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Abstract

:

Global efforts to contain the coronavirus disease-2019 (COVID-19) include the development of novel preventive vaccines and effective therapeutics. Passive antibody therapies using convalescent plasma, SARS-CoV-2 (Severe-Acute-Respiratory-Syndrome-Corona-Virus-2)-specific neutralizing antibodies (NAbs), and the development of monoclonal antibodies (MAbs) are among the most promising strategies for prophylaxis and treatment of SARS-CoV-2 infections. In addition, several immunomodulatory antibodies acting via several mechanisms to boost the host immune defense against SARS-CoV-2 infection as well as to avoid the harmful overreaction of the immune system are currently under clinical trial. Our main objective is to present the current most up-to-date progress in some clinical trials registered at ClinicalTrials.gov. We highlight the pros and pitfalls of several SARS-CoV-2 antibody-based immunotherapeutics.
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1. Introduction


SARS-CoV-2 is the third zoonotic coronavirus that emerged in the last decade after the SARS-CoV in 2003 and the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 [1,2]. They have the criteria of a high rate of infection and spread among a close contact population [3,4,5,6]. This high rate of transmission worldwide contributed to the development of the current pandemic sweeping the globe. Although the majority of individuals with COVID-19 exhibit only mild-to-moderate symptoms, about 15% of infected people have a progressive course of infection. Some of these cases develop a severe form of the disease characterized by acute respiratory distress syndrome (ARDS) and septic shock [1,2,7,8,9,10,11]. Similar to other coronaviruses, SARS-CoV-2 uses its spike (S) protein for receptor binding and virus entry into the target cells [12,13,14,15,16,17,18]. Several recent studies demonstrated that both SARS-CoV and SARS-CoV-2 use the same receptor, the angiotensin-converting enzyme 2 (ACE2), for cell entry [17,18,19].



Looking for effective treatments for COVID-19, there is increasing interest in antibody-based immunotherapeutics such as convalescent plasma, neutralizing antibodies (NAbs), monoclonal antibodies (MAbs), and intravenous immunoglobulins (IVIg). In this context, a highly specific antibody can be generated for targeting both host and viral target proteins (Figure 1).



There are several monoclonal antibody-based treatments under planned clinical trials. More than 30 trials are currently taking place mostly in the U.S., China, and Europe, evaluating the use of mAb therapies for COVID-19. The current study aims to review the main clinical trials registered on ClinicalTrials.gov for the use of antibody-based immunotherapeutics for prophylactic and therapeutic purposes against SARSCoV2 infection.




2. Some Recent Findings on the Immunobiology of SARS-CoV-2 Infection


Recent research shows that SARS-CoV-2 infection triggers the induction of both innate and adaptive immune responses by the infected person, which play essential roles in the elimination of the viral infection [20,21,22,23,24,25,26,27,28]. However, the over-activated innate immune responses and impaired adaptive immune responses may result in immunopathology leading to severe local and systemic tissue damage in the patient [29,30,31,32,33]. The process of SARS-CoV-2 entry into the cells involves the participation of several key proteins from both the virus and the host cells. Simply, SARS-CoV-2 enters the host cells, mainly after binding to the ACE-2 receptors that are expressed by some target cells [34]. In addition, the role of the C-type lectin L-SIGN, which is expressed in human lung alveolar epithelial type II cells, in mediating SARS-CoV-2 entry to the host cell has also been recently reported [21]. The activation of the innate immune response against SARS-CoV-2 infection is mediated by the interaction of the pathogen-associated molecular patterns (PAMPs) from the virus side and the pattern recognition receptors (PRRs) of innate immune host cells. In addition to the toll-like receptors (TLRs), the PRRs include the nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) and the retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) [20]. The interaction between both the PRR and PAMP leads to the activation of intracellular signaling pathways in the epithelial cells of the innate immune cells of the respiratory tract, including alveolar macrophages, neutrophils, monocytes, and natural killer (NK) cells. The stimulated cells produce several immune mediators, including the type-I-IFN, (IFNα/β) and type II IFN (IFNγ), inflammatory cytokines (IL-6 and IL-1β), as well as some chemokines such as CXCL-10 and CCL-2 [35,36]. The innate immune cells, especially macrophages and dendritic cells, play essential roles in mounting the adaptive immune response by presenting antigens to the helper T cells. The development of the protective adaptive immunity to SARS-CoV-2 infection mainly depends on the activation of both humoral and cell-mediated immune responses. Thus, the activation of the CD4-positive T helper cells, which help the B-cells in the process of the production of specific neutralizing antibodies. Meanwhile, activation of the cytotoxic CD8-positive T cells results in the effective elimination of infected cells [37]. In COVID-19 patients, cytotoxic T cells account for about 80% of the cell population infiltrating the lung-tissue [35]. Typically, the process of the B cell activation and the production of virus-specific antibodies is an essential event for controlling most viral diseases, including COVID-19. The process of cross-bridging of two or more B cell receptors (surface immunoglobulins) by viral antigenic epitopes together with co-activation through the activated helper T cells results in the formation of plasma and memory B cells. This process triggers the production of various isotypes of virus-specific antibodies. The mechanisms of antibody-mediated protection against viral infection include several processes, including virus neutralization, virus opsonization, phagocytosis, and NK-cell-mediated elimination of virus-infected cells by antibody-dependent cellular cytotoxicity (ADCC) [20]. The recovery of some patients with SARS-COV-2 was associated with the production of SARS-CoV-2-specific antibodies [3]. In addition, the protective role of SARS-CoV-2-neutralizing antibodies has been demonstrated by blocking the experimental infection in some animal models [21]. Recent studies show that SARS-CoV-2 infection activates the humoral immune response, which triggers the production of different isotypes of virus-specific antibodies. The production of the antibody-producing plasma cells (ASCs) has been shown to increase substantially during SARS-CoV-2 infection [38]. The detection curve of the SARS-CoV-2-specific antibodies after the onset of the clinical signs in the affected patients varies according to the type of antibodies. Both IgA and IgM are still detectable from two to six days of the onset of the clinical symptoms, while the IgG is still detectable from 10 to 18 days. A recent study investigated the seropositivity rate for IgG and IgM antibodies in some COVID-19 patients 14 days after the onset of symptoms. This study found higher titers of antibodies against the surface spike protein receptor-binding domain (RBD) compared to the internal nucleocapsid protein (NP) antigen. [39]. The same study revealed a correlation between the titer of antibodies against NP and RBD and their neutralizing effect.




3. Some Putative Mechanisms for the Immunopathology of SARS-CoV2 Infection


The dysregulated immune responses to viral infections, which fail to stop viral replication and to eliminate infected cells, may result in a hyperinflammatory response. This pattern of responses leads to the uncontrolled release of pro-inflammatory cytokines (cytokine storm) and the development of systemic inflammation and multi-organ failure [40]. The cytokine storm syndrome has been documented in several viral diseases and is characterized by the uncontrolled host immune defense and the massive release of pro-inflammatory cytokines and chemokines from the neutrophils and monocytes [40]. Several recent studies provide evidence that cytokine storm contributes substantially to the severe acute respiratory distress syndrome (ARDS) and respiratory failure in patients with severe COVID-19 [41,42,43]. A recent study analyzed the expression levels of several immune mediators, including many cytokines and chemokines in plasma of 150 COVID-19 cases in Wuhan. The same study showed significant elevation in the expression levels of the cytokines IL-1β, IL-1Rα, IL-7, IL-8, IL-9, IL-10, IFN-γ, and TNFα, and the chemokines MIP1α (macrophage inflammatory protein 1-alpha), MIP1β, MCP1 (monocyte chemoattractant protein 1), and IP10 (interferon gamma-induced protein 10), compared to non-infected healthy individuals [44]. The same study found a significant increase in the IL-6 levels among dead patients compared with the survivors [44]. Another recent study reported higher levels of TNF-α, IL-2, IL-7, GCSF, IP10, MCP1, and MIP1α, in cases with sever disease compared to the mild COVID-19 cases [43]. The production and recruitment of massive amounts of inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, enhances the influx of additional inflammatory immune cells such as neutrophils and monocytes to the site of infection. This process may lead to tissue damage in several vital organs (lungs, heart, liver, and kidneys), resulting in respiratory failure or multiple organ failure in many cases [43].



