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Abstract

:

The ongoing pandemic of coronavirus disease (COVID-19) stimulated an unprecedented international collaborative effort for rapid diagnosis, epidemiologic surveillance, clinical management, prevention, and treatment. This review focuses on the current and new therapeutical approaches, summarizing the viral structure and life cycle, with an emphasis on the specific steps that can be interfered by antivirals: (a) inhibition of viral entry with anti-spike monoclonal antibodies; (b) inhibition of the RNA genome replication with nucleosidic analogs blocking the viral RNA polymerase; (c) inhibition of the main viral protease (Mpro), which directs the formation of the nonstructural proteins. An overview of the immunomodulatory drugs currently used for severe COVID-19 treatment and future therapeutical options are also discussed.
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1. Introduction


SARS-CoV-2, an emerging zoonotic coronavirus, identified in December 2019 in Wuhan, Hubei province, China, has spread rapidly across the whole world, causing disproportionately high morbidity and mortality, along with unprecedented disruptions in the global economy and society functioning. This is the third highly pathogenic respiratory coronavirus that emerged during the last two decades, after SARS-CoV (Severe Acute Respiratory Syndrome coronavirus), which caused an important outbreak between 2002–2004, and MERS-CoV (Middle-East respiratory syndrome coronavirus), identified in 2012 and still causing sporadic infections in the Middle East [1]. Although associated with a lower fatality rate than its preceding relatives, SARS-CoV-2 caused more than 481 million infections, and more than 6.1 million deaths [2], due to its high contagiousness and ability to be transmitted during asymptomatic and pre-symptomatic infections. Exceptional measures were taken to slow down the spread of this respiratory pathogen, including lockdowns, restrictions on travel and gatherings, mask mandates, and closures of businesses and schools, all actions with a high economic and psychological burden.



A plethora of vaccines was designed, based on the rapidly advancing knowledge of the viral genome sequence and previous studies on the structure of the related highly pathogenic coronaviruses, SARS-CoV and MERS-CoV. Presently, worldwide, more than 4.5 billion persons (>57.6% of the total population) are fully vaccinated and have an important degree of protection against severe forms of the disease [2]. Nevertheless, both vaccine and infection-induced immunity seem to wane over time. In addition, SARS-CoV-2 has accumulated an important number of mutations during the last two years, a consequence of the natural evolution and adaptation processes common to all RNA viruses, caused by: (a) copying errors made by the viral RNA dependent RNA polymerase during viral genome replication; (b) recombination between different viral lineages that are co-infecting the same host; (c) host RNA-editing systems, part of the natural defense mechanisms [3,4]. Although coronaviruses have a limited intrinsic variability compared to other RNA viruses, due to their large genome and the presence of a proof-reading enzyme (the NSP14 exonuclease), the massive viral replication in a large, immunologic naïve population favored the emergence of several viral variants, with modified biologic properties, designated as variants of concern (VOCs): Alpha; Beta; Gamma; Delta; and Omicron. All of the VOCs have an enhanced binding affinity for the ACE2 receptor compared to the original strain, some of these have additional mutations that allow immune evasion (Beta, Omicron), causing reinfections and infections in vaccinated persons, others have the potential to produce more severe disease (Alpha, Delta) [5,6,7].



Since the beginning of the COVID-19 pandemic, treatment of the SARS-CoV-2 infection was a real challenge. The varying degrees of severity, as well as the uncertainty on the mechanisms underlying disease progression, led to many empirical treatment protocols. Attempts to use convalescent plasma rich in neutralizing antibodies yielded contradictory results [8,9], and several drugs with promising in vitro antiviral activity (hydroxychloroquine, lopinavir/ritonavir, nitazoxanide, oseltamivir, ivermectin) [10,11,12] have failed to demonstrate a significant impact on hospitalization and mortality rates in large clinical trials.



The development of direct antiviral agents was rather slow, surpassed by the race towards effective vaccines, and drug repurposing was the main therapeutical strategy for a long period. Currently, antiviral treatment and prevention approaches are based on a more comprehensive understanding of the pathogeny and detailed knowledge on the structure of viral proteins. The pathogeny of COVID-19 is attributed to an initial phase of intense viral replication, sometimes followed by a dysregulated immune response leading to the second phase of cytokine release storm and immune-mediated tissue damage, that contributes to disease progression, with pulmonary and multi-systemic lesions caused by endothelitis, thrombo-inflammation, and coagulopathy [13].



The main therapeutic strategies are directed toward (a) direct inhibition of the viral entry and replication and (b) immunomodulatory treatment to block the cytokine release storm that underlies COVID-19 severe evolution. Additional interventions are needed to prevent or treat the coagulopathy, lung damage, and respiratory distress syndrome seen in the most severe forms of the disease [14]. The present study is reviewing the currently approved treatments, those under rolling review, and future therapeutic directions.




