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The worldwide struggle against the coronavirus disease 2019 (COVID-19) as a public health crisis continues to sweep across the globe. Up to now, effective antiviral treatment against COVID-19 is not available. Therefore, throughout virus infections, a thorough clarification of the virus-host immune system interactions will be most probably helpful to encounter these challenges. Emerging evidence suggests that just like SARS and MERS, COVID-19 primarily suppresses the innate immune system, enabling its stable propagation during the early stage of infection. Consequently, proinflammatory cytokines and chemokines have been increasing during infection progression associated with severe lung pathology. It is imperative to consider hyper inflammation in vaccine designing, as vaccine-induced immune responses must have a protective role against infection without leading to immunopathology. Among the front-line responders to viral infections, Natural Killer (NK) cells have immense therapeutic potential, forming a bridge between innate and adaptive responses. A subset of NK cells exhibits putatively increased effector functions against viruses following pathogen-specific and immunization. Memory NK cells have higher cytotoxicity and effector activity, compared with the conventional NK cells. As a pioneering strategy, prompt accumulation and long‐term maintenance of these memory NK cells could be an efficacious viral treatment. According to the high prevalence of human cytomegalovirus (HCMV) infection in the world, it remains to be determined whether HCMV adaptive NK cells could play a protective role against this new emerging virus. In addition, the new adaptive-like KIR+NKG2C+ NK cell subset (the adaptive-like lung tissue residue [tr]NK cell) in the context of the respiratory infection at this site could specifically exhibit the expansion upon COVID-19. Another aspect of NK cells we should note, utilizing modified NK cells such as allogeneic off-the-shelf CAR-NK cells as a state-of-the-art strategy for the treatment of COVID-19. In this line, we speculate introducing NKG2C into chimeric antigen receptors in NK cells might be a potential approach in future viral immunotherapy for emerging viruses. In this contribution, we will briefly discuss the current status and future perspective of NK cells, which provide to successfully exploit NK cell-mediated antiviral activity that may offer important new tools in COVID-19 treatment.
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Introduction

World Health Organization declared the outbreak of coronavirus disease 2019 (COVID-19) a Public Health concern on 30 January 2020 (Velavan and Meyer, 2020). This novel coronavirus disease pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that has led to a global struggle to cope with this public health crisis (Van Bavel et al., 2020). SARS-CoV-2 virus preferentially impacts the cells in the respiratory system, but the direct effects of its damage on other organs including heart, liver, brain, and kidneys have also been reported in patients with SARS-CoV-2 infection (Prasanna and Abilash, 2020). An unanswered question has been currently raised why SARS-CoV-2 can result in a wide variety of clinical manifestations ranging from: asymptomatic, mild, moderate, to severe states in COVID-19 patients, a major challenge in the management of medical decisions and interventions (Gandhi et al., 2020; Meini et al., 2020; Michelen et al., 2020). The severe cases of COVID-19, have accompanied pneumonia, which can progress to acute respiratory distress syndrome (ARDS), sepsis, septic shock, and multi-organ failure (particularly kidney, heart, and liver damage) (Cao, 2020). Obviously, the pathogenesis of SARS-CoV-2 is largely related to its interplay with the host. Indeed, the interaction between SARS-CoV-2 and host antiviral immunity, including innate and acquired immune response, should be investigated (Ahmadpoor and Rostaing, 2020; Ranucci et al., 2020). On the basis of current COVID-19 data, cytokine storm and therefore the development of ARDS are due to the exaggerated immune responses leading to severe lung damage (Zhang et al., 2020). Up to now, there are no specific and effective COVID-19 therapies. At this time, it is our opinion that immunotherapies based on immunomodulation and counterbalancing of inflammatory cytokine could reduce inflammation and inflammatory associated lung injury.

In this regard, Natural Killer (NK) cells as essential front-line responders to many viral infections in humans have been proposed for a suitable therapeutic approach in severe COVID-19 patients, and several clinical trials have begun (Market et al., 2020). In this study, we considered this new approach to enhance patient’s survival using NK cells with memory features and immunomodulatory potential and discussed also the aspects of this proposed treatment.



Immunological Aspects of Sars-Cov2 Features, Diagnosis, And Treatment

Coronaviruses(CoVs) belong to the Coronaviridae family and are characterized by a positive-sense single-strand ribonucleic acid (RNA). The coronavirus genome is highly susceptible to mutations that result in genetic drift and evade immune recognition (Kikkert, 2020). Consistent with this notion, SARS-CoV-2, as a new member of the genus Beta coronaviruses, can escape from immune detection during the infection (Channappanavar and Perlman, 2017; Prompetchara et al., 2020) and worsening disease outcome could be associated with the immune-escape mechanisms behind these chronic diseases. Indeed, the immune homeostasis is disrupted by SARS-CoV-2 leading to declined responsiveness of host immune regulatory system, macrophage function, and alterations in lymphocyte subsets (Merad and Martin, 2020; Wan et al., 2020).


Confronting Immune Response With SARS-CoV-2

Accumulating evidence suggests that the stimulated immune response by SARS-CoV-2 infection results in two phases; first, immune defense-based protective phase at the early stage, and second, severe-stage inflammation-driven damaging phase (Alberici et al., 2020). Once the SARS-CoV2 enters the body, the innate immune system performs as a first responder for the detection of viral infections. Innate immune cells produce proinflammatory cytokines to inhibit viral replication and induce the adaptive immune response (Koyama et al., 2008). Among the initial immune responses in the fight against respiratory RNA viruses, such as Coronavirus, detection of evolutionarily conserved microbial structures, known as pathogen-associated molecular patterns (PAMPs) are ensured through germline-encoded pattern recognition receptors (PRRs) (Bowie and Unterholzner, 2008). PRRs including: TLR3, TLR7, TLR8, MDA-5, and RIGI receptors are produced by tissue resident macrophages and dendritic cells (DCs) (Kumar and Carmichael, 1998; Kawai and Akira, 2006). This results in the activation of transcription factors involved in the production of type I interferons (IFNs) (IFN-α/β). In this line, Type I IFNs have a critical role in concert with pattern PRR signaling to prime innate and adaptive antiviral responses such as stimulating natural killer (NK) cells, macrophages, and production of proinflammatory cytokines (Samuel, 2001; Murira and Lamarre, 2016).



Immunopathogenesis of SARS-CoV-2

The immunomodulatory strategies that are used by beta coronaviruses can lead to dysregulated IFN responses (Blanco-Melo et al., 2020). Similar to SARS and MERS, SARS-CoV-2 replicates silently in host cells with suppressed IFNs response, leading to high viral loads (Acharya et al., 2020; Rokni et al., 2020). By contrast, following limited production of IFNs, the robust production of pro-inflammatory cytokines and chemokines may occur after an enhanced recruitment of neutrophils to the lungs (Channappanavar et al., 2019). The virus actively subverts IFNs to manipulate the host cytokine environment for its benefit. During the early phase, a specific immune response is required to clear the virus and to impede disease progression to severe stages. When a protective immune response is impaired, the virus will propagate and cause massive damage to the organs expressing the surface receptors angiotensin-converting enzyme 2 (ACE2). These are recognized by alveolar macrophages and epithelial cells, triggering the generation of pro-inflammatory cytokines and chemokines including: IL-2, IL-7, IL-10; granulocyte colony-stimulating factor (G-CSF), interferon gamma-induced protein 10 (IP-10), and monocyte chemoattractant protein-1 (MCP-1) in the damaged cells (Xu et al., 2020). Moreover, such evidence has demonstrated elevated levels of macrophage inflammatory protein 1 alpha (MIP-1A), tumor necrosis factor-alpha (TNF-α), as well as chemokines (C-C motif chemokine ligand 2: CCL2, CCL3, CCL5, C-X-C motif chemokine ligand 8: CXCL8, CXCL9, CXCL10) (Figure 1) in the severe stage of this viral disease (Di Lernia, 2020). Increasing concentration of these proteins results in the production of IFNγ by T cells and monocytes during virus infection (Mardani et al., 2020; Tay et al., 2020; Yuan et al., 2020). Hence, excessive cytokine/chemokine release can cause hyperinflammation, which leads to severe complications of the disease including pneumonitis, acute lung injury (ALI), ARDS, shock, vascular hyper permeability, organ failure, and death (Henderson et al., 2020; Mehta et al., 2020).




Figure 1 | Schematic representation of the progression of COVID-19 and potential interventions. SARS-CoV-2 enters cells through interactions with receptors that include angiotensin converting enzyme II (ACE2), a cell surface protein on the cells. The increased concentrations of the serum cytokines and chemokines is correlated with the disease severity and adverse clinical outcome. There are some proposed therapeutic options in the management of cytokine storm and pulmonary injury, including: use of cytokine activated mesenchymal stem cells, Vitamin B3, and Hyaluronidase. Inhibition of TNF-α, IL-1, or IL-6 to manage COVID-19-induced cytokine release syndrome (CRS) is also recommended.



Thus, it is essential to diagnose the infection during the first phase before the cytokine storm is initiated (Nicholls et al., 2003; Mehta et al., 2020). In addition, the protective defense during the early stages of viral infections is of utmost importance to rein the spread of the viruses and it is imperative to boost immune responses (anti-sera or pegylated IFN-α) at this stage. In this regard, an experimental trial has established that recombinant human IFN-α (rhIFN-α) nasal drops (Figure 1) in susceptible healthy people are able to potentiate protection against COVID-19 pandemic (Shen and Yang, 2020). Thus, the timing of treatment administration in infection control is a key to yield protective responses (Channappanavar and Perlman, 2017; Chen J. et al., 2020; Wu et al., 2020).



Immunological Diagnostic Tools for SARS-CoV2 

Evaluation of diagnostic accuracy for COVID-19 is still in progress, so an authentic interpretation of the findings in this area is essential in guiding patient care. Indeed, clear pattern of inflammatory and immune biomarker abnormalities is needed to discriminate the stages of infection, which may potentially aid in addition to molecular detection of virus. The detection of both SARS-CoV-2 nucleic acid and specific antibodies to viral proteins have thus far become significant for primary diagnosis infection and immunity in COVID-19 patients, respectively. Two types of reliable diagnostic tests have been thus far commonly utilized including reverse transcriptase-polymerase chain reaction (RT-PCR) and immunoglobulin M (IgM) and IgG antibody testing (Nalla et al., 2020; To et al., 2020). The RT-PCR has been the key diagnostic test using upper respiratory tract specimens or nasopharyngeal swabs. At an early stage, before the launch of adaptive response, IgM has been further detected in patient blood after 3–6 days and then IgG responses that are important as a long-term immunity and immunological memory, reported after 8 days (Li Z. et al., 2020). Notably, both asymptomatic and symptomatic patients have shown variations in the course of PCR positivity and seroconversion (Sethuraman et al., 2020). Accordingly, identification of hematologic, biochemical, and especially immunologic biomarkers can be helpful in guiding patient care decisions. Assessment of biomarkers including neutrophil and lymphocyte counts, neutrophil-to-lymphocyte ratio (NLR), CRP, troponin T (TnT), D-dimer, IL-6, IL-2R,IL-8,IL-10 (Henry et al., 2020), ferritin, lactic acid dehydrogenase (LDH), and procalcitonin (PCt) as a predictive of disease progression beside clinical manifestations and molecular diagnosis can be beneficial for making accurate decisions to fulfill antiviral and anti-inflammatory interventions (Fang et al., 2020; Henry et al., 2020).



