

[image: Adaptive Immune Responses and Immunity to SARS-CoV-2]
Adaptive Immune Responses and Immunity to SARS-CoV-2





REVIEW

published: 04 May 2022

doi: 10.3389/fimmu.2022.848582

[image: image2]


Adaptive Immune Responses and Immunity to SARS-CoV-2


Dragan Primorac 1,2,3,4,5,6,7,8*, Kristijan Vrdoljak 1, Petar Brlek 1, Eduard Pavelić 1, Vilim Molnar 1, Vid Matišić 1, Ivana Erceg Ivkošić 1,4 and Marijo Parčina 9


1 St. Catherine Specialty Hospital, Zagreb, Croatia, 2 Medical School, University of Split, Split, Croatia, 3 Faculty of Medicine, Josip Juraj Strossmayer University of Osijek, Osijek, Croatia, 4 Faculty of Dental Medicine and Health, Josip Juraj Strossmayer University of Osijek, Osijek, Croatia, 5 Medical School, University of Rijeka, Rijeka, Croatia, 6 Medical School REGIOMED, Coburg, Germany, 7 Eberly College of Science, The Pennsylvania State University, University Park, PA, United States, 8 The Henry C. Lee College of Criminal Justice and Forensic Sciences, University of New Haven, West Haven, CT, United States, 9 Institute of Medical Microbiology, Immunology and Parasitology (IMMIP), University Hospital Bonn, Bonn, Germany




Edited by: 

Ralf J. Braun, Danube Private University, Austria

Reviewed by: 

Ashok Sharma, All India Institute of Medical Sciences, India

Leire de Campos Mata, Fundació Institut Mar d’Investigacions Mèdiques (IMIM), Spain

Antonio Balas, Transfusion Center of the Community of Madrid, Spain

*Correspondence: 

Dragan Primorac
 dragan.primorac@svkatarina.hr

Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 04 January 2022

Accepted: 07 April 2022

Published: 04 May 2022

Citation:
Primorac D, Vrdoljak K, Brlek P, Pavelić E, Molnar V, Matišić V, Erceg Ivkošić I and Parčina M (2022) Adaptive Immune Responses and Immunity to SARS-CoV-2. Front. Immunol. 13:848582. doi: 10.3389/fimmu.2022.848582



Since the onset of the COVID-19 pandemic, the medical field has been forced to apply the basic knowledge of immunology with the most up-to-date SARS-CoV-2 findings and translate it to the population of the whole world in record time. Following the infection with the viral antigen, adaptive immune responses are activated mainly by viral particle encounters with the antigen-presenting cells or B cell receptors, which induce further biological interactions to defend the host against the virus. After the infection has been warded off, the immunological memory is developed. The SARS-CoV cellular immunity has been shown to persist even 17 years after the infection, despite the undetectable humoral component. Similar has been demonstrated for the SARS-CoV-2 T cell memory in a shorter period by assessing interferon-gamma levels when heparinized blood is stimulated with the virus-specific peptides. T cells also play an irreplaceable part in a humoral immune reaction as the backbone of a cellular immune response. They both provide the signals for B cell activation and the maturation, competence, and memory of the humoral response. B cell production of IgA was shown to be of significant influence in mediating mucosal immunity as the first part of the defense mechanism and in the development of nasal vaccines. Here, we interpret the recent SARS-CoV-2 available research, which encompasses the significance and the current understanding of adaptive immune activity, and compare it among naive, exposed, and vaccinated blood donors. Our recent data showed that those who recovered from COVID-19 and those who are vaccinated with EMA-approved vaccines had a long-lasting cellular immunity. Additionally, we analyze the humoral responses in immunocompromised patients and memory mediated by cellular immunity and the impact of clonality in the SARS-CoV-2 pandemic regarding breakthrough infections and variants of concern, both B.1.617.2 (Delta) and B.1.1.529 (Omicron) variants.
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Introduction

At the beginning of an immune response to SARS-CoV-2, the exposure of human cells to the virus is the first step on the path (Figure 1). The initial encounter occurs in the upper respiratory tract through the nasal epithelium, tonsils, and adenoids—nasopharynx-associated lymphoid tissue (NALT) where mucosal immunity development is induced (1). Innate immunity acts first through pattern recognition receptors (PRRs) to pathogen-associated molecular patterns (PAMPs). Antiviral innate membrane (TLR7, TLR8, and TLR9) or cytosolic related receptors (RIG-I-like receptors) engage in strong antiviral type-I-interferon responses (2, 3). Additionally, primates evolved highly specialized cells for type-I-interferon production known as plasmacytoid dendritic cells (pDCs), which can be found in the blood and on the mucosa (4, 5). Besides the direct antiviral effects, type-I-interferon acts as the main link between the innate immune response and the activation of the adaptive immune response. Successful innate immunity activation results in limited viral entry, translation, replication, and assembly, helping identify and remove the infected cells, which provides all the requisites for the accelerated development of adaptive immunity (6). Once past the innate defenses, the virus is confronted by both major histocompatibility complex (MHC) classes I and II and direct natural killer (NK) cell activation. MHC-II molecules, embedded in the antigen-presenting-cell membranes (macrophages, monocytes, dendritic cells, and B cells), are important in activating both B cells, their proliferation and differentiation, and CD4+ T cells (7). Additionally, class II molecule expression in cells may be induced by interferon-gamma (IFNγ) and modulated by other factors, such as interleukin-4 (IL-4), interleukin-10 (IL-10), interferon-alpha/beta (IFN-α/β), tumor necrosis factor-alpha (TNFα), and glucocorticoids (8). Simultaneously, MHC-I is expressed on all cells containing a nucleus (including platelets) and serves mainly as an antigen recognition tool for CD8+ T cells (9). Natural killer cells represent 5–20% of circulating lymphocytes and 15% of total peripheral blood mononuclear cells in humans. A unique characteristic of natural killer cells is the ability to directly identify the infected cells, avoiding the necessity of the MHC-I complex presence (10–12). This attribute of NK cells puts them in an offensive position even against intracellular pathogens that evade CD8+ cells by interfering with MHC-I molecule expression (13). A bridge from the professional antigen-presenting cells to B cells, which produce antigen-specific antibodies, and CD8+ T cells is built out of T-helper cells (CD4+), mediated by the production of various cytokines, one of which is IFNγ (with IL-2, IL-4, interleukin-21 [IL-21], and TNF-α). The activation of special CD4+ naïve T cells by antigens induces migration from the T cell zone to germinal centers where they become T follicular helper cells (Tfh). Upon interaction with Tfh, follicular B cells undergo several processes such as isotype switching, somatic hypermutation, and rapid cellular division to seed germinal centers. Furthermore, Tfh interacts with other B cell subsets, playing a supporting role in the selection and survival of B cells. B cells differentiate into two types: long-lived, high-affinity antibody-producing plasma cells or germinal center-dependent memory B cells that react more rapidly with an antigen they have previously been immunized to (14). This also applies to SARS-CoV-2-specific Tfh cells that were expanded in patients with a mild or asymptomatic form of COVID-19. A higher frequency of a chemokine receptor CXCR3+ subset of T follicular help (TFH) cells was found in convalescent individuals who developed a severe form of COVID-19 (15, 16). A thorough examination of CD4+ and CD8+ T cells and B cells specific for various SARS-CoV-2 proteins indicated that coordinated activation of a humoral and cellular branch of the adaptive immune system mostly correlates with the milder COVID-19 form. Simultaneously, the uncoordinated response, observed in the elderly population, persists more frequently in patients that develop severe disease (17). Furthermore, another study found that a higher Th1/Th2 imbalance at hospital admission was associated with significantly increased mortality from COVID-19 in asthma patients, resembling steps toward cellular and humoral response development (18). A delayed humoral response and high IgG, IgM, and IgA levels reflect immunological imbalances that correlate with poor clinical outcomes (19–22). In non-survivors, a sudden decline of IgG antibodies against S1 and N proteins before death is observed (23). The collaboration between cellular and humoral immunity does not always have the same component layout. Depending on the cytopathic characteristics of the viral particle, some pathogens have a direct pathogenic effect, causing the death of the host cells in turn, thus demanding a strong and efficient antibody response that will limit the infection of host target cells. In contrast, the viral particle is a better substrate for cytotoxic T cell elimination when damage occurs due to the immune response-induced pathology of the host (24). Such divergence has not yet been established for SARS-CoV-2. Still, the latest research suggests that cellular immunity is of great value for a pool of patients who do not develop detectable SARS-CoV-2 IgG to the S1 protein after vaccination. This is demonstrated in patients receiving anti-CD20 monoclonal antibodies (Rituximab) immunosuppression therapy, which depletes B cells. However, few agammaglobulinemia patients develop pneumonia after SARS-CoV-2 infection (25–28). Relating to earlier strains in this millennium, the SARS-CoV infection also elicited memory B cells that tended to be short-lived compared to CD8+ T cell responses (measured six years after the infection); analog with memory T cells that have produced persistence even after 17 years of infection (29–31). In line with previous findings in a shorter period, investigation of antibody titers, both anti-S1 IgG and IgA responses, has shown a decrease over time. In contrast, anti-nucleocapsid antibody titers retained stability longer (from 40 to 159 days, median). Conversely, functional T cell responses remained robust, and it was even found that they had increased, in both abundance and potency, in the same timeframe (32).




