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Coronavirus disease 2019 (COVID-19) is a respiratory infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Droplets and contacts serve as the main route of transmission of SARS-CoV-2. The characteristic of the disease is rather heterogeneous, ranging from no symptoms to critical illness. The factors associated with the outcome of COVID-19 have not been completely characterized to date. Inspired by previous studies on the relevance of infectious diseases, viral and host factors related to clinical outcomes have been identified. The severity of COVID-19 is mainly related to host factors, especially cellular immune responses in patients. Patients with mild COVID-19 and improved patients with severe COVID-19 exhibit a normal immune response to effectively eliminate the virus. The immune response in patients with fatal severe COVID-19 includes three stages: normal or hypofunction, hyperactivation, and anergy. Eventually, the patients were unable to resist viral infection and died. Based on our understanding of the kinetics of immune responses during COVID-19, we suggest that type I interferon (IFN) could be administered to patients with severe COVID-19 in the hypofunctional stage, intravenous immunoglobulin (IVIG) and glucocorticoid therapy could be administered in the immune hyperactivation stage. In addition, low molecular weight heparin (LMWH) anticoagulation therapy and anti-infective therapy with antibiotics are recommended in the hyperactivation stage.
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Introduction

The ongoing outbreak of the coronavirus 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has brought an unprecedented global health crisis (1–4). Droplet and contact transmission are the most common modes of transmission of SARS-CoV-2 (5). The disease’s characteristic is rather heterogeneous, ranging from no symptoms to critical illness, with 10%-20% symptomatic patients at considerable risk of fatality (2, 6, 7). Critical illness includes acute respiratory distress syndrome, septic shock, refractory metabolic acidosis, coagulopathies, dysfunction, and multiple organ failure, including heart, liver, kidney, and brain (8–13). Older age, male sex, and comorbidities have been associated with worse outcomes (14–16). In diseases caused by viral infections, viruses and hosts can contribute to disease heterogeneity. Studies have found that SARS-CoV-2 has limited genetic variation and stable evolution (17, 18), suggesting that viral genetic variation and evolution might contribute to infectivity and fatality (19, 20). However, not so much correlation is noted to the heterogeneity of COVID-19 (17, 21–23). Numerous studies have demonstrated that the severity and outcomes are closely related to hosts’ immune responses (22–27). The innate immune system with monocytes, granulocytes, dendritic cells (DCs), natural killer (NK) cells, and adaptive immune system with T and B lymphocytes are required to defend against SARS-CoV-2. Patients with severe COVID-19 exhibit lymphopenia with reduction in CD4+ and CD8+ T cells, lymphocyte activation and dysfunction, an increase in circulating neutrophils with the appearance of circulating neutrophil precursors, dysfunction of classical monocytes and loss of non-classical monocytes, reduced abundance and dysfunction of DCs and NK cells (22, 27, 28). Systemic inflammatory cytokine levels, especially interleukin IL-6 and IL-1 cytokines (29), are increased. In contrast, the interferon response is slower, and immunoglobulin G (IgG) and total antibody levels are increased (24, 30). Immune disorders are common in severe infections and sepsis and are characterized by developing a high inflammation state to immunosuppression. A similar mechanism has been proposed for severe COVID-19 (24, 31, 32). Due to the lack of specific antiviral drugs, the body’s immune response is a crucial factor affecting disease progression and prognosis. Therefore, a better understanding of the cellular immune response during the progression from mild disease to potentially fatal COVID-19 is crucial for developing diagnostic markers and strategies for the therapy of COVID-19.

In a SARS-CoV-2 infection, the activation, recruitment, and resolution of the antiviral immune response involve a highly organized cellular and molecular cascade. These cascades tightly regulate the balance between virus elimination and immune damage. During virus infection, multiple innate immune recognition mechanisms monitor and defend against viruses (33). Within a few hours, the innate immune system sends out a rapid antiviral response through type I/III IFN (34), cytokines (such as IL-1, IL-18, and IL-6), and chemokines (such as CCL2 and CCL7) to inhibit virus replication. Then, adaptive immunity is activated. T lymphocytes play a crucial role in virus clearance after virus infection, whereas humoral immunity mainly plays a role by producing antibodies and neutralizing viruses. T lymphocytes directly dissolve and destroy infected cells to eliminate viruses and secrete cytokines to enhance T lymphocytes’ immune response and other immunocompetent cells, such as macrophages and B lymphocytes. Then, the body downregulates innate immunity to avoid nonspecific damage to the host (35). When pathogens are eliminated, innate immune cells (such as macrophages and regulatory DCs) and adaptive regulatory cell types (such as regulatory T cells and B cells) also contribute to the resolution of inflammation (36).