Immunotherapeutic Approach of SARS-CoV2

A few weeks after COVID-19 outbreak, several science groups started to design a vaccine for this novel disease. SARS-CoV and MERS-CoV immunization studies have also become a pattern for targeting antigen selection in designing vaccines (Du et al., 2009; Al-Amri et al., 2017). Moving forward, knowledge of developing effective therapeutics for COVID-19 is necessary to make a balance between inflammatory cytokine secretion and antiviral properties in immune cell therapy. Therefore, controlling deleterious rather than protective role of lymphocyte responses should be taken into account. In this regard, recent evidence has suggested some effective strategies including blocking IL-6 (tocilizumab) (Tanaka et al., 2016; Monteleone et al., 2020), IL-1 (anakinra), and TNFs to calm inflammatory storm (Fu et al., 2020; Shi et al., 2020). Selective cytokine blockade could be a potential treatment to reduce the mortality of severe COVID-19 (Shakoory et al., 2016; Coomes and Haghbayan, 2020; Mehta et al., 2020). Moreover, another therapeutic option has been Janus kinase (JAK) inhibitor, tofacitinib, denoting that blocking JAK/STAT signaling can reduce cytokine storm as an anti-IL-6 operator (Henderson et al., 2020; Liu et al., 2020). It should be noted that despite the benefits of these anti-inflammatory agents, there are some disadvantages, such as tendency for general infections and the development of chronic inflammatory disorders, thus more experimental investigations should be done to clarify doubts (Jones and Ding, 2010; McGonagle et al., 2020; Soy et al., 2020). Furthermore, in response to inflammatory cytokines, lungs are filled with a clear liquid jelly. Actually, the nature of the clear jelly is hyaluronan (HA). Thus, inhibition of hyaluronan synthase (HAS) and elimination of this jelly by hyaluronidase has been recommended (Modig and Hällgren, 1989). In addition, numerous studies have suggested that vitamin B3 (i.e., niacin or nicotinamide) can be highly effective in preventing lung tissue injury in animal models with bleomycin-induced lung injury (Figure 1), which might be another approach to supply this food supplement to COVID-19 patients (Nagai et al., 1994; Shi et al., 2020). These treatment approaches play auxiliary roles in severe patients of COVID-19. Likewise, on the basis of new findings, the potential benefits or disadvantages of anti-cytokine therapy has implications for other therapeutic strategies such as Cellular therapy in patients with severe inflammatory responses. Cellular therapy as an effective treatment for severe COVID-19 patients is a rapidly evolving field with novel constructs being developed. Various clinical sites in China have revealed that mesenchymal stem cells (MSCs) in severe COVID-19 infection can be nominated as a helpful mode in the suppression of hyperactive immune response and promotion of tissue repair. As well, MSCs with IFNγ as licensed-MSCs can be more effective (Wang et al., 2014; Wang et al., 2018). Besides, current investigations have strongly indicated that T-cell response can be a crucial strategy for the control of SARS-CoV and MERS-CoV and probably proper for SARS-CoV-2; nevertheless, cytokine storm should be controlled in order not to cause lung pathology. Indeed, one of the biggest obstacles in severe COVID-19 cell therapy approach (such as chimeric antigen receptor: CAR T-cell) is the cytokine release syndrome (CRS) affecting patients with severe conditions (Maude et al., 2014). As well, IFN-γ production is indispensable for resistance against virus infection, but T-cells as a major source of IFN-γ in the adaptive immune response take days to develop a prominent IFN-γ response (Chen G. et al., 2020). Remarkably, it is important to consider it in vaccine designing, as vaccine-induced immune responses need to play a protective role against infection without leading to immunopathology with timely management of treatments. It is noteworthy that the abolition of viruses requires the immune system to respond through a programmed regulatory system, subsequently to implement tolerance and to inhibit excess response. Indeed, it must be balanced between sufficient inflammatory reactions against pathogen and overactive cytokine stimulation. Among the immune cells, NK cells endowed with significant strategies for self-tolerance status while allowing efficacy against viral attacks. Consistent with this context, education is one of the immunomodulatory process during NK cell development, operating not as an on-off switch but as a rheostat, tuned by a quantitative influence on individual NK cells (Orr and Lanier, 2010; Vivier et al., 2011). Intriguingly, this pattern has implications for the use of NK cells in therapeutic settings and affects interpretations of how NK cells control virus infections and regulate autoimmunity. Additionally, NK cells act as a rheostat by removing activated CD4+ and CD8+ T cells in viral infections such as HIV and HCV, thus preventing T cell-mediated autoimmunity (Lodoen and Lanier, 2005; Sun and Lanier, 2008; Frutoso and Mortier, 2019). Based on this knowledge we will comment on immune modulating treatment options that are being a proper strategy for the current COVID-19 crisis.




NK Cell-Mediated Antiviral Mechanisms

NK cells are at the forefront of the antiviral response (Tang et al., 2013) and they are known as a regulator of immunological procedures including viral defense and immunological homeostasis. Actually, NK cells make use of various recognition modes in viral infections. The functional outcome of NK cells is determined by integrating both activating and inhibitory signals which regulate NK cell activity (Lanier, 2005; Duev-Cohen et al., 2016). Virus-infected cells expressing defined ligands can be directly targeted through activating receptors such as NK group 2-member D (NKG2D), NK cell p46-related protein (NKp46), and NKp30 on NK cells. As well, release of cytokines such as INFs, IL-12, or IL-18 by accessory cells can also alert bystander NK cells during viral infection (Cerwenka and Lanier, 2001; French and Yokoyama, 2003; Hammer et al., 2018b) and render NK cells to proliferate and produce cytokine such as IFN-γ (Zwirner and Domaica, 2010).

Another mode of recognition includes expressing Fc receptors (i.e., CD16 or FcγRIII), by NK cells identifying infected cell bound to antibodies in the surface of infected target cells, called antibody-dependent cell-mediated cytotoxicity (ADCC), resulting in the release of cytotoxic factors such as perforin and proteases known as granzyme. Therefore, NK cells can also kill virus-producing cells through this important property (Vanderven et al., 2017). Virus-infected cells usually escape T-cell immune surveillance through down-regulating the expression of major histocompatibility complex (MHC) class I to compromise for antigen presentation pathway, making viruses difficult to be recognized by T-cells (Pircher et al., 1990; McMichael, 1998). In addition, several lines of evidence have further supported the notion that NK cells play a crucial role in the first checkpoints of encountering antigens and trigger pro-inflammatory immune responses and they provide a critical response against infectious agents during the time that the acquired immune system is still being mustered (Andoniou et al., 2006; Hu et al., 2019). These features suggest that NK cells can serve as the major antiviral effector cells wherein virus-infected cells should develop mechanisms of escaping T-cell surveillance (Zander et al., 2019). Likewise, they are at the interface between innate and adaptive immunity, adjusting the activity of other immune cells through the release of cytokines including activating (e.g., IFN-γ and TNF-α) as well as inhibitory cytokines (e.g., IL-4 and IL-10) for different purposes. For instance, NK cells promote the maturation of dendritic cell (DC) through the release of IFN-γ and TNF-α (Shariat et al., 2014; Moravej et al., 2017). Additionally, NK cells are considered the important effectors in shaping the subsequent immune responses. They increase or decrease function of immune cells through IFNγ or IL-10 secretion, respectively (Vivier et al., 2011; Della Chiesa et al., 2019; Monica et al., 2019).

The diversity of NK cell function and phenotype is accordingly an issue of growing attractiveness. With reference to cytolytic activity, cytokine secretion, and organ-specific localization, three main subsets of NK cells can be consequently identified. Large amounts of cytokines such as IFNγ are thus produced by the CD56bright/CD16low subset in response to activation, whereas CD56low/CD16high cells are the major cytotoxic populations. Cytotoxicity and cytokine secretion are further regulated by making a balance between inhibitors and activating receptors and the effector function of NK cells also relies on the incorporation of activating and inhibitory receptors (Björkström et al., 2010). A third NK cell subset is CD16+/CD56neg NK cells with different features because of less functionality and lower expression of natural cytotoxicity receptors (NCRs). Evidence also suggests that CD56low NK cells originate from CD56high ones (Figure 2). The given subset is expanded in viral infection and then counterbalances the reduction in CD56dim/CD16pos cytolytic NK cell subset (Mikulak et al., 2017). In general, these various recognition modes trigger NK cells activation, and then their cytotoxicity function that results in the lysis of pathogen-infected target cells (Hammer et al., 2018b). Although there are numerous ways to recognize viral antigens and peptides by NK cells, the implications of such cells should be considered in the control of viral infections.




Figure 2 | The scheme of different aspects of NK-based adoptive therapy in COVID-19. In the human body, Conventional NK cells have different subsets with phenotypic diversity. Based on various pathological conditions, distinct memory NK cells that are generated in peripheral blood (PB) and tissues. Response to specific viral antigens (e.g., in human cytomegalovirus [HCMV] infection) and vaccination-dependent recall responses (e.g., in HIV-Env–vaccinated humanized BLT mice and blister fluid of VZV skin test) lead to expansion of memory-like NK cells in PB and various tissues. The question marks indicate events that are still hypothetical: a) Might these memory NK cells (HCMV-adaptive NK cells) be a target in treatment of COVID-19 as a cross-reactive immune response? b) Is there a distinct antigen-specific-memory NK cell against COVID-19? c) Could alloreactive NK cells become an effective cell therapy approach in COVID-19?




NK Cells-Mediated Antiviral Immune Response to Coronaviruses

Therapeutic strategies for COVID-19 based on the present investigations of SARS-CoV and MERS-CoV infections may be helpful in offering potential treatment targets for fighting this pandemic.

In this regard, the National Research Project for SARS, Beijing Group, has reported that in the cohort study of 221 patients with SARS who were admitted to hospitals, determining the total number of NK cells and CD158b+ (KIR2DL3) NK cells in 72 cases of severe SARS were significantly lower than those in mild cases (National Research Project for SARS, Beijing Group, 2004). More importantly, this study has shown that percentage of CD158b+ NK cells in patients with M pneumonia infection and SARS patients (with positive clinical criteria and negative anti-SARS coronavirus) wasn’t significantly altered as compared to the percentages of NK cells in SARS cases (with positive for both clinical criteria and anti-SARS coronavirus), which indicates that the NK cells monitoring should be helpful in differentiating true SARS from false SARS and M pneumonia infection. Due to the greatest similarity of COVID-19 to SARS-CoV, NK cells monitoring can be investigated for this novel coronavirus (novel-CoV) (Bai et al., 2020; Chen N. et al., 2020). In addition, one of the CoVs in pigs, i.e., transmissible gastroenteritis virus (TGEV) had been first described in 1946 in which increasing infection in young pigs could result from lack of NK cell activity against TGEV-infected cells. Studies have further suggested that IFN might be needed to activate NK cells in newborn pigs, contributing to resistance to challenges with TGEV (Cepica and Derbyshire, 1984; Lesnick and Derbyshire, 1988; Loewen and Derbyshire, 1988; Annamalai et al., 2015), and they have further revealed that NK cells might play a significant role in fighting CoVs.

Other studies, consistent with this context, have shown severe cases of SARS patients with a lower level of NK cells than those in milder cases (Cui et al., 2003; Peiris et al., 2003; Wong et al., 2003). Likewise, in the study by J Chen et al. in a pneumonia model of SARS in mice, mimicking features of the human disease, illustrated that mice depleted of both CD4 and CD8T cells, had the ability to control SARS-CoV replication in the lungs, suggesting an immune mechanism independent of T cells, and a role for innate antiviral response and NK cells, in viral clearance. It should be noted that at the early phase of infection, NK cells, macrophages, and plasmacytoid DCs (pDCs) could migrate into the lungs. This can occur following the first wave of enhanced expression of cytokines including TNF-α, IL-6, and CXCL10, CCL2, CCL3, and CCL5, as virus titers, produced by airway epithelial cells and alveolar macrophages (Chen et al., 2010). Indeed, the activation of the innate immune system and NK cells has a significant role in the primary phase of infection in the control of SARS-CoV replication. This approves the hypothesis that in critically ill patients with sepsis, the activation of NK cells is an important element to combat infections. But, continuous activation of NK cells in sepsis causes exhaustion and hyporesponsiveness of NK cells which results in hyper inflammatory response due to reduced NK cell numbers (Guo et al., 2018). On the contrary, in the context of other respiratory viral infections like respiratory syncytial virus (RSV) (Li et al., 2012), influenza A virus (Abdul-Careem et al., 2012; Zhou et al., 2013), NK cells appear to cause enhanced inflammation and immunopathology during infections. Furthermore, during influenza infection, stimulation, and migration of lymphocytes such as NK cells to the lungs, influence the IFN-γ production and hyper inflammatory response. Increased recruitment of hyper-responsive NK cells would thus far worsen the infection outcomes (Vivier et al., 2011; Scharenberg et al., 2019). Collectively, considering this duality of NK cell roles, we must be aware of the potential and challenges mainly the timing of cell therapy and the stage of infection to finely tune NK cell activity to facilitate viral clearance while impeding the harm of inflammatory responses.