Figure 1 | The figure shows an adaptive immune response to the first and second encounter with the SARS-CoV-2 antigen (spike protein). Following the first encounter, various antigens go through the process of phagocytosis and decomposition inside the antigen-presenting cells (APCs). APCs fragment the antigen into smaller peptides, which they present on their surface mediated by surface receptors called major histocompatibility complex class II (MHC-II) molecules. The antigens are then presented to several types of cells in the host, among which we emphasize CD4+ T helper cells (also B and CD8+ cells). B cells which differentiate into plasma cells, secrete antibodies that inhibit the entry of the viral particle into the healthy cells. The activation of T helper cells by APC causes them to differentiate into different subtypes with specific functions mediated by cytokine secretion and cell-to-cell contact. Th2-differentiated T helper cells help humoral responses mature by providing a second signal to B cells, mostly through IL-4 secretion and CD40/CD40L interaction. Some CD4+ cells also become T follicular helper cells (Tfh), which govern the important interactions in the germinal centers important for the maturation of memory B cells and long-lived high-affinity antibody-producing plasma cells. Another subset of CD4+ T cells differentiates into a pool of memory T helper cells. Th1 T helper cells play a crucial role in cellular response formation. They pivot the MHC-I activation of CD8+ cells (CTL, cytotoxic T lymphocytes) by interacting with APC’s simultaneously. Activated CTLs then act by causing apoptosis (by Fasl ligand–FasL binding) of the host cells that are infected with the SARS-CoV-2. Some CTLs differentiate into memory cytotoxic T cells, which have the role of fast restoration of the CTL response with secondary antigen contacts. A similar mechanism of destruction occurs when NK cells interact with the virally infected cell. They contain granules with IFNγ and TNFα in their cytoplasm, which, when secreted, cause programmed cell death. As well, the mechanism of activation of NK cells does not occur through MHC molecules is important because MHC is not always present on the virally infected cells.



Apparently, the memory mediated by CD4+ T cells developed in SARS-CoV-2 convalescent and/or vaccinated individuals is less prone to being avoided by mutations occurring in some variants of concern (VOC), while humoral immunity (neutralizing antibody function) may be partially avoided (33–37). There is also an indication that the key to understanding protection against these VOCs may be hidden in cross-reactive SARS-CoV-2-specific T cell-mediated immunity (33).

Observation of the general population reveals the persistence of many cases of seronegative, unexposed, and asymptomatic individuals who are protected by developed SARS-CoV-2-specific cellular immunity, which can be detected with proper laboratory tests like interferon-γ release assay (IGRA) to spike protein (ELISpot) (38). Playing a role in the innate immune response, IFNγ is produced both by natural killer cells (NK) and natural killer T cells (NKT), and has an important task in the CD4+ and CD8+ cytotoxic T lymphocyte (CTL) effector T cell function (“type 1” immune response) once an antigen has been specified and adaptive immunity develops (39). To define IFNγ secreted by Th1 CD4+ cells with IL-12, it is considered the main CD8+ T cell differentiation cytokine; simultaneously, the dominant B cell-activating cytokine is IL-4, secreted by Th2 CD4+ cells (40, 41).

Since a thoughtful response is of a significant influence and is crucial for further understanding the SARS-CoV-2 pandemic, the role of determining the cellular immune response may provide data that, especially concerning humoral immunity, could add value to our knowledge. Higher understanding could provide us with better vaccines and vaccination protocols. This also includes social measures—resolving asymptomatic and immune individuals from unnecessary isolation and testing, as well as preventing the spread—and possibly predicting clinical outcomes.

In this outline, emphasis is put on the importance of T-cell response detection compared to B cells and humoral immunity measurements. Following, the T-cell response is assessed in more detail, with its role in immunological memory and the pathophysiology of COVID-19. To gain further depth in understanding of cellular immunity, IFNγ production and measurement are assessed together with its interactions as a back-and-forth communication molecule between adaptive and innate immune responses. Lastly, the cross-reactivity of T cells and antibodies is evaluated between previous coronaviruses and SARS-CoV-2 with an eye towards the emerging variants of concern. Mucosal immunity has been appraised in the context of subject matter, however, in a less thorough manner. Also, the immune responses occurring in pregnancy have not been analyzed.



T Cell Immunity Existence Despite Impaired Humoral Response Detection

Since memory B cells and serum immunoglobulins are associated with disease severity and mortality in patients with COVID-19, it is essential to examine what happens when this humoral part of the immune response is impaired. To be more precise, more severe disease and deceased patients have significantly lower levels of total B cells, naive B cells, switched memory B cells, and serum IgA, IgG, IgG1, and IgG2 than recovered patients (42). Furthermore, the persistence of neutralizing antibodies was associated with greater disease severity (43). At first, neutralizing antibody titers were shown to decline during the early recovery of most of the asymptomatic and symptomatic groups previously infected, suggesting at first that the effectiveness of neutralizing the humoral response induced by vaccines may also be relatively limited (44). Nonetheless, vaccinated participants have appeared with significantly higher neutralizing antibody titers than patients with previous COVID-19 (median was 169 and 139 days after diagnosis was set in mild and moderate-severe presentations) (45). Other epidemiological data also demonstrated that both two doses of the Pfizer–BioNTech (BNT162b2) (90%) and AstraZeneca (Vaxazevria) (79%) COVID-19 vaccine did preserve their highly protective attributes against hospitalization and death even after six months of the second dose (46). Moreover, neutralizing antibodies are also emphasized in the SARS-CoV-2 B.1.617.2 (Delta) variant infections. Information has been gathered and several papers report the existence of 25 and 100 times higher neutralizing antibody responses against B.1.351 in individuals who were vaccinated after COVID-19 infection, although neither the infection nor the vaccine contained the B.1.351 spike protein, in contrast to vaccination alone and infection alone, respectively (47). It may be worth pondering deeper than analyzing antibody neutralization levels solely since they wane quickly but establish high levels in different scenarios as described earlier.

Since measuring only humoral responses does not offer satisfying answers; the scientific community has started to include cellular immunity evaluation in contemporary studies. For example, a comparative immunogenicity investigation of a homologous or a heterologous third dose of seven vaccines was observed to incorporate both immune branches and validate the necessity of complementary B and T-cell activity, which we had described in the introduction (48).

Considering the most endangered COVID-19 population, a Huzly et al. study involved 149 immunocompromised individuals in gathering important information about their T-cell response to vaccination (38). The results varied among different types of immunosuppression, and unfortunately, most of them displayed an inadequate response to vaccination. However, some of them did mount a T-cell response despite an undetectable humoral component, which was the most obvious (13 of 20 patients) in drug-depleted B-cell patients. Another study compared patients with hematological cancer (impaired humoral immunity) who also had COVID-19 and noted improved survival in those with more CD8+ T cells, including those treated with anti-CD20 therapy (49). In contrast, those who received organ transplantation hadn’t produced such feedback, corroborating the work of Sattler et al., which logged no alloreactivity promoted by BNT162b2 in kidney transplant patients (50). Thankfully, recent research found that after the third dose of the SARS-CoV-2 mRNA-1273 vaccine, 49% of kidney transplant patients who were non-responders to 2 doses of the vaccine, eventually developed seropositive status (51). To elaborate further, an appraisal of immune responses after the second mRNA SARS-CoV-2 vaccine dose in a category of oncologic patients with multiple myeloma was done, comparing CD4+, CD8+, and anti-S IgG antibody concentrations. Both CD4+ (35%) and CD8+ (28%) responses were noted as similarly occurring among those with seronegative response status to the vaccine suffering from this plasma cell malignancy. They have also shown a correlation that demonstrates similar levels of CD4+ and CD8+ immunity in seropositive patients compared to healthy vaccinated donors. Since this is one of the most sensitive groups to infectious disease, the same study results indicate the importance of measuring both response types in different therapy regimens, showing variability between them and choosing the best-personalized approach for each individual (52). A recently published valuable example of a T-cell response epitope peptide-based vaccine entered the phase II clinical trial conducted in the patient population with B-cell/antibody deficiency (53). However, in a study concerning the Indians, immune memory was detected among mild COVID-19 patients (28 participants) up to 5 months after recovery in both CD4+ T and B cells, with a minimal contribution from CD8+ T cells (54).

