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Abstract
Although 80% of individuals infected with the severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) recover without antiviral treatments, the other 20% progress to severe forms of pulmonary disease, suggesting that the host’s immune response to the virus could influence the outcome of coronavirus disease 2019 (COVID-19). SARS-CoV-2 infects alveolar epithelial type 2 cells expressing angiotensin-converting enzyme 2, and these infected epithelial cells recruit dendritic cells, neutrophils and monocytes/macrophages, leading to the activation of CD4+ and CD8+ T cells. These cells launch an antiviral immune response, but are able to completely suppress viral replication or completely eradicate virus in a limited proportion of infected patients. In other patients, viral suppression is incomplete and the numbers of circulating B and T cells are subsequently reduced by as yet unknown mechanisms. Some patients with sustained viral replication progress to a severe condition called cytokine storm. Although antiviral drug(s) should be considered early in infection to prevent progression, there have been no antiviral therapies proven to be effective for significantly inhibiting the viral replication in vivo and suppressing the progression to cytokine storm. Blocking the action of cytokines with dexamethasone or anti-interleukin-6 could have a pivotal role in treatment of those patients. Therapeutic strategy should therefore be based on viral kinetics and the immunopathology of COVID-19.
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Core Tip: Since the coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2), the core therapeutic strategy should be aimed at the eradication of the virus. Unfortunately, there have been no antiviral drugs proven to be effective for this viral infection. The pathogenesis of SARS-CoV-2 is formed by the interaction between the viral infection and the immune response to the virus, and the various clinical features observed in patients with COVID-19 could be due to differences in host immune responses. Moreover, therapeutic strategies should be based on both viral kinetics and the immune response. This editorial summarizes current understanding about immune responses in patients infected with SARS-CoV-2 and provides clues to therapeutic strategies based on this information.

INTRODUCTION
A novel coronavirus, severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2), which emerged in 2019 in Wuhan, China, has been found to cause acute respiratory syndrome called coronavirus disease 2019 (COVID-19), with some patients developing a severe form of this disease leading to death. This virus is the third highly pathogenic coronavirus reported to date and has caused a worldwide outbreak of infection called a pandemic. Around 80% of individuals infected with SARS-CoV-2 appear to recover without antiviral treatments[1], indicating that an adequate host immune response against the virus may be sufficient to cure the viral infection. In contrast, the other 20% of patients develop severe forms of this disease, suggesting that an inadequate immune response may predispose to poorer outcomes. Understanding host immune responses against SARS-CoV-2 may be important in designing therapeutic strategies to fight viral infection.

UNDERSTANDING THE IMMUNOPATHOGENESIS OF COVID-19
Virology of SARS-CoV-2
Coronaviruses are enveloped viruses with a single-stranded positive sense RNA. For the virus to enter host cells, the spike (S) protein on the surface of SARS-CoV-2, after priming by the host serine protease TMPRSS2, binds to the host cell angiotensin-converting enzyme 2 (ACE2) receptor[2]. The structure of the receptor-binding domain (RBD) of S protein that binds to the ACE2 receptor has been determined[3], and antibody (Ab) against this RBD is thought to have the ability to neutralize the virus. Cells abundantly expressing ACE2 include alveolar type 2 cells of the lungs and gastrointestinal epithelial cells[4], but any cells expressing ACE2 could be targeted by the virus. Whether SARS-CoV-2 has cytopathic effects (CPE) is unknown, but Middle East respiratory syndrome coronavirus has been reported to induce apoptosis of lung cells through upregulation of Smad7 and fibroblast growth factor 2 expression[5]. Therefore, high replication of SARS-CoV-2 may also induce CPE, which could be involved in the pathogenesis of viral infection. In contrast, alveolar type 2 cells infected with SARS-CoV-2 or alveolar macrophages have been reported to produce cytokines and chemokines. Although these molecules may activate immune responses against the virus, they could also contribute to the pathogenesis of lung diseases and thrombosis[6]. The cellular mechanism underlying the pathogenesis induced by SARS-CoV-2 infection is thus thought to be complex, involving viral replication and immune responses against infected cells.