The main cellular immunopathologic markers for the severe COVID-19 cases are a marked reduction in the number of monocytes as well as lymphocytopenia in addition to a substantial decrease in the numbers of all circulating lymphocyte subsets, including CD4+ T cells, CD8+ T cells, B cells, and natural killer (NK) cells. On the other hand, the numbers of CD4+ T cells, CD8+ T cells, B cells, and NK cells normalize in patients who have recovered from the COVID-19 [45,46]. The binding of surface molecules involved in T cell activation, especially CD26 and CD147, to the SARS-CoV-2-S protein contribute to the lymphopenia reported in COVID-19-patients through activation-induced T cell death [37]. Regarding the granulocyte population during the course of SARS-CoV-2 infection, the numbers of eosinophils and basophils were decreased, while the number of neutrophils was reduced. During SARS-CoV-2 infection, there is an association between the increased lymphocytes numbers and the decreased neutrophils numbers. An increase in the neutrophil to lymphocyte ratio (NLR) has been linked to severe SARS-CoV-2 infections [18,38,47]. The role of the humoral immune response in the immunopathology of SARS-CoV-2 infection has been recently investigated. Due to the link between increased patient IgG response and the worse outcome of COVID-19, a possible role of antibody-dependent enhancement (ADE) of SARS-CoV-2 infection has been suggested [48,49].




4. The Antibody-Based Therapies for SARS-CoV-2 Infections


Due to the lack of any specific drugs or vaccines for COVID-19 infections to date, researchers around the world are currently working on testing some potential vaccines and effective therapies to stop the spreading of this pandemic and to contain this virus. In a pandemic situation such as COVID-19, active immunization against SARS-CoV-2 is one of the best control remedies. However, vaccine development is a complicated and time-consuming procedure, which may take a long time for approval and availability in the commercial market. To bridge the gap resulting from the lack of an efficient vaccine against SARS-CoV-2, the short-term immunity induced by using the antibody-based immunotherapeutic strategies represents an effective alternative. The main advantage of this approach is the shorter timeline from development and testing to approval compared to vaccines or other chemical drugs. Antibody-based immunotherapeutics such as convalescent plasma, NAbs, MAbs, and IVIg have been in use for decades and have a proven record of safety and efficacy [50]. Some of them have been found to be useful in managing COVID-19 patients [51].



The development of effective antibody-based immunotherapeutics against COVID-19 is less time-consuming when compared with the development of new vaccines. Antibody-based therapies also provide an alternative method for the prevention or treatment of COVID-19 in special cases, where vaccination may not lead to mounting protective immune responses, such as elderly and immune-compromised individuals.



There are different antibody-based immunotherapeutic approaches, which are currently investigated for the treatment and prevention of COVID-19. These approaches are mainly based on two strategies, which are the employment of SARS-CoV-2-neutralizing antibodies and the immunomodulatory antibodies, which act via several mechanisms to support the immune defense against the virus or to avoid the life-threatening overreaction of the immune system.



4.1. Antiviral Neutralizing Antibody-Based Therapeutics


The correlation between the levels of antibodies detected in some COVID-19 patients and a virus neutralization effect opened the possibility of using convalescent plasma from the COVID-19 survivors for the treatment of some patients with SARS-CoV-2, especially in severe cases [52]. The passive antibody therapy using convalescent plasma involves the administration of the acellular portion of the blood from the recovered patients to the individuals who are infected or at risk of infection [52,53]. In a recent study involving individuals with severe cases of COVID-19, the administration of plasma from recovered patients resulted in a rapid increase in the level of the serum-neutralizing antibody titers in the recipients [54]. This was in association with a reduction in total viral load and better outcomes in the affected patients received this treatment [54]. A significant clinical improvement of some COVID-19 patients after the transfusion of convalescent sera with no detectable SARS-CoV-2 viral RNA in their blood has also been reported in another clinical trial [55]. Although it seems promising for the treatment of COVID-19, this approach is associated with several limitations. The batch variability (plasma from different individuals may contain different mixtures of antibodies with different virus-neutralizing capacities) and the need for blood type matching and screening for blood-borne pathogens, including HIV and hepatitis viruses, are major limitations for using the convalescent plasma for the treatment of COVID-19. The highly specific antiviral monoclonal antibodies are currently suggested as an alternative to plasma therapy. The SARS-CoV-2-S protein is mainly responsible for binding on cell surface receptors—the ACE2—and for the fusion with the host cell membrane and thus, it represents the main target for neutralizing monoclonal antibody therapy [52]. Therefore, several therapeutic monoclonal antibodies specific to SARS-CoV-2 are currently under clinical trials. The antiviral monoclonal antibodies can be recovered by several techniques, including yeast- or phage display-based in vitro selection approaches, antibody production in animals followed by antibody humanization, and the sorting of a single antigen-specific B cell [52]. The potential uses of the monoclonal antibodies in the clinical applications against COVID-19 depend on several characteristics, including their SARS-CoV-2-neutralizing ability, the type of the target SARS-CoV-2-S protein epitopes, and their Fc-portion-mediated effector functions. Therefore, several immunoglobulin engineering techniques are currently used for optimizing the outcomes and the pharmacokinetics of SARS-CoV-2 monoclonal antibody therapeutics, including selective isotype switching, the Fc modifications by the substitutions of distinct glycans or amino acids that modify the Fc region affinity for the Fc receptors [52]. These modifications may also help in avoiding undesirable effects of COVID-19 monoclonal antibodies through the antibody-dependent enhancement (ADE) infection of the immune cells, including monocytes, macrophages, and B cells, which has been reported for coronaviruses [52]. Another approach was adopted for reducing the cost of the monoclonal antibody production. This is through the administration of the DNA or the messenger RNA (mRNA) encoding the desired antibody to humans. This approach allows their production in vivo instead of ex vivo [56]. Due to their effective virus neutralization potential, mAbs against the RBD of the S1 subunit of SARS-CoV-2-S protein are currently targeted in several clinical trials aiming for the development of new mAbs and the application of the existing SARS-CoV-2-specific mAbs in the healthcare settings (Table 1). Among the best examples for the SARS-CoV-2-specific mAb therapeutics is the NCT04425629. This is composed of an anti-Spike (S) SARS-CoV-2 mAb cocktail, combining a fraction of spike antibody from a person who recently recovered and one fraction from a mouse immunized with the SARS-CoV-2-S protein. For the preparation of the NCT04425629 mAbs, a large antibody panel against the S protein was prepared from humanized mice and from COVID-19 recovered patients. From this panel, the antibody pair, REGN10987 and REGN10933, was chosen based on its different target epitopes. While REGN10933 binds at the top of the RBD, REGN10987 targets an epitope located on the side of the RBD, indicating no competition for binding to the RBD. The patient group involved in the NCT04425629 was selected based on several primary outcomes, including patients with treatment-emergent serious adverse events, patients with infusion-related reactions, and patients with hypersensitivity reactions. In a recent work, Baum et al. reported protective effects of the REGN10987/REGN10933 mAb cocktail in rhesus macaques and golden hamsters. The mAb cocktail reduced virus load and virus-induced pathological sequelae in rhesus macaques. In addition, the cocktail resulted in limited weight loss and evidence of pneumonia in hamsters [57]. This cocktail is currently involved in three large-scale, placebo-controlled trials to evaluate its safety, tolerability, and efficacy for the treatment of COVID-19. In a recent study, two ultra-potent SARS-CoV-2 human mAbs (S2E12 and S2M11), which could provide additional benefits for clinical application, were isolated and characterized by Tortorici et al. [58]. Among approximately 800 screened mAbs isolated from individuals who recovered from COVID-19, the two mAbs were chosen based on their protective effect against SARS-CoV-2 challenge in hamsters [58].




4.2. SARS-CoV-2 Immunomodulatory Antibody-Based Therapeutics


As mentioned above, SARS-CoV-2 infections resulted in dysregulation of the immune response as well as the cytokine storm, due to the overproduction of inflammatory cytokines and chemokines, with impaired innate protection mechanisms such as the type-1 IFN response, are mainly responsible for the immunopathology in severe COVID-19 cases [33,45,59,60,61,62,63]. Based on these facts, several clinical trials are currently evaluating different immunotherapeutic approaches using the immunomodulatory monoclonal antibodies, which target the pathways triggered by SARS-CoV-2 infection, aiming to control the immune response and the inhibition of the cytokine storm in COVID-19 patients. This includes mAb targeting inflammatory mediators, such as IL-6, IL-1β, IL-2, IL-8, IL-17, G-CSF, GM-CSF, IP10, MCP1α, MIP1β, TNFα, and complement component-5 [64,65,66,67,68].