In the summer of 2020, a small cohort of patients exhibited even 40% asymptomatic individuals and 12.9% of those recovering from mild COVID-19 no longer had antibodies 56 days after the hospital release date (44). Several papers mention a manifestation of seronegative patients having confirmed T-cell response in slightly different scenarios. One of those came across 17% of patients who were positive on the IFNγ-ELISpot assay and had a previously confirmed PCR of SARS-CoV-2 with borderline or negative IgG testing levels 60 days after symptom onset (25). Another French study analyzed intrafamilial exposure and gathered data (between 49 and 102 days after symptom onset) from 11 seronegative and RT-PCR-negative household contacts. Four developed T-cell responses, suggesting that virus-specific T-cell reactions without seroconversion have occurred (55).

However, antibody decline and their impaired measurement do not necessarily imply that there is no humoral immunity. The RBD and N protein-specific B memory (Bmem) cells continued to increase until 150 days post-symptom onset, despite a decline in serum antibodies. A significant correlation to T-cell immunity implies the fact that RBD-specific Bmem numbers are significantly correlated with circulating follicular helper T cell numbers. The analysis of SARS-CoV-2-specific Bmem cells seems to enable the detection of long-term immune memory following infection or vaccination for COVID-19 (56, 57). As well, research suggests that anti-S antibody titers correlate with the frequency of spike protein-specific bone marrow plasma cells, which both show a rapid (within the first four months) and then a gradual decline (up to 11 months) after the infection. This suggests memory properties of these plasma cells (58). Furthermore, breakthrough infections lead to an increase in specific antibodies in serum and saliva associated with memory B cells (59).

Measurements of the humoral response to COVID-19 have been carried out extensively. Less examined is mucosal immunity, which seems to exert its protective role mainly through antibody neutralization of viral particles. In the mucosal subepithelium and associated glands, mucosal plasma cells produce IgA, which is transported into the secretions, and released as SIgA (secretory IgA). Except for neutralization, SIgA may also inhibit viral adherence to and invasion of epithelial cells, cause agglutination, and facilitate the removal of mucus. Additionally, some B cells that are induced in the tonsils travel to peripheral lymphoid tissue to secrete circulatory IgG (60). Specific IgA serum concentrations decrease within one month of the onset of natural infection symptoms, while neutralizing IgA remain detectable in saliva for a longer time (2–3 months) (61).

The vaccine development efforts were mainly focused on circulatory IgG and CTL while having an impaired mucosal IgA response. A peculiar interest has been attributed to the development of mucosal immunity-inducing vaccines. Intranasal vaccination boosts with adenoviral vectored vaccines resulted in the systemic and mucosal immunity of mice, leading to complete SARS-CoV-2 protection. Compared with the double intramuscular application of the mRNA vaccine, intranasal boosts induced high levels of mucosal IgA and lung-resident memory T cells, with mucosal neutralization of VOC also being enhanced (62). After the single dose, another adenoviral vectored vaccine completely protected mice from the lethal SARS-CoV-2 challenge, preventing weight loss and mortality. It induced the production of mucosal IgA in the respiratory tract, serum neutralizing antibodies, and CD4+ and CD8+ T cells with a Th1-like cytokine expression profile. The immunity was sustained for more than six months (63).



Role of T Cells in COVID-19 Immunological Memory and Viral Pathophysiology

We may speculate that the interest in researching the role of cellular immunity memory in the COVID-19 pandemic first arose from the ancestors of the disease. This knowledge lends to the notion that a general feature of coronavirus infection is transient humoral immunity, with vaccination-induced humoral immunity data from the 2019 pandemic presenting that two-dose antibody response may wane in Israeli adults aged ≥60, with the third dose being beneficial (29, 64–66). Furthermore, recent research among the Croatian population shows that the key to long-term protection is cellular immunity. In comparison with the study participants who were previously infected with SARS-CoV-2 (group 1) and those vaccinated with EMA-approved vaccines (group 2), it was proved that the ones who had both been vaccinated and recovered from COVID-19 (group 3) had significantly higher levels of cellular immunity and antibody titers. The same research found that previously infected and vaccinated individuals had long-lasting cellular immunity. Furthermore, antibody levels negatively correlated with time since the last contact with a viral antigen, while cellular immunity showed a persistent relationship even within 20 months (67). After the infection has been successfully warded off, a part of the defensive strategy is saved long-term for future use in the form of memory T cells. This was confirmed by an investigation of SARS-CoV-2-specific memory T-cell responses that were maintained in COVID-19 convalescent patients for up to 10 months post-symptom onset regardless of disease severity. Also, stem cell-like memory T cells were increased (68). They remain ready to mediate an augmented response to the pathogen by eliciting new effector cells. Some of those differentiate into cellular immunity mediators, which then mount an attack on the infected, but also, as previously mentioned, T follicular helper (Tfh) cells are crucial for enhanced B-cell response in the case of pathogens evolving and trying to elude antibody recognition (69).

Sekine et al. observed that plenty of individuals, not necessarily seropositive, with an asymptomatic or mild disease course of COVID-19 had excellent memory T-cell responses (70). This information is based on their discovery of a SARS-CoV-2-specific T-cell early differentiated memory phenotype (CCR7+ CD127+ CD45RA−/+ TCF1+) associated with stem-like properties, which had previously been seen in the history of other viral pathogens and successful vaccines (71–75). Additionally, Huzly et al. state that memory mediated by CD4+ T cells developed in SARS-CoV-2 convalescent and/or vaccinated individuals is less prone to being avoided by mutations occurring in some variants of concern (38).

As we know, some viral pathophysiology is linked to the magnitude of inappropriate immune response to a greater extent than direct cytopathic effect (analog to chronic HBV infection). With severe COVID-19 being associated with inflammation of the lungs, an important question is whether T cells always play a protective role in the SARS-CoV-2 infection, or whether they may possess unwanted properties that significantly contribute to disease pathology. Another interesting problem in severe COVID-19 patients stems from the fact that those individuals have marked lymphopenia, which, with the study that specifies a reduction of CD8+ T cells in the bloodstream with worse prognosis, suggests that the primary T cell activity is not located in the bloodstream but in the lungs instead (76–78). Hence, a segment of new research is directed more toward memory T cells (longevity, biomarkers, and other characteristics) specific to the lung tissue rather than systemic circulation only (79, 80). In convalescent patients, lung-tissue resident memory T cells are frequently detected even ten months after initial infection, in which time-correlating blood does not reflect tissue-resident profiles (81).

Furthermore, a multi-target CD8 T-cell peptide COVID-19 vaccine targeting several structural (S, M, and N) and non-structural (NSPs) SARS-CoV-2 proteins (with selected epitopes from conserved regions) was examined. The vaccination induced a substantial proportion of virus-specific CD8 T cells expressing the specific phenotype of tissue-resident memory T lymphocytes (CD103, CD44, CXCR3, and CD49a) (82). Bertoletti et al. showed that the existence and magnitude of severe COVID-19 cases is related to the inflammatory events (the activation and recruitment of myeloid cells into the airway, production of inflammatory cytokines, and complement activation), which seem to connect directly to the viral load or an immune response with uncoordinated features (83–85). However, evidence suggests that these events may be linked to parts of immunity rather than only SARS-CoV-2-specific T cell activation, such as complement activation (86). Additionally, IgG dominance has been associated with severe COVID-19.

