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Abstract

:

Aprotinin (APR) was discovered in 1930. APR is an effective pan-protease inhibitor, a typical “magic shotgun”. Until 2007, APR was widely used as an antithrombotic and anti-inflammatory drug in cardiac and noncardiac surgeries for reduction of bleeding and thus limiting the need for blood transfusion. The ability of APR to inhibit proteolytic activation of some viruses leads to its use as an antiviral drug for the prevention and treatment of acute respiratory virus infections. However, due to incompetent interpretation of several clinical trials followed by incredible controversy in the literature, the usage of APR was nearly stopped for a decade worldwide. In 2015–2020, after re-analysis of these clinical trials’ data the restrictions in APR usage were lifted worldwide. This review discusses antiviral mechanisms of APR action and summarizes current knowledge and prospective regarding the use of APR treatment for diseases caused by RNA-containing viruses, including influenza and SARS-CoV-2 viruses, or as a part of combination antiviral treatment.
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1. Introduction


Over 100 viruses can infect the cells of the respiratory tract and cause diseases in humans. The most frequent causative viruses of these respiratory diseases are adenoviruses, rhinoviruses, human coronaviruses, parainfluenza viruses, human metapneumovirus, respiratory syncytial virus hantavirus, influenza virus (IV), and severe acute respiratory syndrome (SARS) coronavirus (CoV) [1]. IV and CoV are among the most dangerous respiratory viruses causing pandemics. Thus, the Spanish influenza pandemic of 1918 resulted in the death of at least 50 million people worldwide [2], and the COVID-19 pandemic in 2019–2023 resulted in about seven million deaths [3]. Other estimates of the global number of deaths during the COVID-19 pandemic approaches 20 million [4,5,6].



There are four types of IVs: A, B, C, and D. Influenza A (IAV) and B (IBV) viruses cause seasonal epidemics in humans (known as “flu” season). Diseases range from mild to severe and even fatal. Worldwide, annual epidemics result in approximately three–five million cases of severe illness and approximately 290,000 to 650,000 deaths from respiratory diseases [7]. Only IAV cause pandemics in humans. Three influenza pandemics occurred in the 20th century: in 1918 (Spanish influenza, caused by A(H1N1), the deaths of 50–100 million people), 1957 (Asian influenza, caused by A(H2N2), the deaths of 1.1 million worldwide and 116,000 in the United States), and 1968 (Hong Kong influenza, caused by A(H3N2), the deaths of one million worldwide and about 100,000 in the United States). In addition, three influenza pseudo pandemics are known: in 1947 with low mortality rates, an epidemic in 1977 that was a pandemic among children, and swine influenza in 1976 that was feared to have pandemic potential [8]. In April 2009, a new pandemic A(H1N1)pdm09 virus appeared in Mexico and California, the United States, and was responsible for the first influenza pandemic of the 21st century [9]. CDC estimated that 151,700–575,400 people worldwide and 12,469 in the United States died from A(H1N1)pdm09 virus infection during the first year the virus circulated [10]. One of the candidates that could cause a pandemic in the future is a highly pathogenic avian A(H5N1) virus [11].



IBV cause a milder disease than some strains of IAVs, such as A(H3N2), but more active than A(H1N1) virus [12,13]. IBVs replicate, as do seasonal IAVs, in the cells of the upper respiratory tract, human bronchi, and occasionally in the lungs. IBVs infect ciliated, club, goblet, and basal cells in human airway organelles. Like seasonal IAVs, IBVs are low inducers of pro-inflammatory cytokines and chemokines. IBVs prefer the conductive airways over the lower lung [14]. In fact, numerous studies have shown increased activity of IBV in relation to the development of severe disease and mortality. IBVs have a significantly higher mortality rate in children compared to IAVs [15,16]. These data strongly refute claims that influenza B is a milder version of influenza. In humans, IBVs evolve slower than IAVs and faster than influenza C viruses (ICVs) [17,18].



Since the mid-1960s, seven CoVs were identified that can infect humans [19], four of them (OC43, HKU1, 229E, NL63) tend to cause mild symptoms. The other three human CoVs, MERS-CoV, SARS-CoV-1, and SARS-CoV-2, tend to cause severe respiratory syndromes [20]. SARS-CoV-1 [21] is a strain of CoV that causes SARS, the respiratory illness responsible for the 2002–2004 SARS outbreak [22]. MERS-CoV is a viral respiratory infection caused by Middle East Respiratory Syndrome related CoV first reported in Saudi Arabia in 2012 [23,24,25]. By July 2015, MERS-CoV cases had been reported in over 21 countries, in Europe, North America, and Asia as well as the Middle East (over 2600 cases) [26]. SARS-CoV and MERS-CoV are highly pathogenic CoVs that cause serious illness and about 10% and 36% mortality, respectively [27].



In December 2019 in Wuhan, China, the new SARS-CoV-2 outbreak was first reported and has turned out to be a global health emergency, causing COVID-19 to become another major RNA virus pandemic [3,28,29]. The COVID-19 pandemic ended only on 5 May 2023 [3] and has killed millions of people around the world and upended daily life in previously unimaginable ways [30]. In almost three years, SARS-CoV-2 has spread to 210 countries around the world. Globally, as of 3 May 2023, there have been 765,222,932 confirmed cases of COVID-19, including 6,921,614 deaths (0.9% mortality), reported to WHO [31].



Development of optimal control measures against emerging viruses, especially those with pandemic potential, is an important goal. Vaccination is considered the best option for the control of viral diseases, but it would take 3–6 months to produce pandemic-matched, effective vaccines. Therefore, antiviral drugs can be an initial control measure. One of the promising candidates for the prevention and treatment of acute respiratory virus infections is aprotinin (APR) due to its ability to inhibit proteolytic activation of some viruses, and its activity against a broad range of viruses, including IVs and SARS-CoV-2. APR (Figure 1) was discovered in 1930 as an “inactivator” of kallikrein in bovine lymph nodes [1] and in 1936, as an inhibitor of bovine pancreatic trypsin [2]. It is also known as a bovine pancreatic trypsin inhibitor (BPTI) and a trypsin-kallikrein inhibitor (TKI). According to X-ray crystallography, BPTI has a three-dimensional pear-shaped molecule structure. The polypeptide chain is folded so that hydrophobic radicals are concentrated inside the molecule, while all hydrophilic radicals, with the exception of the side chain of Asp-43, are outside the molecule, exposed to the aqueous environment. This arrangement results in a very compact tertiary structure and is mainly responsible for the remarkable stability of APR against denaturation at high temperature, acids, alkalis, and organic solvents or proteolytic degradation. Other interesting features of APR are, on the one hand, its strongly dipolar character due to the concentration of negatively charged radicals at one end of the molecule, i.e., in the lower part of the pear, and on the other hand, its strong basicity molecules with an isoelectric point close to 10.5 [13,14,15]. It should be noted that, due to incompetent interpretation of several clinical trials to reduce perioperative blood loss and the need for blood transfusions in patients undergoing coronary artery bypass grafting with cardiopulmonary bypass [32,33,34,35,36,37], the usage of APR was nearly stopped for several years worldwide [38]. After incredible controversy in the literature [39,40,41,42,43,44] and re-analysis [38,41,42,43,44,45,46,47,48,49,50,51,52] of clinical trial data [32,33,34,35,36,37], restrictions on the use of APR were lifted worldwide in 2011–2020 [52,53,54,55]. This review discusses inhibitory activity and antiviral mechanisms of APR action and summarizes current knowledge and prospective regarding the use of APR prophylaxis and treatment for diseases caused by RNA-containing viruses, including IVs and SARS-CoV-2, or as a part of a combination antiviral treatment.



1.1. APR Inhibitory Activity


APR is a typical “magic shotgun” [59,60,61,62] pharmacological agent that reduces bleeding and limits the need for blood transfusion in cardiac and noncardiac surgeries [63,64,65]. It is also a promising drug in antiviral therapy [66,67] and especially in combination with other drugs [67,68].



APR is a competitive pan-protease inhibitor that forms loose complexes with serine proteases and blocks their active sites. It inhibits trypsin, chymotrypsin, and plasmin at a concentration of about 125,000 cfu/mL (KIU/mL) and kallikrein at a concentration of 300,000 cfu/mL (Table 1). Its action on kallikrein leads to inhibition of the formation of factor XIIa. As a result, both the internal coagulation pathway and fibrinolysis are inhibited. The action of APR on plasmin independently slows down fibrinolysis [69,70,71,72]. In addition, APR also inhibits the action of nitric oxide synthase types I and II and impairs K+ transport through Ca2+-activated K+ channels [73] and interacts with other factors of the coagulation and fibrinolytic cascade, creating a hemostatic balance without increasing the risk of thrombosis.