In the case of COVID-19 patients with severe pneumonia and ARDS, elevated serum levels of the inflammatory cytokine IL-6 were a marker for poor outcomes. Several clinical trials (NCT04317092, NCT04320615, and NCT04370834) are currently under evaluation in many countries (Italy, USA, and China) to evaluate the efficacy, safety, pharmacodynamics, and pharmacokinetics of the IL-6 receptor-targeted mAb tocilizumab to dampen the inflammatory response in patients with severe COVID-19 [69,70,71,72,73]. Another potential target of COVID-19 immunomodulatory mAb therapy is the inflammatory cytokine IL-1β, which plays an essential role in the cytokine storm associated with SARS-CoV-2 infection [74]. A promising therapeutic inhibition for the IL-1β is Canakinumab, which has been previously used effectively in the treatment of different inflammatory syndromes [67,68]. Canakinumab is a high affinity human mAb against interleukin IL-1β, which inhibits the pro-inflammatory effects of IL-1β by blocking its binding to IL-1R. Several clinical trials (NCT04365153, NCT04348448) have begun to evaluate the use of Canakinumab for the treatment of COVID-19 [67,68]. Increasing evidence suggests the contributions of the T-helper 17 cell cytokine IL-17 to COVID-19-related ARDS [75,76,77]. Therefore, targeting the IL-17 signaling using anti-IL-17 mAbs is currently under investigation for the treatment of COVID-19 patients, particularly those with ARDS [76]. The human IL-17-specific mAb, Secukinumab, is currently under a phase II clinical trial (NCT04403243) for the treatment of COVID-19 patients [78]. In addition to inflammatory cytokines, complement activation also contributes to the pathology of severe COVID-19 cases. The complement activation is an innate immune mechanism to pathogens with an essential role in pro-inflammatory immune responses [79]. Therefore, an ongoing clinical trial (NCT04371367) is evaluating the therapeutic effect of inhibiting the complement activation during the early stage of SARS-CoV-2-infection using a mAb to the complement component-5a receptor 1 (CD88) [80]. In a recent randomized Phase 2 clinical trial, treatment with a blocking mAb against the complement protein C5a (vilobelimab) showed a mortality-reducing effect in patients with severe COVID-19 [23]. Based on this effect, the clinical evaluation of vilobelimab in a Phase 3 trial has been suggested by the authors [23].



Other therapeutic approaches for the COVID-19 include the targeting of some key signal pathways involved in the myeloid cell production, function, and maturation. Granulocyte-macrophage colony-stimulating factor (GM-CSF) binding to its α-receptor activates the secretion of multiple pro-inflammatory cytokines by the macrophages and the neutrophils, which affect their activation and differentiation [81]. Based on these facts, several clinical trials are currently taking place in the USA. These trials aim to evaluate the effectivity of different mAb against the human GM-CSF (NCT04351243, NCT04341116) or the GM-CSF receptor (NCT04447469, NCT04397497) for the treatment of COVID-19 [82,83,84].



To reduce the extravasation of blood neutrophils and monocytes and to avoid their accumulation in the lung and the collateral tissue damage to the airway epithelial cells and vascular endothelial cells of COVID-19 patients, additional clinical trials are progressing to exploring the use of mAb targeting the adhesion molecules and chemokine receptors [85]. A recent clinical trial (NCT04435184) is currently evaluating the use of Crizanlizumab 56], a mAb to P-selectin (a cell adhesion molecule expressed on the endothelial cells of blood vessels and activated platelets) for treatment of COVID-19 [86,87]. This approach is designed to inhibit the extravasation and recruitment of inflammatory cells to the lungs. Other trials (NCT04343651 and NCT04347239) involve targeting the process of the recruitment of monocytes and neutrophils by blocking the CC chemokine receptor-5 (CCR5; CD195) using mAbs [88].



Toll-like receptors (TLR) play critical roles in the initiation of the inflammatory response [89,90]. The use of mAb to the LPS-receptor CD14 (NCT04391309) for damping the hyperactivation of innate immune cells in COVID-19 patients is currently under evaluation [91]. Another clinical trial (NCT04317040) is also exploring the employment of CD24Fc, a recombinant fusion protein consisting of the CD24 extracellular domain and IgG1-Fc domain, which binds to danger-associated molecular patterns (DAMPs) released from injured cells, thereby blocking the sensing of DAMPs through PRRs and inhibiting the secretion of inflammatory cytokines [92]. Further clinical trials are currently evaluating additional immunomodulatory antibody-based therapeutics. This includes mAb to the immunomodulatory cytokine IFNγ (NCT04324021), the connective tissue growth factor (NCT04432298), the vascular endothelial growth factor (NCT04305106), and the T cell surface molecule CD147 (NCT04275245), which has recently been shown to bind to SARS-CoV-2-S protein and contribute to the lymphopenia reported in COVID-19 patients [37,93,94,95,96,97].





5. Overview and Analysis of the Current Clinical Trials


The current clinical trials of using monoclonal antibodies for treating Covid-19 are summarized in Table 1. The table summarizes the data concerning (1) the clinical trials’ IDs, (2) the countries in which the clinical trials are held, (3) the recruiting status and the number of recruitments, (4) the sponsorship of the clinical trial projects, and (5) the concept used in trial design. The dataset was tabulated and prepared for the statistical analysis using STATA statistical software.



The “Estimated Enrollment” variable had a continuous nature, so we drew a box plot to check the median estimated enrollment and the spread of the data. All other variables had a qualitative nature, which were then categorized by the STATA software. For instance, we considered the country variable to be coded as 1, 2, 3, 4, etc. Similarly, all the other variables were categorized and coded according to their characteristics and levels. The purpose of coding is to generate frequency and percentage tables using statistical software (Table 2).



We performed descriptive analysis and data visualization for the variables related to the clinical trials in the study. The associations of different indicators with each other were tested to evaluate whether the indicators are interlinked or not. A cross-tabulation analysis was used to check the frequencies, and chi-square was used to test the association between them. If the chi-square test statistics value was significant, then we concluded that there was a significant association between the two variables. In our analysis, we used alpha significance equal to 5%.



The descriptive statistics of “estimated enrollments” are provided in Table 3. The total estimated enrollments in all trials were 15,147, with an average of 489 per trial location with minimal recruitments of 20, and the maximal number was 2924.



A boxplot was created to obtain a clear picture of the information inside the estimated enrollment (Figure 2). The boxplot comprises the minimum value, maximum value, Quartile 1, Quartile 2, and median of the variable. The median value for the estimated enrollments was 220, with some extreme values. In addition, most of the observed numbers were in the range of 20 and 450.



To gain more insight into the clinical trials characteristics, a cross-tabulation was undertaken between the percent of trial contribution by the country in which the trial was held and sponsoring institutions (Table 4). The highest sponsorship rates were observed by hospitals and medical colleges (45.16%) followed by pharmaceutical companies (32.26%). The sponsorship from biopharmaceutical companies was the highest in the USA (22.58%), compared with 6.46% in Italy and 3.23% in China. In contrast, the sponsorship from hospitals and the medical colleges was the most predominant in China, compared with other countries. There was a significant association between the country and sponsorship (p < 0.05). Moreover, the total percentage of sponsoring projects was the highest in USA (58.07%) followed by China (22.5%), Italy (16.15%), and France (3.23%).



There was no significant statistical association between the phases of clinical trials or the status of recruitment and the country in which the clinical trial is held. Since the largest number of trials was in the USA, there was a corresponding higher number of recruiting status as well as the largest non-recruiting rates (Table 5, Figure 3).