In contrast, mucosal SIgA is essentially non-inflammatory, even anti-inflammatory, in its mode of action. IgA does not activate complement by the classical pathway-specific for IgG. Moreover, the IgA antibodies have even been shown to inhibit complement activation mediated by IgM or IgG antibodies (60). Hence, a stronger mucosal immunity could theoretically avoid some severe COVID-19 pathology. Bertoletti et al. also compared the two studies and noted that significant virus-specific T-cell responses in symptomatic and asymptomatic patients are independent of the presence of symptoms (70, 87). However, SARS-CoV-2-specific T cells in asymptomatic patients were functionally superior to those detected in patients with symptoms, presuming that effective T cell response may be a part of an explanation and possible prediction of the severity of the disease (88).

The vaccine research is interesting because upon SARS-CoV-2 spike peptide interaction with the T-cell receptors (TCRs) of lymphocytes, CD4+ cell-fraction can be purified and inserted into allogeneic CD4+ T cells, which can activate them and induce IFNγ in vitro. Also, it was stated that CD4+ T cells appeared at a higher frequency and with more numerous corresponding epitope presentations than CD8+ T cells in the recovered COVID-19 patients (89).



An Essential Role of IFN-γ in Facilitating and Interpreting SARS-CoV-2-Specific Cellular Response


IFN-γ Facilitation of SARS-CoV-2 Specific Cellular Response

IFN-γ, representing the only member of the type II class of interferons, is a protein produced most abundantly by NK cells, type 1 CD4+, CD8+, and gamma delta T cells, and to a lesser extent by NKTs, B cells, and professional APCs (41). One of the primary roles of IFN-γ in cellular immunity is pathogen killing. IFN-γ, on the other hand, activates M1 macrophages and induces macrophage production, namely, various inflammatory mediators, reactive oxygen, and nitrogen intermediates, and increases macrophage expression of MHC antigens, which facilitates antigen presentation to T cells. However, IFN-γ receptor expression in T cells determines their response rate. IFN-γR1 (α) and IFN-γR2 (β) are the two chains that make up the IFN-γ cell-surface receptor. The α (R1) chain is sufficient for binding, but the β (R2) chain is required for signaling and receptor complex formation. Both Th1 and Th2 cells express IFN-γR1, but only Th2 cells express IFN-γR2.Therefore, Th1 cells produce but do not respond to IFN-γ, whereas Th2 cells do not make this cytokine nor respond to it. Macrophages express both receptor chains and are an important target of IFN-γ activity (90).

Discussing the pathophysiology occurring in severe COVID-19 cases, while interferon may be protective during the early stages of the disease, persistent IFNγ production in the presence of an inflammatory lung macrophage signature could ultimately drive macrophage hyperactivation (91). Interactions like this are essential due to the tendency to oversimplify the distinction between the adaptive and innate components of the immune system. Instead, we shall think of examples implying adaptive characteristics of innate response cells—epigenetic changes that occur during macrophage activation underlie the long-term imprinting of macrophage responses to microbial encounters, namely, SARS-CoV-2, and the one representing IFNγ being the back-and-forth communication molecule in the case of SARS-CoV-2 infection among adaptive and innate immune responses (92, 93). Epigenetic changes have also been described as part of the SARS-CoV-2 immune evasion mechanism regarding innate and adaptive immunity. Specifically, the viral 2′-O-Mtases mimic the cap1 structure of the host and cause immune evasion through a Hsp90-mediated epigenetic process to hijack the infected cells via autophagy (93). Additionally, unlike antigen-specific T-cells receptor biological properties, natural killer cells do not use clonotypic receptors; however, a relatively small population of memory NK cells has been described as long-lived effectors capable of rapid recall responses to secondary pathogen encounters (94).

Furthermore, observations have been made that NK cells contribute to antiviral immune mechanisms and secrete IFNγ (95, 96). Subsequently, NK cells possessing antiviral effector properties have been characterized by the NKG2C receptor (among others), potentially setting boundaries to the degree of SARS-CoV-2 infections. Additionally, a recent genetic study reveals that genetic variants in the NKG2C/HLA-E axis have a significant impact on the development of severe SARS-CoV-2 conditions (97). NKG2C is an activating NK cell receptor that leads to NK cell activation following binding to HLA-E on infected cells. They have found that the deletion of KLRC2, the gene encoding the NKG2C receptor, and to a lesser degree, the HLA-E*0101 allele, encoding HLA-E, were significantly overrepresented in hospitalized patients (particularly ICU patients), compared to those with the milder form of SARS-CoV-2. Both genetic variants were independent risk factors for severe COVID-19. More research is needed to determine whether these deletions have a significant impact on cellular immune response, IFNγ secretion measurements, and result interpretation.



IFN-γ in the Interpretation of SARS-CoV-2-Specific Cellular Response

The SARS-CoV-2-specific interferon-gamma release assay (IGRA) is based on the measurement of IFN-gamma levels in the collected blood samples after stimulation with specific peptides. Here, the peptides are made from the S1 domain of the SARS-CoV-2 spike protein (which mediates the entry of the SARS-CoV-2 virus into the host cell) (98, 99). In the event of a present and competent cellular immune response in the whole heparinized blood of the patient, the T cell receptor is directly elicited with the peptides, which causes IFNγ production and secretion. Subsequently, quantitative IFN-gamma detection is performed on the plasma portion of the whole heparinized blood (38).

A commercially available variant of this test (EUROIMMUN), when measured and combined with a particular, well-validated cut-off strategy, demonstrated a specificity of 96.3–100% and a sensitivity of 75.4–89.6%. The difference in the sensitivity values depends on whether the test was done less than or more than 6 months after the infection or vaccination and on the different cut-off values. Using this assay, an appraisal of functional cellular immunity response from five distinct cohorts was made and the response frequencies decayed from severe COVID-19 convalescents (100% of individuals), followed by mild COVID-19 convalescents (87%), exposed family members (67%), and healthy donors (46%) (70). Reynolds et al. provided us with valuable proof of what is being mentioned in scientific surroundings with an increasing frequency known as “hybrid immunity,” also called, in dramatic fashion, “super-immunity” (100, 101). They demonstrated that individuals vaccinated with one dose after prior infection with SARS-CoV-2 had superior T-cell immunity, antibody-secreting B-cell response, and antibodies that neutralize B.1.1.7 and B.1.351 compared with naive vaccinated individuals. However, the term was previously created by sources focused on measuring humoral responses to SARS-CoV-2, and now we know that it affects the cellular branch as well (102). IFNγ concentrations after the first dose of the BNT162b2 vaccine were similar to those after a recent infection (<6 months) and significantly lower than those after the second dose (38). In this regard, we may hypothesize that IFNγ measurement combined with a humoral response unit count could provide sufficient information to the posed question of the Centers for Disease Control and Prevention at the time of writing. Present data is insufficient to determine an antibody titer threshold that would indicate when an individual should be protected from SARS-CoV-2 infection and need not undergo additional vaccination. For the time being, their current recommendations for everyone aged 18 or older find Pfizer-BioNTech and Moderna boosters eligible six months after the second dose and Johnson & Johnson’s Janssen two months after the first dose. Retrospectively, in the past two years, the humoral response has been thoroughly examined, from which it was found that antibody levels cannot give us explicit assumptions about the development of spike-specific T cells, especially in the late convalescent phase (8–9 months) (43, 103, 104).

Analysis from the first year of the pandemic stated that neutralization ability correlated positively with anti-S IgG or anti-RBD IgG (105). The FDA’s notice and recent JAMA medical reports observe that, out of all antibodies having binding ability, only some neutralize, and very few authorized clinical tests can distinguish between the two classes (106). Results from 2 studies report that viral-specific humoral responses to SARS-CoV-2 (IgG) decreased significantly within the first six-month period but maintained stability for up to 1 year following hospital discharge (107, 108). It was also demonstrated by Feng et al. that SARS-CoV-2-specific IFNγ secreting cells (spike and nucleoprotein-specific) decreased at 6-month follow-up and stayed stable during 12-month visits. Additionally, the distinction between the cellular response to SARS-CoV-2 in participants who have been vaccinated and/or infected and uninfected healthy donors could be obtained with a significant degree of sensitivity and specificity by measuring plasma TH1-type IFNγ+ and IL-2+ effector cytokines from SARS-CoV-2 peptide-stimulated whole blood to SARS-CoV-2 (109).