APR is an effective anti-inflammatory drug [74,75,76,77], which is called a “broad-spectrum anti-fibrinolysin” because of its anti-inflammatory and endothelial-modulating effects [78]. It has multiple actions that may suppress the inflammatory response, including attenuating platelet activation, maintaining platelet function, decreasing complement activation, inhibiting kallikrein production [79], decreased release of TNF-α [80], IL-6 and, IL-8 [81], inhibition of endogenous cytokine-induced iNOS induction [82], decreased CPB-induced leukocyte activation [79,83], and inhibition of up-regulation of monocyte and granulocyte adhesion molecules [84,85]. It may reduce lung injury, reduce bronchial inflammation [86], and attenuate reperfusion lung injury [87].



APR is an inhibitor of host serine proteases that cleaves the hemagglutinin (HA) glycoprotein of IVs and thus reduces the virus replication. In particular, it has been shown that plasmin cleavage of HA glycoprotein of IVs can be prevented by APR. The HA glycoprotein of IVs consists either of the precursor HA (75,000 kDa) or of its subunits HA1 (50,000 kDa) and HA2 (25,000 kDa). IVs cannot initiate infection of host cells unless the HA is proteolytically cleaved [88]. The HA1 and HA2 subunits are significantly more infectious than the HA precursor [89]. The HA glycoprotein of IVs plays a critical role in viral binding, fusion, and entry. That is why HA is an attractive target for inhibition of the initial stage of host cell infection with IVs. [90,91,92]. APR inhibits transmembrane protease serine S2 (TMPRSS2), which is essential in proteolytic activation of a broad range of viruses, including IVs and SARS-CoV-2 [93].




1.2. Adverse Effects of APR


The use of APR in major surgeries began in the 1960s, and the first publications addressing the anti-influenza activity of APR appeared in the early 1970s [94]. APR was generally well tolerated in patients undergoing surgery in clinical trials [95]. An important side effect with APR is hypersensitivity, including skin rashes, itching, dyspnea, nausea, tachycardia, and a fatal anaphylactic or anaphylactoid reaction (shock). The frequency of hypersensitivity reactions ranges from <0.1% to 5% [96,97,98,99]. Moreover, maximum hypersensitivity up to 5% was observed if patients were repeatedly exposed to APR within six months after initial administration [99].



Therefore, all intravenous doses of APR are administered through a central catheter. An initial (test) dose of 1 mL (10,000 KIU) APR is administered intravenously at least 10 min before the loading dose that is administered as a constant infusion dose (1M-2M KIU) [95].



An important side effect with APR is also a clinically significant but transient increase in serum creatinine and the potential for increased renal events. An increase in serum creatinine occurs in about 8% of patients and may persist for up to nine days. The mechanism is probably reuptake in the proximal tubules [100]. These effects are most common in patients with existing renal dysfunction [101].





2. Antiviral Treatment of Influenza


2.1. The Structure IAV, Function of Its Proteins, and HA Cleavage of IVs


The IAV genome is a negative-sense, single-stranded, segmented RNA genome which is divided into eight segments that encode at least 11 viral proteins (Figure 2) [102]. The IAV is an enveloped virus consisting of an outer lipoprotein envelope and an inner ribonucleoprotein (RNP). The virus envelope contains four proteins: HA, neuraminidase (NA), the transmembrane ion channel matrix 2 (M2), and a small amount of the nuclear export protein (NEP). RNP contains RNA and four polypeptides: the main nucleocapsid protein (NP), polymerase basic 2 (PB2), polymerase basic 1 (PB1), and polymerase acidic (PA). Both modules are connected to each other by the matrix 1 (M1) protein, which maintains viral integrity [103].



The HA attaches virions to sialic acid (SA) fragments of host receptors; NA is not required for viral replication but required for budding of newly formed viral particles from the surface of infected cells. It facilitates virus movement to the target cell by cleavage of SA receptors from respiratory tract mucins, and helps the release of virions from infected cells; the M1 protein is a membrane-binding and RNA-binding protein and forms a coat inside the viral envelope, determines the virion’s shape, interacts with vRNP and other cytoplasmic domains of integral membrane proteins, increases vRNPs export and decreases import, and helps assembly and budding of virions; the M2 protein is vital for viral replication, forms a proton channel in the virus envelope, lowers the pH inside the viral particle to promote uncoating of RNPs, modulates Golgi’s pH, and helps to stabilize HA’s native conformation during virus assembly; the nonstructural protein 1 (NS1) acts as a promoter of viral replication and an inhibitor of the host's immune response; NP binds nonspecifically to single-stranded RNA (ssRNA), encapsidates viral RNA, and helps recruiting RNA polymerase for synthesis of viral positive-sense RNA (cRNA); the NS2/NEP protein promotes viral RNA replication, regulates vRNP’s export from the nucleus to the cytoplasm, RNA nuclear export, and interacts with the viral M1 protein; the PA has presumably helicase-like functions and is important for viral transcription and assembly of the polymerase complex; the main PB1 responsible for elongation of the primed nascent viral mRNA is located in the nucleus of infected cells, enhances the association of three subunits of the RNA polymerase complex; the PB2, located in the nucleus of infected cells, signals the viral polymerase passage to the host’s nucleus, enhances the formation of the cap structures necessary for viral messenger RNA (mRNA) transcription, located in the mitochondria of infected cells, inhibits Interferon-β (IFN-β), and helps determine host range [104]; the PB1-F2 protein contributes to viral pathogenicity [105]. Virus entry into the host cell, replication, assembly, and movement of the IVs virions are detailed in the reviews [106,107,108].



The TMPRSS2 is expressed in epithelial cells of the human respiratory tract and cleaves (activates) the HA glycoprotein of IAVs and IBVs into HA1 and HA2 subunits to allow virus fusion with host cell receptors [109,110,111]. It was first identified in 2006 by Bottcher and colleagues [109]. Along with TMPRSS2 [109], host proteases with trypsin-like activity, such as TMPRSS4, TMPRSS11D, ST14, KLK5, KLK12, TMPRSS11E, and TMPRSS13, have also been shown to cleave HA glycoprotein of IAVs and IBVs and support viral replication in cell cultures [111,112,113,114,115,116]. At the same time, the proteases prostasin, hepsin, TMPRSS3, TMPRSS6, TMPRSS9, TMPRSS10, TMPRSS11B, and TMPRSS11F do not activate HA glycoprotein of IAVs and IBVs when co-expressed in mammalian cells [114,117,118,119].



Mice deficient in TMPRSS2 expression were protected from lethal challenge with A(H7N9) or A(H1N1)pdm09 viruses but were resistant to challenge with A(H3N2) virus. This suggests that activation of HA glycoprotein of A(H3N2) virus is independent of TMPRSS2 [120,121,122,123].



TMPRSS2 was found to be crucial for proteolytic activation of the avian IAVs of H1-H11, H14, and H15 subtypes in human and mouse airway cells [124]. Only H9 (with a R-S-S-R cleavage site) and H16 avian IAVs were proteolytically activated in the absence of TMPRSS2 activity, albeit with reduced efficiency. It was also shown that in human and murine airway cells, TMPRSS2 is the major activating protease of IAV of almost all HA subtypes having a monobasic HA cleavage site. An additional exception was HA of IBVs in human and mouse respiratory cells, which did not depend on TMPRSS2 activation [123].



Proteolytic cleavage regulates numerous processes in human metabolism and immune responses. One key player is the ubiquitously expressed serine protease furin, which cleaves a plethora of proteins at polybasic recognition motifs. Mammalian substrates of furin include cytokines, hormones, growth factors, and receptors [125]. Generally, HA of human and low pathogenic avian IAVs cannot be cleaved by furin as they usually only harbor a mono- or dibasic HA cleavage site. Instead, they depend on trypsin-like proteases such as TMPRSS2 or human airway trypsin-like protease for activation [109]. Expression of such trypsin-like proteases is largely restricted to the respiratory and gastrointestinal tract. In contrast, HA of many highly pathogenic avian influenza A(H5N1) and A(H7N9) viruses can be cleaved by furin or PCSK5, which are present in many cell types [126]. Thus, the ability to exploit furin for efficient HA cleavage and the associated increase in pathogenicity are determined by the presence of a furin consensus target site, but also by adjacent residues and the absence of masking oligosaccharide chains.




2.2. Antiviral Drugs Available for Influenza Treatment


Influenza affects about 3% to 10% of the world’s population annually. The most common complications of influenza include viral [127] or bacterial co-infections [128,129], which lead to the death of about half a million people each year [130]. CDC estimates that influenza caused 29–41 million illnesses, 380,000–710,000 hospitalizations, and 22,000–38,000 deaths annually between 2010 and 2020 [131,132].