Immune response to SARS-CoV-2
Innate immunity: Following viral infection, the innate immune system is immediately activated to eliminate pathogens without harming host cells. This system is responsible for host defenses until the development of acquired immunity, with T and B cell responses being fully activated 7 or more days after infection[7]. Cells involved in innate immunity include dendritic cells, macrophages, neutrophils and natural killer (NK) cells. Although little is known about innate immune responses to SARS-CoV-2 infection, the expression of type I interferon (IFN), which is usually produced by virus-infected cells and can suppress viral replication and limit the dissemination of infected cells, is thought to be suppressed in COVID-19[8]. However, an analysis of temporal dynamics in viral shedding showed that the peak of viral shedding from the throat occurs prior to the onset of symptoms and gradually decreases thereafter[9], suggesting that an antiviral innate immune response suppresses viral replication during early phases of COVID-19. The innate immune response, coupled with subsequent acquired immune responses, may be sufficient to eradicate the virus in 80% of infected patients, who recover without antiviral treatments, but may not be vigorous enough to eradicate the virus in the remaining infected patients. Sustained replication of the virus in the latter patients may trigger subsequent inflammatory responses and recruit excess numbers of dendritic cells, T cells, B cells, NK cells, neutrophils and monocytes/macrophages[10], leading to the development of moderate and severe pathology of the lungs. Cells are thought to be recruited by cytokines, such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, and chemokines, such as CCL2/MCP-1, CCL3/MIP-1α, and CXCL10/IP-10, which are produced by infected airway epithelial cells and alveolar macrophages, as reported in a mouse model of SARS-CoV infection[6].

SARS-CoV-2 specific B cell responses: B cell populations were shown to be lower in patients with severe COVID-19 than in control individuals[11]. The role of B cells in the pathogenesis of COVID-19 remains unclear, but a report of SARS-CoV-2 infection in patients with B cell defects may provide important information on their role. SARS-CoV-2 infection of patients with agammaglobulinemia lacking B cells resulted in a short course of infection with mild severity[12]. Although evidence in additional patients is needed to determine the role of B cells in the pathogenesis of COVID-19, these findings suggest that B cells may not be required to control infection.
Abs against the RBD of the S protein of SARS-CoV-2 have been observed frequently in infected patients, with seroconversion rates of putative neutralizing total, IgM, and IgG antibodies being 93.1%, 87.2% and 64.7%, respectively, and their median seroconversion times being 11 d, 12 d and 14 d, respectively[13]. These findings suggest that B cell function is preserved, despite reductions in the numbers of circulating B cells. An analysis of the temporal profile of serum Abs found that rates of seropositivity for anti-nucleocapsid protein IgG and IgM Abs were 94% and 88%, respectively, while the rates of seropositivity for anti-RBD IgG and IgM Abs were 100% and 94%, respectively[14]. Ab responses were found to be faster and higher in severe than in mild cases. Although IgM responses generally precede IgG responses, both were found to occur almost simultaneously in subjects infected with SARS-CoV-2[14]. Therefore, measuring both IgM and IgG Abs would have high sensitivity for the diagnosis of acute infection. However, the absence of Abs does not preclude recent infection, as not all patients develop Ab responses and the levels of neutralizing Abs detected after infection were found to be decreased or disappear in the early convalescent phase[15].
Because neutralizing IgG Abs are present in the blood of many patients who recover from acute SARS-CoV-2 infection[16], the plasma from convalescing patients has been utilized to treat those actively infected with SARS-CoV-2[17-19]. Infusion of convalescent plasma was found to be effective, even in critically ill patients with acute respiratory distress syndrome (ARDS)[19]. Because cytokine storm is the main pathogenic mechanism involved in the development of ARDS, the effect observed by infusion of convalescent plasma may be due not only to neutralizing Abs but to putative immunoregulatory molecules that can inhibit cytokine overproduction.
It is unclear, however, whether patients who recover from COVID-19 are protected from the effects of re-exposure to the virus. The World Health Organization stated that there is currently no evidence showing that recovered patients are protected from a second infection[20]. However, a model of SARS-CoV-2 infection in rhesus macaques demonstrated that primary infection with SARS-CoV-2 induced successful protection from re-infection[21]. Additional studies are required to determine whether protective immunity against SARS-CoV-2 develops after primary infection, because these data are important in the determining whether vaccines against SARS-CoV-2 would be effective in preventing re-infection.