Cross-Reactivity of SARS-CoV-2-Specific T Cells

In the recent coronavirus pandemic (COVID-19), there are still several questions and unpredictable manifestations of the kinetics and severity of the disease, ranging from asymptomatic to patients subjugated to the pathogen. Nevertheless, scientists are emerging with new data that will help understand the contribution of cross-reactivity in the T lymphocyte population. To begin, they estimated that 34% of healthy donors have SARS-CoV-2-specific S-cross-reactive CD4+ T cells (peripheral blood mononuclear cell (PBMC) and plasma samples collected 2015–2018), compared to 40–60% of unexposed individuals (110, 111). Following this, Mateus et al. discovered that circulating “common cold” coronaviruses (namely, OC43 and 229E) have particularly homologous sequences to SARS-CoV-2-specific CD4+ T cells. Similar results were found in another study concerning the Indian population, specifying that 66% of unexposed study participants (42 total participants) had SARS-CoV-2 cross-reactive CD4+ T cells (54).

Additionally, it has been investigated that the ELISpot IFNγ assay in unexposed individuals had a T-cell response more specific to non-structural proteins from the ORF-1 region (NSP7 and NSP13 dominantly), while convalescent donors had their T-cell response tailored for structural SARS-CoV-2 proteins (31, 112). A recent study emphasized that about 80% of the epitopes have not been previously seen in unexposed compared to exposed donors, suggesting that overlap among them exists. Still, the substantial difference is persistent in the SARS-CoV-2-cross-reactive memory T-cell repertoire (113). The S protein sequencing (the most antigenic part of the virus) of nine strains of the coronavirus obtained that the region from amino acid residue numbers 945 to 1,100 is highly conserved. This is important for vaccine development considering that several potential epitopes recognized by B and T cells were identified in that region (114).

However, the pattern of CD4+ cross-reactivity to different epitopes was inconsistent enough to enable specifying them and drawing clear conclusions. Yet, we are capable of distinguishing different patterns of immunodominance. CD4+ T cells were shown to be more responsive to M, S, and N antigens co-dominantly (11–27% each), while CD8+ cells also targeted S protein, but it was not a particularly dominant response. CD8+ cells demonstrated a response just as strongly to other viral proteins—nsp6, ORF3a, and N—which accounted for nearly 50% of the total CD8+ T cell response (111). The matter seems more complex in that the T-cell response recognizes at least 30–40 epitopes in each donor (1,925 different overlapping peptides spanning the entire viral proteome were used) (113). Another study compared other coronavirus T-cell-specific immunity. It established that S-protein is considered responsible for two-thirds of CD4+ responses while N and M have limited or no reactivity at all (115).

From previous research, we can observe that a significant degree of T-cell memory heterogeneity exists in correspondence to the past exposures of the immune system of the patient. Whether this immune modification and how it influences the course of COVID-19 and the vaccination trajectory is unknown, more research will be required. A significant benefit of determining cellular response specificity is also winning the race against emerging notorious strains such as B.1.1.7, B.1.351, B.1.617.1 and B.1.617.2, B.1.525, B.1.1.28.1, B.1.1.529 (Delta strain) and most recently added to the VOC list by WHO—B.1.1.529 (Omicron strain) (116–120). Kojima and Klausner reviewed published biological studies (including the recent period of predominantly delta variant spread) and found significant results, which documented that previous infection provides remarkable immunity with a shallow reinfection incidence rate and hospitalization frequency (121). An Israeli population epidemiological analysis has concluded that SARS-CoV-2-naïve vaccinated people had a 13.06 times increased risk of breakthrough infection (an infection that occurs in fully vaccinated people) with the B.1.617.2 variant compared to those who were COVID-19 convalescents (122). Moreover, Primorac et al. found that out of 200 study participants, only 1 individual who recovered from COVID-19 (0.5%) was re-infected, while 6 participants (3%) were affected by breakthrough SARS-CoV-2 infection after receiving the vaccine (67). While investigating the responses of children to coronavirus infection, a study concluded that humoral and cellular responses remain stable even after six months compared to humoral waning in adults. The S2 domain is more highly preserved among human coronaviruses than S1. This is compatible with hCoV-specific antibodies in children that target more conserved epitopes, and have the potential for neutralizing activity against SARS-CoV-2 (123). Nevertheless, more effort is required for long-term characterization of the T cell response in children, which has great potential since they usually present with mild or asymptomatic COVID-19 (124).

In the United States, an epidemiological study demonstrated that effectiveness against symptomatic infection ≥7 days after two doses was 89–92% against Alpha, 87% against Beta, 88% against Gamma, 82–89% against Beta/Gamma, and 87–95% against B.1.617.2 across vaccine products (BNT162b2, mRNA-1273, and ChAdOx1) (125). The assumption of whether and how the vaccine may resemble long-term protection against VOC has not been examined thoroughly yet. It is worth considering that the analyzed data proves effective vaccine protection against hospitalization (almost 90%) even after the B.1.617.2 variant spreads among the population (46, 126, 127). Another more extensive study (960,765 household contacts) demonstrated that the likelihood of household transmission was approximately 40 to 50%, resembling vaccine protection against infection (128). Be that as it may, cellular immunity recognizes various viral epitopes, not only the S-protein. Most mutations occur; it could be a crucial defense mechanism against an evolving threat. Therefore, vaccination goals should be aimed at inducing durable and effective responses mediated by our adaptive immune system’s humoral and cellular components (107). Subsequently, a novel T-cell response epitope-targeted vaccine had a more prominent cellular response than the previously approved vaccines until month 3, opening doors for further creativity in vaccine development (53).

This is boosted by the specimens first collected on 8 November 2021, in South Africa, imposing the emergence of the Omicron variant (B.1.1.529), which demonstrated 44 amino acid substitutions, six amino acid substitutions, and one amino acid insertion after sequencing was done. Most of these alterations had been associated with localizations at 33 of the 1,273 amino acid residues of the S-protein (15 found in the receptor-binding domain, which is critical for viral binding and represents the main target of most vaccines). They have affected regions that may enhance viral spread, decrease neutralizing antibody binding ability, and increase viral RNA expression. Some have shown reduced susceptibility to available monoclonal antibody therapeutics in previous viral variants (129–131). A recent report stated that identifying the Omicron variant is possible by using RT-qPCR assays that target Omicron characteristic mutations in the nsp6 (Orf1a), spike, and nucleocapsid genes (132). Since the other coronavirus NSP6 protein has previously been accredited with the ability to limit autophagosome expansion, the mutation occurring in this area could play an essential role in enhancing the SARS-CoV-2 Omicron variant defense mechanisms against the immune system of the host (133).

Nevertheless, recent studies show that the Omicron variant is causing fewer hospitalizations and a decrease in severity and mortality (134). Research conducted in other VOCs demonstrated variant cross-neutralization following B.1.617.2 (Delta) strain breakthrough infection compared to non-Delta VOC (B.1.1.7, B.1.351, P.1) breakthrough infection, the original SARS-CoV-2 strain (WA1), and 2-dose vaccinated individuals (BNT162b2). This implies that booster dose vaccine effectiveness may be enhanced by inserting VOC-specific peptides into vaccines (135).



Discussion

Considering our limited knowledge due to the momentum at which the COVID-19 pandemic developed, along with the enormous heterogeneity of the response to the viral particle and other factors (such as “pulmonary escape” generating generalized lymphopenia), we must emphasize that more research will need to be carried out to better understand cellular immunity in the case of SARS-CoV-2. However, determining the functional cellular response by using the IFNγ ELISpot assay to spike antigen was found to be an effective tool in determining the T-cell response status of an individual (67). As far as we are aware, an approach that encompasses the T-cell response and an assessment of virus-specific antibodies provides a powerful tool to measure COVID-19 immunity to a higher degree of confidence than either quantification on its own (109). This finding may allow us to develop a more sophisticated vaccine that would elicit more durable, mutation-resistant (targeting epitopes with a lower frequency of mutating) and specific responses and a personalized vaccination protocol. This is particularly important since the emergence of a novel B.1.1.529 (Omicron) variant whose genome has been shown to be altered in a region previously primarily targeted by vaccine manufacturers. However, it is encouraging that most vaccine-induced SARS-CoV-2 T cells were reactive against conserved regions of mutant S-protein, which could provide protection even against the VOC. A profound decision-making process should spare you from unnecessary vaccination and its side effects. The approved SARS-CoV-2 vaccines show a good safety profile; however, caution should not be neglected. Mice vaccinated with four different SARS-CoV vaccines were challenged with the SARS virus and all animals developed Th2-type immunopathology, suggesting hypersensitivity to SARS-CoV components (136). Still, more importantly, better decision-making would determine when one needs to be revaccinated, for example after the humoral response has fallen below detection levels or help prove low-positive/gray zone antibody results. The immunocompromised are one of the vulnerable groups that could benefit from a better understanding of the SARS-CoV-2-specific T cell immunity and its vaccine. Being optimistic, we mentioned an example of a T-cell response-epitope aimed peptide vaccine, which demonstrated a good safety profile in a phase I open-label trial and induced a VOC-independent, more extensive, and more robust cellular immune response compared to the previously SARS-CoV-2 infected or vaccinated with approved vaccines, transiting towards a phase II trial for patients with B cell/antibody deficiency (53). Nevertheless, patients having deficient immunity are the ones who can provide us with some of the most valuable discoveries since they represent immunological extremes from which we can draw assumptions more easily.

