxanthin derived from the microalga Haematococcus pluvialis has been shown to possess anti-inflammatory, anti-oxidative, immune booster, and immunomodulator capacities against respiratory disorder models and may have beneficial effects in combination with primary antiviral drugs on COVID-19 patients [91]. Algal lectins, ulvans, carrageenan, and fucoidans isolated from red, green, and brown algae also possess many health-promoting abilities and could be tested as synergistic therapeutic agents to prevent and treat COVID-19 [91]. Dieckol aphlorotannins isolated from Ecklonia cava showed the most potent 3CLpro trans-/cis-cleavage inhibitory action against SARS-CoV in a dose-dependent manner without toxicity [92].




3.5. Algae-Derived Lectins as Therapeutics against SARS-CoV-2


Glycoproteins are oligosaccharide chains attached to proteins, and they have numerous biological activities and also antiviral properties [76]. Currently, glycotherapy represents an interesting approach in viral research, because the initial attachment between the virus and the host cell occurs through the viral spike proteins and the glycoproteins on the cell surface. Glycans are attached to the spike protein of SARS-CoV-2, thus masking it. The S-protein of the SARS-CoV-2 holds 66 glycosylation sites, and hACE2 (human angiotensin-converting enzyme 2) is engaged as receptor for the entry of SARS-CoV-2 [76]. Lectins from red algae are rich in mannosylated N-glycans, and they can inhibit coronavirus infectivity [68]. Red algae-derived high-mannose binding lectin griffithsin is expected to inhibit SARS-CoV entry via spike glycoprotein binding [93]. In addition, griffithsin did not present any toxicity to the host cell, even at high concentration [93].




3.6. Cyanobacterial and Algal Metabolites: The Gift of Future Nutraceuticals?


Spirulina, a cyanobacterium, is rich in bioactive metabolites, such as essential fatty acids, phenolic acids, sulfated polysaccharides, and vitamin B12 [94]. These products are manufactured and commercially available as dietary supplements [95]. Nutraceuticals and bioactive metabolites from Spirulina are well known for their antioxidant, antiviral, anti-inflammatory, and immunomodulatory activities [95]. Natural ACE-inhibiting antioxidants, such as ACE inhibitory peptides, and antiviral agents, such as calcium spirulan and phycocyanobilin nutraceuticals, may also be included in clinical trials. These compounds can strengthen the immune system, helping to prevent the disease and to treat post-COVID-associated complications [12]. The role of algae-derived nutraceuticals in SARS-CoV-2 infections is still limited and requires much attention for further development and use. Sulfated polysaccharides isolated from the red algae Porphyridium sp. act as nutraceuticals and exhibit potent antiviral capacity [84]. They could be also exploited as wrapping films on clean items for preventing COVID-Nevertheless, clinical research on animal models and human trials is still needed to further understand the potential exploitation of algal bioactive metabolites as COVID-19 nutraceuticals [94,96,97].