During the influenza season in the United States, mortality attributed to influenza associated with pneumonia ranges from 5.6% to 11.1% [133]. In a cohort study including laboratory-confirmed influenza cases, those admitted with pneumonia, were more likely to require admission to an intensive care unit (ICU, 27% vs. 10%), mechanical ventilation (18% vs. 5%), and higher risk of death (9% vs. 2%) [134]. In 2020, the CDC ranked influenza complicated with pneumonia as the ninth leading cause of death in the United States [135].



Vaccination is considered the most effective strategy for preventing and controlling influenza in humans [7,130]. However, current influenza vaccines have several limitations, including their limited efficacy when there is an antigenic mismatch between the vaccine composition and circulating viruses [7]. The effectiveness of seasonal prophylaxis with influenza vaccines developed over several decades ranges from 10% to 60% [135,136,137].



There are currently seven viral target proteins, including nine antivirals approved for the treatment of influenza (Table 2) [138,139,140,141,142,143,144,145].



Historically, treatment options for influenza infections were limited to four classes of virus protein-specific drugs targeting M2, NA, PB1, or PA proteins. The first of them, inhibitors of ion channel activity of M2 protein (amantadine, rimantadine) are active only against IAV [146]. M2 inhibitors have lost their relevance because IAVs are resistant to these compounds [147,148,149] and IBVs are insensitive to M2 inhibitors [138,148,150,151].



The NA inhibitors (NAI) are targeting the surface of NA glycoprotein (oseltamivir, zanamivir, peramivir, and laninamivir), and act against IAV, IBV, and ICV. The prevalence of viruses resistant to NAIs in global circulation is generally low (<2.0%) [152]. However, with only a single oral-dosed NAI oseltamivir available on the market, the development of new and improved anti-influenza drugs is important [152,153,154]. The drug candidate effective against oseltamivir and zanamivir resistant viruses is the NAI AV5080 [155,156].



Favipiravir (FVP) is an inhibitor of the RNA-dependent RNA polymerase (RdRp) of a broad range of RNA viruses, and it inhibits viral RNA synthesis as a chain terminator [157]. Emerging IV, with antigenically distinct surface glycoproteins and composition of internal genes than seasonal IV, cause severe disease and high mortality rates—53.5% for A(H5N1) [158] and 34% for A(H7N9) virus infections [159]. FVP demonstrated antiviral activity against different subtypes of IV in animal models, including highly pathogenic A(H5N1) and oseltamivir resistant viruses [160,161,162,163]. FVP was more efficacious than oseltamivir in inhibiting replication of the A/Puerto Rico/8/1934 (H1N1) virus in vitro and the protection of mice infected with a high dose of this virus [164]. Following clinical trials, FVP was approved for restricted use and pandemic stockpiling in Japan in 2014 [165]. The results of two randomized, double-blind, placebo-controlled phase 3 (US316 and US317) international trials of FVP treatment of uncomplicated influenza in adults have recently been published. US316 (NCT02026349) was conducted in 14 countries in Africa, Europe, Asia, Australia and New Zealand, and the United States over three influenza seasons between January 2014 and March 2015. US317 (NCT02008344) was conducted in 10 countries and territories in the Americas between December 2013 and February 2015. In both studies, FVP demonstrated a decrease in viral titers within 1–5 days after initiation of treatment and the median time to loss of virus detection decreased by 23.2–24.0 h compared with placebo (P < 0.001). Adverse events were generally mild or moderate. The authors recommended to conduct additional studies and investigate higher FVP doses and drug combinations for the treatment of severe influenza and other RNA-containing viral infections [166].



Baloxavir marboxil (BXM) is a prodrug of the biologically active baloxavir acid (BXA) and inhibits cap-dependent endonuclease (CEN) activity of PA proteins of IAV, IBV and ICV. BXM is the first inhibitor of this type approved in Japan (2018), the United States (2018), and Europe (2021) [167,168,169]. A significant advantage of BXM over NAIs is its weight-adjusted single oral dose administration regimen [170,171]. The emergence of IV with PA-I38T substitution was already detected on day three after treatment with BXM (range three–nine days), and in most cases this occurred on day five and may lead to virus rebound [172,173,174]. The BXM analog AV5124 (prodrug of AV5116) exhibited low cytotoxicity in MDCK cells and lacked mitochondrial toxicity, resulting in favorable selective indexes. AV5116 was equipotent or more potent in vitro than BXA against wild-type viruses and viruses with reduced BXA susceptibility carrying a PA-I38T substitution [175]. AV5124 showed promising efficacy as an anti-influenza drug candidate in a mouse animal model [144,175,176], and treatment with 20 mg/kg or 50 mg/kg prevented death in 60% and 100% of animals, respectively [176].



Host-targeted antiviral drugs, such as inhibitors of proteolytic activation of the HA glycoprotein of IVs (serine protease inhibitors), only recently appeared in influenza therapy. This group includes camostat, nafamostat [177], and APR [178]. However, in contrast to the efficacy in vitro [179], the clinical efficacy of camostat and nafamostat is still unclear. At the same time, a hand-held metered-dose inhaler containing APR (AerusTM) for the treatment of influenza was developed and is used in Russia [109,180,181].




2.3. APR for Influenza Treatment


In our opinion, the main advantages of APR over existing/proven antiviral drugs are its TMPRSS2 activity, thus inhibiting virus entry into host cells and virus replication [112,118,119,182,183]. It is an excellent partner for combination therapy because it has a different mechanism of anti-influenza action than existing/approved antiviral drugs. In addition, it inhibits the processes of inflammation [63,74,75,76,77] and vascular thrombosis [70,71,72,73], which are very important in the treatment of complications (particularly pneumonia) caused by influenza infection.



The first publications reporting the anti-influenza activity of APR appeared in the early 1970s. It was shown that cleavage of the HA glycoprotein of IV by plasmin can be prevented by Kunitz trypsin inhibitors from bovine pancreas, i.e., by APR [94]. APR has been actively studied as an anti-influenza drug since the early 1980s. It should be noted that a significant contribution to these studies was made by Zhirnov and colleagues [89,178,179,184,185,186,187,188]. They demonstrated APR activity against a number of IAVs: A/Puerto Rico/8/1934 (H1N1) [89,178], A/Aichi/2/1968 (H3N2) [89,188], A/California/04/2009 (H1N1)pdm09 [178], A/Hamburg/05/2009 (H1N1)pdm09 [178], and oseltamivirresistant A/Brisbane/10/2007 (H3N2) [189]; and IBVs: B/Hong Kong/1973 [187,190] and B/Lee/1940 [187,190].



More recently, Song et al. [145] investigated antiviral APR activity in vitro among different IAV subtypes, including seasonal human IAVs [A/Puerto Rico/8/1934 (H1N1), A/California/04/2009 (H1N1)pdm09, A/Philippines/2/1982 (H3N2), A/Brisbane/10/2007 (H3N2)], avian IAVs [A/aquatic bird/Korea/CN2/2009 (H5N2), A/aquatic bird/Korea/CN5/2009 (H6N5), A/chicken /Korea/01310/2001 (H9N2)], and oseltamivirresistant IAV: [A/Brisbane/10/2007 (H3N2)] and IBV [B/Seoul/32/2011 (Yamagata-like lineage)]. The APR EC50 values against different IAV ranged from 11 nM to 110 nM and were 39 nM for IBV [191]. The anti-influenza activity of APR was confirmed in mice lethally challenged with A/Puerto Rico/8/1934 (H1N1) virus [191].



In 2011, Zhirnov et al. suggested an aprotinin-based aerosol preparation for treatment of respiratory viral infections [192]. Zhirnov et al. showed the efficacy of aerosol formulation of APR for the treatment of experimental influenza and parainfluenza bronchopneumonia in mice [109,180,181,193,194,195,196,197,198]. In humans, APR aerosol demonstrated efficacy against natural influenza and parainfluenza infections when administered by inhalation using a manual aerosol inhaler Aerus® [109,181]. The study was conducted in Russia during the winter–spring outbreak of influenza caused by the pandemic A(H1N1)pdm09 virus. Patients inhaled two aerosol doses of APR (160 KIU) three times a day for four–five days. In the comparison group, patients received a single oral dose of Ingavirin™ (90 mg) for five days. The authors found an approximately 10-fold reduction in viral load in patients treated with APR compared to those treated with Ingavirin™. The duration of clinical symptoms such as rhinorrhea, weakness, headache, sore throat, cough, chest pain, and fever was one–two days shorter in the APR-treated group than in the Ingavirin™-treated group. Side effects and discomfort in patients of the APR group were not detected [192].