Mucosal immunity has also been established to play a pivotal role in the immune response. It may lower the risk of transmission by decreasing the level or duration of viral shedding from infected individuals (137). This could be very beneficial with newly emerging VOCs that seem to acquire an increase in transmission potency (B.1.617.2 vs. B.1.1.529). Since mucosal immunity is partly compartmentalized, vaccines should include immunization through NALT in the upper respiratory tract to produce a strong response that could prevent infection at the site where the first contact occurs (60). Several vaccines that offer complete protection from infection or lethal challenges in mice have already been developed (62, 63). Lastly, in response to novel breakthrough infections occurring in vaccinated individuals, the necessity of protection from them, and the public health challenges (booster doses particularly), Lipsitch et al. examined the literature (138). They stated that the rates of breakthrough infection are best seen as a consequence of the level of immunity of an individual at any given moment concerning the variant and disease severity which further emphasizes the importance of complete knowledge of the immune level of a person including both branches, cellular and humoral.



Author Contributions

Conceptualization, DP and MP. Writing—original draft preparation, KV, EP, and PB. Writing—review and editing, DP, IEI, VilM, VidM, MP, PB, and EP. Visualization, VilM, PB, and KV. Supervision, DP and VidM. Project administration, DP. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Acknowledgments

We would like to thank the International Society for Applied Biological Sciences for their support.



References

1. Brandtzaeg, P. Immunobiology of the Tonsils and Adenoids. In: Mucosal Immunol 4th ed., Elsevier, (2015) 2:p. 1985–2016. doi: 10.1016/B978-0-12-415847-4.00103-8

2. Boxx, GM, and Cheng, G. The Roles of Type I Interferon in Bacterial Infection. Cell Host Microbe (2016) 19:760–9. doi: 10.1016/J.CHOM.2016.05.016

3. McNab, F, Mayer-Barber, K, Sher, A, Wack, A, and O’Garra, A. Type I Interferons in Infectious Disease. Nat Rev Immunol (2015) 15(2):87–103. doi: 10.1038/nri3787

4. Hartmann, E, Graefe, H, Hopert, A, Pries, R, Rothenfusser, S, Poeck, H, et al. Analysis of Plasmacytoid and Myeloid Dendritic Cells in Nasal Epithelium. Clin Vaccine Immunol (2006) 13:1278–86. doi: 10.1128/CVI.00172-06

5. Tezuka, H, Abe, Y, Asano, J, Sato, T, Liu, J, Iwata, M, et al. Prominent Role for Plasmacytoid Dendritic Cells in Mucosal T Cell-Independent IgA Induction. Immunity (2011) 34:247–57. doi: 10.1016/J.IMMUNI.2011.02.002

6. Diamond, MS, and Kanneganti, TD. Innate Immunity: The First Line of Defense Against SARS-CoV-2. Nat Immunol (2022) 23(2):165–76. doi: 10.1038/s41590-021-01091-0

7. Giles, JR, Kashgarian, M, Koni, PA, and Shlomchik, MJ. B Cell-Specific MHC Class II Deletion Reveals Multiple Non-Redundant Roles for B Cell Antigen Presentation in Murine Lupus. J Immunol (2015) 195:2571. doi: 10.4049/JIMMUNOL.1500792

8. Ting, JPY, and Trowsdale, J. Genetic Control of MHC Class II Expression. Cell (2002) 109:S21–33. doi: 10.1016/S0092-8674(02)00696-7

9. Chiappelli, F, Khakshooy, A, and Greenberg, G. CoViD-19 Immunopathology and Immunotherapy. Bioinformation (2020) 16:219. doi: 10.6026/97320630016219

10. Langers, I, Renoux, VM, Thiry, M, Delvenne, P, and Jacobs, N. Natural Killer Cells: Role in Local Tumor Growth and Metastasis. Biologics (2012) 6:73. doi: 10.2147/BTT.S23976

11. Ljunggren, HG, and Kärre, K. In Search of the “Missing Self”: MHC Molecules and NK Cell Recognition. Immunol Today (1990) 11:237–44. doi: 10.1016/0167-5699(90)90097-S

12. Sun, JC, and Lanier, LL. NK Cell Development, Homeostasis and Function: Parallels With CD8+ T Cells. Nat Rev Immunol (2011) 11:645. doi: 10.1038/NRI3044

13. Jonjić, S, Babić, M, Polić, B, and Krmpotić, A. Immune Evasion of Natural Killer Cells by Viruses. Curr Opin Immunol (2008) 20:30–8. doi: 10.1016/J.COI.2007.11.002

14. Crotty, S. A Brief History of T Cell Help to B Cells. Nat Rev Immunol (2015) 15:185. doi: 10.1038/NRI3803

15. Cui, D, Tang, Y, Jiang, Q, Jiang, D, Zhang, Y, Lv, Y, et al. Follicular Helper T Cells in the Immunopathogenesis of SARS-CoV-2 Infection. Front Immunol (2021) 12:731100/BIBTEX. doi: 10.3389/FIMMU.2021.731100/BIBTEX

16. Zhang, J, Wu, Q, Liu, Z, Wang, Q, Wu, J, Hu, Y, et al. Spike-Specific Circulating T Follicular Helper Cell and Cross-Neutralizing Antibody Responses in COVID-19-Convalescent Individuals. Nat Microbiol (2020) 6(1):51–8. doi: 10.1038/s41564-020-00824-5

17. Rydyznski Moderbacher, C, Ramirez, SI, Dan, JM, Grifoni, A, Hastie, KM, Weiskopf, D, et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations With Age and Disease Severity. Cell (2020) 183:996–1012.e19. doi: 10.1016/J.CELL.2020.09.038

18. Pavel, AB, Glickman, JW, Michels, JR, Kim-Schulze, S, Miller, RL, and Guttman-Yassky, E. Th2/Th1 Cytokine Imbalance Is Associated With Higher COVID-19 Risk Mortality. Front Genet (2021) 12:706902/BIBTEX. doi: 10.3389/FGENE.2021.706902/BIBTEX

19. Zervou, FN, Louie, P, Stachel, A, Zacharioudakis, IM, Ortiz-Mendez, Y, Thomas, K, et al. SARS-CoV-2 Antibodies: IgA Correlates With Severity of Disease in Early COVID-19 Infection. J Med Virol (2021) 93:5409–15. doi: 10.1002/JMV.27058

20. Yan, X, Chen, G, Jin, Z, Zhang, Z, Zhang, B, He, J, et al. Anti-SARS-CoV-2 IgG Levels in Relation to Disease Severity of COVID-19. J Med Virol (2022) 94:380–3. doi: 10.1002/JMV.27274

21. Hansen, CB, Jarlhelt, I, Pérez-Alós, L, Hummelshøj Landsy, L, Loftager, M, Rosbjerg, A, et al. SARS-CoV-2 Antibody Responses Are Correlated to Disease Severity in COVID-19 Convalescent Individuals. J Immunol (2021) 206:109–17. doi: 10.4049/JIMMUNOL.2000898

22. Plebani, M, Parčina, M, Bechri, I, Zehender, G, Terkeš, V, Hafith, BA, et al. Performance of the COVID19SEROSpeed IgM/IgG Rapid Test, an Immunochromatographic Assay for the Diagnosis of SARS-CoV-2 Infection: A Multicenter European Study. J Clin Microbiol (2021) 59:e02240–20. doi: 10.1128/JCM.02240-20