SARS-CoV-2 and T cell responses: Both CD4+ and CD8+ T cells are actively involved in the pathogenesis of COVID-19[22], and the percentages, but not the absolute numbers, of circulating CD4+ and CD8+ T cells producing IFN-γ were found to be higher in severely infected than in mildly infected patients[11]. Moreover, S protein-specific CD4+ T cells have been detected in infected patients[23]. These CD4+ T cells may be cross-reactive clones against SARS-CoV-2, which may have developed in response to endemic coronavirus infection, because these T cells have been detected in some uninfected persons[23].
Many studies have indicated that both CD4+ and CD8+ T cell populations are decreased in response to SARS-CoV-2 infection, especially in severe cases, indicating that overall T cell response becomes impaired during the progression of the disease[22,24]. The mechanism responsible for T cell decrease in COVID-19 is unclear, but T cell apoptosis may result from the defective activation of T cells by virus-infected dendritic cells[25].
Virus-specific memory CD8+ T cells were shown to protect infected individuals from the lethality of COVID-19[26]. Therefore, a decreased CD8+ T cell response in COVID-19 patients may lead to inadequate control of viral replication. Moreover, the increased expression of NKG2A in CD8+ T cells and NK cells of patients with COVID-19 indicated that these cells may have been exhausted, possibly from the high viral load in inflamed tissues[27]. These findings suggest an inadequate antiviral CD8+ T cell response to SARS-CoV-2 infection is associated with progression to the severe form of the disease.
CD4+ T cells also play an important role in controlling viral replication[16]. Both the numbers and functions of CD4+ T cells were found to be reduced in patients with COVID-19[22]. However, the role of CD4+ T cells in the control of SARS-CoV-2 infection is unclear, because the course of disease was mild in patients co-infected with SARS-CoV-2 and human immunodeficiency virus (HIV) and having low CD4+ T cell counts, similar to findings in immunocompetent persons[28-30]. The immunosuppressive state with low CD4+ T cell counts observed in HIV-infected patients may enable their escape from harmful immune over-responses. Similarly, a mild course of infection was observed in SARS-CoV-2-infected patients with chronic arthritis who were being treated with immunosuppressive agents[31]. Moreover, a mouse model of SARS-CoV infection showed that viral clearance could occur even after the depletion of both CD4+ and CD8+ T cells, with viral clearance resulting from the accumulation of dendritic cells and neutrophils, recruited by MCP-1/CCL2 and MIP-2β/CXCL2[32]. Collectively, although the numbers of functions of both CD4+ T cells and CD8+ T cells are decreased in COVID-19 patients, additional investigations are required to determine the precise mechanisms underlying these reductions and the roles of both T cell subsets in the control and pathogenesis of COVID-19.

Cytokine storm: Of 138 patients hospitalized for SARS-CoV-2-infected pneumonia, 36 (26.1%) were transferred to the intensive care unit during the clinical course of the disease because of complications, including ARDS, arrhythmia, and shock[33]. The disease rapidly progressed in these patients, with a median time from first symptom to ARDS being 8.0 d[33]. Because most deaths of SARS-CoV-2-infected patients are caused by its complications, especially ARDS[34], understanding the mechanism by which these infected patients develop ARDS is important for their management and can reduce mortality rates. Although relatively little is known about the factors associated with progression to severe disease, the main pathophysiology of ARDS was shown to be cytokine release syndrome (CRS)[25], also called cytokine storm. Cytokines and chemokines overproduced in a cytokine storm include IL-1β, IL-2, IL-6, IL-10, TNF-α, IFN-γ, IP-10, MIP-1, and MIP-1α[35]. IL-6 is thought to be a key factor, because serum IL-6 concentration was associated with disease severity[36] and mortality[37]. IL-6 is synthesized by macrophages and dendritic cells upon recognition of pathogens through toll-like receptors at the site of infection[38]. Circulating IL-6 binds to the soluble form of IL-6 receptor, forming a complex with a gp130 dimer on potentially all cell surfaces. The complex activates the JAK-STAT3 signaling pathway in various cell types, including endothelial cells, resulting in CRS and finally leading to ARDS[38]. Blocking this pathway could have therapeutic effects against CRS and ARDS in patients with a severe form of COVID-19.