Based on previous studies on the Middle East respiratory syndrome (MERS), severe acute respiratory syndrome (SARS), and other coronavirus infections and clinical observations in COVID-19 patients (37, 38), the course of COVID-19 can be roughly divided into three stages: the first stage (the period up to 7-10 days after onset of symptoms,0 days to 7-10 days), the second stage (the period from 7-10 to 14-21 days after onset of symptoms) and the third stage (the period from 14-21 days or more after onset of symptoms). In the first stage, the patient is infected with the virus and develops no symptoms or influenza-like symptoms from mild to moderate, like fever, dry cough, and fatigue (3, 39). In this initial stage, the virus can be detected by polymerase chain reaction (PCR) analysis, and some asymptomatic infected people will transmit the virus to others (37). The virus can be suppressed and enter the recovery phase if the patients’ immune function is effective. However, suppose the patient is immune dysfunctional depending on age, gender, comorbidities, or other unknown factors. In that case, the virus cannot be suppressed effectively, and then the patients will progress to a severe phase. It was reported that the median time from the onset of symptoms to acute respiratory distress syndrome (ARDS) of COVID-19 patients is approximately eight days (40). After entering the second stage, patients with mild COVID-19 have basically recovered, whereas patients with non-mild illnesses worsen 7-10 days after the onset of symptoms. Chest imaging shows multiple ground glass shadows and infiltration shadows in both lungs (41). The patient presents dyspnea and/or severe hypoxemia. In the second stage, severe conditions can quickly progress to acute respiratory distress syndrome, septic shock, difficulty correcting metabolic acidosis, coagulation dysfunction, and multiple organ failure, including heart, brain, lung, liver, and kidney (42). Some patients with severe COVID-19 could not overcome the virus infection, unfortunately, and eventually die (Figure 1).




Figure 1 | Cellular immune responses to SARS-CoV-2. The simulated diagram shows the kinetics of immune responses in COVID-19 patients with different clinical outcomes and the treatment in different stages. (↑ or ↓ means that compared with the result in the early stage, the number or activation of immune cells in described stage is increased or decreased) NK, nature killer cell; M, monocyte; N, neutrophil; DC, dendritic cell.





The First Stage: Normal or Hypofunction Immune Response

It was noted that the total number of white blood cells in peripheral blood was normal or decreased in the early stage of COVID-19 (42). T and B lymphocyte subsets are important components of the immune cell population and important indicators for detecting immune function. T lymphocytes are classified into two important subsets: CD3+ CD4+ T lymphocytes and CD3+ CD8+ T lymphocytes. CD4+ T cells can differentiate into a range of helper and effector cell types, have the ability to indicate B cells, assist CD8+ T cells, recruit innate cells, have direct antiviral activity, and promote tissue repair. CD8+ T cells can kill infected cells and affect the immune response’s activation (43, 44). As another important component of the immune cell population, B lymphocyte subsets play a role in humoral immunity by secreting antibodies. Contrary to the increase in peripheral blood lymphocytes in conventional viral infections, lymphocyte counts in COVID-19 patients decrease compared with healthy controls. Peripheral blood lymphocyte levels are lower in patients with severe COVID-19 than those with mild COVID-19. A greater decline is noted in deceased patients than those with severe COVID-19 who ultimately survived (45–47). The number of T lymphocytes (including CD4+ and CD8+) in severe patients is lower than that in mild patients. The number of T lymphocytes was lower in deceased patients than in survived patients (45, 47). The function of T cells is lower in severe patients than that in mild patients. The frequencies of HLA-DR+ and IFN-γ+ cells within CD4+ and CD8+ cells are lower in deceased patients than survived patients, which indicated that T cells’ function is lower in deceased patients than survived patients. The B lymphocyte count is decreased. Patients with severe COVID-19 have lower B cell counts than patients with mild COVID-19, but the cells are within the normal range (45–47). Besides, B lymphocytes function is in a normal or slightly low state. The obvious decline in peripheral blood T lymphocytes may due to a large amount of immune cell chemotaxis to the site of inflammation or direct T cell damage induced by the SARS-CoV-2. B cells’ humoral immunity mainly occurs through the production of antibodies and virus neutralization, so the damage to B cells is not as significant as that to T cells.