Acute myocarditis is a well-known complication of influenza infection and a common prelude to inflammatory dilated cardiomyopathy (DCM) that can lead to chronic heart failure [181,199]. IAV-induced trypsin expression in the myocardium triggers acute viral myocarditis through stimulation of IAV replication, pro-MMP-9 activation, and cytokine induction. It was reported that inhibition of trypsin can prevent DCM with improvement in cardiac function after A/Puerto Rico/8/1934 (H1N1) virus infection of mice [200,201,202]. It was shown that ectopic myocardial trypsin was involved in acute and chronic myocardial inflammation, promoting IAV infection and initiating the trypsin-MMP-9 cytokine cycle, and promoting progressive cardiac dilatation through collagen remodeling. Trypsin plays an important role in the development of DCM after IAV infection, and APR prevents the progression of myocarditis to DCM by suppressing IAV infection, interrupting the trypsin-MMP-9-cytokine cycle, and restoring collagen metabolism through inhibition of trypsin activity. Thus, pharmacological inhibition of trypsin activity may be a promising approach to the prevention of virus-induced cardiomyopathy. To date, no clinical data on the use of APR for the prevention of inflammatory DCM are available.



In conclusion, it should be noted that the efficacy of APR for the treatment of influenza and acute respiratory diseases (ARD) has strong experimental evidence in vitro and in animal models. However, there are no clinical trial data on the treatment of complications of influenza or ARD, such as pneumonia, either with APR or with combination therapy that includes APR and an anti-influenza drug with a mechanism of action other than APR. Given the pan-protease activity of APR and rehabilitation of APR, the time has come for the conclusive clinical trials using APR for the treatment of influenza pneumonia.





3. APR for COVID-19 Treatment


3.1. SARS-CoV-2


The typical CoV genome is a single-stranded, nonsegmented RNA genome, which is approximately 26–32 kb. It contains 5′-methylated caps and 3′-polyadenylated tails and is arranged in the order of 5′, replicase genes, and genes encoding structural proteins: spike (S) glycoprotein, which exists as a homotrimer and forms the characteristic spikes found on the surface of the virus. Acting as a fusion protein, it allows the virus to enter the host cell after being recognized by the angiotensin-converting enzyme 2 (ACE2) receptor; envelope (E) protein, which forms the envelope of the virus; membrane (M) protein, which forms a matrix that connects the envelope with the inner part of the virus; and nucleocapsid (N) protein, which holds the viral genome, part of the positive RNA strand (Figure 3).



The partially overlapping 5′-terminal open reading frame 1a/b (ORF1a/b) is within the 5′ two-thirds of the CoV genome and encodes the large replicase polyprotein 1a (pp1a) and pp1ab. These polyproteins are cleaved by papain-like cysteine protease (PLpro) and 3C-like serine protease (3CLpro) to produce nonstructural proteins, including RdRp and helicase (Hel), which are important enzymes involved in the transcription and replication of CoVs. The 3′ one-third of the CoV genome encodes the structural (S, E, M, and N) proteins, which are essential for virus–cell receptor binding and virion assembly, and other nonstructural and accessory proteins that may have immunomodulatory effects [204,205,206,207,208,209].



The entry steps of the viral particles—encompassing attachment to the host cell membrane and fusion—are mediated by the S protein, which is assembled as a homotrimer and is inserted in multiple copies into the membrane of the virion giving it its crown-like appearance. The mechanism of penetration of SARS-CoV-2 into the host cell, in particular, includes the binding of the virus S-protein to the ACE2 receptor of the host cell and subsequent fusion of their membranes [210]. The cellular protease furin cleaves the S protein at the S1/S2 site and this cleavage is essential for S-protein-mediated cell–cell fusion and entry into human lung cells. In this regard, furin can be considered as a potential target for therapeutic intervention [211,212,213].



As TMPRSS2 is present at the cell surface, TMPRSS2-mediated S protein activation occurs at the plasma membrane, whereas cathepsin-mediated activation occurs in the endolysosome. Thus, the S protein on the mature virion consists of two noncovalently associated subunits: the S1 subunit binds ACE2 and the S2 subunit anchors the S protein to the membrane. The S2 subunit also includes a fusion peptide and other machinery necessary to mediate membrane fusion upon infection of a new cell [214].



How SARS-CoV-2 crosses the airway barrier of mucus and periciliary mucins to infect the nasal epithelium remains unclear. Recently, Wu et al., using primary cultures of nasal epithelial organoids, found that the virus attaches to motile cilia via the ACE2 receptor [215]. SARS-CoV-2 traverses the mucosal layer using motile cilia as pathways to access the cell. Cilia depletion blocks infection by SARS-CoV-2 and other respiratory viruses. SARS-CoV-2 progeny attach to airway microvilli 24 h after infection and induce the formation of apically elongated and highly branched microvilli, which organize the release of the virus from the microvilli back into the mucus layer, supporting the model of virus spread through the airway tissue via mucociliary transport. Importantly, Omicron variants bind with higher affinity for motile cilia and exhibit accelerated viral entry. Motile cilia, microvilli, and mucociliary-dependent mucus flow are hypothesized to be critical for efficient viral replication in the nasal epithelium [215].



Recent genetic changes in SARS-CoV-2 have increased both transmissibility of the virus and hospitalization rates [216,217]. A positive relationship between transmissibility and hospitalizations may reflect a common underlying mechanism: higher affinity of SARS-CoV-2 for ACE2 can increase both. More efficient binding to ACE2 can support replication in the upper respiratory tract, promoting more efficient transmission, and it can also increase replication in the lower respiratory tract and systemically, causing a severer disease. One outstanding question is whether the S protein has reached the maximum affinity for human ACE2 through changes in the receptor-binding domain (RBD) or whether it will further mutate and continue to enhance both transmissibility and pathogenicity [217].



SARS-CoV-2 has undergone many changes in the last three years, and some genetic changes result in higher virulence and/or transmission potential. The Delta variant penetrates lung cells more easily than the Wuhan-like virus that circulated in the early stages of the pandemic and is more effective in syncytia formation of infected and uninfected lung cells. This contributes to the more severe progression of COVID-19. The Delta variant is believed to be more than twice as infectious compared to previous SARS-CoV-2 variants [211].



The new variant of SARS-CoV-2 called Omicron has caused global panic and concern owing to its contagious and vaccine-escape substitutions. Presently, up to 60 substitutions have been identified in the BA.1 lineage, with as many as 38 of these occurring in the S protein, one in the E protein, two in the M protein, and six in the N protein. BA.2 lineage possesses 57 substitutions, with 31 in the S protein, of which the N-terminus is significantly different from that of BA.1 [218]. The RBD of the S protein is responsible for binding to the host receptor ACE2 and has the potential to increase infectivity and mediate escape from vaccine-induced neutralizing antibodies [219,220,221]. All current vaccines based on the original Wuhan strain provide weak protection against Omicron [222].



The hazard ratio (HR) for hospitalization or death among Omicron cases compared with Delta cases was 0.41, while the HR for ICU admission or death was 0.19, and the HR for death was 0.12. Stratified estimates of Omicron severity by age, sex, and vaccination status all indicated reduced Omicron severity [223]. A subvariant of Omicron, XBB.1.5 (Kraken), is the most transmissible strain of the SARS-CoV-2 and is from the XBB family of variants that emerged a few months ago and caught virologists’ attention because it contains more substitutions to evade immunity than other variants seen so far. The XBB.1.5 subvariant has a substitution that is believed to help the virus bind to cells, becoming more transmissible [224].



The WHO-declared end of the COVID-19 public health emergency in May 2023 should be interpreted with caution. Current evidence indicates that the efficacy of a fourth dose of classical mRNA vaccines (BT162b2 or mRNA-1273) is low and short-lived in preventing SARS-CoV-2 infection in its predominant Omicron variant [225].



It is believed that the Omicron variant is probably not the last variant, its “effectiveness” is expected to decrease as immunity increases in the population due to vaccines and infections. Although no new genetic changes have been discovered until recently, the general trend is that the virus is becoming less dangerous, mainly due to enhanced immunity in the population worldwide [226]. Omicron spikes do not efficiently use TMPRSS2 to enter cells, but rely mainly on the endocytic pathway, resulting in reduced replication in the lung parenchyma and an increased ability to infect the upper respiratory tract, making the virus less pathogenic. Omicron has a reduced ability to induce syncytia in tissue culture, which is potentially of clinical relevance as syncytia formation is associated with increased disease severity. Syncytium formation usually requires viral infection via membrane fusion involving TMPRSS2. The low rate of syncytia formation upon Omicron infection suggests that it instead switches to using endosomal fusion via cathepsins. Routine vaccination or previous infection cannot provide effective protection against Omicron, so revaccination is required. In addition, only a few pharma-developed neutralizing monoclonal antibodies are active against Omicron, while most antivirals in development are effective against it [226,227,228,229].