2. Viral Structure, Life Cycle and Therapeutic Targets


SARS-CoV-2 is an enveloped, positive single-stranded RNA virus, member of the Coronaviridae family (named after the crown-like shape of the spike glycoproteins projections on the envelope). Phylogenetic studies demonstrated that SARS-CoV-2 belongs to genus Betacoronaviridae, subgenus Sarbecovirus, lineage 2B, is highly related to bat coronaviruses, and resembles more closely the SARS-CoV than the MERS-CoV, with genomic similarities of 79% and 50%, respectively [15,16]. The viral life cycle is initiated by SARS-CoV-2 attachment to cellular receptors (angiotensin-converting enzyme 2-ACE2), a series of host factors that promote viral penetration by fusion with the cellular or endosomal membrane. The spike (S) glycoprotein is the major antigenic component of the virus and controls viral entry in susceptible human cells, binding to the ACE2 receptor, found on epithelial cells in the respiratory tract, oral cavity (mouth and tongue), lungs, intestine, kidney, and blood vessels [16,17,18,19].



During cell attachment, the S protein is cleaved into two functional subunits: S1, which includes the receptor-binding domain (RBD); and S2, essential for membrane fusion. Activation of viral infectivity is mediated by cellular proteases: TMPRSS2 (type II transmembrane serine protease), furin (highly expressed in the lungs), and furin-like proteases, which recognize an additional polybasic PRRAR site at the S1/S2 cleavage site-specific to SARS-CoV2, thought to have played an important role in the human adaptation of the virus. Structural rearrangements of the S protein trimer are essential for the transition from a closed to an open shape of the RBD, allowing efficient cell binding and the switch from a prefusion to a post-fusion conformation [20].



Following the fusion of the virus envelope and host cell membrane, mediated by the S2 subunit containing the fusion peptide, the RNA genome is released into the cytoplasm of the host cell. The positive-sense single-stranded RNA genome is directly translated into two large polypeptides—pp1a and pp1ab—further cleaved by two important viral cysteine proteases (papain-like protease-Plpro, and the chymotrypsin-like protease-3Clpro/main protease-Mpro) to form 16 nonstructural proteins, many of which will participate in the replicase–transcriptase complex (RTC). This includes the RNA-dependent RNA polymerase (RdRP), which conducts the synthesis of the new RNA genome, together with viral and host co-factors, and the Nsp14 exonuclease, with RNA proofreading activity, that limits viral variability. A set of sub-genomic RNA (sgRNA) species are formed during the genome replication from the negative-sense RNA intermediate and serve for translation of the structural and accessory proteins [21]. Double-membrane vesicles, convoluted membranes, and open double-membrane spherules produce a protective microenvironment for viral RNA replication and transcription of sgRNA. Translated structural proteins are translocated into the endoplasmic reticulum (ER) and travel through the ER-to-Golgi intermediate compartment (ERGIC), assemble with the genomic RNA, and the progeny virions are released from the infected cells. Several steps in the viral life cycle represent important therapeutic targets: (a) viral entry interfered with anti-spike monoclonal antibodies; (b) the RNA genome replication, prematurely stopped by nucleoside analogs binding to the viral RNA polymerase; (c) synthesis of the nonstructural proteins by inhibitors of the main viral protease (Mpro).




3. Drugs Currently Used for COVID-19 Therapy


Currently, only symptomatic treatment is used for mild forms of COVID-19, while for mild to severe forms several drugs, which have proven effective both in vitro and in vivo, are recommended [16]. The therapeutic agents can be divided according to their mechanism of action and their use in inpatient or outpatient treatment (Table 1).



3.1. Entry Inhibitors and Direct-Acting Antiviral Drugs


Entry inhibitors and direct-acting antiviral drugs are active during the early replicative phase, as such, they must be administered during a short therapeutic window of 3–5 days after infection, and only in patients who have significant risk factors for a severe evolution of COVID-19. Rapid testing must be available to ensure a fast diagnosis and a “test to treat” system must be implemented and maintained in the medium/long term, even during periods of low viral circulation. In immunosuppressed patients (recipients of solid organ or bone marrow transplants, those with hematologic malignancies, or who are severely B-cell depleted, HIV infected patients, etc.), SARS-CoV-2 replication may persist for weeks or months, with prolonged viral shedding and potential high variability. Early treatment of these patients with potent antiviral drugs is essential to decrease morbidity and mortality, and to prevent further selection of viral variants. Combinations of antivirals may prove beneficial, but their use requires further investigation [22,23] (Figure 1).



3.1.1. Entry Inhibitors: Anti-Spike Monoclonal Antibodies


Anti-SARS-CoV-2 monoclonal antibodies (Mab) recognize specific epitopes on the viral spike protein, blocking receptor binding and membrane fusion. Neutralizing Mab can be isolated from convalescent patients’ memory B cells, using single-cell clonal amplification or by high-throughput single-cell RNA and VDJ sequencing of antigen-binding B cells [24].