23. Li, Y, Xu, Z, Lei, Q, Lai D, y, Hou, H, Jiang, Hw, et al. Antibody Landscape Against SARS-CoV-2 Reveals Significant Differences Between Non-Structural/Accessory and Structural Proteins. Cell Rep (2021) 36:109391. doi: 10.1016/J.CELREP.2021.109391

24. Hangartner, L, Zinkernagel, RM, and Hengartner, H. Antiviral Antibody Responses: The Two Extremes of a Wide Spectrum. Nat Rev Immunol (2006) 6:231–43. doi: 10.1038/NRI1783

25. Schwarzkopf, S, Krawczyk, A, Knop, D, Klump, H, Heinold, A, Heinemann, FM, et al. Cellular Immunity in COVID-19 Convalescents With PCR-Confirmed Infection But With Undetectable SARS-CoV-2-Specific IgG. Emerg Infect Dis (2021) 27:122–9. doi: 10.3201/EID2701.203772

26. Apostolidis, SA, Kakara, M, Painter, MM, Goel, RR, Mathew, D, Lenzi, K, et al. Cellular and Humoral Immune Responses Following SARS-CoV-2 mRNA Vaccination in Patients With Multiple Sclerosis on Anti-CD20 Therapy. Nat Med (2021) 27:1990–2001. doi: 10.1038/S41591-021-01507-2

27. Montero-Escribano, P, Matías-Guiu, J, Gómez-Iglesias, P, Porta-Etessam, J, Pytel, V, and Matias-Guiu, JA. Anti-CD20 and COVID-19 in Multiple Sclerosis and Related Disorders: A Case Series of 60 Patients From Madrid, Spain. Mult Scler Relat Disord (2020) 42:102185. doi: 10.1016/J.MSARD.2020.102185

28. Soresina, A, Moratto, D, Chiarini, M, Paolillo, C, Baresi, G, Focà, E, et al. Two X-Linked Agammaglobulinemia Patients Develop Pneumonia as COVID-19 Manifestation But Recover. Pediatr Allergy Immunol (2020) 31:565–9. doi: 10.1111/PAI.13263

29. Channappanavar, R, Fett, C, Zhao, J, Meyerholz, DK, and Perlman, S. Virus-Specific Memory CD8 T Cells Provide Substantial Protection From Lethal Severe Acute Respiratory Syndrome Coronavirus Infection. J Virol (2014) 88:11034–44. doi: 10.1128/JVI.01505-14

30. Tang, F, Quan, Y, Xin, Z-T, Wrammert, J, Ma, M-J, Lv, H, et al. Lack of Peripheral Memory B Cell Responses in Recovered Patients With Severe Acute Respiratory Syndrome: A Six-Year Follow-Up Study. J Immunol (2011) 186:7264–8. doi: 10.4049/JIMMUNOL.0903490

31. Le Bert, N, Tan, AT, Kunasegaran, K, Tham, CYL, Hafezi, M, Chia, A, et al. SARS-CoV-2-Specific T Cell Immunity in Cases of COVID-19 and SARS, and Uninfected Controls. Nature (2020) 584:457–62. doi: 10.1038/S41586-020-2550-Z

32. Bilich, T, Nelde, A, Heitmann, JS, Maringer, Y, Roerden, M, Bauer, J, et al. T Cell and Antibody Kinetics Delineate SARS-CoV-2 Peptides Mediating Long-Term Immune Responses in COVID-19 Convalescent Individuals. Sci Transl Med (2021) 13:eabf7517. doi: 10.1126/SCITRANSLMED.ABF7517

33. Geers, D, Shamier, MC, Bogers, S, den Hartog, G, Gommers, L, Nieuwkoop, NN, et al. SARS-CoV-2 Variants of Concern Partially Escape Humoral But Not T-Cell Responses in COVID-19 Convalescent Donors and Vaccinees. Sci Immunol (2021) 6:eabj1750. doi: 10.1126/SCIIMMUNOL.ABJ1750

34. Redd, AD, Nardin, A, Kared, H, Bloch, EM, Pekosz, A, Laeyendecker, O, et al. CD8+ T-Cell Responses in COVID-19 Convalescent Individuals Target Conserved Epitopes From Multiple Prominent SARS-CoV-2 Circulating Variants. Open Forum Infect Dis (2021) 8:ofab143. doi: 10.1093/ofid/ofab143

35. Alison Tarke, A, Sidney, J, Methot, N, Zhang, Y, Dan, JM, Goodwin, B, et al. Negligible Impact of SARS-CoV-2 Variants on CD4+ and CD8+ T Cell Reactivity in COVID-19 Exposed Donors and Vaccinees. bioRxiv (2021) 2021:2.27.433180. doi: 10.1101/2021.02.27.433180

36. Woldemeskel, BA, Garliss, CC, and Blankson, JN. SARS-CoV-2 mRNA Vaccines Induce Broad CD4+ T Cell Responses That Recognize SARS-CoV-2 Variants and HCoV-Nl63. J Clin Invest (2021) 131:e149335. doi: 10.1172/JCI149335

37. Wang, Z, Schmidt, F, Weisblum, Y, Muecksch, F, Barnes, CO, Finkin, S, et al. mRNA Vaccine-Elicited Antibodies to SARS-CoV-2 and Circulating Variants. Nature (2021) 592(7855):616–22. doi: 10.1038/s41586-021-03324-6

38. Huzly, D, Panning, M, Smely, F, Enders, M, Komp, J, and Steinmann, D. Validation and Performance Evaluation of a Novel Interferon-γ Release Assay for the Detection of SARS-CoV-2 Specific T-Cell Response. medRxiv (2021), 2021.07.17.21260316. doi: 10.1101/2021.07.17.21260316

39. Schoenborn, JR, and Wilson, CB. Regulation of Interferon-γ During Innate and Adaptive Immune Responses. Adv Immunol (2007) 96:41–101. doi: 10.1016/S0065-2776(07)96002-2

40. O’Garra, A, and Arai, N. The Molecular Basis of T Helper 1 and T Helper 2 Cell Differentiation. Trends Cell Biol (2000) 10:542–50. doi: 10.1016/S0962-8924(00)01856-0

41. Castro, F, Cardoso, AP, Gonçalves, RM, Serre, K, and Oliveira, MJ. Interferon-Gamma at the Crossroads of Tumor Immune Surveillance or Evasion. Front Immunol (2018) 9:847/BIBTEX. doi: 10.3389/FIMMU.2018.00847/BIBTEX

42. Çölkesen, F, Kurt, EK, Vatansev, H, Korkmaz, C, Çölkesen, F, Yücel, F, et al. Memory B Cells and Serum Immunoglobulins Are Associated With Disease Severity and Mortality in Patients With COVID-19. Postgrad Med J (2022) 0:1–7. doi: 10.1136/POSTGRADME0DJ-2021-140540

43. Chia, WN, Zhu, F, Ong, SWX, Young, BE, Fong, SW, Le Bert, N, et al. Dynamics of SARS-CoV-2 Neutralising Antibody Responses and Duration of Immunity: A Longitudinal Study. Lancet Microbe (2021) 2:e240–e249. doi: 10.1016/S2666-5247(21)00025-2/ATTACHMENT/C6D2FCF4-911D-49D4-9E87-BACA66A15017/MMC1.PDF

44. Long, QX, Tang, XJ, Shi, QL, Li, Q, Deng, HJ, Yuan, J, et al. Clinical and Immunological Assessment of Asymptomatic SARS-CoV-2 Infections. Nat Med (2020) 26:1200–4. doi: 10.1038/S41591-020-0965-6

45. Favresse, J, Gillot, C, Di Chiaro, L, Eucher, C, Elsen, M, Van Eeckhoudt, S, et al. Neutralizing Antibodies in COVID-19 Patients and Vaccine Recipients After Two Doses of BNT162b2. Viruses (2021) 13:1364. doi: 10.3390/V13071364

46. Andrews, N, Tessier, E, Stowe, J, Gower, C, Kirsebom, F, Simmons, R, et al. Duration of Protection against Mild and Severe Disease by Covid-19 Vaccines. N Engl J Med (2022) 386:340–50. doi: 10.1056/NEJMoa2115481

47. Crotty, S. Hybrid Immunity. Science (80- ) (2021) 372:1392–3. doi: 10.1126/SCIENCE.ABJ2258/ASSET/6874A5CD-1355-4034-A824-1F3969A3207C/ASSETS/GRAPHIC/372_1392_F1.JPEG