The replication of the viral genome within the infected cells is a key stage of the SARS-CoV-2 life cycle. It is a complex process involving the action of several viral and host proteins to perform RNA polymerization, proofreading, and final capping. Understanding the molecular mechanisms that guide the replication of this coronavirus is essential to develop therapeutic tools to neutralize SARS-CoV-2 [230].




3.2. Emergency Use of Inhibitors for COVID-19 Treatment


For drug development, the best-known targets of SARS-CoV-2 are the S protein, the main protease Mpro (also called 3CLpro and nsp5), the RdRp [231], as well as the main host protease TMPRSS2 and furin, which mediates the entry of SARS-CoV-2 into host cells by priming the S protein [93,232]. Since the announcement of the COVID-19 pandemic, there has been a tremendous amount of research into drug development against SARS-CoV-2, usually based on the repurposing of known antiviral compounds and drugs [231]. For example, until March 2021, 4952 clinical trials have been registered in ClinicalTrials.gov toward the drug and vaccine development for COVID-19. More than 100 countries have participated in contributing to these clinical trials [233].



As a result of these efforts, only a few anti-SARS-CoV-2 compounds have been identified targeting RdRp and Mpro (Figure 4). In different cell types, it was shown that Omicron viruses remain sensitive to FVP, remdesivir (RDV), molnupiravir (MOV), and nilmatrelvir (NMV) [234,235,236]. These drugs are inhibitors of SARS-CoV-2 replication in the host cells [237,238,239,240]; however, their efficacy in the treatment of COVID-19 patients has been debated to date [189,241,242,243,244]. FVP selectively and effectively inhibits the RdRp of RNA viruses [245,246]. FVP proved to be the first oral anti-SARS-CoV-2 drug, that effectively reduces viral clearance within seven days and contributes to clinical improvement within 14 days.



RDV (GS-5734, Veklury) is an RNA polymerase inhibitor of SARS-CoV-2 [247]. On October 22, 2020, the FDA approved RDV for the treatment of patients hospitalized with COVID-19 [248]. At the time, WHO-launched the global “Solidarity” trial comparing four treatment options for COVID-19 and found that RDV did not have a substantial effect on patients’ length of hospital stay or chances of survival [249,250,251,252,253,254]. In this regard, on 20 November 2020, WHO issued a conditional recommendation against the use of RDV in hospitalized patients, regardless of the severity of the disease [254]. However, RDV has been approved for emergency use for COVID-19 in many countries [255], including for intravenous administration in adults and pediatric patients [256]. Note that the first publication of the negative results of the “Solidarity” trial was published five months before the FDA decision [250].



MOV is an RNA polymerase inhibitor of SARS-CoV-2 [257] and other RNA-containing viruses such as Ivs and Ebola. MOV received its first approval on 4 November 2021 in the UK for the treatment of mild-to-moderate COVID-19 in adults with a positive SARS-CoV-2 diagnostic test and who have at least one risk factor for developing severe illness [258,259]. On 23 December 2021, based on several clinical trials [260,261,262,263,264,265], the FDA approved the emergency use of MOV for the treatment of patients with mild-to-moderate COVID-19 [266]. On 3 March 2022, WHO updated its living guidelines on COVID-19 therapeutics to include a conditional recommendation on MOV which should be provided only to nonsevere COVID-19 patients with the highest risk of hospitalization [267].



NMV is an inhibitor of Mpro, which is also referred to as 3CLpro or nsp5 protease inhibitor [241,268]. NMV, in combination with PaxlovidTM and Ritonavir (RTV), received its first emergency use authorization from the European Medicines Agency on December 16, 2021 [269]. PaxlovidTM was approved for the treatment of adults with mild-to-moderate COVID-19 in Canada on 17 January 2022, and later received a conditional marketing authorization from the European Commission on 27 January 2022 [270]. A low dose of RTV is included in PaxlovidTM to slow the breakdown of NMV, allowing it to stay longer in the body to fight COVID-19 [271]. The combination of NMV + MOV showed significant synergy in tissue culture [237], in mouse [272] and rhesus monkey [273] models compared with the effectiveness of the monotherapies. Clinical trials [274,275] have confirmed the effectiveness of the NMV + MOV combination against the Omicron variant.



Several drug combinations for the treatment of COVID-19 patients were studied, such as FVP + hydroxychloroquine (HCQ) [276,277], FVP + methylprednisolone [278,279], FVP + lopinavir-ritonavir [280], FVP + camostat + ciclesonide [281], RDV + Olumiant® [282], RDV + Tocilizumab [283,284,285], RDV + LY-CoV555 [286], RDV + IFN β-1a [287], RDV + dexamethasone [288], MOV + IFN-α (in Calu-3 cells) [289], and MOV + FVP (in hamster infection model) [290]. Of the drug combinations listed above, only the combination of RDV + Olumiant® was found to be more effective than RDV monotherapy [291]. On 19 November 2020, the FDA issued an emergency use authorization for RDV + Olumiant combination for the treatment of certain categories of hospitalized patients [291].




3.3. Entry Inhibitors of SARS-CoV-2


Among the various stages in the virus life cycle, its entry into the host cell is the most attractive therapeutic target for drug development. Designing inhibitory drugs that can interfere with the virus entry process constitutes one of the main preventative therapies that could combat SARS-CoV-2 infection at an early stage [292]. Of greatest interest were apparently synthetic serine protease inhibitors including nafamostat mesylate [293] and camostat mesylate [294]. However, clinical trials of these drugs have not shown clinical benefit in patients with mild-to-moderate COVID-19 [295,296,297], and hospitalized patients [298,299].



To date, despite intensive screening and drug discovery efforts, no SARS-CoV-2 entry inhibitor has reached clinical use; however, their development continues. In our opinion, APR is an excellent drug candidate for the prevention and treatment of COVID-19 [300]. Unlike known SARS-CoV-2 inhibitors approved for emergency use for the treatment of COVID-19 infection, APR is an inhibitor of SARS-CoV-2 entry into the host cell [301]. It is also an inhibitor of SARS-CoV-2 induced thrombo-inflammation, IFN-α release, expression of granulocyte and emomonocyte adhesion molecules, nitric oxide synthase (NOS), tracheobronchial secretion and plasminogen, and preventing activation of complement proteins C3a and C5a, which cause acute inflammation [58,74,302]. APR inhibits activation of mast cells, neutrophils, and endothelial cells [58,74,302]. APR has an antithrombotic mechanism of action, which, in combination with its multilevel anti-inflammatory activity, makes this drug a valuable assistant in COVID-19 treatment. APR can be used alone for the prevention and treatment of COVID-19 [59,66] or in combination with inhibitors of SARS-CoV-2 replication in the host cells [67,68,303,304].



3.3.1. APR for COVID-19 Prevention


It has recently been shown that a solution of APR in saline effectively blocked the furin site cleavage in both the SARS-CoV-2 wild-type and mutants (P681R and N679K/P681H). APR reduces 99% of furin cleavage in the Wuhan-like SARS-CoV-2, 90% in the Omicron variant with S-P681R substitution, and 83% in the Omicron variant with S-N679K/S-P681H substitutions (Figure 5). This could represent a simple, economical, and practical feasible approach in locally controlling viral activation and entry into cells to replicate, i.e., a method of prevention of the SARS-CoV-2 infection.



Previously, a nonpeer-reviewed preprint was published on the COVID19-PREPRINTS.MICROBE.RU platform, which shows the preventive efficacy of aprotinin in the model of Syrian hamsters infected with SARS-CoV-2 and in medical workers constantly working in the “red zone” of a COVID-19 hospital [66].



Syrian hamsters were randomized into two groups: APR-treated (500 KIU/nostril, 1000 KIU/animal) and control PBS-treated. Animals were challenged with SARS-CoV-2 at a dose of 1000×CPE50/animal 1 h after drug treatment. Animals were treated three times a day and continued for two days. Intranasal administration of APR significantly reduced the SARS-CoV-2 RNA copy numbers in nasal swabs of hamsters as compared with the control group at three days after initiation of treatment (Figure 6A). SARS-CoV-2 RNA copy numbers were either absent or significantly reduced in the lungs of animals from the APR-treated group (Figure 6B). Thus, prophylaxis with APR inhibited SARS-CoV-2 replication and spread to the lungs [66].