NK Cells-Mediated Antiviral Immune Response to SARS-CoV2

Remarkably, the total number of NK cells, as well as B-cells and T-cells, can decrease significantly in patients with COVID-19 particularly in severe cases, compared to non-severe ones (Cao, 2020). In this respect, several studies have identified reduced numbers of NK cells in the peripheral blood of COVID-19 patients, which is related to the severity of the disease (Masselli et al., 2020; Vabret et al., 2020; Wang et al., 2020b). In the study by Fan Wang et al. on COVID-19, the incidence rate of lymphopenia had been reported by 72% that was consistent with SARS and MERS. CD4+ T-cells, CD8+ T-cells, and B-cells had been also decreased in 29, 29, and 25% of patients, respectively. But, NK cells has been prominently reduced in 59% of the cases (higher incidence rate than others) (Wang et al., 2020b). Accumulating evidence had supported the fact that NK cells had reduced in COVID-19 patients as compared with non-infected cases (Chen G. et al., 2020; Wen et al., 2020; Wilk et al., 2020). Of note, a latter study by Feng Wang et al. (Wang et al., 2020a) has been reported that CD4+ T cells were increased in patients with COVID-19, whereas the number of NK cells was decreased in the severe stage of infection. The important finding of this study is that the pathogenesis of severe SARS-CoV-2 infection is associated with the hyper function of CD4+ and CD8+ T cells but NK cell hyporesponsiveness. As well, new findings suggest that during COVID-19 infection, production of IgG-subclasses IgG1 and IgG3 may trigger NK-cell mediated ADCC through the IgG-Fc-receptor (FcγR) IIIa, and NK cells utilize the Fc domain of bound IgG to recognize extracellular virions or surface antigens expressed on infected cells. The lysis of infected cells and cytolytic functions by NK cells might be stimulated by this interaction (Dokun et al., 2001; Acharya et al., 2020; Bonam et al., 2020). Additionally, a recent study found ADCC mediated by NK cells, can contribute to viral control in COVID-19 patients. They observed efficient SARS-CoV-2 S glycoprotein (S309- and S306), triggering ADCC in SARS-CoV-2 S-glycoprotein-transfected cells (Pinto et al., 2020).

Interestingly, NK cells have a considerable role in inducing the lysis of virus-infected cells since the cytotoxicity of such cells is regulated by activating and inhibitory receptors. An increased NK group 2 member A (NKG2A) expression as a heterodimeric inhibitory receptor can also result in functional exhaustion of NK cells in patients with SARS-CoV-2 infection. Indeed, the total number of NK cells declines during the COVID-19 and the number of NK cells is simultaneously increased with the reduced expression of NKG2A after recovery (Yaqinuddin and Kashir, 2020; Qin et al., 2020), while this is associated with significantly decreased expression of the activation markers including CD107a, IFN-γ, IL-2, and TNF-α in T and NK cells of patients with severe COVID-19 (Antonioli et al., 2020; Zheng et al., 2020). In this respect, a study by Vabret et al. revealed crosstalk between monocytes and NK cells that results in NK cell recruitment from the peripheral blood to the lungs and killing of SARS-CoV-2-infected cells. Majority of human lung NK cells are non-resident and the expansion of CXCR3 ligands (CXCL9-11)-producing monocytes causes NK cell infiltration into the lung of COVID-19 disordered patients (Chu et al., 2020; Vabret et al., 2020). However, a question remains at this time how the SARS-CoV2 virus alters the number and function of NK cells. It is possible that NK cell redistribution in infected sites (NK cell infiltration into the lung) or apoptosis of these cells results in their reduction (McKechnie and Blish, 2020). Moreover, elevated IL-6 and IL-10 levels in COVID-19 cases can suppress NK cell activity. Further, moderating the expression of the activating receptor NKG2D through IL-6 production leads to impairment of NK cell activity. (Osman et al., 2020). In addition to elevated IL-6 and IL-10, the higher levels of TGF-β is responsible for suppressing NK cell antiviral activity through down-modulation of NKG2D (Lee et al., 2004; Huang et al., 2005). Thus, therapies targeting IL-6, IL-10, and TGF-β could be investigated as means of improving NK cell antiviral immunity in cases of COVID-19. However, the utility of therapeutic tools to boost NK cell functions should, thus, be carefully considered in severely affected patients (Rajaram et al., 2020).




NK Cells and Immune Memory in Viral Infection

Over recent years, a novel concept has emerged indicating that the present paradigm that T-cells and B-cells are the only factors of adaptive immunity should be reconsidered. Although, NK cells have been respected for their ability to mediate spontaneous cytotoxicity during innate immune responses in an antigen-independent manner, it has become recently clear that they display long-lived immunological memory responses (Lee et al., 2015). In mice, it has been initially described that cytomegalovirus infection drives adaptive features of NK Cells with altered effector function, where NK cells bearing Ly49H receptors expanded and provided stronger responses after a secondary encounter with the virus. Intriguingly, human cytomegalovirus (HCMV) infection can also prompt emergence and expansion of adaptive or memory-like NK cells with more potent cytotoxicity in humans (Lam and Lanier, 2017). Moreover, adaptive NK cells are characterized by expression of the activating receptor NKG2C and the absence of the inhibitory receptor NKG2A. Notably, non-classical MHC-I molecule, HLA-E is a ligand for both but, NKG2A has the higher affinity for this ligand engagement in competition with NKG2C. Thus, the inhibition of NKG2A expression is an essential element for expansion of NKG2C+NKcells with the more cytolytic activity (Guo et al., 2018).

This distinct population of NK cells also provides stronger protective immunity against HCMV via ADCC in the presence of anti-HCMV antibodies. Moreover, adaptive NK cells are characterized by expression of CD57 (maturation marker), KIRs, and the absence of the inhibitory receptor NKG2A and can further produce inflammatory cytokine and cytolysis in response to target cell recognition (Lopez-Verges et al., 2010; Lopez-Vergès et al., 2011). Intriguingly, adaptive NK cells additionally share notable similarities in epigenetic patterns with CD8+ effector T-cells and remarkable matches in adaptive cell differentiation as well (Tesi et al., 2016).


Memory-Like NK Cells Expansion in Various Pathological Conditions

Recenly, it has been also indicated that uterine mucosa, liver, skin, adrenal gland, colorectal and visceral adipose tissues, as well as secondary lymphoid compartments (SLCs), encompass CD56bright/CD16neg/dim NK cells, but CD56dim/CD16 bright cells settle in tissues such as lung and breast (Carrega et al., 2014; Melsen et al., 2016). It should be noted that localization of NK cell subsets changes in various pathological conditions e.g. in the presence of tumors or virus-infected cells (Nikzad et al., 2019). Even with the acquisition of new chemokine receptors by NK cells in a tumor or virus-infected cell microenvironments, NK cells may be changed functionally and phenotypically (Das and Khakoo, 2015; Brillantes and Beaulieu, 2020). Most importantly, NK cells differentiate into long-lived memory ones. For instance, in humans, infection with HCMV is associated with lasting expansions of different NK cell subsets expressing NKG2C display memory features that can result in robust recall responses (López-Botet et al., 2014). In addition, in vaccination, expression of NKG2C might represent one potential early determinant to differentiate between responders and low responders. It can be also a driving force to promote efficacious adaptive responses at the post-vaccination stage. Indeed, vaccine responsiveness can be associated with changes in NK cell phenotype and functionality (Riese et al., 2020). In addition, NK cells present in the lung are often enriched in CD56dim/CD16bright cells but recently, during the HCMV infection, a novel adaptive killer-cell Ig-like receptor (KIR)+/NKG2C+/NK cell subset with a CD49a+/CD56bright/CD16- tissue-resident (tr) NK cell phenotype (Figure 2) has been identified in human lungs (Cong and Wei, 2019; Dogra et al., 2020). Considering this immunological aspect, the development of trNK cells and the emergence of their adaptive feature have also demonstrated much broader diversity than before, and the generation of different types of long-lived adaptive NK cells has added further attractiveness and complexity to this field (Freud et al., 2017; Mazarzaei et al., 2019).



Open Questions About Effective Functions of Memory NK Cells Against SARS-CoV-2

As mentioned above, another important consideration in expanding strategies to target NK cells is related to the findings that unique tr or tissue-specific (ts) NK cell populations can display adaptive features. Recently, Marquardt et al. have identified a new adaptive-like KIR+/NKG2C+ NK cell subset with a CD49a+/CD56bright/CD16−trNK cell phenotype in human lung and in peripheral blood of HCMV-seropositive individuals, mentioned above (Marquardt et al., 2019). The adaptive-like lung trNK cells have been thus found to be hyper-responsive towards target cells (Hervier et al., 2019). This novel subset of human lung NK cells contributes to unique defense mechanisms in the context of the respiratory infection at this site (Cong and Wei, 2019). With regard to this novel adaptive-like KIR+/NKG2C+ NK cell subset, several interesting issues remain to be solved:

	Can SARS-CoV-2 infection specifically drive the expansion of adaptive-like trNK cells?


	Is disease progression in HCMV-seropositive patients involved with SARS-CoV-2 infection compared with HCMV-seronegative ones can be different? Consistent with this concept, based on clinical appearance and blood parameters during infection, we have observed that the severity of clinical manifestation in coinfection of COVID-19 and HCMV in kidney transplant patients was less severe compared with renal transplant patients with only COVID-19 (unpublished data).


	Is it possible to have a cross‐reactivity of HCMV-specific NK cells (Figure 1) with a protective role against new viruses (such as SARS-Cov2), even unrelated ones? Consistent with this hypothesis, previous studies have demonstrated that during acute influenza infection, adaptive-like NK cells could contribute to host immune response by promoting IFN-γ production. These cells might be clinically effective in the defense of emerging respiratory viral infections (Goodier et al., 2016; Scharenberg et al., 2019). Thus, how to target these populations might be beneficial in generating protective immunity against pathogens that gain entry through or colonize lung tissues such as novel CoV.






Memory NK Cells to Protect Against SARS-CoV-2

A wave of investigations revealed that human NK cells presented adaptive immune responses upon immunization or infection. Therefore, NK-mediated recall responses may further allow for development of immunization-based approaches in viral treatments (Geary and Sun, 2017; Brillantes and Beaulieu, 2020). NKG2C+CD57+NKG2A-adaptive NK cells have shown effector activity in the settings of hantavirus pulmonary syndrome (HPS), chikungunya virus (CHIKV), and type I human immunodeficiency virus (HIV-1). Notably, the emergence and expansion of memory NK cells have been identified during HIV, HPS, and CHIKV infections in HCMV-seropositive patients. Indeed, evidence suggests that HCMV is responsible for the expansion of NKG2C+NK cells upon additional viral infections (Brunetta et al., 2010; Petitdemange et al., 2011; Béziat et al., 2012).