6. Conclusions and Future Perspectives


The short-term immunity induced by using antibody-based immunotherapeutics represents an effective alternative strategy to bridge the gap resulting from the lack of an efficient vaccine against SARS-CoV-2. In addition to their proven record of safety and efficacy, antibody-based immunotherapeutics have shorter development and testing timeline compared to vaccines or other chemical drugs [50,98]. The current COVID-19 antibody-based immunotherapeutic approaches include SARS-CoV-2-neutralizing antibodies, such as convalescent plasma, NAbs, MAbs, and IVIg, and immunomodulatory antibodies [54,64,65,66,67,68]. Although the passive administration of convalescent plasma represents a possible treatment for critical COVID-19 patients, it must overcome several challenges, including the existence of non-neutralizing or subneutralizing antibodies, which may result in antibody-dependent enhancement of viral infection. Separated SARS-CoV-2-specific neutralizing antibodies and newly developed SARS-CoV-2-specific monoclonal antibodies are viable options. Several animal model studies have reported different dysregulating effects of S-protein-specific IgG antibodies, including the polarization of T helper cells toward a Th2 response with increased production of type 2 cytokines resulting in severe acute diffuse pulmonary alveolar damage in the lungs [53,99]. As the development of new effective antiviral immunomodulatory mAbs is a time-consuming process, several clinical trials are currently evaluating the repurposing of existing immunomodulatory mAbs to modulate the host immune defense against SARS-CoV-2 infection as well as to avoid the harmful overreaction of the immune system [53,99].



The immune response plays vital roles during the course of SARS-CoV-2 infections in most patients. Understanding different aspects of the molecular immunology of SARS-CoV-2 should open new avenues for the intervention of the treatment, especially in severely affected patients. Application of the antibody-based immunotherapeutic strategies showed promising trends in the treatment of some types of cancers and viral infections in the past. In light of our understandings of SARS-CoV-2 and its immune evasion and manipulation strategies, we assume the application of the antibody-based immunotherapeutic, especially the monoclonal antibodies, will have a great impact on the treatment of severely affected cases of SAR-CoV-2. This will reduce the overall number of hospitalizations and will dramatically decrease the case fatality rate among severe cases, which have a bad prognosis. More research is urgently needed to understand various immune evasion strategies of SARS-CoV-2 together with the various studying aspects of the SARS-CoV-2 host interaction.







Author Contributions


J.H., M.K., M.G.H., and A.I.A.A.-M. prepared the original draft and revised the manuscript; A.I.A.A.-M. acquired funding; All authors have read and agreed to the published version of the manuscript.




Funding


The authors wish to thank the King Abdul-Aziz City for Science and Technology for their generous funding through the Strategic Technologies program, grant number 11-BIO1823-06.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Munster, V.J.; Koopmans, M.; van Doremalen, N.; van Riel, D.; de Wit, E. A Novel Coronavirus Emerging in China—Key Questions for Impact Assessment. N. Engl. J. Med. 2020, 382, 692–694. [Google Scholar] [CrossRef] [PubMed]

	



Iacobazzi, D.; Baquedano, M.; Madeddu, P.; Caputo, M. COVID-19, State of the Adult and Pediatric Heart: From Myocardial Injury to Cardiac Effect of Potential Therapeutic Intervention. Front. Cardiovasc Med. 2020, 7, 140. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and immunological features of severe and moderate coronavirus disease 2019. J. Clin. Invest. 2020, 130, 2620–2629. [Google Scholar] [CrossRef] [PubMed]

	



Shereen, M.A.; Khan, S.; Kazmi, A.; Bashir, N.; Siddique, R. COVID-19 infection: Origin, transmission, and characteristics of human coronaviruses. J. Adv. Res. 2020, 24, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Zhang, S. COVID-19: Face masks and human-to-human transmission. Influenza Other Respir. Viruses 2020, 14, 472–473. [Google Scholar] [CrossRef] [PubMed]

	



Awadasseid, A.; Wu, Y.; Tanaka, Y.; Zhang, W. Initial success in the identification and management of the coronavirus disease 2019 (COVID-19) indicates human-to-human transmission in Wuhan, China. Int. J. Biol. Sci. 2020, 16, 1846–1860. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Yu, Y.; Xu, J.; Shu, H.; Xia, J.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; et al. Clinical course and outcomes of critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China: A single-centered, retrospective, observational study. Lancet Respir. Med. 2020, 8, 475–481. [Google Scholar] [CrossRef]

	



Bouadma, L.; Wiedemann, A.; Patrier, J.; Surenaud, M.; Wicky, P.H.; Foucat, E.; Diehl, J.L.; Hejblum, B.P.; Sinnah, F.; de Montmollin, E.; et al. Immune Alterations in a Patient with SARS-CoV-2-Related Acute Respiratory Distress Syndrome. J. Clin. Immunol. 2020. [Google Scholar] [CrossRef]

	



Badraoui, R.; Alrashedi, M.M.; El-May, M.V.; Bardakci, F. Acute respiratory distress syndrome: A life threatening associated complication of SARS-CoV-2 infection inducing COVID-19. J. Biomol. Struct. Dyn. 2020, 1–10. [Google Scholar] [CrossRef]

	



Barbeta, E.; Motos, A.; Torres, A.; Ceccato, A.; Ferrer, M.; Cilloniz, C.; Bueno, L.; Badia, J.R.; Castro, P.; Ferrando, C.; et al. SARS-CoV-2-induced Acute Respiratory Distress Syndrome: Pulmonary Mechanics and Gas-Exchange Abnormalities. Ann. Am. Thorac. Soc. 2020, 17, 1164–1168. [Google Scholar] [CrossRef]

	



D’Abramo, A.; Lepore, L.; Palazzolo, C.; Barreca, F.; Liuzzi, G.; Lalle, E.; Nicastri, E. Acute respiratory distress syndrome due to SARS-CoV-2 and Influenza A co-infection in an Italian patient: Mini-review of the literature. Int. J. Infect. Dis. 2020, 97, 236–239. [Google Scholar] [CrossRef]

	



Peiris, J.S. Severe Acute Respiratory Syndrome (SARS). J. Clin. Virol. 2003, 28, 245–247. [Google Scholar] [CrossRef]

	



Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; et al. Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [Google Scholar] [CrossRef]

	



Bristow, M.R.; Zisman, L.S.; Altman, N.L.; Gilbert, E.M.; Lowes, B.D.; Minobe, W.A.; Slavov, D.; Schwisow, J.A.; Rodriguez, E.M.; Carroll, I.A.; et al. Dynamic Regulation of SARS-Cov-2 Binding and Cell Entry Mechanisms in Remodeled Human Ventricular Myocardium. JACC Basic Transl. Sci. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Darvish-Damavandi, M.; Laycock, J.; Ward, C.; van Driel, M.S.; Goldgraben, M.A.; Buczacki, S.J. An analysis of SARS-CoV-2 cell entry genes identifies the intestine and colorectal cancer as susceptible tissues. Br. J. Surg. 2020. [Google Scholar] [CrossRef]

	



Bilinska, K.; Jakubowska, P.; Von Bartheld, C.S.; Butowt, R. Expression of the SARS-CoV-2 Entry Proteins, ACE2 and TMPRSS2, in Cells of the Olfactory Epithelium: Identification of Cell Types and Trends with Age. ACS Chem. Neurosci. 2020, 11, 1555–1562. [Google Scholar] [CrossRef]

	



Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2020, 117, 11727–11734. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [Google Scholar] [CrossRef]

	



Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2. Science 2020, 367, 1444–1448. [Google Scholar] [CrossRef]

	



Keam, S.; Megawati, D.; Patel, S.K.; Tiwari, R.; Dhama, K.; Harapan, H. Immunopathology and immunotherapeutic strategies in severe acute respiratory syndrome coronavirus 2 infection. Rev. Med. Virol. 2020. [Google Scholar] [CrossRef]

	



Florindo, H.F.; Kleiner, R.; Vaskovich-Koubi, D.; Acurcio, R.C.; Carreira, B.; Yeini, E.; Tiram, G.; Liubomirski, Y.; Satchi-Fainaro, R. Immune-mediated approaches against COVID-19. Nat. Nanotechnol. 2020, 15, 630–645. [Google Scholar] [CrossRef]

	



Kawamura, Y.; Higashimoto, Y.; Miura, H.; Ihira, M.; Inaba, M.; Ito, R.; Kozawa, K.; Yoshikawa, T. Immune response against SARS-CoV-2 in pediatric patients including young infants. J. Med. Virol. 2020. [Google Scholar] [CrossRef]

	



Portela Sousa, C.; Brites, C. Immune response in SARS-CoV-2 infection: The role of interferons type I and type III. Braz. J. Infect. Dis. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Herroelen, P.H.; Martens, G.A.; De Smet, D.; Swaerts, K.; Decavele, A.S. Humoral Immune Response to SARS-CoV-2. Am. J. Clin. Pathol. 2020. [Google Scholar] [CrossRef]

	