Combinations of anti-SARS-CoV-2 Mab, binding to different regions of the spike glycoprotein, can efficiently inhibit viral replication, if administered during the first 7 days after infection, leading to a lower incidence of COVID-19-related hospitalizations and deaths. Adverse reactions are rare and usually mild. Safety in pregnancy and lactation is currently unknown, therefore administration to pregnant and breastfeeding women is not recommended. However, as the anti-spike Mabs act directly on the SARS-CoV-2 specific spike protein, and given the absence of cross-reactivity with tissues involved in reproductive or fetal function, no adverse effects on the developing fetus are anticipated [22]. There are no data on anti-spike Mabs use in patients younger than 12 years [25]. In the COV-2069 study, children aged 12 to 18 years had a similar safety profile to adults. Several Mab combinations, such as casirivimab/imdevimab (REGEN-COV®, Regeneron, Tarrytown, NY, USA) [26] and bamlanivimab/etesevimab (Eli Lilly and Company, Indianapolis, IN, USA) [27] were successfully used in patients with mild to moderate forms of SARS-CoV-2 infection, who were at high risk of progression to severe COVID-19, as well as for post-exposure prevention of COVID-19 disease [26]. Nevertheless, the emergence of viral variants, especially those with high immune evasion capacity, has rendered several combinations of monoclonal antibodies futile; WHO recommends using casirivimab/imdevimab in COVID-19 only when sufficient evidence addressing its activity is available [8].The Omicron variant, which harbors a high number and unusual profile of mutations in the spike glycoprotein, is highly resistant to antibody-mediated neutralization [28], and currently, only three Mabs preserve their efficacy against this variant: Sotrovimab; Bebtelovimab; and the combination Tixagevimab/cilgavimab.



Sotrovimab (Xevudy®, GlaxoSmithKline, Brentford, UK and Vir Biotechnology, Inc, San Francisco, CA, USA) is a recombinant human IgG1 monoclonal antibody that binds to a highly conserved epitope on the receptor-binding domain of the SARS-CoV-2 spike protein, situated outside the receptor-binding motif. It harbors two Fc amino acid substitutions (M428L and N434S) that increase its half-life and its lung bioavailability and allow placental transfer [29]. In vitro studies have shown that sotrovimab preserves a broad neutralizing activity against different SARS-CoV-2 variants and multiple other Sarbecoviruses [30]. The drug is recommended for the treatment of adults and adolescents (aged > 12 years and weighing at least 40 kg) with COVID-19, who do not require supplemental oxygen and who are at increased risk of progression to a severe form of COVID-19 [26]. A phase 3, multicenter, randomized, double-blind placebo-controlled trial—COMET-ICE—reported rapid improvement in the clinical evolution and decreased hospitalization rates for high-risk, non-hospitalized adults with symptomatic COVID-19 treated with sotrovimab early during infection, with no reports of severe adverse events [31].



Tixagevimab/cilgavimab (Evusheld®, AstraZeneca, Cambridge, UK) is a long-acting combination of two new recombinant human anti-SARS-CoV-2 antibodies, with broadly neutralizing activity in vitro (including Delta, Mu, and Omicron variants of SARS-CoV-2). The Mab combination is EMA and FDA approved for the pre-exposure prophylaxis of COVID-19 in adults and adolescents aged 12 years and older, weighing at least 40 kg. The combination is particularly recommended for severe to moderate immunosuppressed patients, with a high risk of severe disease or low post-vaccinal response, reducing the risk of symptomatic disease [32,33,34].



Bebtelovimab (LY-CoV1404, Eli Lilly and Company, Indianapolis, IN, USA) is a recently FDA-approved recombinant monoclonal IgG1κ antibody, with broad neutralizing activity, unaffected by the most common mutations present in all of the known variants of concern of SARS-CoV-2, including the Omicron subvariants BA1/BA2 [35].




3.1.2. Antivirals Targeting the RNA-Dependent RNA Polymerase (RdRp)


Several nucleos(t)ide analogs bind the viral RdRP, which remains to date unaffected by the mutations developed over time in the different SARS-CoV-2 variants, and induce the accumulation of deleterious mutations during genome replication.



Remdesivir (Veklury, Gilead Sciences, Foster City, CA, USA) is a nucleotide analog that competes with intracellular nucleosides for incorporation in the viral RNA and induces premature chain termination. Remdesivir is administered as a prodrug, metabolized intracellularly to an active metabolite, an analog of ATP. Its half-life of about 35 h allows a single dose administration daily. Treatment is recommended for 5–10 days, with a higher initial loading dose (200 mg on the first day), followed by a maintenance daily dose of 100 mg to reach a stable plasma concentration [36,37]



Timing is essential for remdesivir efficacy. Initially recommended for hospitalized patients, remdesivir was proven to be more efficacious during the first 7 days of SARS-CoV-2 infection. In high-risk outpatients (age > 60 years, diabetes, obesity, hypertension), an early, short, 3 days course of remdesivir significantly decreases the rates of hospitalization [38]. Conversely, patients who are already symptomatic for more than 7 days and require oxygen support have no clinical benefit after remdesivir administration, as shown by a large phase 3, adaptive, multicentered European trial—DisCoVeRy [39].



Currently, remdesivir is administered only intravenously, but more accessible administration routes are being evaluated in experimental models, for a more targeted delivery to the respiratory mucosa. Lower doses of remdesivir, administered by nebulization in African green monkeys, have delivered similar concentrations of the active metabolite in the bronchoalveolar fluid and have reduced viral replication in the lower respiratory tract [40]. In mouse models, treatment with an oral prodrug of the remdesivir parental nucleoside (GS-621763) reduced viral load, improved pulmonary function, and had similar efficacy with an already approved oral antiviral—molnupiravir [41].