The innate immune system is the first line of defense against the invasion of SARS-CoV-2, and the circulating innate immune cells in the blood, including neutrophils, NK cells, monocytes, DCs, change due to the initial local respiratory SARS-CoV-2 infection. Circulating neutrophils were increased in severe COVID-19 (45, 48). DCs are the body’s most potent full-time antigen-presenting cells (APCs) that can efficiently ingest, process, and present antigens (49). Immature DCs exhibit strong migration capabilities. Mature DCs can effectively activate naive T cells, which are at the center of initiating, regulating, and maintaining the immune response (49). No significant changes were identified in the proportion of DCs in patients with mild COVID-19. However, in severe patients, the number of DCs was lower than in mild patients (50) and significantly lower in deaths than survivors (46). Plasmacytoid dendritic cells (pDCs), which secret IFN α, were mainly reduced in abundance and impaired in function (25, 51). SARS-CoV-2 may alter the migration of impaired DCs, so T cells cannot be effectively activated (52).Further, emergency myelopoiesis with immature and dysfunctional neutrophils presented in severe COVID-19 (45). The number of monocytes was not significantly different between mild and severe patients (47). Studies have reported that the number of NK cells decreases in the early stage of COVID-19 (24, 45). Zhifeng Deng et al. (47) found that severe patients had higher NK cell counts compared with mild patients at this stage, and similar findings were noted in the comparison between survived patients and decreased patients. This finding may be attributed to the fact that patients’ innate immune function gradually declines in the early stage of symptom onset.

In this stage, the immune response of patients with mild COVID-19 and survived patients with severe COVID-19 is in a normal or hypofunctional state. The immune response of patients with fatal severe COVID-19 is hypofunctional with the reduced number and dysfunction of CD4+ and CD8+ T cells. Age and gender are the major risk factors for severe and fatal COVID-19. The changes in the innate immune system of the elderly, which has a reduced abundance of DCs with reduced type I IFN production, may relate to unfavorable outcomes (52, 53). Besides, autoantibodies to type I IFN are preferentially in the elderly and male population.

At this stage, the patient’s symptoms are mild. Patients with mild symptoms should rest in bed at this time, strengthen supportive treatment, ensure adequate energy intake, and monitor disease’s development. Patients with severe and high-risk conditions are advised to use drugs with potential antiviral effects. Research on patients with severe COVID-19 shows that gender and age differences may relate to type I IFN defects (46). Drugs targets to type I IFN might improve early innate immune responses. Multiple clinical studies have been conducted administrating type I IFN using different routes of administration. These results suggest that type I IFN may benefit COVID-19 recovery (54–56). A retrospective study found that those receiving type I IFN had a significantly lower mortality rate at an early stage. In contrast, late interferon therapy increased mortality and delayed recovery (57). In conclusion, the use of type I IFN at the early stage of COVID-19 helps treat severe cases (58–62).



The Second Stage (Immune Response: Hyperactivation)

At this stage, patients with mild illness basically recover. The number of Peripheral blood lymphocytes in mild patients, including T and B lymphocyte, gradually increase (45, 47). At this stage, the condition of non-mild patients is further aggravated. Compared with mild patients, severe patients’ peripheral blood lymphocytes were further decreased (46), especially T lymphocytes (43, 59). Compared with patients recovering from severe illness, the expression of HLA-DR and IFN-γ synthesis of CD4+ and CD8+ T cells was significantly increased in deceased patients, which indicates that cell activity was significantly increased, and the phenomenon of excessive activation appeared (41, 60, 61). In particular, due to the rapid activation of pathogenic CD4+ T cells, which induce the enhancement of the mononuclear macrophage system’s function. Release many inflammatory factors and cause a cytokine storm, which may cause systemic multiple organ failure and lead to patient death (46, 62). Besides, the proportion of Treg lymphocytes in patients with a fatal disease is significantly increased at this stage. Treg cells typically negatively regulate the immune response, which implies the outcome of patients’ immune system status with the severe fatal disease. In patients with severe disease who survived, at this stage, HLA-DR expression and IFN-γ synthesis of CD4+ T cells increase, indicating the increased activity of CD4+ T cells. In contrast, the activity of CD8+ T cells decreases, and the immune system is not overactivated in severe patients who survived. The proportion of Treg cells decreased. Patients with severe disease who recover exhibit a gradual and stable recovery of immune function at this stage, while patients with severe disease who died exhibit excessive activation of the immune response (46).