Shurin, M.R.; Morris, A.; Wells, A.; Wheeler, S.E. Assessing Immune Response to SARS-CoV-2 Infection. ImmunoTargets Ther. 2020, 9, 111–114. [Google Scholar] [CrossRef]

	



Garcia-Salido, A. Narrative review of the immune response against coronavirus: An overview, applicability for SARS-COV-2, and therapeutic implications. An. Pediatr. (Barc.) 2020, 93, 60.e1–60.e7. [Google Scholar] [CrossRef]

	



Azkur, A.K.; Akdis, M.; Azkur, D.; Sokolowska, M.; van de Veen, W.; Bruggen, M.C.; O’Mahony, L.; Gao, Y.; Nadeau, K.; Akdis, C.A. Immune response to SARS-CoV-2 and mechanisms of immunopathological changes in COVID-19. Allergy 2020, 75, 1564–1581. [Google Scholar] [CrossRef] [PubMed]

	



di Mauro, G.; Cristina, S.; Concetta, R.; Francesco, R.; Annalisa, C. SARS-Cov-2 infection: Response of human immune system and possible implications for the rapid test and treatment. Int. Immunopharmacol. 2020, 84, 106519. [Google Scholar] [CrossRef]

	



Kruse, R.L. Therapeutic strategies in an outbreak scenario to treat the novel coronavirus originating in Wuhan, China. F1000Research 2020, 9, 72. [Google Scholar] [CrossRef]

	



Abdullahi, I.N.; Emeribe, A.U.; Adekola, H.A.; Abubakar, S.D.; Dangana, A.; Shuwa, H.A.; Nwoba, S.T.; Mustapha, J.O.; Haruna, M.T.; Olowookere, K.A.; et al. Leveraging on the genomics and immunopathology of SARS-CoV-2 for vaccines development: Prospects and challenges. Hum. Vaccin. Immunother. 2020, 1–18. [Google Scholar] [CrossRef]

	



Beacon, T.H.; Su, R.C.; Lakowski, T.M.; Delcuve, G.P.; Davie, J.R. SARS-CoV-2 multifaceted interaction with the human host. Part II: Innate immunity response, immunopathology, and epigenetics. IUBMB Life 2020. [Google Scholar] [CrossRef] [PubMed]

	



Allegra, A.; Di Gioacchino, M.; Tonacci, A.; Musolino, C.; Gangemi, S. Immunopathology of SARS-CoV-2 Infection: Immune Cells and Mediators, Prognostic Factors, and Immune-Therapeutic Implications. Int. J. Mol. Sci. 2020, 21, 4782. [Google Scholar] [CrossRef]

	



Dhama, K.; Patel, S.K.; Pathak, M.; Yatoo, M.I.; Tiwari, R.; Malik, Y.S.; Singh, R.; Sah, R.; Rabaan, A.A.; Bonilla-Aldana, D.K.; et al. An update on SARS-CoV-2/COVID-19 with particular reference to its clinical pathology, pathogenesis, immunopathology and mitigation strategies. Travel Med. Infect. Dis. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [Google Scholar] [CrossRef]

	



Li, G.; Fan, Y.; Lai, Y.; Han, T.; Li, Z.; Zhou, P.; Pan, P.; Wang, W.; Hu, D.; Liu, X.; et al. Coronavirus infections and immune responses. J. Med. Virol. 2020, 92, 424–432. [Google Scholar] [CrossRef] [PubMed]

	



Prompetchara, E.; Ketloy, C.; Palaga, T. Immune responses in COVID-19 and potential vaccines: Lessons learned from SARS and MERS epidemic. Asian Pac. J. Allergy Immunol. 2020, 38, 1–9. [Google Scholar] [CrossRef]

	



Garcia, L.F. Immune Response, Inflammation, and the Clinical Spectrum of COVID-19. Front. Immunol. 2020, 11, 1441. [Google Scholar] [CrossRef]

	



Thevarajan, I.; Nguyen, T.H.O.; Koutsakos, M.; Druce, J.; Caly, L.; van de Sandt, C.E.; Jia, X.; Nicholson, S.; Catton, M.; Cowie, B.; et al. Breadth of concomitant immune responses prior to patient recovery: A case report of non-severe COVID-19. Nat. Med. 2020, 26, 453–455. [Google Scholar] [CrossRef] [PubMed]

	



To, K.K.; Tsang, O.T.; Leung, W.S.; Tam, A.R.; Wu, T.C.; Lung, D.C.; Yip, C.C.; Cai, J.P.; Chan, J.M.; Chik, T.S.; et al. Temporal profiles of viral load in posterior oropharyngeal saliva samples and serum antibody responses during infection by SARS-CoV-2: An observational cohort study. Lancet Infect. Dis. 2020, 20, 565–574. [Google Scholar] [CrossRef]

	



D’Elia, R.V.; Harrison, K.; Oyston, P.C.; Lukaszewski, R.A.; Clark, G.C. Targeting the “cytokine storm” for therapeutic benefit. Clin. Vaccine Immunol. 2013, 20, 319–327. [Google Scholar] [CrossRef]

	



Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J.; Hlh Across Speciality Collaboration, U.K. COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 395, 1033–1034. [Google Scholar] [CrossRef]

	



Li, J.; Gong, X.; Wang, Z.; Chen, R.; Li, T.; Zeng, D.; Li, M. Clinical features of familial clustering in patients infected with 2019 novel coronavirus in Wuhan, China. Virus Res. 2020, 286, 198043. [Google Scholar] [CrossRef]

	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef]

	



Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, J. Correction to: Clinical predictors of mortality due to COVID-19 based on an analysis of data of 150 patients from Wuhan, China. Intensive Care Med. 2020, 46, 1294–1297. [Google Scholar] [CrossRef]

	



Cao, X. COVID-19: Immunopathology and its implications for therapy. Nat. Rev. Immunol. 2020, 20, 269–270. [Google Scholar] [CrossRef]

	



Zheng, M.; Gao, Y.; Wang, G.; Song, G.; Liu, S.; Sun, D.; Xu, Y.; Tian, Z. Functional exhaustion of antiviral lymphocytes in COVID-19 patients. Cell Mol. Immunol. 2020, 17, 533–535. [Google Scholar] [CrossRef]

	



Epidemiology Working Group for Ncip Epidemic Response; Chinese Center for Disease Control and Prevention. The epidemiological characteristics of an outbreak of 2019 novel coronavirus diseases (COVID-19) in China. Zhonghua Liu Xing Bing Xue Za Zhi 2020, 41, 145–151. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhou, X.; Zhu, C.; Song, Y.; Feng, F.; Qiu, Y.; Feng, J.; Jia, Q.; Song, Q.; Zhu, B.; et al. Immune Phenotyping Based on the Neutrophil-to-Lymphocyte Ratio and IgG Level Predicts Disease Severity and Outcome for Patients With COVID-19. Front. Mol. Biosci. 2020, 7, 157. [Google Scholar] [CrossRef]

	



Zhao, J.; Yuan, Q.; Wang, H.; Liu, W.; Liao, X.; Su, Y.; Wang, X.; Yuan, J.; Li, T.; Li, J.; et al. Antibody responses to SARS-CoV-2 in patients of novel coronavirus disease 2019. Clin. Infect. Dis. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, G.; Zhao, Q. Perspectives on therapeutic neutralizing antibodies against the Novel Coronavirus SARS-CoV-2. Int. J. Biol. Sci. 2020, 16, 1718–1723. [Google Scholar] [CrossRef]

	



AminJafari, A.; Ghasemi, S. The possible of immunotherapy for COVID-19: A systematic review. Int. Immunopharmacol. 2020, 83, 106455. [Google Scholar] [CrossRef]

	



Abraham, J. Passive antibody therapy in COVID-19. Nat. Rev. Immunol. 2020, 20, 401–403. [Google Scholar] [CrossRef]

	



Xi, Y. Convalescent plasma therapy for COVID-19: A tried-and-true old strategy? Signal Transduct. Target. Ther. 2020, 5, 203. [Google Scholar] [CrossRef]

	



Casadevall, A.; Pirofski, L.A. The convalescent sera option for containing COVID-19. J. Clin. Invest. 2020, 130, 1545–1548. [Google Scholar] [CrossRef]

	