Remdesivir is EMA and FDA approved for the treatment of both hospitalized patients (with COVID-19 pneumonia, requiring supplemental oxygen) and non-hospitalized ones (with mild to moderate forms of COVID-19, but at high risk for severe disease), aged ≥ 12 years and weighing ≥ 40 kg. The initial data on remdesivir efficacy came from the WHO SOLIDARITY study, that combined data from four clinical trials, showing a decrease in symptoms’ severity in patients treated with remdesivir, and a significant increase in life expectancy in critically ill patients [22,26].



Among the side effects of remdesivir observed during clinical trials, and further reported during clinical use on the FDA or EMA websites, are gastrointestinal reactions (constipation, nausea, vomiting, diarrhea), increased prothrombin time, hypersensitivity reactions, hepato-, and renal toxicity [42]. Therefore, monitoring of liver and kidney functions is recommended before and during remdesivir administration. Remdesivir is not administered if the glomerular filtration rate is less than 30 mL per minute, due to the presence of an excipient (sulfobutyl ether beta-cyclodextrin sodium) that accumulates in the kidney, causing renal toxicity [22]. Remdesivir is not approved for the treatment of COVID-19 in pregnant women, but it was used off-label on a small number of patients, with good efficacy and minimal side effects [26]. A large study on the safety of remdesivir administration in pregnant and breastfeeding women, conducted by the National Institute of Allergy and Infectious Diseases, US, is expected to be completed in 2022 [43]. Treatment with remdesivir was available through an emergency authorization for patients younger than 12 years, due to insufficient data on the pharmacokinetics and safety of the drug in these patients. The evidence for remdesivir use in children is limited. A study done in early 2021 on 77 children (under 18 years old, with an average age of 14 years) with severe forms of COVID-19, showed improvement in the symptomatology, with good tolerance and few side effects [23,44]. In April 2022 FDA has approved remdesivir use in pediatric patients 28 days of age and older weighing at least 3 kg, based on the efficacy results in adults and on the data from a phase 2/3, single-arm, open-label clinical study of 53 pediatric patients [45].



Molnupiravir (MK-4482-002, Merck Sharp Dome/Ridgeback Biotherapeutics), is a prodrug of N4-hydroxycytidine (NHC), a nucleoside analog, converted intracellularly to the pharmacologically active form: β-D-N4-hydroxycytidine (NHC), a ribonucleoside that acts as a substrate for the viral RNA-dependent RNA-polymerase, increasing the error rate during viral replication and inducing a process of lethal mutagenesis [46]. Molnupiravir is an orally administered drug, with a broad-range of antiviral activity on many RNA viruses (including the highly pathogenic coronaviruses SARS-, MERS-, SARS-CoV-2, and the seasonal and pandemic influenza viruses).



Molnupiravir has received an Emergency Use Authorization from the FDA [23], but, as of March 2022, is still under rolling review by the EMA. It is, however, used prior to marketing authorization in several European countries, for the treatment of mild to moderate forms of COVID-19 in unvaccinated adults (≥18 years) at serious risk for severe progression, especially when there is no other therapeutic alternative, during an emergency with an increased number of cases and deaths related to SARS-CoV-2 infection.



The efficacy and safety of molnupiravir, administered during the first 5 days after symptoms onset in non-hospitalized patients, were demonstrated in phase 3, a randomized, double-blind, placebo-controlled trial—MOVe-OUT. The most common side effects observed during the study were diarrhea and bacterial pneumonia, followed by nausea and dizziness [47]. Nevertheless, further studies signaled a rather limited clinical benefit, with only a 30% reduction in the hospitalization risk. Concerns related to a potential mutagenetic risk, raised during preclinical studies and not confirmed until now in humans, preclude molnupiravir use in pediatric patients and during pregnancy. A laboratory animal study showed impaired spermatogenesis and an increased risk of embryo-fetal toxicity in pregnancy, as such, consistent use of contraception methods is recommended for the duration of treatment and 4 days after the last dose of molnupiravir, and breastfeeding is prohibited [42].



Favipiravir (Avigan®-Fujifilm, Tokyo, Japan) is a nucleoside analog, with a wide spectrum of antiviral activity in vitro, mediated by RNA polymerase inhibition. The drug was approved in 2014 in Japan for the treatment of influenza virus infections and was repurposed for use in mild/medium forms of SARS-CoV-2 infections in patients with risk factors for progression. Several systematic reviews and meta-analyses on the efficacy of favipiravir in COVID-19 patients yielded contradictory results, with possible significant improvement in symptomatology and a more rapid viral clearance [48], but without differences in the mortality rate or requirement for mechanical ventilation compared to standard of care [49]. In terms of safety, gastrointestinal adverse reactions (diarrhea, vomiting), abnormal liver function (high transaminases), low albumin levels, and high blood uric acid levels were mainly reported during the studies [48].