NK cells, DCs, monocytes, and neutrophils exhibit normal levels in mild COVID-19 patients at this stage. A significantly higher proportion of granulocytes was observed in severe patients versus mild patients. Besides, dysfunctional, immature neutrophils were release, and mature, partially activated neutrophils were increased in severe COVID-19 patients indicated emergency myelopoiesis (45). The activation of neutrophils and the formation of neutrophil extracellular trap (NET) are related to coagulopathy. In addition, in some cases, the hypercoagulable state can lead to cortical necrosis and irreversible kidney failure (63). The abundance of circulating DCs in severely ill patients has progressively reduced. The number of DCs in deceased patients is significantly reduced compared with that in patients with severe disease who survive (46, 50, 64). The reduced abundance and exhausting function of circulating NK cells were noticed in severe COVID-19 patients (65). Deceased patients showed a lower count of NK cells than survived patients (66). Further, the number of monocytes in the severe recovery group remained at a certain level or slowly increased with normal function, whereas the number of severe fatal patients decreased significantly. In addition, cell function markers, such as HLA-DR and CD45, decreased, and cell activity was reduced. The innate immunity of severe fatal patients gradually collapsed (46, 47).

At this time, the overall immune function of mild patients and patients with severe disease who survived is increased, and CD4+ and CD8+ T cell activity is enhanced. However, the CD8+ T cell count is reduced (chemotaxis to the inflammatory site). B cells differentiate into plasma cells in large numbers. The number and activity of innate immune cells increased. The immune function of patients with severe fatal disease at this stage is excessively hyperactive. The number of CD4+ T cells and CD8+ T cells is further reduced, but the activity is significantly increased, as demonstrated by significantly increased HLA-DR expression and IFN-γ synthesis. In addition, the number and activity of innate immune cells are reduced. As the older individuals are more likely to have uncoordinated adaptive immunity response with abnormal T cell responses, the elderly has a higher risk of death from COVID-19 (26, 67).

No specific antiviral treatment for COVID-19 is currently available, so treating this disease mainly involves symptomatic treatment and oxygen therapy. It is recommended to monitor inflammatory factors and lymphocyte subsets during onset. When T cells, B cells, inflammatory cytokines, and D-dimers exhibit the following trends, IVIG, glucocorticoids, and other treatments are administered. Peripheral blood T lymphocytes were significantly reduced compared with previous levels, but T cells continued to be activated. Inflammatory cytokines, such as IL-6, were significantly increased. Thus, glucocorticoids and IVIG are administered in the second stage. Regarding immune changes, the immune system of mild patients can clear the virus without the aid of IVIG. In patients with severe COVID-19, the number of immune cells continues to decrease. Administration of high-dose IVIG at this phase of disease deterioration will be associated with markedly reduced mortality, quicker normalization of inflammatory status, and improved clinical outcomes in COVID-19 (68, 69). In the early stage, the inflammatory response is controllable, and the use of glucocorticoids will prolong the clearance time of SARS-CoV-2. In contrast, when the patients are in an immunosuppressed state, and glucocorticoids will worsen the disease. The second stage that the immune response is hyperactivation, is the most suitable time to use glucocorticoids. Studies have found that people who are severely infected with COVID-19 receive glucocorticoid treatment, and their chances of death are reduced compared with those who do not receive the treatment. Acute glucocorticoids with 6 mg of dexamethasone (equivalent to 40 mg daily of prednisone) daily for up to 10 days can reduce mortality from 25.7% to 22.9%. However, chronic glucocorticoid use has been found to increase the risk of poor outcomes in patients with COVID-19 (55, 70, 71). Preliminary data suggested that glucocorticoid reduced the risk of acute kidney injury (AKI) needing kidney replacement therapy. Acute kidney injury is one of the complications of severe COVID-19 (72). The present study reported results of high-dose IVIG use in patients with severe COVID-19 (73). A multicenter retrospective study in China of high-dose intravenous immunoglobulin in severe COVID-19 showed high-dose IVIG (0.3-0.5g/kg/day for five days) administered in severe COVID-19 patients within 14 days of onset was linked to reduced 28-day mortality (74). Evidence shows that coagulation disorder is common in severe cases (75). LMWH anticoagulant therapy can be strongly recommended in this stage. A cohort study of Low molecular weight heparin among patients with COVID-19 showed that LMWH, given at prophylactic dosage, was associated with better clinical outcomes (76). COVID-19 patients may be at risk of infection with bacterial, fungal, and other pathogens, leading to increased morbidity and mortality (77). The most commonly detected coinfection is a bacterial infection (77, 78). A study indicated that 50% of patients who died from COVID-19 had bacterial pneumonia (79). It is prudent to use antibiotics for patients with severe COVID-19 (80).