In light of the clinical implications of HCMV-induced adaptive NK cell expansions, scholars have recently reported that the expansion of HCMV-adaptive NK cells in hematopoietic stem cell transplantation may be critical to decrease the risk of relapse and enhancing graft-versus-leukemia (GVL) reaction in patients (Cichocki et al., 2014).

During this public health crisis, recent findings have correspondingly indicated a variation of COVID-19 susceptibility in patients, highlighting an urgent need for comprehensive risk evaluation based on memory immune responses and cross-reactivity patterns (Hamiel et al., 2020). This concept is consistent with a study that has proposed the hypothesis that the resultant immune response against prior influenza infection would, at least in part, foster immunity against SARS-CoV-2 due to this cross reactivity between Flu and SARS-CoV-2, suggesting the Flu-induced immune response could be useful in reducing the severity of COVID-19 (Salem and El-Hennawy, 2020; Salman and Salem, 2020).

In this line, HCMV infection is a common global disease with higher prevalence rates in developing countries including Iran (Yaghobi et al., 2005; Saadi et al., 2013; Marin et al., 2016). Furthermore, HCMV seropositivity has been associated with higher frequencies of NKG2C+ NK cells in peripheral blood as compared with frequencies in HCMV seronegative individuals (Davis et al., 2015). Indeed, NKG2C+ NK cells display improved ADCC functionality and IFN-γ production following exposure to antibody-coated HCMV infection cells (Hwang et al., 2012). Significant factors can accordingly contribute to modifying viral disease outcomes. Co-infection with another infectious agent including HCMV can be thus considered in terms of the influence of cross-reactivity in immune responses (Wedemeyer et al., 2001; DaPalma et al., 2010). Accordingly, what remains to be determined is whether HCMV adaptive NK cells can play a protective role against non-HCMV viral infections or not (Mirahmadizadeh et al., 2019) like this newly emerging virus (Moss, 2020). Comprehensive studies are necessary to test this hypothesis to sort out the relative influence that HCMV adaptive NK cells exert on SARS-CoV-2 pathogenicity in patients with detectable levels of SARS-CoV-2 genomic RNA (Figure 1). A growing body of literature also suggests a footprint of adaptive-like NK cells in other infectious agents. Moreover, memory or memory-like NK cells may expand in response to various viral and bacterial infections and some immunization strategies may arise in this way. Of note, in some experimental models, memory NK responses are clearly pathogen-specific (Brillantes and Beaulieu, 2020). For instance, NKG2C+ NK cells have expanded during the HCMV infection that result from the interaction between HCMV-derived peptide, UL40, in the context of HLA-E, and the activating receptor CD94-NKG2C (Hammer et al., 2018a). In others, NK cells may need to be reprogrammed due to inflammatory signals during infection or immunization protocol. Using HIV-envelope (Env)-vaccinated humanized bone marrow-liver-thymus (BLT) mice, Nikzad et al. had found that human NK cells could mediate robust vaccination-dependent recall responses, indicating antigen specificity and longevity (Nikzad et al., 2019). Isolating HIV-Env-primed hepatic NK cells from BLT mice had further indicated reduced expression of CD16, CD57, KIR2DL1, and KIR2DL5. It had also revealed an enhanced expression of adhesion molecules e.g. CD2, CD62L, NKG2A, and CXCR6, concluding that hepatic NK cells had been induced through DC-based HIV-Env vaccination (Figure 2) and had similarly altered the expression levels of different surface markers of NK cells (Paust et al., 2010; Ackerman et al., 2012; Jost and Altfeld, 2013). In addition, a study had shown that decades after initial varicella-zoster virus (VZV) exposure to varicella-zoster virus (VZV) skin test antigen in individuals experiencing VZV, adaptive NK cells had been isolated from blister fluid associated with tissue-residency including CD56hi, CD16low, and more frequently expressed CXCR6, NKG2D, CD69, and CD62L. Thus, human NK cells exhibit adaptive immune responses upon immunization or infection (Nikzad et al., 2019; Peppa, 2019).

To date, in cancer patients boosting in vivo NK cell-mediated antitumor activity by exposure to pro-inflammatory cytokines such as IL2, IL15, and IL18 have been identified to imprint long-lived memory-like features and to enhance NK cell survival and proliferation. In addition, IL-12 as a new prospect improves cytokine production and cytotoxicity by NK cells (Vacca et al., 2013; Uppendahl et al., 2019). Use of adaptive NK cell capabilities in cellular immunotherapies particularly in viral infection also requires clinical efforts for a better understanding of their features. It will be interesting to see in future studies whether there is a memory NK response against SARS-CoV-2 antigen-vaccinated in lung tissue samples and peripheral blood or not.



Allogeneic NK Cells and Cellular Therapy in COVID-19

During COVID-19 emergency, efforts to confront infections have been primarily focused on cellular therapy approaches through allogeneic NK cells. Up to now, Cellularity, as a clinical-stage cell therapeutics company (NJ, USA; www.celularity.com) has produced an allogeneic and off-the-shelf cryopreserved NK cell, known as CYNK-001, derived from placental stem cells for treating leukemia and multiple myeloma (Ilic and Liovic, 2020). Promising therapeutic strategies have been also developed for patients with moderate-to-severe COVID-19. Indeed, inducing a robust immune response by allogeneic off-the-shelf NK cells may control the infection. Notably, the biology of NK cells has indicated a possibility that immunotherapy can be used as an off-the-shelf treatment for future pandemic infections and re-emerging viruses (Li H. et al., 2020). Researchers are also testing CYNK-001 because NK cells that may be able to boost immunity in COVID-19 patients as the first cell therapy are awaiting the Food and Drug Administration (FDA) approval for trials in this disease (Figure 2). However, it is conceivable that destroying infected respiratory cells by NK cells may drive side effects such as hyper-inflammation, as the first cell therapy awaiting FDA approval for testing CYNK-001 in COVID-19 patients. It is hoping that NK cell therapy might help patients suffering from this pandemic. Despite the fact that hyper-inflammation has not been observed while treating cancer patients with CYNK-001 (Ilic and Liovic, 2020), the mechanisms to induce the virally-driven hyper-inflammation may be different. Thus, it should be considered as a well-organized clinical trial to tune antiviral effects by escalating doses slowly while monitoring for toxicity evidence and side effects. A challenge in this regard is discovering whether COVID-19 has the ability to evade NK cells or not. However, in the global battle against COVID-19, every combat can be a valuable clue for the next step. Even though NK cells may fail to fight against COVID-19 efficiently, that lesson can be valuable to investigators.




Perspective

Future work will need to be directed to understanding how long-lived antigen-specific NK memory responses can be targeted towards improved human health via the development of novel clinical diagnostic approaches, therapeutic agents, or immunotherapies. Cellular immunotherapy by cell engineering is also a relatively novel approach. A significant evolution of cell therapy can be thus represented by NK cells engineered with CAR-targeting antigens (CAR-NK) (Souza-Fonseca-Guimaraes et al., 2019). CAR-NK cells may also characterize an off-the-shelf tool based on viral immunogenic and conserved domains and even applied singly or combined with other therapeutic approaches for viruses (Mazarzaei et al., 2019). Novel strategies can be now used to manipulate NK cell function, targeting their major inhibitory checkpoints (Bi and Tian, 2019) such as KIR (Pende et al., 2009), NKG2A (André et al., 2018), and programmed cell death protein 1 (PD-1) (Lipson et al., 2013). Currently, using monalizumab (namely, NKG2A monoclonal antibody), in rheumatoid arthritis (RA) and several neoplastic disorders might be an efficient target as a new anti-SARS-CoV-2 strategy that potentially reverses the inhibition of the innate immune system induced by the virus and leads to improved NK cells cytotoxicity at the early stage of the disease. In addition, CC motif chemokine receptor 7 (CCR7) acquisition by trogocytosis to optimize NK cell traffic to lymph nodes may improve the successful outcome of alloreactive NK cells (Pesce et al., 2016). Recently, NKG2D-ACE2 CAR-NK cell therapy is being recruited for patients infected with SARS‐CoV‐2 (NCT04324996). It should be noted that NKG2D-ACE2 CAR-NK cells produce IL-15 to ensure NK cell long-term survival and release GM-CSF-neutralizing scFv to suppress cytokine storm. These cells also express ACE2 receptor to compete with SARS-CoV2 for binding sites on the susceptible cells, including alveolar epithelial cells (Bonam et al., 2020). In this line, introducing NKG2C-ACE2 into chimeric antigen receptors in NK cells to enhance effector functionality might be a potential approach in future viral immunotherapy for emerging and re-emerging viruses. In addition, novel technologies such as CRISPR/Cas9 now provide a new approach to gene editing (e.g. insertion of activating receptors or deletion of inhibitory checkpoints) (Huang et al., 2020). A recent report has further utilized induced pluripotent stem cell (iPSC) as an efficient off-the-shelf source of expanding NK cells to optimize NK-CAR engineering (Li et al., 2018).

In conclusion, a promising approach to better management of respiratory diseases, as one of the leading causes of death worldwide, may be based on remodeling NK cells phenotypic and their functional features. It is hoped that the hypotheses addressed in this review will be employed as a stimulus for further research to help combat COVID-19 as deadly contagious disease of increasing incidence around the world. The clarification of these ideas about utilizing and modifying NK cells will further allow future dissection of potential strategies for treatment and vaccination.



Author Contributions

SS and RY conceived the idea for the manuscript. SS drafted the manuscript. RY edited and added comments into the manuscript.



Funding

This study was supported by Shiraz University of Medical Science, Shiraz, Iran.



References

 Abdul-Careem, M. F., Mian, M. F., Yue, G., Gillgrass, A., Chenoweth, M. J., Barra, N. G., et al. (2012). Critical role of natural killer cells in lung immunopathology during influenza infection in mice. J. Infect. Dis. 206 (2), 167–177. doi: 10.1093/infdis/jis340

 Acharya, D., Liu, G., and Gack, M. U. (2020). Dysregulation of type I interferon responses in COVID-19. Nat. Rev. Immuno. 20 (7), 397–398.  doi: 10.1038/s41577-020-0346-x

 Ackerman, M. E., Dugast, A.-S., and Alter, G. (2012). Emerging concepts on the role of innate immunity in the prevention and control of HIV infection. Annu. Rev. Med. 63, 113–130. doi: 10.1146/annurev-med-050310-085221

 Ahmadpoor, P., and Rostaing, L. (2020). Why the immune system fails to mount an adaptive immune response to a Covid-19 infection. Transplant. Int. 33 (7), 824–825. doi: 10.1111/tri.13611

 Al-Amri, S. S., Abbas, A. T., Siddiq, L. A., Alghamdi, A., Sanki, M. A., Al-Muhanna, M. K., et al. (2017). Immunogenicity of candidate MERS-CoV DNA vaccines based on the spike protein. Sci. Rep. 7, 44875. doi: 10.1038/srep44875

 Alberici, F., Delbarba, E., Manenti, C., Econimo, L., Valerio, F., Pola, A., et al. (2020). Management of patients on dialysis and with kidney transplant during SARS-COV-2 (COVID-19) pandemic in Brescia, Italy. Kidney Int. Rep. 5 (5), 580–585. doi: 10.1016/j.ekir.2020.04.001.