Duan, K.; Liu, B.; Li, C.; Zhang, H.; Yu, T.; Qu, J.; Zhou, M.; Chen, L.; Meng, S.; Hu, Y.; et al. Effectiveness of convalescent plasma therapy in severe COVID-19 patients. Proc. Natl. Acad. Sci. USA 2020, 117, 9490–9496. [Google Scholar] [CrossRef]

	



Patel, A.; Bah, M.A.; Weiner, D.B. In Vivo Delivery of Nucleic Acid-Encoded Monoclonal Antibodies. BioDrugs 2020, 34, 273–293. [Google Scholar] [CrossRef]

	



Baum, A.; Ajithdoss, D.; Copin, R.; Zhou, A.; Lanza, K.; Negron, N.; Ni, M.; Wei, Y.; Mohammadi, K.; Musser, B.; et al. REGN-COV2 antibodies prevent and treat SARS-CoV-2 infection in rhesus macaques and hamsters. Science 2020. [Google Scholar] [CrossRef]

	



Tortorici, M.A.; Beltramello, M.; Lempp, F.A.; Pinto, D.; Dang, H.V.; Rosen, L.E.; McCallum, M.; Bowen, J.; Minola, A.; Jaconi, S.; et al. Ultrapotent human antibodies protect against SARS-CoV-2 challenge via multiple mechanisms. Science 2020. [Google Scholar] [CrossRef]

	



Gustine, J.N.; Jones, D. Immunopathology of Hyperinflammation in COVID-19. Am. J. Pathol. 2020. [Google Scholar] [CrossRef]

	



Boziki, M.K.; Mentis, A.A.; Shumilina, M.; Makshakov, G.; Evdoshenko, E.; Grigoriadis, N. COVID-19 Immunopathology and the Central Nervous System: Implication for Multiple Sclerosis and Other Autoimmune Diseases with Associated Demyelination. Brain Sci. 2020, 10, 345. [Google Scholar] [CrossRef]

	



Lega, S.; Naviglio, S.; Volpi, S.; Tommasini, A. Recent Insight into SARS-CoV2 Immunopathology and Rationale for Potential Treatment and Preventive Strategies in COVID-19. Vaccines (Basel) 2020, 8, 224. [Google Scholar] [CrossRef]

	



Chiappelli, F.; Khakshooy, A.; Greenberg, G. CoViD-19 Immunopathology and Immunotherapy. Bioinformation 2020, 16, 219–222. [Google Scholar] [CrossRef]

	



Henderson, L.A.; Canna, S.W.; Schulert, G.S.; Volpi, S.; Lee, P.Y.; Kernan, K.F.; Caricchio, R.; Mahmud, S.; Hazen, M.M.; Halyabar, O.; et al. On the Alert for Cytokine Storm: Immunopathology in COVID-19. Arthritis Rheumatol. 2020, 72, 1059–1063. [Google Scholar] [CrossRef]

	



Alzghari, S.K.; Acuna, V.S. Supportive Treatment with Tocilizumab for COVID-19: A Systematic Review. J. Clin. Virol. 2020, 127, 104380. [Google Scholar] [CrossRef]

	



Marovich, M.; Mascola, J.R.; Cohen, M.S. Monoclonal Antibodies for Prevention and Treatment of COVID-19. JAMA 2020, 324, 131–132. [Google Scholar] [CrossRef]

	



Zhao, M. Cytokine storm and immunomodulatory therapy in COVID-19: Role of chloroquine and anti-IL-6 monoclonal antibodies. Int. J. Antimicrob. Agents 2020, 55, 105982. [Google Scholar] [CrossRef]

	



Sheng, C.C.; Sahoo, D.; Dugar, S.; Prada, R.A.; Wang, T.K.M.; Abou Hassan, O.K.; Brennan, D.; Culver, D.A.; Rajendram, P.; Duggal, A.; et al. Canakinumab to reduce deterioration of cardiac and respiratory function in SARS-CoV-2 associated myocardial injury with heightened inflammation (canakinumab in Covid-19 cardiac injury: The three C study). Clin. Cardiol. 2020. [Google Scholar] [CrossRef]

	



Ucciferri, C.; Auricchio, A.; Di Nicola, M.; Potere, N.; Abbate, A.; Cipollone, F.; Vecchiet, J.; Falasca, K. Canakinumab in a subgroup of patients with COVID-19. Lancet Rheumatol. 2020, 2, e457–e458. [Google Scholar] [CrossRef]

	



Akinosoglou, K.; Gogos, C. Severe COVID-19 and interleukin-6 receptor antagonist tocilizumab: Some notes of concern. Respirology 2020. [Google Scholar] [CrossRef]

	



Zeng, J.; Xie, M.H.; Yang, J.; Chao, S.W.; Xu, E.L. Clinical efficacy of tocilizumab treatment in severe and critical COVID-19 patients. World J. Clin. Cases 2020, 8, 3763–3773. [Google Scholar] [CrossRef] [PubMed]

	



Masia, M.; Fernandez-Gonzalez, M.; Padilla, S.; Ortega, P.; Garcia, J.A.; Agullo, V.; Garcia-Abellan, J.; Telenti, G.; Guillen, L.; Gutierrez, F. Impact of interleukin-6 blockade with tocilizumab on SARS-CoV-2 viral kinetics and antibody responses in patients with COVID-19: A prospective cohort study. EBioMedicine 2020, 60, 102999. [Google Scholar] [CrossRef]

	



Aziz, M.; Haghbin, H.; Sitta, E.A.; Nawras, Y.; Fatima, R.; Sharma, S.; Lee-Smith, W.; Duggan, J.; Kammeyer, J.A.; Hanarahan, J.; et al. Efficacy of Tocilizumab in COVID-19: A Systematic review and Meta-Analysis. J. Med. Virol. 2020. [Google Scholar] [CrossRef]

	



Piano, S.; Vettor, R.; Angeli, P. COVID-LIVER study group. Tocilizumab for severe COVID-19 pneumonia. Lancet Rheumatol. 2020. [Google Scholar] [CrossRef]

	



Soy, M.; Keser, G.; Atagunduz, P.; Tabak, F.; Atagunduz, I.; Kayhan, S. Cytokine storm in COVID-19: Pathogenesis and overview of anti-inflammatory agents used in treatment. Clin. Rheumatol. 2020, 39, 2085–2094. [Google Scholar] [CrossRef] [PubMed]

	



Pacha, O.; Sallman, M.A.; Evans, S.E. COVID-19: A case for inhibiting IL-17? Nat. Rev. Immunol. 2020, 20, 345–346. [Google Scholar] [CrossRef]

	



Megna, M.; Napolitano, M.; Fabbrocini, G. May IL-17 have a role in COVID-19 infection? Med. Hypotheses 2020, 140, 109749. [Google Scholar] [CrossRef]

	



Mendoza, V.M.M. Interleukin-17: A potential therapeutic target in COVID-19. J. Infect. 2020, 81, e136–e138. [Google Scholar] [CrossRef] [PubMed]

	



Quartuccio, L.; Semerano, L.; Benucci, M.; Boissier, M.C.; De Vita, S. Urgent avenues in the treatment of COVID-19: Targeting downstream inflammation to prevent catastrophic syndrome. Joint Bone Spine 2020, 87, 191–193. [Google Scholar] [CrossRef]

	



Risitano, A.M.; Mastellos, D.C.; Huber-Lang, M.; Yancopoulou, D.; Garlanda, C.; Ciceri, F.; Lambris, J.D. Complement as a target in COVID-19? Nat. Rev. Immunol. 2020, 20, 343–344. [Google Scholar] [CrossRef]

	



Carvelli, J.; Demaria, O.; Vely, F.; Batista, L.; Benmansour, N.C.; Fares, J.; Carpentier, S.; Thibult, M.L.; Morel, A.; Remark, R.; et al. Association of COVID-19 inflammation with activation of the C5a-C5aR1 axis. Nature 2020. [Google Scholar] [CrossRef]

	



Hamilton, J.A. GM-CSF-Dependent Inflammatory Pathways. Front. Immunol. 2019, 10, 2055. [Google Scholar] [CrossRef]

	



De Luca, G.; Cavalli, G.; Campochiaro, C.; Della-Torre, E.; Angelillo, P.; Tomelleri, A.; Boffini, N.; Tentori, S.; Mette, F.; Farina, N.; et al. GM-CSF blockade with mavrilimumab in severe COVID-19 pneumonia and systemic hyperinflammation: A single-centre, prospective cohort study. Lancet Rheumatol. 2020, 2, e465–e473. [Google Scholar] [CrossRef]