The effectiveness of APR prevention was carried out in a prospective study among 32 medical workers of the COVID-19 hospital, including medical and nursing staff who constantly worked in the “red zone” for three months of observation [66]. Along with maintenance therapy, medical workers used APR nasal spray with saline (Gordox) twice a day: in the morning, before entering the red zone and in the evening, after leaving the red zone, 400 KIU twice a day, for a total of 800 KIU daily. This study demonstrated that only 2 out of 30 workers (6.7%) were infected with SARS-CoV-2, disease progression was asymptomatic and was confirmed only by serologic tests at six weeks [66].




3.3.2. APR for COVID-19 Treatment


The efficacy of intravenous (IV) and inhaled (Inh) APR was studied in a prospective, single-center study including 10 hospitalized patients with moderate COVID-19-associated pneumonia in each cohort (Table 3, cohorts 1 and 2) [306], and cohort 3 [307,308,309,310]. Cohort 1—IV APR (Gordox® 1,000,000 KIU daily, 3 days) and SOC including oral (PO) hydroxychloroquine (HCQ) (200 mg, twice a day, 5 to 6 days); cohort 2—Inh APR (Gordox® 625 KIU four times per day, 2500 KIU/day, 5 days) and SOC including oral (PO) HCQ (200 mg, twice a day, 5 to 6 days; and SOC [306]); cohort 3—SOC including oral (PO) HCQ (200 mg, twice a day, 5 to 6 days).



This clinical trial [306] can be considered as a treatment for COVID-19 with only one antiviral drug, aprotinin, since HCQ was later shown to have no clinical benefit in COVID-19 [307], because in outpatients with mild-to-moderate COVID-19, HCQ did not reduce the risk of hospitalization compared with placebo control [308], had little or no effect on the risk of death, and did not affect the transition to mechanical ventilation [309]. Therefore, no further trials of HCQ or chloroquine are recommended for the treatment of COVID-19 [313].



None of the patients treated with aprotinin were transferred to the ICU for mechanical ventilation or noninvasive ventilation, and their hospital stay was short.



The high efficacy of aprotinin in the treatment of hospitalized patients with moderate COVID-19-associated pneumonia was confirmed by a series of independent tests (Table 3): elimination of the SARS-CoV-2 virus after 7.5–9.0 days; normalization of body temperature after 3.0–4.5 days; normalization of the concentration of C-reactive protein (CRP) at 4.0–6.0 days, which indicates the absence of inflammatory processes in the body of patients; and normalization of D-dimer concentration, indicating the absence of SARS-CoV-2 infection, venous thromboembolism (VTE), disseminated intravascular coagulation (DIC), and thrombosis in patients, which is also confirmed by negative PCR test data and normalization of CRP concentration [310].



Note that some authors assume that the decrease in the D-dimer concentration may be associated with the inhibition of plasmin by antiproteases, which can lead to blocking of fibrinolysis, and this may actually exacerbate the symptoms of DIC in severely ill patients [313].



At the same time, Ji et al indicate that cleavage of new furin sites in the S protein of the SARS-CoV-2 virus by plasmin and other proteases can increase its infectivity by accelerating penetration, fusion, duplication, and release in respiratory cells. Elevated plasmin (gene) levels are common in COVID-19 patients with underlying medical conditions. Elevated plasmin(ogen) levels may be an independent risk stratifier in patients with COVID-19. Measurements of plasmin(ogen) levels and enzymatic activity may be important biomarkers of disease severity in addition to the resulting D-dimer. The administration of antiproteases to suppress plasmin activity in the respiratory system may prevent or at least reduce the entry of SARS-CoV-2 into respiratory cells and improve the clinical outcome of patients with COVID-19. In this regard, antiproteases targeting plasmin(ogen), according to Ji et al, may be a promising approach to combat COVID-19 [314].



According to Lippi et al [310], there is currently no doubt that the D-dimer score is the basis for the diagnosis and prognosis of venous thromboembolism (VTE) and disseminated intravascular coagulation (DIC); although new evidence also supports its use for predicting the duration of anticoagulant therapy, especially in patients with unprovoked thrombosis.



The range of clinical applications of D-dimer is gradually expanding beyond traditional thrombotic pathologies to diagnose acute aortic dissection, acute intestinal ischemia and cerebral venous thrombosis among others [315], including also the clinical treatment of COVID-19. Recent results suggest that D-dimer is often elevated in patients with SARS-CoV-2 infection (especially in patients with VTE), which predicts clinical severity (up to death) of COVID-19, and also remains elevated more often with COVID-19 patients with clinical consequences after discharge.



The European Society of Cardiology recently published (May 2022) a clinical indication suggesting that serial measurement of D-dimer may be useful in COVID-19, as elevated values of this biomarker may help identify patients at higher risk of developing venous thromboembolism (VTE) or those requiring high-intensity prophylactic anticoagulant therapy [316].



In another recent paper, the International Colloquium on Biomarkers of COVID-19 Thrombosis endorsed the routine measurement of D-dimer to assess disease severity, VTE risk, and predict SARS-CoV-2 infection; although its assessment for guiding anticoagulant therapy is not currently recommended [317].



On the Covid19-preprints.microbe.ru platform, a published unreviewed preprint of a prospective clinical trial of the safety and efficacy of APR in the treatment of hospitalized patients with moderate-to-severe COVID-19 pneumonia has also been published [59]. This study included 23 patients (14 men and 9 women) with an average age of 60.7 ± 8.3 years. Nine patients (39%) were hospitalized based on a positive PCR test, and 14 patients (61%) were hospitalized based on results of computed tomography and clinical symptoms. The study included patients with moderate (70%) and severe (30%) COVID-19. It was demonstrated that APR treatment effectively and expediently prevented the progression of complications associated with COVID-19, including reduction of the manifestations of systemic inflammation. In this regard, all patients were administered IV with APR (Gordox). On the first day, 500,000 KIU Gordox (5 ampoules of 10 mL per 250 ml of saline) was IV injected, and in the following 3–5 days 1,000,000 KIU Gordox (10 ampoules of 10 mL) was injected per day. The drug was found to be safe to use, and no allergic reactions to the drug or clinically significant side effects were observed. Maintaining a sufficient therapeutic concentration of the APR made it possible to reduce systemic inflammation, as well as to neutralize undesirable effects of the cytokine storm and progression of disease complications. According to computed tomography, stabilization was noted in dynamics with a decrease in lung tissues damage. No deaths of COVID-19 patients were recorded during the observation period, and all patients were discharged from the hospital after treatment.



Later, the efficacy of inhaled APR was also confirmed in a randomized phase III treatment of hospitalized mild-to-moderate COVID-19 patients with pneumonia [318,319]. The study included 32 patients who received SOC + placebo (saline for inhalation) and 28 patients who received SOC + APR by inhalation (500 KIU every 6 h for 10 min up to 2000 KIU/day).



On the fifth day, there was a significant decrease in dyspnea, heart rate, fibrinogen, glucose, creatinine, and C-reactive protein in the aprotinin group. A statistically significant increase was observed for platelets, ALT, potassium, pCO2, bicarbonate, and lactic acid. In the groups receiving placebo and aprotinin, on the fifth day there was an increase in the concentration of D-dimer (ng/ml): in the placebo group—significantly from 464.0 ± 51.5 to 733.0 ± 221.8 (p = 0.014), while in the aprotinin group it was not reliable from 529.9 ± 52.6 to 834.8 ± 226.4 (p = 0.221) [318].



Treatment was carried out for 11 days or until patient’s discharge from the hospital. It was found that the duration of treatment in the APR group was two days less than in the placebo group (7.7 ± 0.4 days in placebo group in comparison with 5.8 ± 0.4 days in aprotinin group, p = 0.002), the duration of hospitalization was five days shorter (12.6 ± 1.4 days in placebo group against 7.5 ± 0.5 days in aprotinin group, p = 0.003), and the frequency of discharges was 2.19 times higher (HR: 2.188 [1.182–4.047]; p = 0.013) than in the placebo group. In addition, the APR group needed less oxygen therapy and had no adverse reactions or side effects [318].




3.3.3. APR and Antiviral Drug Combinations for Treatment of Viral Infections


Combined Treatment with an Antiviral Drug and APR in Mice Infected with IAV and SARS-CoV-2


Recently, the effectiveness of antiviral treatment with combinations of ARP + AV5080, APR + FVP, APR + MOV, and APR + RDV was studied in a model of influenza pneumonia in mice, and, for comparison, the components included in these combinations were: APR, AV5080, FPV, MOV, and RDV. Anti-influenza activity was studied in a model of influenza pneumonia in mice infected with influenza A/California/04/2009 (H1N1)pdm09 virus (Table 4, Figure 7) [68].