FROM UNDERSTANDING OF IMMUNE RESPONSE TO THERAPEUTIC STRATEGY
The pathogenesis of SARS-CoV-2 is formed by the interaction between the viral infection and the immune response to the virus as mentioned so far. Therefore, understanding the immune response in the viral infection is important to manage the viral infection.
Immune responses to SARS-CoV-2 infection can be summarized as follows: After infection with SARS-CoV-2, the virus enters ACE2-expressing alveolar epithelial type 2 cells. These infected epithelial cells recruit dendritic cells, neutrophils and monocytes/macrophages, leading to the activation of CD4+ and CD8+ T cells. These cells exert anti-viral immune responses, completely suppressing viral replication or eradicating the virus in almost 80% of infected patients. In the remaining 20%, however, T cell populations are reduced due to unclear mechanisms. Rather, a cytokine storm occurs, resulting in various complications such as ARDS. Various cytokines including IL-6, produced by activated dendritic cells and monocytes/macrophages, are thought to be key factors causing the severe pulmonary disease (Figure 1).
Because COVID-19 is caused by SARS-CoV-2, the core therapeutic strategy should be aimed at the eradication of the virus[39]. Antiviral drugs clinically used so far include remdesivir[40], favipiravir[41], chloroquine[42], hydroxychloroquine[43], and lopinavir/ritonavir[44]. Remdesivir and favipiravir are RNA-dependent RNA polymerase inhibitors shown to inhibit viral replication in vitro. The United States Food and Drug Administration has allowed the ‘Emergency Use’ of remdesivir as an experimental drug in the United States. However, there have been no antiviral drugs proven to be virally effective for this viral infection.
Theoretically, effective antiviral drugs should be administered during an early phase of the disease, after the onset of symptoms, when viral replication seems still active based on temporal changes in viral load[14] and immune response[22]. However, immediate use of antivirals after the onset of symptoms is questionable, because antiviral drugs administered under conditions of high viral replication can predispose to the emergence of drug-resistant mutants. Moreover, not all patients require antiviral drugs as 80% of patients have shown spontaneous eradication of the virus in the absence of antiviral drugs[1]. Therefore, candidates for treatment with antiviral drugs include patients in the acute phase of the disease with mild to moderate severity, and those with persistent symptoms lasting for several days without improvements or showing indications of progression to the severe form of the disease.
The mortality rate in patients who progress to the severe form of the disease is 50%[34]. Antiviral drugs do not play a pivotal role in those patients because viral replication is not the main pathogenesis at the time of cytokine storm. Rather, these patients may benefit from immunomodulatory treatment. Drugs that block IL-6 activity may be effective. For example, treatment with tocilizumab, a monoclonal antibody that binds the soluble form of IL-6 receptor, markedly improved the respiratory condition and resolved computed tomography findings of the lungs in 80% of severely ill COVID-19 patients[45]. Recently, dexamethasone has been shown to reduce the progression of severe lung injury and mortality of the patients[46,47]. Although those data are promising, immunosuppression by those agents may delay viral clearance[23], suggesting that co-administration of an effective antiviral drug may be beneficial.
Other therapeutic options for cytokine storm include convalescent plasma[8-10] and the plasma has shown promise in the treatment of the severe form of COVID-19[16-18]. However, because plasma may contain unknown viruses transmittable to the recipient, this treatment should be considered only if no other treatments result in patient improvement.

CONCLUSION
In conclusion, the treatment strategy for patients with COVID-19 should be carefully designed based on both viral kinetics and immunopathogenesis. However, pandemic infection with SARS-CoV-2 may persist for several months, even if treatments are effective. The development of an effective vaccine will be necessary for termination of this pandemic infection.
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Figure Legends
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[bookmark: _Hlk56502101]Figure 1 Therapeutic strategy based on viral kinetics and immunopathogenesis during the course of coronavirus disease 2019. sIL-6 receptor: Soluble form of interleukin-6 receptor; NK cells: Natural killer cells; TNF-α: Tumor necrosis factor-alpha.
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