3.1.3. Protease Inhibitors


Nirmatrelvir/Ritonavir (Paxlovid, Pfizer, Brooklyn, NY, USA) is an orally administered combination, approved by the EMA and FDA for use in patients older than 12 years and weighing more than 40 kg, with mild/medium forms of COVID-19, who have at least one risk factor for severe disease progression [50]. Nirmatrelvir is a potent protease inhibitor, with pan-human coronavirus antiviral activity in vitro, that selectively blocks the main SARS-CoV-2 protease (Mpro or 3CLpro), via a reversible covalent mechanism, inhibiting the polyprotein cleavage and formation of nonstructural proteins, essential for viral replication [51,52].



Nirmatrelvir is administered in combination with ritonavir, a potent inhibitor of cytochrome P450 CYP 3A4, that acts as a pharmacokinetic enhancer, increasing its plasmatic concentration. Ritonavir was previously used in active antiretroviral combinations, as a pharmacologic booster for HIV protease inhibitors. Nirmatrelvir/Ritonavir treatment administered during the first 3 days of symptomatic SARS-CoV infection induced a significant decrease in the hospitalization rate in a Phase 2/3, randomized, double-blind, placebo-controlled study—EPIC-HR [53]. The combination is safe and well-tolerated, however, due to multiple potential drug-to-drug interactions, especially with drugs that are potent CYP3A inducers or that are dependent on CYP3A for clearance, a careful individual assessment and monitoring are required before treatment initiation [26]. As a CYP3A4 inhibitor, ritonavir increases the serum concentration of drugs that are metabolized by this enzyme, so that associations with such drugs are not recommended, due to a potential increase in adverse reactions. A comprehensive, updated, free resource for drug interactions, with recommendations for dose adjustments, treatment interruptions, or replacements is available online at https://www.covid19-druginteractions.org/ (accessed on 15 March 2022).



The most common side effects observed in clinical trials with Nirmatrelvir/Ritonavir are dysgeusia, diarrhea, hypertension, and myalgia [50].



No teratogenic, embryo, or fetal toxicity in females and no impairment of fertility in males were observed during preclinical studies in rats [54], but, due to limited data, the combination is not recommended during pregnancy or breastfeeding [55,56]. Several in vitro and in vivo animal model studies showed that the circulating SARS-CoV-2 VOCs preserve susceptibility to nirmatrelvir treatment [57,58].





3.2. Immunomodulators


The hyperinflammatory syndrome induced by SARS-CoV-2, derived from a dysregulated host innate immune response, contributes to the severity and mortality in COVID-19, as such, immunomodulatory drugs are recommended for hospitalized patients with severe evolution. Immunomodulatory therapy decreases the inflammation and modulates the immune response, interfering with various pathogenic mechanisms and pathways.



3.2.1. Corticosteroids


Corticosteroids decrease the COVID-19-induced systemic inflammatory response, leading to an improvement in the clinical outcomes and a reduction in the 28-day mortality (8.7% in the critically ill and 6.7% in patients with severe COVID-19 who were not critically ill). Dexamethasone is the first-choice corticosteroid, widely used throughout the pandemic, with similar oral and intravenous bioavailability.



Corticosteroids are highly effective in hospitalized patients in severe or critical conditions, requiring mechanical ventilation, while in those with mild forms of the diseases, their use is not recommended [8]. Low-dose dexamethasone used in pregnant women requiring mechanical ventilation resulted in a decrease in COVID-19-induced complications, with a low risk of fatal adverse reactions. The international treatment guidelines do not recommend the use of corticosteroids in pediatric patients, as there are insufficient data to confirm extrapolation of corticosteroid doses used in adults for patients younger than 18 years [26].



Inhaled administration of corticosteroids might be recommended in COVID-19 patients, due to an anti-inflammatory effect in the respiratory tract, that can decrease the innate immune inflammatory responses and the macrophages’ infiltration in the lung tissue. In addition, inhaled corticosteroids can interfere with the replication of SARS-CoV-2, by downregulating ACE2 receptor expression, especially in patients with chronic obstructive pulmonary disease [22,59]. Nevertheless, the COVID-19 EMA pandemic Task Force is advising that there is insufficient evidence on the benefits of inhaled corticosteroids for people with COVID-19 with normal levels of oxygen [60].



The general safety profile of corticosteroids is well known, and the main side effects (including hyperglycemia, fluid retention, increased risk of opportunistic infections, and reactivations of latent infections) are manageable.




3.2.2. IL-6 Receptor Inhibitors


Interleukin 6 (IL-6) is a pro-inflammatory cytokine with pleiotropic functions in multiple processes, from hematopoiesis and metabolic regulation to inflammation, autoimmunity, and acute phase response. Increased IL-6 levels were demonstrated during the cytokine release storm underlying severe COVID-19. Two classes of IL-6 antagonists are currently evaluated by the FDA for the treatment of COVID-19: monoclonal antibodies against the IL-6 receptor (tocilizumab, sarilumab), and monoclonal antibodies anti-IL-6 (siltuximab) [26].



The REMAP-CAP study showed the efficacy of tocilizumab and sarilumab administered in combination with dexamethasone, with improvement in survival rates and reduced need for oxygen delivery in severely ill patients, compared to other treatments [61]. The current guidelines recommend the use of tocilizumab only in combination with corticosteroids, w/wo remdesivir, in hospitalized patients requiring supplemental oxygen. Due to more limited data, sarilumab is recommended only if tocilizumab is not available, for patients in need of mechanical ventilation/ECMO [62].