4. Immunomodulatory Activity of Bioactive Metabolites against SARS-CoV-2 by Microbiota-Based Therapy


Immunity is a major concern in people suffering from COVID-After drug treatment, patients gradually become immunocompromised [98]. SARS-CoV-2 causes gastrointestinal disorder in nearly 20% of patients who suffer from it [99]. Even more striking, Effenberger et al., reported that 61% of patients suffer from gastrointestinal upset, diarrhea, and nausea. Therefore, natural immunomodulators from algae seem to be promising in this context. A recent pilot study on the composition of the microbiome in stool samples from 15 hospitalized COVID-19 patients revealed poor gut health compared to that of healthy individuals [100]. On the other hand, a vigorous gut microbiome is essential to modulate antiviral immunity, but this can only be achieved by improving gut flora [100]. In such circumstances, algae-based bioactive metabolites could be used as food supplements capable of improving the gut microbiota, thus potentially reducing the incidence of SARS-CoV-ACE2-associated gut microbiota symbiosis plays a key role in improving antiviral immunity by stimulating interferon production, decreasing immunopathology, and increasing natural killer (NK) cytotoxicity in COVID-19 patients [101]. Marine bioactive metabolites, such as carrageenans, fucoidans, alginates, polyphenols, luminaries, carotenoids, phlorotannins, and fatty acids, can trigger the human gut microbiota and maintain host health by controlling proper metabolism, epithelial barrier integrity, and immune system efficacy when used as prebiotics and nutritional food supplements. Seaweed is rich in vitamins and minerals that can be used as dietary supplements for COVID-19 patients. Furthermore, carotenoids, phytosterols, vitamins, and fatty acids isolated from different microalgae species showed promising immunomodulation activity [5]. Consumption of Chlamydomonas reinhardtii modulates human gastrointestinal disorders, such as diarrhea, gas, and bloating, and also the microbiota composition [102]. Spirulina controls the immune systems by modulating the gut microbiota and upregulates toll-like receptors 2 and 4 (TLR2 and TLR4) [103]. Pectin isolated from Spirulina also modulates the gut microbiota and triggers immunity [104]. β-Glucan isolated from algae relieves gut health in weaned pigs with E. coli infection [105]. Sulfated polysaccharides isolated from Ascophyllum nodosum stimulate an abundance of beneficial firmicutes and bacteroidetes [106]. Algae-based polysaccharides, such as carrageenan, alginate, and agarose, can also provide a beneficial effect on the human gut microbiota and also on gut health in general [85]. Sargassum muticum and Osmundea apinnatifida extracts exert a beneficial effect on the human gut microbiota, and they have been used as novel functional foods [107]. The immunomodulatory effect of phycobiliproteins isolated from Spirulina is also promising [95]. Viral immune responses against COVID-19 and targets of common dermatologic immunomodulators are shown in Figure 4.




5. Conclusions and Future Perspectives


Infectious diseases caused by RNA viruses have been a serious threat to global health for years. Currently, the SARS-CoV-2 virus menaces the entire world with the COVID-19 pandemic. Despite vaccination, novel therapeutic strategies are still needed to maintain human health. Algae contain several bioactive metabolites, such as sulfated polysaccharides, polyphenols, and lectins, which possess robust antiviral activity and immunostimulating effects. In this regard, the bioactive metabolites of marine algae could represent a promising alternative to fight COVID-In addition, marine algae are rich in antioxidant molecules that could help to reduce the oxidative stress associated with the infection caused by SARS-CoV-2 [108]. These bioactive metabolites have been also evaluated and exploited as microbiota-based therapeutic agents and immunomodulators, which can also enhance treatment against SARS-CoV-2.



With these premises, algal metabolites could be an ideal candidate for preliminary treatment, in conjunction with other pharmacological therapies, of COVID-19.



Although the seaweed aquaculture and the extraction process should be optimized, the availability of algal biomolecules represents a cost-effective and ecologically benign approach. Furthermore, exploitation of nanoformulations could significantly lower the amount of active principal ingredient required for treatment.



Eventually, identification of bioactive molecules could also be exploited for creating, together with an in silico approach or by using high-throughput technology, novel synthetic prototypes to be tested in vitro and in vivo.



Nevertheless, with the limited evidence available, more in vivo and clinical studies are essential to establish the most effective natural algal bioactive metabolites and immunomodulators against SARS-CoV-2.
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Figure 1. Cross-section (left) and outer structure (right) of the coronavirus. 
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Figure 2. Schematic drawing of the viral entry and replication of the coronavirus. 
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Figure 3. Molecular structures of algae-derived bioactive metabolites which can modulate viral inhibition and act as immunomodulators: (a) κ-carrageenan; (b) a fucoidan from Laminaria saccharina; (c) galactan; (d) laminaran; (e) a sulfated fucan; (f) agar; (g) C-phycocyanin; (h) alginate; (i) a halogenated monoterpene; (j) diecol; (k) dioxinodehydroeckol; (l) 7-phloroeckol; (m) eckol; (n) fucosterol; (o) astaxanthin; (p) fucoxanthin. 
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Figure 4. Algal metabolites inhibit adhesion and entry of the virus. Algal metabolites can also activate immune responses in COVID-19 patients by activating T cells. 
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Table 1. Cyanobacterial and algal-derived bioactive metabolites and their potential antiviral activities against human pathogenic viruses and their mode of action.
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Bioactive