	



Bonaventura, A.; Vecchie, A.; Wang, T.S.; Lee, E.; Cremer, P.C.; Carey, B.; Rajendram, P.; Hudock, K.M.; Korbee, L.; Van Tassell, B.W.; et al. Targeting GM-CSF in COVID-19 Pneumonia: Rationale and Strategies. Front. Immunol. 2020, 11, 1625. [Google Scholar] [CrossRef]

	



Lang, F.M.; Lee, K.M.; Teijaro, J.R.; Becher, B.; Hamilton, J.A. GM-CSF-based treatments in COVID-19: Reconciling opposing therapeutic approaches. Nat. Rev. Immunol. 2020, 20, 507–514. [Google Scholar] [CrossRef]

	



Neri, T.; Nieri, D.; Celi, A. P-selectin blockade in COVID-19-related ARDS. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 318, L1237–L1238. [Google Scholar] [CrossRef]

	



Man, Y.; Goreke, U.; Kucukal, E.; Hill, A.; An, R.; Liu, S.; Bode, A.; Solis-Fuentes, A.; Nayak, L.V.; Little, J.A.; et al. Leukocyte adhesion to P-selectin and the inhibitory role of Crizanlizumab in sickle cell disease: A standardized microfluidic assessment. Blood Cells Mol. Dis. 2020, 83, 102424. [Google Scholar] [CrossRef]

	



Grobler, C.; Maphumulo, S.C.; Grobbelaar, L.M.; Bredenkamp, J.C.; Laubscher, G.J.; Lourens, P.J.; Steenkamp, J.; Kell, D.B.; Pretorius, E. Covid-19: The Rollercoaster of Fibrin(Ogen), D-Dimer, Von Willebrand Factor, P-Selectin and Their Interactions with Endothelial Cells, Platelets and Erythrocytes. Int. J. Mol. Sci. 2020, 21, 5168. [Google Scholar] [CrossRef]

	



Patterson, B.K.; Seethamraju, H.; Dhody, K.; Corley, M.J.; Kazempour, K.; Lalezari, J.P.; Pang, A.P.; Sugai, C.; Francisco, E.B.; Pise, A.; et al. Disruption of the CCL5/RANTES-CCR5 Pathway Restores Immune Homeostasis and Reduces Plasma Viral Load in Critical COVID-19. medRxiv 2020. [Google Scholar] [CrossRef]

	



Gamrekelashvili, J.; Kapanadze, T.; Sablotny, S.; Ratiu, C.; Dastagir, K.; Lochner, M.; Karbach, S.; Wenzel, P.; Sitnow, A.; Fleig, S.; et al. Notch and TLR signaling coordinate monocyte cell fate and inflammation. Elife 2020, 9. [Google Scholar] [CrossRef]

	



Scheenstra, M.R.; van Harten, R.M.; Veldhuizen, E.J.A.; Haagsman, H.P.; Coorens, M. Cathelicidins Modulate TLR-Activation and Inflammation. Front. Immunol. 2020, 11, 1137. [Google Scholar] [CrossRef]

	



Martin, T.R.; Wurfel, M.M.; Zanoni, I.; Ulevitch, R. Targeting innate immunity by blocking CD14: Novel approach to control inflammation and organ dysfunction in COVID-19 illness. EBioMedicine 2020, 57, 102836. [Google Scholar] [CrossRef]

	



Tian, R.R.; Zhang, M.X.; Liu, M.; Fang, X.; Li, D.; Zhang, L.; Zheng, P.; Zheng, Y.T.; Liu, Y. CD24Fc protects against viral pneumonia in simian immunodeficiency virus-infected Chinese rhesus monkeys. Cell. Mol. Immunol. 2020, 17, 887–888. [Google Scholar] [CrossRef]

	



Helal, M.A.; Shouman, S.; Abdelwaly, A.; Elmehrath, A.O.; Essawy, M.; Sayed, S.M.; Saleh, A.H.; El-Badri, N. Molecular basis of the potential interaction of SARS-CoV-2 spike protein to CD147 in COVID-19 associated-lymphopenia. J. Biomol. Struct. Dyn. 2020, 1–11. [Google Scholar] [CrossRef]

	



Sehirli, A.O.; Sayiner, S.; Serakinci, N. Role of melatonin in the treatment of COVID-19; as an adjuvant through cluster differentiation 147 (CD147). Mol. Biol. Rep. 2020. [Google Scholar] [CrossRef]

	



Liu, C.; von Brunn, A.; Zhu, D. Cyclophilin A and CD147: Novel therapeutic targets for the treatment of COVID-19. Med. Drug Discov. 2020, 7, 100056. [Google Scholar] [CrossRef] [PubMed]

	



Raony, I.; de Figueiredo, C.S. Retinal outcomes of COVID-19: Possible role of CD147 and cytokine storm in infected patients with diabetes mellitus. Diabetes Res. Clin. Pract. 2020, 165, 108280. [Google Scholar] [CrossRef]

	



Ulrich, H.; Pillat, M.M. CD147 as a Target for COVID-19 Treatment: Suggested Effects of Azithromycin and Stem Cell Engagement. Stem Cell Rev. Rep. 2020, 16, 434–440. [Google Scholar] [CrossRef]

	



Lu, R.M.; Hwang, Y.C.; Liu, I.J.; Lee, C.C.; Tsai, H.Z.; Li, H.J.; Wu, H.C. Development of therapeutic antibodies for the treatment of diseases. J. Biomed. Sci. 2020, 27, 1–30. [Google Scholar] [CrossRef]

	



Fu, Y.; Cheng, Y.; Wu, Y. Understanding SARS-CoV-2-Mediated Inflammatory Responses: From Mechanisms to Potential Therapeutic Tools. Virol. Sin. 2020, 35, 266–271. [Google Scholar] [CrossRef]








[image: Pathogens 09 00917 g001 550] 





Figure 1. The structure of antibodies showing the interaction of FAB (Fragment Antigen Binding) with a target protein. 
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Figure 2. Box plot of the estimated enrollments during COVID-19 clinical trials. 
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Figure 3. The percent of trial recruitments status by the country in which the trial was held. USA has a higher percentage of recruited people (41.945) followed by China, Italy, and France. 
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Table 1. The current clinical trials of using monoclonal antibodies for treating COVID-19.
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	ID
	Recruiting
	Country
	Sponsor
	Study Design
	Estimated Enrollment
	Intervention
	Concept
	Phase





	NCT04261426
	Not yet
	China
	Medical college hospital
	Single-center, randomized, open-label, controlled trial
	80
	Intravenous immunoglobulin therapy
	Providing passive immunity and anti-inflammatory, immunomodulatory effect.
	Phase 2/Phase 3



	NCT04268537
	Not yet
	China
	University
	Randomized, parallel assessment
	120
	PD-1 blocking antibody
	Evaluating the efficacy of the Programmed cell death (PD)-1 and thymosin in COVID-19 patients with severe pneumonia associated with lymphocytopenia
	Phase 2



	NCT04275245
	Recruiting
	China
	Hospital
	Single-group, randomized, open-label, trial
	20
	Meplazumab
	Humanized anti-CD147 antibody
	Phase 1/Phase 2



	NCT04293887
	Not yet
	China
	Medical college hospital
	Randomized, Open label, parallel assessment
	328
	Recombinant human IFN-α2β
	Efficacy and safety of IFN-α2β
	Early Phase 1



	NCT04305106
	Recruiting
	China
	University hospital
	Multicenter Randomized Controlled Clinical Trial
	140
	Bevacizumab
	Antibody against vascular endothelial growth factor (VEGF), which is known as the most potent inducing factors to increase vascular permeability
	



	NCT04315298
	Recruiting
	USA
	Multicenter sponsored by pharmaceutical companies
	Multicenter Randomized parallel assessment Clinical Trial
	2500
	Sarilumab
	mAb targeting IL-6R
	Phase 2/Phase 3



	NCT04317040
	Recruiting
	USA
	Multicenter sponsored by pharmaceutical company
	Multicenter Randomized parallel assessment Clinical Trial
	230
	CD24Fc
	Investigating the immunomodulatory effect of CD24Fc in COVID-19 treatment
	Phase 3



	NCT04317092
	Recruiting
	Italy
	National institute
	Open label single group assessment
	400
	Tocilizumab
	IL-6 inhibitor
	Phase 2