Tocilizumab (Actemra®, Roche, Basel, Switzerland) (alone or in combination with methotrexate) is recommended for rheumatoid arthritis. In 2021, it was approved by the EMA and FDA for the treatment of COVID-19 disease in both adults and pediatric patients (>2 years of age) on systemic corticosteroids who require supplemental oxygen or mechanical ventilation [63]. Monotherapy with tocilizumab does not improve the evolution in severe COVID-19 cases [64]. There are insufficient data to assess the passage of tocilizumab or sarilumab across the placenta or into breast milk, so treatment of pregnant or breastfeeding women is not recommended; the efficacy in pediatric patients was not yet demonstrated, although the drug is useful in juvenile polyarthritis [26,65].



Treatment with tocilizumab increases the liver enzymes levels in a dose-dependent manner. Neutropenia with severe infections, such as tuberculosis, other bacterial or fungal infections, and thrombocytopenia, were reported as tocilizumab-specific adverse reactions. Cases of bowel perforation were also reported [26].



Siltuximab (Sylvant®, Janssen Pharmaceuticals, Inc., Belser, Belgium) is a recombinant chimeric human-mouse monoclonal antibody that binds to IL-6, used in patients with Castleman’s disease. Currently, its use in COVID-19 is not recommended outside clinical trials, but pharmacological data support its potential benefits. A retrospective study conducted in Barcelona demonstrated that siltuximab is a well-tolerated alternative to tocilizumab in high-risk patients with SARS-CoV-2-associated pneumonia and high levels of C-reactive protein [66], its main adverse reaction is skin rash [26].




3.2.3. Interleukin-1 Inhibitors


The severity of COVID-19 positively correlates with the levels of inflammatory cytokines, including IL-1, a pro-inflammatory factor, overexpressed in severe COVID-19 cases requiring intensive care and mechanical ventilation. Drugs that block the IL-1 receptor (anakinra) or drugs that block IL-1 signaling (canakinumab) are used to reduce the inflammation and hyperactivation of the immune responses associated with systemic IL-1 release [26].



Anakinra (Kineret®, Swedish Orphan Biovitrum, Stockholm, Sweden (Sobi)/Savient Pharmaceuticals, East Brunswick, NJ, USA) is an IL-1 receptor antagonist, produced by recombinant DNA technology, and approved for the treatment and prophylaxis of rheumatoid arthritis. Anakinra was approved by the EMA at the end of 2021 for the treatment of severe COVID-19 [67], following positive results in placebo-controlled clinical trials, showing attenuation of the hyper-inflammatory syndrome and a reduction in the number of patients who experience progression to severe respiratory failure or death [68]. No major safety concerns were raised during anakinra use for the treatment of COVID-19. Reported side effects included neutropenia (particularly when given concomitantly with other drugs that decrease the number of leukocytes), headache, diarrhea, and flu-like symptoms [26]. Data on pregnancy and breastfeeding are limited, and the efficacy in children under 18 years of age is not yet established [67].



Canakinumab (Ilaris®, Novartis Pharmaceuticals Corp, Basel, Switzerland) is an anti-IL-1 human monoclonal antibody used in the treatment of systemic juvenile idiopathic arthritis and Still’s disease. Due to limited available data on the use of this drug in COVID-19 patients, the treatment guidelines recommend its use only in controlled clinical trials [69]. Studies on adult patients hospitalized with COVID-19 pneumonia have shown that in those with medium forms, canakinumab administration resulted in a rapid and long-lasting improvement in oxygenation levels, without severe adverse events [70], while in those with severe forms of the disease (pneumonia, hypoxia, and systemic hyper-inflammation) there was no benefit in terms of survival without mechanical ventilation [71]. However, more data are needed to determine the optimal time for the effect of canakinumab administration and its potential benefit for COVID-19 patients with respiratory failure. No serious or increased-frequency adverse reactions were reported in patients given canakinumab [26].




3.2.4. Janus Kinase Inhibitors


Janus kinase (JAK) inhibitors interfere with one of the critical cellular pathways involved in the inflammatory response: the JAK/STAT signaling pathway, blocking phosphorylation of STAT proteins (signal transducer and activator of transcription) and preventing inflammation and immune activation [8]. JAK inhibitors can be used as supplemental therapy in hospitalized patients receiving remdesivir and/or dexamethasone, who have signs of systemic inflammation and require rapid oxygen supplementation.



Baricitinib (Olumiant®, Eli Lilly and Company, Indianapolis, IN, USA), a clinically approved drug for rheumatoid arthritis, is a selective JAK1/JAK2 inhibitor with potent anti-inflammatory activity and a potential direct antiviral effect, by inhibition of the pivotal regulators of the ACE2 receptor that mediate the clathrin-dependent viral endocytosis [72]. Three clinical trials (ACTT-2, COV-BARRIER, STOP-COVID) evaluated the efficacy of baricitinib for COVID-19 treatment, with positive results, demonstrating a decrease in hospitalization lengths, duration of mechanical ventilation, and mortality [26]. Baricitinib was administered in monotherapy or in combination with other immunomodulatory and antiviral drugs. Co-administration of baricitinib and remdesivir improved the clinical outcome, compared to remdesivir alone, with a lower frequency of adverse effects [73]. Co-administration of baricitinib and corticosteroids was associated with a significant decrease in the short and medium-term all-cause mortality, with a safety profile similar to the standard of care [74]. No serious adverse reactions were reported and the drug can also be administered to children over 2 years of age [75].