 Andoniou, C. E., Andrews, D. M., and Degli-Esposti, M. A. (2006). Natural killer cells in viral infection: more than just killers. Immunol. Rev. 214 (1), 239–250. doi: 10.1111/j.1600-065X.2006.00465.x

 André, P., Denis, C., Soulas, C., Bourbon-Caillet, C., Lopez, J., Arnoux, T., et al. (2018). Anti-NKG2A mAb is a checkpoint inhibitor that promotes anti-tumor immunity by unleashing both T and NK cells. Cell 175 (7), 1731–1743. e1713. doi: 10.1016/j.cell.2018.10.014

 Annamalai, T., Saif, L. J., Lu, Z., and Jung, K. (2015). Age-dependent variation in innate immune responses to porcine epidemic diarrhea virus infection in suckling versus weaned pigs. Vet. Immunol. Immunopathol. 168 (3-4), 193–202. doi: 10.1016/j.vetimm.2015.09.006

 Antonioli, L., Fornai, M., Pellegrini, C., and Blandizzi, C. (2020). NKG2A and COVID-19: another brick in the wall. Cell. Mol. Immunol. 17 (6), 672–674 doi: 10.1038/s41423-020-0450-7

 Bai, Y., Yao, L., Wei, T., Tian, F., Jin, D.-Y., Chen, L., et al. (2020). Presumed asymptomatic carrier transmission of COVID-19. JAMA 323 (14), 1406–1407. doi: 10.1001/jama.2020.2565

 Béziat, V., Dalgard, O., Asselah, T., Halfon, P., Bedossa, P., Boudifa, A., et al. (2012). CMV drives clonal expansion of NKG2C+ NK cells expressing self-specific KIRs in chronic hepatitis patients. Eur. J. Immunol. 42 (2), 447–457. doi: 10.1002/eji.201141826

 Bi, J., and Tian, Z. (2019). NK cell dysfunction and checkpoint immunotherapy. Front. Immunol. 10, 1999. doi: 10.3389/fimmu.2019.01999

 Björkström, N. K., Riese, P., Heuts, F., Andersson, S., Fauriat, C., Ivarsson, M. A., et al. (2010). Expression patterns of NKG2A, KIR, and CD57 define a process of CD56dim NK-cell differentiation uncoupled from NK-cell education. Blood J.  Am. Soc. Hematol. 116 (19), 3853–3864.

 Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W.-C., Uhl, S., Hoagland, D., Møller, R., et al. (2020). Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell 181 (5), 1036–1045. e9. doi: 10.1016/j.cell.2020.04.026

 Bonam, S. R., Kaveri, S. V., Sakuntabhai, A., Gilardin, L., and Bayry, J. (2020). Adjunct immunotherapies for the management of severely ill COVID-19 patients. Cell Rep. Med. 1.2 (2020), 100016. doi: 10.1016/j.xcrm.2020.100016

 Bowie, A. G., and Unterholzner, L. (2008). Viral evasion and subversion of pattern-recognition receptor signalling. Nat. Rev. Immunol. 8 (12), 911–922. doi: 10.1038/nri2436

 Brillantes, M., and Beaulieu, A. M. (2020). Memory and Memory-Like NK Cell Responses to Microbial Pathogens. Front. Cell. Infect. Microbiol. 10, 102. doi: 10.3389/fcimb.2020.00102

 Brunetta, E., Fogli, M., Varchetta, S., Bozzo, L., Hudspeth, K. L., Marcenaro, E., et al. (2010). Chronic HIV-1 viremia reverses NKG2A/NKG2C ratio on natural killer cells in patients with human cytomegalovirus co-infection. Aids 24 (1), 27–34. doi: 10.1097/QAD.0b013e3283328d1f

 Cao, X. (2020). COVID-19: immunopathology and its implications for therapy. Nat. Rev. Immunol. 20 (5), 269–270. doi: 10.1038/s41577-020-0308-3

 Carrega, P., Bonaccorsi, I., Di Carlo, E., Morandi, B., Paul, P., Rizzello, V., et al. (2014). CD56brightperforinlow noncytotoxic human NK cells are abundant in both healthy and neoplastic solid tissues and recirculate to secondary lymphoid organs via afferent lymph. J. Immunol. 192 (8), 3805–3815. doi: 10.4049/jimmunol.1301889

 Cepica, A., and Derbyshire, J. (1984). Antibody-dependent and spontaneous cell-mediated cytotoxicity against transmissible gastroenteritis virus infected cells by lymphocytes from sows, fetuses and neonatal piglets. Can. J. Comp. Med. 48 (3), 258.

 Cerwenka, A., and Lanier, L. L. (2001). Natural killer cells, viruses and cancer. Nat. Rev. Immunol. 1 (1), 41–49. doi: 10.1038/35095564

 Channappanavar, R., and Perlman, S. (2017). Pathogenic human coronavirus infections: causes and consequences of cytokine storm and immunopathology. Semi. Immunopathol. 39, 529–539. doi: 10.1007/s00281-017-0629-x

 Channappanavar, R., Fehr, A. R., Zheng, J., Wohlford-Lenane, C., Abrahante, J. E., Mack, M., et al. (2019). IFN-I response timing relative to virus replication determines MERS coronavirus infection outcomes. J. Clin. Invest. 129 (9), 3625–3639. doi: 10.1172/jci126363

 Chen, J., Lau, Y. F., Lamirande, E. W., Paddock, C. D., Bartlett, J. H., Zaki, S. R., et al. (2010). Cellular immune responses to severe acute respiratory syndrome coronavirus (SARS-CoV) infection in senescent BALB/c mice: CD4+ T cells are important in control of SARS-CoV infection. J. Virol. 84 (3), 1289–1301. doi: 10.1128/JVI.01281-09

 Chen, G., Wu, D., Guo, W., Cao, Y., Huang, D., Wang, H., et al. (2020). Clinical and immunological features of severe and moderate Coronavirus Disease 2019. J. Clin. Invest. 130 (5), 2620–2629. doi: 10.1172/JCI137244

 Chen, J., Qi, T., Liu, L., Ling, Y., Qian, Z., Li, T., et al. (2020). Clinical progression of patients with COVID-19 in Shanghai, China. J. Infect. 80 (5), e1–e6. doi: 10.1016/j.jinf.2020.03.004

 Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020). Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395 (10223), 507–513. doi: 10.1016/S0140-6736(20)30211-7

 Chu, H., Chan, J. F.-W., Wang, Y., Yuen, T. T.-T., Chai, Y., Hou, Y., et al. (2020). Comparative replication and immune activation profiles of SARS-CoV-2 and SARS-CoV in human lungs: an ex vivo study with implications for the pathogenesis of COVID-19. Clin. Infect. Dis. doi: 10.1093/cid/ciaa410

 Cichocki, F., Davis, Z. B., DeFor, T. E., Cooley, S. A., Bryceson, Y. T., Diamond, D. J., et al. (2014). CMV reactivation is associated with reduced relapse risk, better disease-free survival and expansion of adaptive NK Cells after reduced intensity hematopoietic cell transplantation (Washington, DC: American Society of Hematology).

 Cong, J., and Wei, H. (2019). Natural Killer Cells in the Lungs. Front. Immuno. 10, 1416. doi: 10.3389/fimmu.2019.01416

 Coomes, E. A., and Haghbayan, H. (2020). Interleukin-6 in COVID-19: a systematic review and meta-analysis. MedRxiv. doi: 10.1101/2020.03.30.20048058

 Cui, W., Fan, Y., Wu, W., Zhang, F., Wang, J.-Y., and Ni, A.-P. (2003). Expression of lymphocytes and lymphocyte subsets in patients with severe acute respiratory syndrome. Clin. Infect. Dis. 37 (6), 857–859. doi: 10.1086/378587

 DaPalma, T., Doonan, B. P., Trager, N. M., and Kasman, L. M. (2010). A systematic approach to virus–virus interactions. Virus Res. 149 (1), 1–9. doi: 10.1016/j.virusres.2010.01.002

 Das, J., and Khakoo, S. I. (2015). NK cells: tuned by peptide? Immunol. Rev. 267 (1), 214–227. doi: 10.1111/imr.12315

 Davis, Z. B., Cooley, S. A., Cichocki, F., Felices, M., Wangen, R., Luo, X., et al. (2015). Adaptive natural killer cell and killer cell immunoglobulin–like receptor–expressing T cell responses are induced by cytomegalovirus and are associated with protection against cytomegalovirus reactivation after allogeneic donor hematopoietic cell transplantation. Biol. Blood Marrow Transplant. 21 (9), 1653–1662. doi: 10.1016/j.bbmt.2015.05.025

 Della Chiesa, M., De Maria, A., Muccio, L., Bozzano, F., Sivori, S., and Moretta, L. (2019). Human NK cells and Herpesviruses: mechanisms of recognition, response and adaptation. Front. Microbiol. 10, 2297. doi: 10.3389/fmicb.2019.02297

 Di Lernia, V. (2020). Antipsoriatic treatments during COVID-19 outbreak. Dermatol. Ther. e13345. doi: 10.1111/dth.13345

 Dogra, P., Rancan, C., Ma, W., Toth, M., Senda, T., Carpenter, D. J., et al. (2020). Tissue Determinants of Human NK Cell Development, Function, and Residence. Cell 180 (4), 749–763.e713. doi: 10.1016/j.cell.2020.01.022

 Dokun, A. O., Kim, S., Smith, H. R., Kang, H.-S. P., Chu, D. T., and Yokoyama, W. M. (2001). Specific and nonspecific NK cell activation during virus infection. Nat. Immunol. 2 (10), 951–956. doi: 10.1038/ni714

 Du, L., He, Y., Zhou, Y., Liu, S., Zheng, B.-J., and Jiang, S. (2009). The spike protein of SARS-CoV—a target for vaccine and therapeutic development. Nat. Rev. Microbiol. 7 (3), 226–236. doi: 10.1038/nrmicro2090

 Duev-Cohen, A., Bar-On, Y., Glasner, A., Berhani, O., Ophir, Y., Levi-Schaffer, F., et al. (2016). The human 2B4 and NTB-A receptors bind the influenza viral hemagglutinin and co-stimulate NK cell cytotoxicity. Oncotarget 7 (11), 13093. doi: 10.18632/oncotarget.7597

 Fang, F. C., Naccache, S. N., and Greninger, A. L. (2020). The Laboratory Diagnosis of COVID-19–Frequently-Asked Questions. Clin. Infect. Dis. doi: 10.1093/cid/ciaa742

 French, A. R., and Yokoyama, W. M. (2003). Natural killer cells and viral infections. Curr. Opin. Immunol. 15 (1), 45–51. doi: 10.1016/S095279150200002X

 Freud, A. G., Mundy-Bosse, B. L., Yu, J., and Caligiuri, M. A. (2017). The broad spectrum of human natural killer cell diversity. Immunity 47 (5), 820–833. doi: 10.1016/j.immuni.2017.10.008

 Frutoso, M., and Mortier, E. (2019). NK Cell Hyporesponsiveness: More Is Not Always Better. Int. J. Mol. Sci. 20 (18), 4514. doi: 10.3390/ijms20184514

 Fu, B., Xu, X., and Wei, H. (2020). Why tocilizumab could be an effective treatment for severe COVID-19? J. Trans. Med. 18 (1), 1–5. doi: 10.1186/s12967-020-02339-3

 Gandhi, R. T., Lynch, J. B., and del Rio, C. (2020). Mild or moderate COVID-19. New Engl. J. Med. 10. doi: 10.1056/NEJMcp2009249

 Geary, C. D., and Sun, J. C. (2017). Memory responses of natural killer cells Semi. Immunol. 31, 11–19. doi: 10.1016/j.smim.2017.08.012

 Goodier, M. R., Rodriguez-Galan, A., Lusa, C., Nielsen, C. M., Darboe, A., Moldoveanu, A. L., et al. (2016). Influenza Vaccination Generates Cytokine-Induced Memory-like NK Cells: Impact of Human Cytomegalovirus Infection. J. Immunol. (Baltimore Md.: 1950) 197 (1), 313–325. doi: 10.4049/jimmunol.1502049

 Guo, Y., Patil, N. K., Luan, L., Bohannon, J. K., and Sherwood, E. R. (2018). The biology of natural killer cells during sepsis. Immunology 153 (2), 190–202. doi: 10.1111/imm.12854