Compounds

	
Cyanobacterial/

Algal Sources

	
Viruses Involved

	
Mode of Action

	
References






	
Polysaccharides

	
Spirulina platensis

	
Measles virus, HSV-1, HCMV, influenza A, mumps virus, HIV-1

	
Blockage of viral replication by inhibiting the penetration of the virus into the host cell

	
[12]




	
Calcium-spirulan




	
Sulfated polysaccharides

	
Brown algae

	
HSV-1, HIV

	
Prevention of the viral replication

	
[36]




	
Chlorella vulgaris, Cochlodinium polykrikoides, Porphyridium sp.

	
Influenza A and B, RSV-A, RSV-B, parainfluenza-2

	
Inhibition of the cytopathic effect; inhibition of PMN migration toward chemoattractant molecules; partial blocking of the adhesion to endothelial cells




	
Carrageenan

	
Chondrus, Gigartina, Hypnea, Eucheuma

	
Dengue virus (DENV), HPV

	
Blockage of the viral entry by inhibiting their binding to the host cell

	
[37]




	
Low molecular weight of carrageenans

	
Chondrus, Gigartina, Hypnea, Eucheuma

	
Influenza virus

	
Inhibitory effect

	
[38,39]




	
Carrageenan

	
Schizymenia pacifica

	
Avian retrovirus (avian myeloblastosis virus), mammalian retrovirus (rauscher murine leukemia virus)

	
Hindering of the function and replication of reverse transcriptase and prevention of the viral binding to the host cell at the initial stages of infection

	
[40]




	
Gigartina skottsbergii

	
Influenza virus, DENV, HSV-1, HSV-2, HPV, HRV, HIV

	
Inhibition of the binding or the internalization of viruses into host cells (Stage I, II, III)




	
Alginates

	
Laminaria hyperborea, Laminaria digitata, Laminaria japonica

	
HIV, IAV, HBV

	
Inhibition of the viral HIV reproduction by downregulating the activity of reverse transcriptase

	
[8]




	
Sulfated polymannuroguluronate

	
HIV-1

	
Shielding of the viral glycoprotein and blockage of the viral duplication




	
Galactose

	
Agardhiella tenera

	
HSV-1, HSV-2, DENV, HIV-1, HIV-2, Hep A

	
Antiviral properties

	
[41]




	
Galactans

	
Callophyllis variegate

	
HSV-1, HSV-2, DENV-2

	
Antiviral activity with low cytotoxicity

	
[42]




	
Callophyllis variegata, Agardhiella tenera, Schizymenia binderi, Cryptonemia crenulata

	
HSV-1, HSV-2, HIV-1, HIV-2, DENV, HAV

	
Blockage of virus adhesion and replication into host cells




	
Sulfated galactan

	
Schizymenia binderi

	
HSV-1, HSV-2

	
Antiviral activity with low cytotoxicity

	
[43]




	
Fucan

	
Adenocytis utricularis, Undaria pinnatifida, Stoechospermum marginatum, Cystoseira indica, Cladosiphon okamuranus, Fucus vesiculosus

	
HSV-1, HSV-2, HCMV, VSV, Sindbis virus, HIV-1

	
Inhibition of cell adhesion (Stage I), blockage of reverse transcriptase

	
[44]




	
Sulfated fucans

	
Dictyota mertensii, Lobophora variegata, Fucus vesiculosus, and Spatoglossum schroederi

	
HIV

	
Antiviral activities by blocking the activity of reverse transcriptase




	
Fucan polysaccharide

	
Cladosiphon okamuranus

	
DENV-2

	
Inhibition of the infection

	
[45]




	
Fucose polysaccharides (MC26)

	
Sargassum piluliferum

	
Influenza virus

	
Antiviral activity with low cytotoxicity

	
[46]




	
Fucoidans

	
Adenocytis utricularis, Undaria pinnatifida, Stoechospermum marginatum, Cystoseira indica