The efficacy of APR + AV5080, APR + FVP, APR + MOV, and APR + RDV combinations was compared to a control group of mice that received saline, and the groups of mice that received AV5080, FVP, MOV, RDV, and APR monotherapies (Table 4). Combinations of APR with antiviral drugs were more effective than monotherapies in increasing the average life expectancy of animals, the dynamics of weight loss, and the virus titers in mouse lungs at five days after infection. The most effective were groups consisting of two antivirals with different mechanisms of action: APR + FVP and APR + AV5080 [68].



Anti-SARS-CoV-2 activity was studied in transgenic mice [line B6.Cg-Tg(K18-ACE2)2Prlmn/HEMI hemizygous for Tg(K18-ACE2)2Prlmn] infected with SARS-CoV-2. Treatment of mice with APR + MOV, APR + NMV, APR + FVP, and APR + RDV combinations reduced virus titers in the mouse lungs (Figure 8) by 4.2, 3.2, 1.3, and 0.7 orders of magnitude as compared to a group of untreated animals [68].




Combined Treatment of Hospitalized Patients with Moderate COVID-19-Associated Pneumonia with APR + FVP


The efficacy of APR + FVP combination was studied in a prospective, single-center study including hospitalized patients with moderate COVID-19-associated pneumonia [308]. Patients received a combination of intravenous APR (Gordox® 1,000,000 KIU daily, 5 days), FVP (Avifavir®, 2000 mg twice on the first day, then 800 mg twice a day, 10 days), and SOC. Treatment with the combination of APR + FPV was more effective in preventing disease progression in patients hospitalized with COVID-19-associated pneumonia and requiring oxygen therapy than treatment with APR and FPV alone (Table 5).



An analysis of the primary and secondary efficacy points revealed that combination therapy with aprotinin IV APR + Avifavir in association with SOC was beneficial for COVID-19 patients (Table 5). In particular, the median time to SARS-CoV-2 elimination was 3.5 (IQR 3–4) days for cohort 1 and 7.5 (IQR 6–9) days for cohort 2. The median time to CRP normalization was 3.5 (IQR 3–5) days for cohort 1 and 6 (IQR 6–6) days for cohort 2.



The increased D-dimer levels quickly returned to normal values with a median of 5.0 (IQR 4–5) and 4.5 (IQR 3–6) days for cohorts 1 and 2, respectively.



The median time to normalization of the body temperatures of the patients in cohorts 1 and 2 was 1 (IQR 1–3) and 3 (IQR 2–3) days, respectively. The median time to improve the clinical state by two points was 5 (IQR 5–5) and 11 (IQR 6–11) days for cohorts 1 and 2, respectively.



None of the patients who received combination treatment were transferred to the ICU for mechanical ventilation or noninvasive ventilation, and their duration of hospitalization was short [308].



A retrospective comparison of the above outcomes in hospitalized patients with moderate COVID-19-associated pneumonia with the results of a clinical study of the treatment of similar patients (cohort 3, Table 5) treated with FVP (see [306] Table 1, cohort 4, including avifavir + SOC) shows that combined treatment with APR + FVP is more effective than treatment with APR or FVP alone.







4. Conclusions


The studies presented in this review demonstrate the high efficacy of APR for the prevention and treatment of diseases caused by RNA-containing viruses. In this regard, we are convinced that APR revival will put this drug in its rightful place not only in cardiac and noncardiac surgeries, but also in the prevention and treatment of respiratory diseases.
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Figure 1. Tertiary structure of APR. The figure was constructed using X-ray data from RCSB PDB (PDB ID: 3LDJ). The molecule consists of a single polypeptide chain of 58 amino acid residues linked by three disulfide bridges. The molecule is about 29 Å long, 19 Å in diameter, and contains a double-stranded antiparallel β-sheet (from Ala-16 to Gly-36, orange color) twisted into a right-handed double helix with 14 residues per turn [56,57,58]. 
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Figure 2. Schematic representation of the IAV. A lipid bilayer contains HA and NA glycoproteins and transmembrane ion channel M2 protein. M1 protein lies beneath the lipid bilayer and binds by NEP protein. Individual RNA segments are bound by a polymerase complex, consisting of the three proteins PA, PB1, and PB2, at their termini and encapsidated by the NP into a helical structure (RNP). 






Figure 2. Schematic representation of the IAV. A lipid bilayer contains HA and NA glycoproteins and transmembrane ion channel M2 protein. M1 protein lies beneath the lipid bilayer and binds by NEP protein. Individual RNA segments are bound by a polymerase complex, consisting of the three proteins PA, PB1, and PB2, at their termini and encapsidated by the NP into a helical structure (RNP).



[image: Ijms 24 11173 g002]







[image: Ijms 24 11173 g003 550] 





Figure 3. Schematic representation of the SARS-CoV-2 virus. A lipid bilayer contains S protein, the M glycoprotein and E protein cloaks the helical nucleocapsid, which consists of the N protein that is associated with the viral RNA. The lipid envelope is derived from intracellular membranes [203]. 
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Figure 4. Chemical structures of antiviral drugs approved for the emergency use for treatment of COVID-19 patients. 
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Figure 5. Inhibition of S protein cleavage of the SARS-CoV-2 wild-type, S-P681R, and S-N679K/S-P681H mutants caused by administration of hypertonic saline alone (3%); APR (2 µg/well); hypertonic saline, and APR combination (3% + 2 µg/well). * p < 0.05; ** p < 0.01 [305]. 
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Figure 6. Efficacy of APR prophylaxis on SARS-CoV-2 virus load nasal washes (A) and in lungs (B) of infected hamsters. Hamsters (n = 8/group) were lightly anesthetized, and APR (1000 KIU/animal) was administered intranasally twice daily for three days. The control (virus-inoculated, untreated) animals received saline on the same schedule. One hour after the first APR dose, each hamster was inoculated with 103 CPE50 of SARS-CoV-2 (100 µL/animal). Virus load was determined by qRT-PCR (limit of detection, CT = 40) at three days after infection. *** p < 0.001 compared to control virus-inoculated untreated animals (unpaired t-test) [66]. 
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Figure 7. Effect of antiviral treatment on survival (A,B) and body weight (C,D) of mice infected with influenza A/California/04/2009 (H1N1)pdm09 virus and treated with hypertonic saline, ARP + AV5080, APR + FVP, APR + MOV, and APR + RDV combinations [68]. 
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Figure 8. Effect of antiviral treatment on virus titers in the lungs of transgenic mice infected with SARS-CoV-2 and treated with hypertonic saline, ARP + MOV, APR + NMV, APR + FPV, and APR + RDV combinations. Virus titers were determined at four days after infection of transgenic mice with the mouse-adapted SARS-CoV-2 strain [68]. 
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Table 1. The inhibition constants Ki for the complexes between APR and the various enzymes [58].
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	Enzyme-Source-Condition
	Ki





	Chemotrypsinogen (bovine), pH 8.0
	9.0 nM



	CMP-N-Acetylneuraminate lactosylceramide α-2,3-sialyltransferase
	74% inhibition at 300.0 nm



	Elastase (human leucocytes), pH 8.0
	3.5 μM



	Kallikrein (pancreatic, porcine), pH 8.0
	1.0 nM



	Kallikrein (submandibular, porcine), pH 9.0
	1.6 nM



	Kallikrein (plasma), pH 8
	30.0 nM



	Kallikrein (plasma), pH 7.8
	100.0 nM



	Kallikrein (tissue)
	0.8 nM; 1.0 nM



	Kallikrein (urine, porcine), pH 9.0
	1.7 nM



	Kallikrein (urine, human), pH 8.0
	0.1 nM



	Trypsin (bovine), pH 8.0
	0.06 pM



	Anhydrotrypsin (bovine), pH 8.0
	<0.3 pM



	Trypsinogen (bovine), pH 8.0
	1.8 μM



	Chemotrypsin (bovine), pH 8.0
	9.0 nM



	Chemotrypsin (bovine), pH 7.0
	9.0 nM



	Plasmin (porcine), pH 7.8
	4.0 nM



	Plasmin (human), pH 7.8
	0.23 nM



	Plasminogen activator
	8.0 μM; 27.0 μM



	Tryptase TL-2
	16% inhibition at 10.0 μM










[image: Table] 





Table 2. Antiviral drugs available for influenza treatment.
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Viral Protein Target

	
Mechanism

	
Inhibitor (Drug)

	
Virus-IC50, nM a






	
M2 ion channel (IAV)

	
Interferes with virion and endosomal acidification. Inhibits downstream HA conformation change, endosomal fusion, and release of viral genomes into the cytoplasm

	
Amantadine (Amantadine: Symmetrel)

	
J—64.2 µM [139]; IAV M2 proton channel WT (S31)—16.1 µM, IAV M2 proton channel S31N mutant—199.9 µM [140]