 Hamiel, U., Kozer, E., and Youngster, I. (2020). SARS-CoV-2 Rates in BCG-Vaccinated and Unvaccinated Young Adults. JAMA 323 (22), 2340–2341. doi: 10.1001/jama.2020.8189

 Hammer, Q., Rückert, T., Borst, E. M., Dunst, J., Haubner, A., Durek, P., et al. (2018a). Peptide-specific recognition of human cytomegalovirus strains controls adaptive natural killer cells. Nat. Immunol. 19 (5), 453–463. doi: 10.1038/s41590-018-0082-6

 Hammer, Q., Rückert, T., and Romagnani, C. (2018b). Natural killer cell specificity for viral infections. Nat. Immunol. 19 (8), 800–808. doi: 10.1038/s41590-018-0163-6

 Henderson, L. A., Canna, S. W., Schulert, G. S., Volpi, S., Lee, P. Y., Kernan, K. F., et al. (2020). On the alert for cytokine storm: Immunopathology in COVID-19. Arthritis Rheumatol. (Hoboken, N.J.), 72 (7), 1059–1063. doi: 10.1002/art.41285

 Henry, B. M., De Oliveira, M. H. S., Benoit, S., Plebani, M., and Lippi, G. (2020). Hematologic, biochemical and immune biomarker abnormalities associated with severe illness and mortality in coronavirus disease 2019 (COVID-19): a meta-analysis. Clin. Chem. Lab. Med. (CCLM) 58 (7), 1021–1028. doi: 10.1515/cclm-2020-0369

 Hervier, B., Russick, J., Cremer, I., and Vieillard, V. (2019). NK Cells in the Human Lungs. Front. Immunol. 10, 1263. doi: 10.3389/fimmu.2019.01263

 Hu, Y., Tian, Z., and Zhang, C. (2019). Natural killer cell-based immunotherapy for cancer: Advances and prospects. Engineering 5 (1), 106–114. doi: 10.1016/j.eng.2018.11.015

 Huang, K.-J., Su, I.-J., Theron, M., Wu, Y.-C., Lai, S.-K., Liu, C.-C., et al. (2005). An interferon-γ-related cytokine storm in SARS patients. J. Med. Virol. 75 (2), 185–194. doi: 10.1002/jmv.20255

 Huang, R. S., Shih, H. A., Lai, M. C., Chang, Y. J., and Lin, S. (2020). Enhanced NK-92 Cytotoxicity by CRISPR Genome Engineering Using Cas9 Ribonucleoproteins. Front. Immunol. 11, 1008. doi: 10.3389/fimmu.2020.01008

 Hwang, I., Zhang, T., Scott, J. M., Kim, A. R., Lee, T., Kakarla, T., et al. (2012). Identification of human NK cells that are deficient for signaling adaptor FcRγ and specialized for antibody-dependent immune functions. Int. Immunol. 24 (12), 793–802. doi: 10.1093/intimm/dxs080

 Ilic, D., and Liovic, M. (2020). Industry updates from the field of stem cell research and regenerative medicine in January 2020: Industry News. Regen. Med. 14 (5), 345–351. doi: 10.2217/rme-2020-0016

 Jones, G., and Ding, C. (2010). Tocilizumab: a review of its safety and efficacy in rheumatoid arthritis. Clin. Med. Insights: Arthritis Musculoskelet. Disord. 3, 81–89. doi: 10.4137/CMAMD.S4864

 Jost, S., and Altfeld, M. (2013). Control of human viral infections by natural killer cells. Annu. Rev. Immunol. 31, 163–194. doi: 10.1146/annurev-immunol-032712-100001

 Kawai, T., and Akira, S. (2006). Innate immune recognition of viral infection. Nat. Immunol. 7 (2), 131–137. doi: 10.1038/ni1303

 Kikkert, M. (2020). Innate immune evasion by human respiratory RNA viruses. J. Innate Immun. 12 (1), 4–20. doi: 10.1159/000503030

 Koyama, S., Ishii, K. J., Coban, C., and Akira, S. (2008). Innate immune response to viral infection. Cytokine 43 (3), 336–341. doi: 10.1016/j.cyto.2008.07.009

 Kumar, M., and Carmichael, G. G. (1998). Antisense RNA: function and fate of duplex RNA in cells of higher eukaryotes. Microbiol. Mol. Biol. Rev. 62 (4), 1415–1434. doi: 10.1128/MMBR.62.4.1415-1434.1998

 Lam, V. C., and Lanier, L. L. (2017). NK cells in host responses to viral infections. Curr. Opin. Immunol. 44, 43–51. doi: 10.1016/j.coi.2016.11.003

 Lanier, L. L. (2005). NK cell recognition. Annu. Rev. Immunol. 23, 225–274. doi: 10.1146/annurev.immunol.23.021704.115526

 Lee, J.-C., Lee, K.-M., Kim, D.-W., and Heo, D. S. (2004). Elevated TGF-β1 secretion and down-modulation of NKG2D underlies impaired NK cytotoxicity in cancer patients. J. Immunol. 172 (12), 7335–7340. doi: 10.4049/jimmunol.172.12.7335

 Lee, J., Zhang, T., Hwang, I., Kim, A., Nitschke, L., Kim, M., et al. (2015). Epigenetic modification and antibody-dependent expansion of memory-like NK cells in human cytomegalovirus-infected individuals. Immunity 42 (3), 431–442. doi: 10.1016/j.immuni.2015.02.013

 Lesnick, C. E., and Derbyshire, J. (1988). Activation of natural killer cells in newborn piglets by interferon induction. Vet. Immunol. Immunopathol. 18 (2), 109–117. doi: 10.1016/0165-2427(88)90053-0

 Li, F., Zhu, H., Sun, R., Wei, H., and Tian, Z. (2012). Natural killer cells are involved in acute lung immune injury caused by respiratory syncytial virus infection. J. Virol. 86 (4), 2251–2258. doi: 10.1128/JVI.06209-11

 Li, Y., Hermanson, D. L., Moriarity, B. S., and Kaufman, D. S. (2018). Human iPSC-derived natural killer cells engineered with chimeric antigen receptors enhance anti-tumor activity. Cell Stem Cell 23 (2), 181–192.e185. doi: 10.1016/j.stem.2018.06.002

 Li, H., Liu, S.-M., Yu, X.-H., Tang, S.-L., and Tang, C.-K. (2020). Coronavirus disease 2019 (COVID-19): current status and future perspective. Int. J. Antimicrob. Agents 55 (5), 105951. doi: 10.1016/j.ijantimicag.2020.105951

 Li, Z., Yi, Y., Luo, X., Xiong, N., Liu, Y., Li, S., et al. (2020). Development and clinical application of a rapid IgM-IgG combined antibody test for SARS-CoV-2 infection diagnosis. J. Med. Viro. 1–7. doi: 10.1002/jmv.25727

 Lipson, E. J., Sharfman, W. H., Drake, C. G., Wollner, I., Taube, J. M., Anders, R. A., et al. (2013). Durable cancer regression off-treatment and effective reinduction therapy with an anti-PD-1 antibody. Clin. Cancer Res. 19 (2), 462–468. doi: 10.1158/1078-0432.CCR-12-2625

 Liu, B., Li, M., Zhou, Z., Guan, X., and Xiang, Y. (2020). Can we use interleukin-6 (IL-6) blockade for coronavirus disease 2019 (COVID-19)-induced cytokine release syndrome (CRS)? J. Autoimmun. 111, 102452. doi: 10.1016/j.jaut.2020.102452

 Lodoen, M. B., and Lanier, L. L. (2005). Viral modulation of NK cell immunity. Nat. Rev. Microbiol. 3 (1), 59–69. doi: 10.1038/nrmicro1066

 Loewen, K. G., and Derbyshire, J. B. (1988). The effect of interferon induction in parturient sows and newborn piglets on resistance to transmissible gastroenteritis. Can. J. Vet. Res. 52 (1), 149–153.

 López-Botet, M., Muntasell, A., and Vilches, C. (2014). The CD94/NKG2C+ NK-cell subset on the edge of innate and adaptive immunity to human cytomegalovirus infection Semin. Immuno. 26 (2), 145–151. doi: 10.1016/j.smim.2014.03.002

 Lopez-Verges, S., Milush, J. M., Pandey, S., York, V. A., Arakawa-Hoyt, J., Pircher, H., et al. (2010). CD57 defines a functionally distinct population of mature NK cells in the human CD56dimCD16+ NK-cell subset. Blood J.  Am. Soc. Hematol. 116 (19), 3865–3874. doi: 10.1182/blood-2010-04-282301

 Lopez-Vergès, S., Milush, J. M., Schwartz, B. S., Pando, M. J., Jarjoura, J., York, V. A., et al. (2011). Expansion of a unique CD57+ NKG2Chi natural killer cell subset during acute human cytomegalovirus infection. Proc.  Natl. Acad. Sci. 108 (36), 14725–14732. doi: 10.1073/pnas.1110900108

 Mardani, R., Vasmehjani, A. A., Zali, F., Gholami, A., Nasab, S. D. M., Kaghazian, H., et al. (2020). Laboratory Parameters in Detection of COVID-19 Patients with Positive RT-PCR; a Diagnostic Accuracy Study. Arch. Acad. Emerg. Med. 8 (1), e43.

 Marin, L. J., de Carvalho Cardoso, E. S., Sousa, S. M. B., de Carvalho, L. D., Marques Filho, M. F., Raiol, M. R., et al. (2016). Prevalence and clinical aspects of CMV congenital Infection in a low-income population. Virol. J. 13 (1), 148. doi: 10.1186/s12985-016-0604-5

 Market, M., Angka, L., Martel, A. B., Bastin, D., Olanubi, O., Tennakoon, G., et al. (2020). Flattening the COVID-19 Curve With Natural Killer Cell Based Immunotherapies. Front. Immunol. 11, 1512. doi: 10.3389/fimmu.2020.01512

 Marquardt, N., Kekäläinen, E., Chen, P., Lourda, M., Wilson, J. N., Scharenberg, M., et al. (2019). Unique transcriptional and protein-expression signature in human lung tissue-resident NK cells. Nat. Commun. 10 (1), 1–12.

 Masselli, E., Vaccarezza, M., Carubbi, C., Pozzi, G., Presta, V., Mirandola, P., et al. (2020). NK cells: A double edge sword against SARS-CoV-2. Adv. Biol. Regul. 77 (13), 100737. doi: 10.1016/j.jbior.2020.100737

 Maude, S. L., Frey, N., Shaw, P. A., Aplenc, R., Barrett, D. M., Bunin, N. J., et al. (2014). Chimeric antigen receptor T cells for sustained remissions in leukemia. New Engl. J. Med. 371 (16), 1507–1517. doi: 10.1056/NEJMoa1407222

 Mazarzaei, A., Vafaei, M., Ghasemian, A., Mirforughi, S. A., Rajabi Vardanjani, H., and Alwan, N. A. (2019). Memory and CAR-NK cell-based novel approaches for HIV vaccination and eradication. J. Cell. Physiol. 234 (9), 14812–14817. doi: 10.1002/jcp.28280

 McGonagle, D., Sharif, K., O’Regan, A., and Bridgewood, C. (2020). The Role of Cytokines including Interleukin-6 in COVID-19 induced Pneumonia and Macrophage Activation Syndrome-Like Disease. Autoimmun. Rev. 19 (6), 102537. doi: 10.1016/j.autrev.2020.102537

 McKechnie, J. L., and Blish, C. A. (2020). The innate immune system: fighting on the front lines or fanning the flames of COVID-19? Cell Host Microbe. 27 (6), 863–869. doi: 10.1016/j.chom.2020.05.009

 McMichael, A. (1998). T cell responses and viral escape. Cell 93 (5), 673–676. doi: 10.1016/S0092-8674(00)81428-2

 Mehta, P., McAuley, D. F., Brown, M., Sanchez, E., Tattersall, R. S., and Manson, J. J. (2020). COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet 395 (10229), 1033–1034. doi: 10.1016/S0140-6736(20)30628-0

 Meini, S., Suardi, L. R., Busoni, M., Roberts, A. T., and Fortini, A. (2020). Olfactory and gustatory dysfunctions in 100 patients hospitalized for COVID-19: sex differences and recovery time in real-life. Eur. Arch. Oto-Rhino-Laryngol. 1–5. doi: 10.1007/s00405-020-06102-8

 Melsen, J. E., Lugthart, G., Lankester, A. C., and Schilham, M. W. (2016). Human circulating and tissue-resident CD56bright natural killer cell populations. Front. Immunol. 7, 262. doi: 10.3389/fimmu.2016.00262

 Merad, M., and Martin, J. C. (2020). Pathological inflammation in patients with COVID-19: a key role for monocytes and macrophages. Nat. Rev. Immunol. 20(6), 355–362. doi: 10.1038/s41577-020-0331-4

 Michelen, M., Jones, N., and Stavropoulou, C. (2020). In patients of COVID-19, what are the symptoms and clinical features of mild and moderate cases. Centre Evidence-Based Medecine. 16.