The Third Stage (Immune Response: Anergy)

After the first and second stages of the patient’s immune system’s response to the virus, the virus can be effectively suppressed if the patient’s immune function is effective. Thus, the patient enters the recovery period. Suppose the patient’s immune function is impaired. In that case, the patient’s immune system will enter a state of incompetence, and the patient will not be able to resist the infection and eventually die.

The number of immune cells in some critically ill patients gradually increased, and their function was gradually recovered. Thus, these patients entered the recovery stage. Compared with mild patients, the immune response of patients with the disease who recover is slower, and the virus clearance time is prolonged. Thus, it takes longer for these patients to recover. The number of lymphocytes, including T lymphocytes, continues to decrease in patients with death (47). Cell function of CD4+ T cells is low as manifested by decreased activating receptors and increased CD45RA and CD28 expression (46). The number of B cells, NK cells, monocytes, and DCs in severe fatal patients is reduced. The immune system of patients with fatal disease enters a state of immune anergy after hyperactivation and eventually cannot resist viral infection.

At this stage, the overall immune function of surviving mild and severe patients is gradually recovered. Persistent changes including subset distribution, cell division, and expression of activation/exhaustion of circulating CD4+ T and CD8+ T cells were observed in recovered COVID-19 patients compared with healthy controls for at least six months. At 1.3 months, the relative proportions of circulating CD4+ T cells decreased, while circulating CD8+ T cells increased, although both had returned to relative physiologic levels by 6.1 months (81). The immune function of severe fatal patients gradually transforms into an anergy state, as the number and function of CD4+ T cells, CD8+ T cells, NK cells, monocytes, and DCs is dramatically reduced.

The typical features of severely ill patients include excessive lung inflammation and sepsis. Patients typically require an intensive care unit. Unfortunately, most patients cannot overcome the infection and eventually die.



Conclusions

In summary, patients with mild COVID-19 and severe COVID-19 who survive exhibit a normal immune response that progresses from a normal or hypofunctional state to improved immune response and is finally restored to the pre-infection level. In patients with fatal COVID-19, the immune response ranges from diminished function to overactivation, eventually to a weakened immune response, and ultimately to death. In the current treatment of severe COVID-19 patients, it is critical to control the increase in deaths. We recommend that patients start interferon therapy in the early stage of the disease. IVIG and glucocorticoid therapy should be administered in the middle of the disease when the immune response is hyperactive. Appropriate antibiotics and anticoagulation therapy in the stage in which the immune response is hyperactive can improve patients with severe COVID-19. More research on the cellular immune response in COVID-19 is needed to help us understand the pathogenesis and guide the disease’s treatment to improve the prognosis.

However, this article focuses on the immune response of the host. In fact, the outcome of the disease is determined by both the host’s immune response and viral factors. For COVID-19, a severe disease, it is difficult to achieve good efficacy through immune regulation alone. Virus-specific treatment is also essential. Treatments targeting viral replication, which includes antiviral therapies like remdesivir, passive antibody therapies like monoclonal antibodies, and antibodies elicited from previous infection or vaccination (82–84), are effective in the disease process and could be more effective in the initial stage of the disease (85, 86). In addition, given the complexity and heterogeneity of immune response among individuals, though it is conceptionally reasonable, it may be practically challenging to use the immune modulator without a clear picture of the basal level and response among individuals. For example, the treatments that work for certain people with defined dose, duration, and frequency may not work for other populations. Therefore, the application of immunomodulation should be considered individually.
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