	NCT04320238
	Recruiting
	China
	University hospital
	Nonrandomized open-label, parallel assessment Clinical Trial
	2944
	rhIFNα
	Nasal Drops of recombinant hIFNα to prevent COVID-19 in medical staff
	Phase 3



	NCT04320615
	Active, not recruiting
	USA
	Multicenter sponsored by pharmaceutical companies
	Multicenter Randomized parallel assessment Clinical Trial
	450
	Tocilizumab
	evaluate the efficacy, safety, pharmacodynamics, and pharmacokinetics of tocilizumab, IL-6 inhibitor
	Phase 3



	NCT04322188
	completed
	Italy
	Hospital
	Observational, retrospective study
	220
	Siltuximab
	IL-6 inhibitor used for cancer therapy
	



	NCT04324021
	Recruiting
	Italy
	Biopharmaceutical company
	Multicenter Randomized parallel assessment Clinical Trial
	54
	Emapalumab, Anakinra
	A combination of an anti-IFNγ mAb (Emapalumab) and an IL-1 receptor antagonist (Anakinra)
	Phase 2/Phase 3



	NCT04441918
	Recruiting
	China
	Biopharmaceutical company
	Randomized open label, Clinical Trial
	40
	JS016
	Investigating the Safety, Tolerability, Pharmacokinetics, and immunogenicity of a recombinant humanized Anti-SARS-CoV-2 mAb (JS016)
	Phase 1



	NCT04426695
	Recruiting
	USA
	Multicenter sponsored by pharmaceutical companies
	Multicenter Randomized parallel assessment Clinical Trial
	1860
	Anti-Spike antibody
	mAb against S Protein of SARS-CoV-2
	Phase 1/Phase 2/Phase 3



	NCT04425629
	Recruiting
	USA
	Multicenter sponsored by pharmaceutical companies
	Multicenter Randomized parallel assessment Clinical Trial
	1054
	REGN10933 + REGN10987 antibody cocktail
	Evaluating the Safety, Tolerability, and efficacy of mAb to SARS-CoV-2 S Protein for the treatment of ambulatory patients with COVID-19
	Phase 1/Phase 2/Phase 3



	NCT04351152
	Recruiting
	USA
	Multicenter sponsored by pharmaceutical companies
	Multicenter Randomized parallel assessment Clinical Trial
	238
	Lenzilumab
	For cytokine release syndrome mediated hyper-immune reaction (“cytokine storm”)
	Phase 3



	NCT04371367
	Recruiting
	France
	Hospital, sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	108
	Anti-C5aR
	Complement component 5a receptor 1 or CD88 is a G protein-coupled receptor for C5a that regulates inflammation
	Phase 2



	NCT04391309
	Not yet
	USA
	Hospital, sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	300
	IC14
	IC14, monoclonal antibody to CD14
	Phase 2



	NCT04429529
	Recruiting
	USA
	sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	25
	TY027
	Anti-SARS CoV2 antibody
	Phase 1



	NCT04447469
	Recruiting
	USA
	sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	573
	Mavrilimumab (KPL-301)
	Mavrilimumab is a human mAb that inhibits human GM-CSF-R ()
	Phase 2/Phase 3



	NCT04370834
	Recruiting
	USA
	sponsored by pharmaceutical companies
	Single group assignment
	219
	Tocilizumab
	Using IL-6 mAb for treatment of COVID-19 patients with Cancer
	Phase 2



	NCT04351243
	Recruiting
	USA
	Hospital, sponsored by pharmaceutical companies
	Multicenter Randomized parallel assessment Clinical Trial
	270
	Gimsilumab
	Gimsilumab acts on GM-CSF
	Phase 2



	NCT04365153
	Recruiting
	USA
	Hospital, sponsored by pharmaceutical companies
	Randomized, factorial assessment
	45
	Canakinumab
	Canakinumab is antibody targeting interleukin-1 beta
	Phase 2



	NCT04348448
	Not yet
	Italy
	sponsored by pharmaceutical companies
	Retrospective and prospective observational study
	100
	Canakinumab
	Canakinumab is antibody targeting interleukin-1 beta
	



	NCT04343651
	Not yet
	USA
	sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	75
	Leronlimab
	Anti CC chemokine receptor 5 (CCR5; CD195) antibody
	Phase 2



	NCT04452318
	Not yet
	USA
	sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	2000
	REGN10933 + REGN10987
	mAb against the S Protein of SARS CoV-2
	Phase 3



	NCT04432298
	Recruiting
	USA
	Hospital, sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	130
	Pamrevlumab
	Pamrevlumab against connective tissue growth factor (CTGF)
	Phase 3



	NCT04341116
	Recruiting
	USA
	sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	144
	TJ003234
	TJ003234 is an antibody against human GM-CSF
	Phase 1/Phase 2



	NCT04347239
	Recruiting
	USA
	sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	390
	Leronlimab
	antibody against CC chemokine receptor 5 (CCR5; CD195)
	Phase 2b/Phase 3



	NCT04397497
	Not yet
	Italy
	hospital
	Randomized parallel assessment Clinical Trial
	50
	Mavrilimumab
	Inhibits human GM-CSF-R
	Phase 2



	NCT04435184
	Not yet
	USA
	Hospital, sponsored by pharmaceutical companies
	Randomized parallel assessment Clinical Trial
	40
	Crizanlizumab
	Active against P-selctin, a cell adhesion molecule on the surfaces of activated endothelial cells, which line the inner surface of blood vessels, and activated platelets. Prevent vaso-occulsive crises.
	Phase 2







The table summarizes the data concerning (1) the clinical trials’ IDs, (2) the countries in which the clinical trials are held, (3) the recruiting status and number of recruitments, (4) the sponsorship of the clinical trial projects, and (5) the concept used in trial design. The dataset was tabulated and prepared for the statistical analysis using STATA statistical software.
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Table 2. The variables used in the study and their description.






Table 2. The variables used in the study and their description.





	Variables
	Description





	ID
	Qualitative



	Recruiting
	Qualitative



	Country
	Qualitative



	Sponsor
	Qualitative



	Study design
	Qualitative



	Estimated enrollment
	Quantitative



	Intervention
	Qualitative



	Concept
	Qualitative



	Phase
	Qualitative
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Table 3. Summary Statistics for the estimated enrollment.






Table 3. Summary Statistics for the estimated enrollment.





	Parameter
	Value





	Mean
	489



	Standard Error
	137



	Median
	219



	Mode
	40



	Standard Deviation
	764



	Sample Variance
	584,098



	Kurtosis
	4



	Skewness
	2



	Range
	2924



	Minimum
	20



	Maximum
	2944



	Sum
	15,147



	Count
	31
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Table 4. Cross-tabulation between the percent of trial contribution by the country in which the trial was held and the sponsoring institutions.






Table 4. Cross-tabulation between the percent of trial contribution by the country in which the trial was held and the sponsoring institutions.





	
Sponsor

	
Country




	
China

	
France

	
Italy

	
USA

	
Total






	
Biopharmaceutical companies

	
3.23

	
0

	
6.46

	
22.58

	
32.26




	
Hospital, medical college, or university hospital

	
19.36

	
3.23

	
6.46

	
16.13

	
45.16




	
Multicenter sponsored

	
0.00

	
0.00

	
0.00

	
19.36

	
19.36




	
National institute

	
0.00

	
0.00

	
3.23

	
0.00

	
3.23




	
Total

	
22.59

	
3.23

	
16.15

	
58.07

	
100.00








Pearson chi2(30) = 48.1710; Pr = 0.019.
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Table 5. Cross-tabulation between the percent of trial recruitments status by the country in which the trial was held.






Table 5. Cross-tabulation between the percent of trial recruitments status by the country in which the trial was held.





	
Recruiting Status

	
Country




	
China

	
France

	
Italy

	
USA

	
Total






	
Active, not recruiting

	
0.00

	
0.00

	
0.00

	
3.23

	
3.23




	
Not yet

	
9.68

	
0.00

	
6.45

	
12.90

	
29.03




	
Recruiting

	
12.90

	
3.23

	
6.45

	
41.94

	
64.52




	
completed

	
0.00

	
0.00

	
3.23

	
0.00

	
3.23




	
Total

	
22.58

	
3.23

	
16.13

	
58.06

	
100








Pearson chi2(9) = 8.0537; Pr = 0.529.
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