 Mikulak, J., Di Vito, C., Zaghi, E., and Mavilio, D. (2017). Host immune responses in HIV-1 infection: the emerging pathogenic role of siglecs and their clinical correlates. Front. Immunol. 8, 314. doi: 10.3389/fimmu.2017.00314

 Mirahmadizadeh, A., Yaghobi, R., and Soleimanian, S. (2019). Viral ecosystem: An epidemiological hypothesis. Rev. Med. Virol. 29 (4), e2053. doi: 10.1002/rmv.2053

 Modig, J., and Hällgren, R. (1989). Increased hyaluronic acid production in lung — a possible important factor in interstitial and alveolar edema during general anesthesia and in adult respiratory distress syndrome. Resuscitation 17 (3), 223–231. doi: 10.1016/0300-9572(89)90038-5

 Monica, P., Favoreel, H. W., Candiano, G., Gaggero, S., Sivori, S., Mingari, M. C., et al. (2019). NKp44-NKp44 ligand interactions in the regulation of natural killer cells and other innate lymphoid cells in humans. Front. Immunol. 10, 719. doi: 10.3389/fimmu.2019.00719

 Monteleone, G., Sarzi-Puttini, P. C., and Ardizzone, S. (2020). Preventing COVID-19-induced pneumonia with anticytokine therapy. Lancet Rheumatol. 2 (5), e255–e256. doi: 10.1016/S2665-9913(20)30092-8

 Moravej, A., Karimi, M.-H., Geramizadeh, B., Azarpira, N., Zarnani, A.-H., Yaghobi, R., et al. (2017). Mesenchymal stem cells upregulate the expression of PD-L1 but not VDR in dendritic cells. Immunol. Investig. 46 (1), 80–96. doi: 10.1080/08820139.2016.1225757

 Moss, P. (2020). “The ancient and the new”: is there an interaction between cytomegalovirus and SARS-CoV-2 infection? Immun. Ageing 17, 14. doi: 10.1186/s12979-020-00185-x

 Murira, A., and Lamarre, A. (2016). Type-I interferon responses: from friend to foe in the battle against chronic viral infection. Front. Immunol. 7, 609. doi: 10.3389/fimmu.2016.00609

 Nagai, A., Matsumiya, H., Hayashi, M., Yasui, S., Okamoto, H., and Konno, K. (1994). Effects of nicotinamide and niacin on bleomycin-induced acute injury and subsequent fibrosis in hamster lungs. Exp. Lung Res. 20 (4), 263–281. doi: 10.3109/01902149409064387

 Nalla, A. K., Casto, A. M., Huang, M. W., Perchetti, G. A., Sampoleo, R., Shrestha, L., et al. (2020). Comparative Performance of SARS-CoV-2 Detection Assays Using Seven Different Primer-Probe Sets and One Assay Kit. J. Clin. Microbiol. 58 (6), e00557–20. doi: 10.1128/jcm.00557-20

 National Research Project for SARS, Beijing Group (2004). The involvement of natural killer cells in the pathogenesis of severe acute respiratory syndrome. Am. J. Clin. Pathol. 121 (4), 507–511. doi: 10.1309/WPK7Y2XKNF4CBF3R

 Nicholls, J. M., Poon, L. L., Lee, K. C., Ng, W. F., Lai, S. T., Leung, C. Y., et al. (2003). Lung pathology of fatal severe acute respiratory syndrome. Lancet (London, England), 361 (9371), 1773–1778. doi: 10.1016/s0140-6736(03)13413-7

 Nikzad, R., Angelo, L. S., Aviles-Padilla, K., Le, D. T., Singh, V. K., Bimler, L., et al. (2019). Human natural killer cells mediate adaptive immunity to viral antigens. Sci. Immunol. 4 (35), eaat8116. doi: 10.1126/sciimmunol.aat8116

 Orr, M. T., and Lanier, L. L. (2010). Natural killer cell education and tolerance. Cell 142 (6), 847–856. doi: 10.1016/j.cell.2010.08.031

 Osman, M. S., van Eeden, C., and Tervaert, J. W. C. (2020). Fatal COVID-19 infections: Is NK cell dysfunction a link with autoimmune HLH? Autoimmun. Rev. 19 (7), 102561. doi: 10.1016/j.autrev.2020.102561

 Paust, S., Gill, H. S., Wang, B.-Z., Flynn, M. P., Moseman, E. A., Senman, B., et al. (2010). Critical role for the chemokine receptor CXCR6 in NK cell–mediated antigen-specific memory of haptens and viruses. Nat. Immunol. 11 (12), 1127. doi: 10.1038/ni.1953

 Peiris, J. S. M., Chu, C.-M., Cheng, V. C.-C., Chan, K., Hung, I., Poon, L. L., et al. (2003). Clinical progression and viral load in a community outbreak of coronavirus-associated SARS pneumonia: a prospective study. Lancet 361 (9371), 1767–1772. doi: 10.1016/S0140-6736(03)13412-5

 Pende, D., Marcenaro, S., Falco, M., Martini, S., Bernardo, M. E., Montagna, D., et al. (2009). Anti-leukemia activity of alloreactive NK cells in KIR ligand-mismatched haploidentical HSCT for pediatric patients: evaluation of the functional role of activating KIR and redefinition of inhibitory KIR specificity. Blood J.  Am. Soc. Hematol. 113 (13), 3119–3129. doi: 10.1182/blood-2008-06-164103

 Peppa, D. (2019). Entering a new era of harnessing natural killer cell responses in HIV infection. EBioMedicine 44, 26–27. doi: 10.1016/j.ebiom.2019.05.045

 Pesce, S., Moretta, L., Moretta, A., and Marcenaro, E. (2016). Human NK cell subsets redistribution in pathological conditions: a role for CCR7 receptor. Front. Immunol. 7, 414. doi: 10.3389/fimmu.2016.00414

 Petitdemange, C., Becquart, P., Wauquier, N., Béziat, V., and Debré, P. (2011). Unconventional Repertoire Profile Is Imprinted during Acute Chikungunya. [dissertation/Ph.D. thesis]. Paris, France. Sorbonne University.

 Pinto, D., Park, Y.-J., Beltramello, M., Walls, A. C., Tortorici, M. A., Bianchi, S., et al. (2020). Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody. Nature 583, s290–s295. doi: 10.1038/s41586-020-2349-y

 Pircher, H., Moskophidis, D., Rohrer, U., Bürki, K., Hengartner, H., and Zinkernagel, R. M. (1990). Viral escape by selection of cytotoxic T cell-resistant virus variants in vivo. Nature 346 (6285), 629–633. doi: 10.1038/346629a0

 Prasanna, P. L., and Abilash, V. (2020). Coronaviruses pathogenesis, comorbidities and multi-organ damage–A review. Life Sci. 255, 117839. doi: 10.1016/j.lfs.2020.117839

 Prompetchara, E., Ketloy, C., and Palaga, T. (2020). Immune responses in COVID-19 and potential vaccines: Lessons learned from SARS and MERS epidemic. Asian Pac. J. Allergy Immunol. 38 (1), 1–9. doi: 10.12932/AP-200220-0772

 Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., et al. (2020). Dysregulation of Immune Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin. Infect. Dis. 71 (15), 762–768. doi: 10.1093/cid/ciaa248

 Rajaram, S., Canaday, L. M., Ochayon, D. E., Rangel, K. M., Ali, A., Gyurova, I. E., et al. (2020). The promise and peril of natural killer cell therapies in pulmonary infection. Immunity. 52 (6), 887–889. doi: 10.1016/j.immuni.2020.04.018

 Ranucci, M., Ballotta, A., Di Dedda, U., Bayshnikova, E., Dei Poli, M., Resta, M., et al. (2020). The procoagulant pattern of patients with COVID-19 acute respiratory distress syndrome. J. Thromb. Haemostasis 18, 1747–1751. doi: 10.1111/jth.14854

 Riese, P., Trittel, S., Pathirana, R. D., Klawonn, F., Cox, R. J., and Guzmán, C. A. (2020). Responsiveness to Influenza Vaccination Correlates with NKG2C-Expression on NK Cells. Vaccines 8 (2), 281. doi: 10.3390/vaccines8020281

 Rokni, M., Ghasemi, V., and Tavakoli, Z. (2020). Immune responses and pathogenesis of SARS-CoV-2 during an outbreak in Iran: Comparison with SARS and MERS. Rev. Med. Virol. 30 (3), e2107. doi: 10.1002/rmv.2107

 Saadi, M. I., Yaghobi, R., Karimi, M. H., Geramizadeh, B., Ramzi, M., and Zakerinia, M. (2013). Association of the costimulatory molecule gene polymorphisms and active cytomegalovirus infection in hematopoietic stem cell transplant patients. Mol. Biol. Rep. 40 (10), 5833–5842. doi: 10.1007/s11033-013-2689-x

 Salem, M. L., and El-Hennawy, D. (2020). The possible beneficial adjuvant effect of influenza vaccine to minimize the severity of COVID-19. Med. Hypotheses 140, 109752. doi: 10.1016/j.mehy.2020.109752

 Salman, S., and Salem, M. L. (2020). Routine childhood immunization may protect against COVID-19. Med. Hypotheses 140, 109689. doi: 10.1016/j.mehy.2020.109689

 Samuel, C. E. (2001). Antiviral actions of interferons. Clin. Microbiol. Rev. 14 (4), 778–809. doi: 10.1128/CMR.14.4.778-809.2001

 Scharenberg, M., Vangeti, S., Kekäläinen, E., Bergman, P., Al-Ameri, M., Johansson, N., et al. (2019). Influenza A Virus Infection Induces Hyperresponsiveness in Human Lung Tissue-Resident and Peripheral Blood NK Cells. Front. Immunol. 10, 1116. doi: 10.3389/fimmu.2019.01116

 Sethuraman, N., Jeremiah, S. S., and Ryo, A. (2020). Interpreting diagnostic tests for SARS-CoV-2. JAMA. doi: 10.1001/jama.2020.8259

 Shakoory, B., Carcillo, J. A., Chatham, W. W., Amdur, R. L., Zhao, H., Dinarello, C. A., et al. (2016). Interleukin-1 receptor blockade is associated with reduced mortality in sepsis patients with features of the macrophage activation syndrome: Re-analysis of a prior Phase III trial. Crit. Care Med. 44 (2), 275. doi: 10.1097/CCM.0000000000001402

 Shariat, A., Karimi, M. H., Mokhtariazad, T., Moazzeni, S. M., Geramizadeh, B., MalekHosseini, S. A., et al. (2014). Maturation state and function of monocyte derived dendritic cells in liver transplant recipients. Iranian J. Immunol. 11 (3), 153–165.