	
HSV-1, HSV-2, DENV, cytomegalovirus

	
Blockage of the viral interaction with the cell and inhibition of syncytium formation

	
[47]




	
Dictyota bartayesiana and Turbinaria decurrens

	
HIV

	
Antiviral activity

	
[47,48]




	
Laminarin

	
Laminaria japonica, Ecklonia kurome, Eisenia bicyclis

	
HIV

	
Prevention of the adsorption of HIV reverse transcriptase

	
[49,50]




	
Fucus vesiculosus, Saccharina longicruris, Ascophyllum nodosum

	
Blockage of reverse transcriptase




	
Nostoflan

	
Nostoc flagelliforme

	
HSV-1, HSV-2, HCMV, influenza A

	
Antiviral activity at the initial stage of viral infection

	
[51]




	
Naviculan

	
Navicula directa

	
HSV-1, HSV-2, influenza A

	
Antiviral activity

	
[52]




	
A1 and A2 polysaccharide

	
Cochlodinium polykrikoides

	
Influenza A and B

	
Antiviral activity

	
[53]




	
p-KG03

	
Gyrodinium impudicum

	
EMCV

	
Antiviral activity

	
[54]




	
Influenza A

	
Inhibition of viral duplication by targeting adsorption and incorporation into the host cell




	
Phycobiliproteins

	
Arthrospira platensis

	
Influenza A/WSN/33 (H1N1) virus

	
Inhibition of the viral infection

	
[55,56]




	
C-phycocyanin and allophycocyanin

	
Spirulina

	

	
Antiviral activities

	
[57]




	
Crude extracts

	
Brazilian marine algae

	
HSV-1, HSV-2

	
Antiviral activity

	
[58]




	
Red algal aqueous extract

	
Laurencia obtuse

	
Influenza B, A (H3N2), and A (H1N1)

	
In vitro antiviral activity by hindering the reproduction

	
[56]




	
Crude extracts

	
Ulva lactuca and Cystoseira myrica

	
Coxsackie B4, hepatitis A, HSV-1, HSV-2

	
Antiviral activity

	
[59]




	
Allophycocyanin

	
S. platensis

	
Influenza B

	
Blockage of the viral entry

	
[57]




	
Pheophorbide

	
Dunaliella primolecta

	
HSV-1

	
Inhibition of the viral adsorption and invasion

	
[60]




	
Phlorotannins

	
Ecklonia cava

	
HIV-1

	
Prevention of syncytia formation, lytic effects and viral p24 antigen production in vitro and in vivo

	
[61]
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Table 2. Marine algae-derived lectins with promising antiviral properties and their mode of action.
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Algal Lectins

	
Algal Sources

	
Viruses Involved

	
Mode of Action

	
References






	
Cyanovirin

	
Nostoc ellipsosporum

	
HIV-1, HIV-2, SIV, feline immunodeficiency virus

	
Inhibition of the viral entry by binding to the gp120

	
[70]




	
Microvirin

	
Microcystis aeruginosa

	
CD4 T

HIV-1

	
Reduction of initiation markers such as CD69, CD25, and HLA-DR by syncytium formation with healthy CD4 T cells

	
[71]




	
Griffithsin

	
Griffithsia sp.

	
HIV

	
Potent antiviral activity both in vivo and in vitro

	
[73]




	
HCV (hepatitis C Virus) in Huh-7 hepatoma cell




	
Hepatitis C Virus

	
Prevention of the infection in human hepatocytes

	
[73,74]




	
SARS-CoV

	
Prevention of the infection by binding to the S-protein

	
[76]




	
Scytovirin

	
Scytonema varium

	
Zaire ebolavirus, Marburg virus, HIV, and SARS-CoV

	
Binding to the viral coat proteins gp120, gp160, and gp41 but not to cellular receptor CD4 or other tested proteins

	
[78]




	
Ebola virus




	
Mannose-specific lectin, agglutinin, and KAA-2, BCA

	
Kappaphycus alvarezii, Kappaphycus alvarezii, Boodlea coacta

	
Influenza virus

	
Inhibition of viral entry

	
[60,81,82]
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