Ruxolitinib (Jakafi®, Incyte Corp, Wilmington, DE, USA/Novartis, Basel, Switzerland), a selective JAK1/JAK2 inhibitor, and Tofacitinib (Xeljanz® Pfizer, Brooklyn, NY, USA), a JAK1/JAK3 inhibitor, are recommended in combination with corticosteroids, only if baricitinib or IL-6 inhibitors cannot be used. Currently, a beneficial effect on the clinical outcomes was not fully demonstrated, therefore their use in COVID-19 treatment remains limited [8].




3.2.5. Other Potential Immunomodulatory Drugs


Fluvoxamine, a selective serotonin reuptake inhibitor, and a sigma-1 receptor agonist, involved in the regulation of mitochondrial activity, was tested in COVID-19 patients for its anti-inflammatory and anti-hypoxic capacity. Several clinical trials suggested that an early administration of fluvoxamine in high-risk outpatients has potential benefits, reducing the need for hospitalization and improving the clinical outcomes, but without effect on mortality rates [76,77].






4. New Therapeutical Approaches for COVID-19


4.1. Broadly Neutralizing Antibodies


Broadly neutralizing antibodies, active against different variants of SARS-CoV-2, including Omicron, were isolated from convalescent plasma donors or vaccinated individuals [78]. Cryo-EM studies showed antibodies that were cross-reactive between sarbeco-, merbeco- and embecoviruses, and have flexible binding modes, targeting both the “up” and “down” conformations of the RBD [79]. The development of such ultrapotent antibodies directed towards conserved viral epitopes, with broad-spectrum activity against both wild-type and mutant virus strains, is an important strategy for COVID treatment [80,81] and a step forward towards a pan-coronavirus vaccine. In addition, innovative antibody delivery techniques, such as inhaled antibodies, might offer a convenient, highly accessible method for COVID-19 prevention.



Nanobodies (Nbs) are single-domain antibodies, similar to the heavy-chain-only antibodies initially isolated from camelids and cartilaginous fish [82]. Nbs have a truncated structure, without any light chains and with a single variable domain in the two heavy chains (VHH), representing the antigen-binding region. Nbs exhibit ideal attributes for large-scale manufacture and have numerous advantages over classical human antibodies: ultra-high antigen-binding affinity, due to a very long CDR3, that can access otherwise inaccessible epitopes; recognition of a higher diversity of paratopes; good physicochemical qualities with increased solubility; good tissue penetration; and high stability, allowing for oral or inhalation administration. Bi- or multi-specific heavy chain antibodies and nanobody-drug conjugates are tested as antitumoral therapeutic strategies and can be used to prevent or treat inflammatory and infectious diseases [83].



Caplacizumab, a bivalent single-domain antibody, is the first nanobody-based medicine approved by the EMA and FDA in adults with thrombotic thrombocytopenic purpura and thrombosis in November 2018, and February 2019, respectively [84]. Due to their high antigen affinity and stability, nanobodies can be administered in oral or inhaled versions and might be beneficial for COVID-19 non-hospitalized patients, during the early stages of the disease, acquiring high pulmonary concentrations with minimal systemic adverse effects [85,86].



Nanobodies able to recognize the RBD of different variants of SARS-CoV-2 were identified using phage display libraries derived from camels and llamas immunized with SARS-CoV-2 spike protein or receptor-binding domain [87]. Engineered multivalent nanobodies constructs with superior neutralizing activity can block SARS-CoV-2 entry, either by inhibition of receptor binding or by inducing conformational modifications that prevent viral–cell fusion [88]. In experimental mice models, prophylactically administered combinations of bivalent nanobody-Fc fusions, recognizing different epitopes in SARS-CoV-2 RBD, were able to decrease viral replication [89].



Nanobodies that target chemokines or cytokines, can be customized to modify inflammatory responses in COVID-19 disease [90]. Previously, several studies using the phage display method to elicit nanobodies directed towards cytokines were published, proving higher efficacy compared to the traditional cytokine blocking antibodies [91,92].




4.2. Novel Viral Entry Inhibitors


Bemcentinib is a selective inhibitor of the AXL receptor tyrosine kinase, that mediates uptake of the apoptotic bodies, used by SARS-CoV-2 in a process of apoptotic mimicry, to adhere to and internalize into the host cells. Bemcentinib is currently tested in two phase 2b clinical trials in hospitalized COVID-19 patients. The first study recently reported the short-term efficacy results, with minor benefits in the primary trial endpoints (time to improvement by two points on the WHO ordinal scale or time to discharge), but with potentially significant clinical benefits in a key secondary endpoint (avoidance of clinical deterioration) [93].