 Shen, K.-L., and Yang, Y.-H. (2020). Diagnosis and treatment of 2019 novel coronavirus infection in children: a pressing issue World J. Pediatr. 5, 1–3. doi: 10.1007/s12519-020-00344-6

 Shi, Y., Wang, Y., Shao, C., Huang, J., Gan, J., Huang, X., et al. (2020). COVID-19 infection: the perspectives on immune responses Cell Death Differ. 27 (5), 1451–1454. doi: 10.1038/s41418-020-0530-3

 Souza-Fonseca-Guimaraes, F., Cursons, J., and Huntington, N. D. (2019). The emergence of natural killer cells as a major target in cancer immunotherapy. Trends Immunol. 40 (2), 142–158. doi: 10.1016/j.it.2018.12.003

 Soy, M., Keser, G., Atagündüz, P., Tabak, F., Atagündüz, I., and Kayhan, S. (2020). Cytokine storm in COVID-19: pathogenesis and overview of anti-inflammatory agents used in treatment. Clin. Rheumatol. 39, 2085–2094. doi: 10.1007/s10067-020-05190-5

 Sun, J. C., and Lanier, L. L. (2008). Tolerance of NK cells encountering their viral ligand during development. J. Exp. Med. 205 (8), 1819–1828. doi: 10.1084/jem.20072448

 Tanaka, T., Narazaki, M., and Kishimoto, T. (2016). Immunotherapeutic implications of IL-6 blockade for cytokine storm. Immunotherapy 8 (8), 959–970. doi: 10.2217/imt-2016-0020

 Tang, Y., Li, X., Wang, M., Zou, Q., Zhao, S., Sun, B., et al. (2013). Increased numbers of NK cells, NKT-like cells, and NK inhibitory receptors in peripheral blood of patients with chronic obstructive pulmonary disease. Clin. Dev. Immunol. 2013, 721782. doi: 10.1155/2013/721782

 Tay, M. Z., Poh, C. M., Rénia, L., MacAry, P. A., and Ng, L. F. (2020). The trinity of COVID-19: immunity, inflammation and intervention. Nat. Rev. Immunol. 20 (6), 363–374. doi: 10.1038/s41577-020-0311-8

 Tesi, B., Schlums, H., Cichocki, F., and Bryceson, Y. T. (2016). Epigenetic regulation of adaptive NK cell diversification. Trends Immunol. 37 (7), 451–461. doi: 10.1016/j.it.2016.04.006

 To, K. K., Tsang, O. T., Leung, W. S., Tam, A. R., Wu, T. C., Lung, D. C., et al. (2020). 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. 20 (5), 565–574. doi: 10.1016/s1473-3099(20)30196-1

 Uppendahl, L. D., Felices, M., Bendzick, L., Ryan, C., Kodal, B., Hinderlie, P., et al. (2019). Cytokine-induced memory-like natural killer cells have enhanced function, proliferation, and in vivo expansion against ovarian cancer cells. Gynecol. Oncol. 153 (1), 149–157. doi: 10.1016/j.ygyno.2019.01.006

 Vabret, N., Britton, G. J., Gruber, C., Hegde, S., Kim, J., Kuksin, M., et al. (2020). Immunology of COVID-19: current state of the science. Immunity. 52 (6), 910–941. doi: 10.1016/j.immuni.2020.05.002

 Vacca, P., Martini, S., Garelli, V., Passalacqua, G., Moretta, L., and Mingari, M. C. (2013). NK cells from malignant pleural effusions are not anergic but produce cytokines and display strong antitumor activity on short-term IL-2 activation. Eur. J. Immunol. 43 (2), 550–561. doi: 10.1002/eji.201242783

 Van Bavel, J. J., Baicker, K., Boggio, P. S., Capraro, V., Cichocka, A., Cikara, M., et al. (2020). Using social and behavioural science to support COVID-19 pandemic response. Nat. Hum. Behav. 4 (5), 460–471. doi: 10.1038/s41562-020-0884-z

 Vanderven, H. A., Jegaskanda, S., Wheatley, A. K., and Kent, S. J. (2017). Antibody-dependent cellular cytotoxicity and influenza virus. Curr. Opin. Virol. 22, 89–96. doi: 10.1016/j.coviro.2016.12.002

 Velavan, T. P., and Meyer, C. G. (2020). The COVID-19 epidemic. Trop. Med. Int. Health 25 (3), 278. doi: 10.1111/tmi.13383

 Vivier, E., Raulet, D. H., Moretta, A., Caligiuri, M. A., Zitvogel, L., Lanier, L. L., et al. (2011). Innate or adaptive immunity? The example of natural killer cells. Science 331 (6013), 44–49. doi: 10.1126/science.1198687

 Wan, S., Yi, Q., Fan, S., Lv, J., Zhang, X., Guo, L., et al. (2020). Relationships among lymphocyte subsets, cytokines, and the pulmonary inflammation index in coronavirus (COVID-19) infected patients. Br. J. Haematol. 189 (3), 428–437. doi: 10.1111/bjh.16659

 Wang, Y., Chen, X., Cao, W., and Shi, Y. (2014). Plasticity of mesenchymal stem cells in immunomodulation: pathological and therapeutic implications. Nat. Immunol. 15 (11), 1009. doi: 10.1038/ni.3002

 Wang, G., Cao, K., Liu, K., Xue, Y., Roberts, A. I., Li, F., et al. (2018). Kynurenic acid, an IDO metabolite, controls TSG-6-mediated immunosuppression of human mesenchymal stem cells. Cell Death Differ. 25 (7), 1209–1223. doi: 10.1038/s41418-017-0006-2

 Wang, F., Hou, H., Luo, Y., Tang, G., Wu, S., Huang, M., et al. (2020a). The laboratory tests and host immunity of COVID-19 patients with different severity of illness. JCI Insight 5 (10), e137799. doi: 10.1172/jci.insight.137799

 Wang, F., Nie, J., Wang, H., Zhao, Q., Xiong, Y., Deng, L., et al. (2020b). Characteristics of Peripheral Lymphocyte Subset Alteration in COVID-19 Pneumonia. J. Infect. Dis. 221 (11), 1762–1769. doi: 10.1093/infdis/jiaa150

 Wedemeyer, H., Mizukoshi, E., Davis, A. R., Bennink, J. R., and Rehermann, B. (2001). Cross-reactivity between hepatitis C virus and Influenza A virus determinant-specific cytotoxic T cells. J. Virol. 75 (23), 11392–11400. doi: 10.1128/JVI.75.23.11392-11400.2001

 Wen, W., Su, W., Tang, H., Le, W., Zhang, X., Zheng, Y., et al. (2020). Immune cell profiling of COVID-19 patients in the recovery stage by single-cell sequencing. Cell Discov. 6, 31. doi: 10.1038/s41421-020-0168-9

 Wilk, A. J., Rustagi, A., Zhao, N. Q., Roque, J., Martínez-Colón, G. J., McKechnie, J. L., et al. (2020). A single-cell atlas of the peripheral immune response in patients with severe COVID-19. Nat. Med. 26, 1070–1076. doi: 10.1038/s41591-020-0944-y

 Wong, R. S., Wu, A., To, K., Lee, N., Lam, C. W., Wong, C., et al. (2003). Haematological manifestations in patients with severe acute respiratory syndrome: retrospective analysis. BMJ 326 (7403), 1358–1362. doi: 10.1136/bmj.326.7403.1358

 Wu, C., Chen, X., Cai, Y., Zhou, X., Xu, S., Huang, H., et al. (2020). Risk factors associated with acute respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Internal Med. 180 (7), 934–943. doi: 10.1001/jamainternmed.2020.0994

 Xu, Z., Shi, L., Wang, Y., Zhang, J., Huang, L., Zhang, C., et al. (2020). Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir. Med. 8 (4), 420–422. doi: 10.1016/S2213-2600(20)30076-X

 Yaghobi, R., Behzad-Behbahani, A., Sabahi, F., Roustaee, M., Alborzi, A., Ramzi, M., et al. (2005). Comparative analysis of a double primer PCR assay with plasma, leukocytes and antigenemia for diagnosis of active human cytomegalovirus infection in bone marrow transplant patients. Bone Marrow Transplant. 35 (6), 595–599. doi: 10.1038/sj.bmt.1704797

 Yaqinuddin, A., and Kashir, J. (2020). Innate immunity in COVID-19 patients mediated by NKG2A receptors, and potential treatment using Monalizumab, Cholroquine, and antiviral agents. Med. Hypotheses 140, 109777. doi: 10.1016/j.mehy.2020.109777.

 Yuan, J., Zou, R., Zeng, L., Kou, S., Lan, J., Li, X., et al. (2020). The correlation between viral clearance and biochemical outcomes of 94 COVID-19 infected discharged patients. Inflammation Res. 69 (6), 599–606. doi: 10.1007/s00011-020-01342-0

 Zander, R., Schauder, D., Xin, G., Nguyen, C., Wu, X., Zajac, A., et al. (2019). CD4+ T cell help is required for the formation of a cytolytic CD8+ T cell subset that protects against chronic infection and cancer. Immunity 51 (6), 1028–1042. e1024. doi: 10.1016/j.immuni.2019.10.009

 Zhang, R., Wang, X., Ni, L., Di, X., Ma, B., Niu, S., et al. (2020). COVID-19: Melatonin as a potential adjuvant treatment. Life Sci. 250, 117583. doi: 10.1016/j.lfs.2020.117583

 Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., et al. (2020). Functional exhaustion of antiviral lymphocytes in COVID-19 patients. Cell. Mol. Immunol. 17 (5), 533–535. doi: 10.1038/s41423-020-0402-2

 Zhou, G., Juang, S. W. W., and Kane, K. P. (2013). NK cells exacerbate the pathology of influenza virus infection in mice. Eur. J. Immunol. 43 (4), 929–938. doi: 10.1002/eji.201242620

 Zwirner, N. W., and Domaica, C. I. (2010). Cytokine regulation of natural killer cell effector functions. Biofactors 36 (4), 274–288. doi: 10.1002/biof.107



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Soleimanian and Yaghobi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar.2020.01309_cover.jpg
, frontiers
in Pharmacology

Harnessing Memory NK Cell
to Protect Against COVID-19





OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/fphar-11-01309-g001.jpg
* ‘O. PR e

-

Proatamtory
ot 1
4 2w

* il o

Bocing
IAGSTAT s rumnmu Hrronidsse






OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        Harnessing Memory NK Cell to Protect Against COVID-19

      

        		

          Introduction

        



        		

          Immunological Aspects of Sars-Cov2 Features, Diagnosis, And Treatment

        

          		

            Confronting Immune Response With SARS-CoV-2

          



          		

            Immunopathogenesis of SARS-CoV-2

          



          		

            Immunological Diagnostic Tools for SARS-CoV2 

          



          		

            Immunotherapeutic Approach of SARS-CoV2

          



        



        



        		

          NK Cell-Mediated Antiviral Mechanisms

        

          		

            NK Cells-Mediated Antiviral Immune Response to Coronaviruses

          



          		

            NK Cells-Mediated Antiviral Immune Response to SARS-CoV2

          



        



        



        		

          NK Cells and Immune Memory in Viral Infection

        

          		

            Memory-Like NK Cells Expansion in Various Pathological Conditions

          



          		

            Open Questions About Effective Functions of Memory NK Cells Against SARS-CoV-2

          



          		

            Memory NK Cells to Protect Against SARS-CoV-2

          



          		

            Allogeneic NK Cells and Cellular Therapy in COVID-19

          



        



        



        		

          Perspective

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar-11-01309-g002.jpg
D344 progeritorpoot o)
@
oSS,

RO —

picansitomets

[ rr——
[rr—— e

T o Taa T

RS— [E————

A
i e e et