	
Rimantadine (Rimantadine: Flumadine)

	
J—67.0 µM [139]; IAV M2 proton channel WT (S31)—10.8 µM, IAV M2 proton channel S31N mutant > 2 mM [140]




	
Neuraminidase (IAV and IBV)

	
Blocks NA enzymatic cleavage of host cell sialic acid receptors. Inhibits progeny virus budding

	
Oseltamivir (Tamiflu)

	
A—0.58 nM [141], A—1.04 nM [142], B—296.85 ± 8.41 nM, C—0.42 nM, D—172.30 nM [141], H—7.8 nM, I—0.43 nM [142]




	
Zanamivir (Relenza)

	
A—0.38 nM [141]; A—0.35 nM [142]; B—0.44 ± 0.00 nM, C—0.23 nM, D—0.33 nM [141]; H—0.8 nM, I—0.47 nM [142]




	
Peramivir (Rapivab/Rapiacta/PeramiFlu)

	
A—0.05 nM, H—0.18 nM, I—0.07 nM [142]




	
Laninamivir (Inavir)

	
Represented IC50s from 0.91 nM (A(H1N1)/Yamagata/83/2006) to 40.5 nM (A(H3N2)/Wisconsin/67/2005) for H1N1 (11 strains), H3N2 (15 strains) and type B viruses (23 strains) are presented [143].




	
PB1 (IAV, IBV and ICV)

	
Preferentially incorporated by PB1 into viral RNA. Leads to chain elongation termination and/or lethal mutagenesis

	
Favipiravir (Avigan)

	
A—17.05 µM, B—5.07 µM, C—15.54 µM, D—11.36 µM [141] b




	
PA (IAV and IBV)

	
Blocks PA endonuclease activity necessary to cleave PB2-bound, capped host mRNAs. Halts viral mRNA transcription

	
Baloxavir marboxil (Xofluza)

	
E—0.2 nM, F—0.2 nM, G—2.3 nM [144] b




	
HA (IVs) [145]

	
Suppresses virus HA cleavage and limits reproduction of human and avian IVs with a single arginine in the HA cleavage site.

	
APR (AerusTM)

	
Represented IC50s from 11 nM (A/CA/04/09 (H1N1, 2009 pandemic)) to 110 nM

(A/Bris/10/07 (H3N2, oseltamivir-resistant)) for IAV (6 strains) and 39 nM for IBV (B/Seoul/32/11 (Yamagata-like) [145].








a A—A/Brisbane/59/2007; B—A/New Jersey/15/2007; C—A/Denmark/524/2009; D—A/Denmark/528/2009; E—A/California/04/2009 (H1N1)pdm09; F—A/Texas/71/2017 (H3N2); G—B/Brisbane/60/2008 (B/Victoria); H—A(H1N1)pdm09-S247N isolate; I—A(H3N2); J—A/Puerto Rico/8/34 (H1N1). b BXA activity.
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Table 3. APR treatment efficacy endpoints in hospitalized patients with moderate COVID-19-associated pneumonia.
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Group 1

IV APR + SOC, n = 10

	
Group 2

Inh APR + SOC, n = 10

	
Group 3

SOC *, n = 20






	
Time until SARS-CoV-2 virus elimination




	
Median (IQR), days

	
7.5 (6–9), p = 0.019

	
9.0 (5–9), p = 0.006

	
9.0 (5.0–9.0)




	
Time to normal body temperature (normal: <37 °C)




	
Median (IQR), days

	
3.0 (2.0–3.0), p = 0.053

	
4.5 (3.0–5.0)

	
4.0 (1.0–8.0)




	
Fever (°C) in patients before treatment

	
38.3 ± 0.1

	
38.3 ± 0.3

	




	
Time to normalization of CRP concentration (normal or minor elevation: 3 to 10 mg/L)




	
Median (IQR), days

	
6.0 (6.0–6.0), p < 0.001

	
4.0 (3.0–5.0), p < 0.001

	
14.0 (14.0–14.0)




	
CRP value in patients before treatment

	
21.5 (±8.2)

	
38.9 (±8.1)

	




	
Time to normalization of D-dimer concentration (normal: <253 ng/mL)




	
Median (IQR), days

	
4.5 (3–6)

	
9 (5–9)

	
*** nt




	
D-dimer value in patients before treatment

	
525.4 ± 175.7

	
820.1 ± 133.1

	
nt




	
Time to improvement in clinical status by 2 points on the Ordinal Scale of Clinical Improvement or discharge from the hospital.




	
Median (IQR), days

	
11.0 (6.0–11.0), p < 0.001

	
6.0 (6.0–6.0), p < 0.001

	
13.0 (11.5–15.5)








* SOC (Standard of Care) might include HCQ or other recommended schemes [311,312]. *** not tested.
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Table 4. Efficacy of treatment with monotherapies and drugs combinations on morbidity and mortality of mice infected with influenza A/California/04/2009 (H1N1)pdm09 virus.
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	Drug a
	Dose (mg/kg)
	Lung Titer

(mean ± SD, log10TCID50/mL) b
	Survived, No. (P) c
	Mortality (%)
	Average Life Expectancy (Days)





	Control (saline)
	N/A
	>7.0
	0
	100
	7.6



	APR
	50,000 d
	4.75 ± 0.43
	3 (0.0652)
	70
	10.7



	RDV
	5
	4.33 ± 0.76
	4 (0.0248)
	60
	10.8



	MOV
	5
	4.17 ± 0.58
	5 (0.0077)
	50
	11.4



	FVP
	5
	2.67 ± 0.29
	6 (0.0017)
	40
	12.4



	AV5080
	0.25
	3.92 ± 0.8
	7 (0.0002)
	30
	13.0



	APR + RDV
	50,000 d + 5
	3.5 ± 0
	5 (0.0077)
	50
	10.4



	APR + MOV
	50,000 d + 5
	3.5 ± 0.66
	5 (0.0077)
	50
	11.8



	APR + FVP
	50,000 d + 5
	2.08 ± 0.14
	9
	0
	16.0



	APR + AV5080
	50,000 d + 0.25
	2.5 ± 0.87
	8 (0.00001)
	20
	14.0







a Mice were lightly anesthetized and inoculated intranasally with 5 MLD50 of mouse-adapted influenza A/California/04/2009 (H1N1)pdm09 virus and treated with APR, RDV, MOV, FVP, or AV5080 monotherapies or APR + RDV, APR + MOV, APR + FVP, or APR + AV5080 combinations. APR was administered intraperitoneally, RDV, MOV, FVP, or AV5080 were administered by oral gavage. Control virus-inoculated mice received sterile saline by oral gavage. b Virus titer in whole lung from A/California/04/2009 (H1N1)pdm09 virus-inoculated mice (n = 3/group) at five days after infection. c Out of 10 animals; p < 0.05 is statistically significant. d KIU/kg.
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Table 5. Combination of APR with FVP for the treatment of patients hospitalized with COVID-19.
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Cohort 1, n = 10

(IV APR + PO FVP + SOC *)

	
Group 2, n = 10

IV APR + SOC

	
Cohort 3, n = 40 (PO FVP + SOC) [310]






	
Time until SARS-CoV-2 virus elimination




	
Median (IQR), days

	
3.5 (3–4)

	
7.5 (6–9), p = 0.019

	
4.5 (4–9)




	
Time to normalization of CRP concentration (normal or minor elevation: 3 to 10 mg/L)




	
Median (IQR), days

	
3.5 (3–5)

	
6.0 (6.0–6.0), p < 0.001

	
14.0 (5.5–14)




	
CRP value in patients before treatment

	
37.8 ± 6.7

	
21.5 ± 8.2

	




	
Time to normalization of D-dimer concentration (normal: <253 ng /mL)




	
Median (IQR), days

	
5.0 (4–5)

	
4.5 (3–6)

	
NA **




	
D-dimer value in patients before treatment

	
855.5 ±142.5

	
525.4 ±175.7

	
NA **




	
Time to normal body temperature (normal: <37 °C)




	
Median (IQR), days

	
1.0 (1–3)

	
3.0 (2.0–3.0), p = 0.053

	
2.0 (1–3)




	
Fever (°C) in patients before treatment

	
38.5 ± 0.4

	
38.3 ± 0.1

	
>38.0




	
Time to improvement in clinical status by 2 points on the Ordinal Scale of Clinical Improvement or discharge from the hospital.




	
Median (IQR), days

	
5.0 (5–5)

	
11.0 (6.0–11.0), p < 0.001

	
14.0 (11.5–16)








* SOC—might include HCQ or other recommended schemes [309,310]. ** NT—not tested.
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