4.3. Inhibitors of Host Transmembrane Surface Protease TMPRSS2


Camostat mesylate, an oral serine protease inhibitor, primarily used for symptomatic treatment in gastrointestinal tract disorders, is a potent inhibitor of the TMPRSS2 protease used by SARS-CoV-2 to prime and activate the spike protein. Randomized, double-blinded studies, with clinical endpoints including viral load, number of hospitalization days, and mortality, show that camostat mesylate might be a promising repurposed drug, with a very good safety profile in humans [94].



N-0385 is a small peptidomimetic molecule, an inhibitor of TMPRSS2, that shows high efficacy in vitro on several SARS-CoV-2 variants (Alpha, Beta, Gamma, Delta) at low, nanomolar concentrations. The drug demonstrated a potential prophylactic and therapeutic effect during experimental intranasal infection in a transgenic mouse model, that expresses the human ACE2 receptor driven by a keratin promoter [95]. Further studies are necessary to evaluate the efficacy of this compound on the Omicron variant, which was shown to have a decreased use of TMPRSS2 and a preference for endocytosis dependent cell entry, with altered spike processing and reduced fusogenicity [96].




4.4. Interferons


A limited and delayed interferon (IFN) response might stimulate an uncontrolled viral replication and an aberrant immune response, leading to severe forms of SARS-CoV-2 infection. Patients with errors in the type I IFN activating pathways and those with autoantibodies neutralizing type I IFN are prone to a severe course of COVID-19 [97,98].



Systemic and inhaled IFN alpha and beta were administered in hospitalized patients, either alone or in combinations with antivirals, such as remdesivir or ribavirin, without major clinical benefits [99,100].



Interferon lambda has a limited inflammatory activity, due to a more restricted distribution of its IFNLR1/IL10R2 receptors, on epithelial and immune cells [101]. Small randomized clinical trials with peginterferon lambda did not show significant clinical benefits for non-hospitalized patients [102], although an accelerated suppression of viral replication was demonstrated [103].



Interferons can inhibit cell division, as such, treatment is associated with flu-like symptoms, nausea, fatigue, weight loss, hematological toxicities, alopecia, elevated transaminases, and psychiatric problems (e.g., depression, suicidal ideation) can most often occur. Concomitant treatment with immunomodulatory drugs or chemotherapeutic agents is not recommended, due to an increased risk of toxicity. Administration in pregnancy is not safe, as congenital anomalies in the fetus or spontaneous abortion may occur. There are insufficient data for interferons’ administration in children [26].





5. Conclusions


Information related to the structure, replication, and epidemiology of zoonotic coronaviruses has slowly accumulated after SARS and MERS CoV-2 emergence, and the development of therapeutical molecules were inherently limited. Huge collaborative studies initiated during the SARS-CoV-2 pandemic spread have triggered the discovery and testing of several monoclonal antibodies’ combinations that block viral entry and of small molecules with direct antiviral activity, inhibitors of the viral RNA polymerase or the main viral protease, that can potentially change the clinical outcomes of COVID-19. A rational therapeutic use is needed to preserve their efficacy, to avoid drug-resistance, and to identify the most vulnerable patients who might benefit from early administration. New therapeutic and prophylactic strategies are warranted in order to avoid the major societal and economic disruption caused by SARS-CoV-2 variants and by other potential zoonotic coronaviruses, that might cause future viral outbreaks.
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Figure 1. Diagram of direct acting antivirals in SARS-CoV-2 infection. 
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Table 1. Drugs currently used for COVID-19 therapy.
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Therapeutic Agent

	
Pharmacological

Classification

	
Mechanism of Action

	
Outpatient

	
Inpatient






	
Sotrovimab

	
Entry inhibitors-Anti-Spike Monoclonal Antibodies

	
Bind to the spike protein of SARS-CoV-2, inhibiting attachment to the ACE2 receptor

	
✔

	
✔

✔




	
Tixagevimab/cilgavimab

	
✔

	
✔




	
Bebtelovimab

Casirivimab/imdevimab *

Bamlanivimab/etesevimab *

	
✔

	
✔




	
Remdesivir

	
Antivirals targeting the RNA-dependent RNA polymerase (RdRp)

	
Inhibition of viral genome replication

	
✔

	
✔




	
Molnupiravir

	
✔

	




	
Nirmatrelvir/Ritonavir

	
Protease inhibitors

	
Inhibit polyprotein cleavage and the formation of non-structural proteins essential for viral replication

	
✔

	




	
Corticosteroids

	
Immunomodulators

	
Decrease inflammatory response

	
✔

	
✔




	
Tocilizumab

	
Anti-Interleukin-6 Receptor Monoclonal Antibodies

	
Interleukin (IL)-6 receptor antagonists, inhibition of IL-6 signaling pathway

	

	
✔




	
Sarilumab

	

	
✔




	
Siltuximab

	

	
✔




	
Baricitinib

	
Janus kinase inhibitors

	
Selective JAK1/JAK2 inhibitors

	

	
✔




	
Ruxolitinib

	

	
✔




	
Anakinra

	
Monoclonal antibody anti IL1 beta receptor

	

	

	
✔








* low/no efficacy against SARS-CoV-2 Omicron variant.
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