48. Munro, APS, Janani, L, Cornelius, V, Aley, PK, Babbage, G, Baxter, D, et al. Safety and Immunogenicity of Seven COVID-19 Vaccines as a Third Dose (Booster) Following Two Doses of ChAdOx1 Ncov-19 or BNT162b2 in the UK (COV-BOOST): A Blinded, Multicentre, Randomised, Controlled, Phase 2 Trial. Lancet (2021) 398:2258–76. doi: 10.1016/S0140-6736(21)02717-3

49. Bange, EM, Han, NA, Wileyto, P, Kim, JY, Gouma, S, Robinson, J, et al. CD8+ T Cells Contribute to Survival in Patients With COVID-19 and Hematologic Cancer. Nat Med (2021) 27(7):1280–9. doi: 10.1038/s41591-021-01386-7

50. Sattler, A, Schrezenmeier, E, Weber, UA, Potekhin, A, Bachmann, F, Budde, K, et al. Impaired Humoral and Cellular Immunity After SARS-CoV-2 BNT162b2 (Tozinameran) Prime-Boost Vaccination In Kidney Transplant Recipients. J Clin Invest (2021) 131:e150175. doi: 10.1172/JCI150175

51. Benotmane, I, Gautier, G, Perrin, P, Olagne, J, Cognard, N, Fafi-Kremer, S, et al. Antibody Response After a Third Dose of the mRNA-1273 SARS-CoV-2 Vaccine in Kidney Transplant Recipients With Minimal Serologic Response to 2 Doses. JAMA (2021) 326:1063–5. doi: 10.1001/JAMA.2021.12339

52. Aleman, A, Upadhyaya, B, Tuballes, K, Kappes, K, Gleason, CR, Beach, K, et al. Variable Cellular Responses to SARS-CoV-2 in Fully Vaccinated Patients With Multiple Myeloma. Cancer Cell (2021) 39:1442–4. doi: 10.1016/J.CCELL.2021.09.015/ATTACHMENT/50CC3FCE-B01B-4997-B2B1-642AFD469257/MMC2.XLSX

53. Heitmann, JS, Bilich, T, Tandler, C, Nelde, A, Maringer, Y, Marconato, M, et al. A COVID-19 Peptide Vaccine for the Induction of SARS-CoV-2 T Cell Immunity. Nature (2022) 601:617–22. doi: 10.1038/s41586-021-04232-5

54. Ansari, A, Arya, R, Sachan, S, Jha, SN, Kalia, A, Lall, A, et al. Immune Memory in Mild COVID-19 Patients and Unexposed Donors Reveals Persistent T Cell Responses After SARS-CoV-2 Infection. Front Immunol (2021) 12:636768. doi: 10.3389/FIMMU.2021.636768

55. Gallais, F, Velay, A, Nazon, C, Wendling, MJ, Partisani, M, Sibilia, J, et al. Intrafamilial Exposure to SARS-CoV-2 Associated With Cellular Immune Response Without Seroconversion, France. Emerg Infect Dis (2021) 27:113–21. doi: 10.3201/EID2701.203611

56. Hartley, GE, Edwards, ESJ, Aui, PM, Varese, N, Stojanovic, S, McMahon, J, et al. Rapid Generation of Durable B Cell Memory to SARS-CoV-2 Spike and Nucleocapsid Proteins in COVID-19 and Convalescence. Sci Immunol (2020) 5. doi: 10.1126/SCIIMMUNOL.ABF8891/SUPPL_FILE/ABF8891_TABLE_S7.XLSX

57. Ciabattini, A, Pastore, G, Fiorino, F, Polvere, J, Lucchesi, S, Pettini, E, et al. Evidence of SARS-CoV-2-Specific Memory B Cells Six Months After Vaccination With the BNT162b2 mRNA Vaccine. Front Immunol (2021) 12:740708/BIBTEX. doi: 10.3389/FIMMU.2021.740708/BIBTEX

58. Turner, JS, Kim, W, Kalaidina, E, Goss, CW, Rauseo, AM, Schmitz, AJ, et al. SARS-CoV-2 Infection Induces Long-Lived Bone Marrow Plasma Cells in Humans. Nature (2021) 595(7867):421–5. doi: 10.1038/s41586-021-03647-4

59. Terreri, S, Mortari, EP, Vinci, MR, Perno, CF, Zaffina, S, Correspondence, RC, et al. Persistent B Cell Memory After SARS-CoV-2 Vaccination is Functional During Breakthrough Infections. Cell Host Microbe (2022) 30:400–8. doi: 10.1016/j.chom.2022.01.003

60. Russell, MW, Moldoveanu, Z, Ogra, PL, and Mestecky, J. Mucosal Immunity in COVID-19: A Neglected But Critical Aspect of SARS-CoV-2 Infection. Front Immunol (2020) 11:611337/BIBTEX. doi: 10.3389/FIMMU.2020.611337/BIBTEX

61. Sterlin, D, Mathian, A, Miyara, M, Mohr, A, Anna, F, Claër, L, et al. IgA Dominates the Early Neutralizing Antibody Response to SARS-CoV-2. Sci Transl Med (2021) 13:803–11. doi: 10.1126/SCITRANSLMED.ABD2223/SUPPL_FILE/ABD2223_SM.PDF

62. Lapuente, D, Fuchs, J, Willar, J, Vieira Antão, A, Eberlein, V, Uhlig, N, et al. Protective Mucosal Immunity Against SARS-CoV-2 After Heterologous Systemic Prime-Mucosal Boost Immunization. Nat Commun (2021) 12(1):1–14. doi: 10.1038/s41467-021-27063-4

63. King, RG, Silva-Sanchez, A, Peel, JN, Botta, D, Dickson, AM, Pinto, AK, et al. Single-Dose Intranasal Administration of AdCOVID Elicits Systemic and Mucosal Immunity Against SARS-CoV-2 and Fully Protects Mice From Lethal Challenge. Vaccines (2021) 9:881. doi: 10.3390/VACCINES9080881

64. Callow, KA, Parry, HF, Sergeant, M, and Tyrrell, DAJ. The Time Course of the Immune Response to Experimental Coronavirus Infection of Man. Epidemiol Infect (1990) 105:435–46. doi: 10.1017/S0950268800048019

65. Bar-On, YM, Goldberg, Y, Mandel, M, Bodenheimer, O, Freedman, L, Kalkstein, N, et al. Protection of BNT162b2 Vaccine Booster Against Covid-19 in Israel. N Engl J Med (2021) 385:1393–400. doi: 10.1056/NEJMOA2114255/SUPPL_FILE/NEJMOA2114255_DISCLOSURES.PDF

66. Eliakim-Raz, N, Leibovici-Weisman, Y, Stemmer, A, Ness, A, Awwad, M, Ghantous, N, et al. Antibody Titers Before and After a Third Dose of the SARS-CoV-2 BNT162b2 Vaccine in Adults Aged ≥60 Years. JAMA (2021) 326:2203–04. doi: 10.1001/JAMA.2021.19885

67. Primorac, D, Brlek, P, Matišić, V, Molnar, V, Vrdoljak, K, Zadro, R, et al. Cellular Immunity&mdash;The Key to Long-Term Protection in Individuals Recovered From SARS-CoV-2 and After Vaccination. Vaccines (2022) 10:442. doi: 10.3390/VACCINES10030442

68. Jung, JH, Rha, MS, Sa, M, Choi, HK, Jeon, JH, Seok, H, et al. SARS-CoV-2-Specific T Cell Memory is Sustained in COVID-19 Convalescent Patients for 10 Months With Successful Development of Stem Cell-Like Memory T Cells. Nat Commun (2021) 12(1):1–12. doi: 10.1038/s41467-021-24377-1

69. Jarjour, NN, Masopust, D, and Jameson, SC. T Cell Memory: Understanding COVID-19. Immunity (2021) 54:14. doi: 10.1016/J.IMMUNI.2020.12.009

70. Sekine, T, Perez-Potti, A, Rivera-Ballesteros, O, Strålin, K, Gorin, JB, Olsson, A, et al. Robust T Cell Immunity in Convalescent Individuals With Asymptomatic or Mild COVID-19. Cell (2020) 183:158–168.e14. doi: 10.1016/J.CELL.2020.08.017

71. Betts, MR, Nason, MC, West, SM, De Rosa, SC, Migueles, SA, Abraham, J, et al. HIV Nonprogressors Preferentially Maintain Highly Functional HIV-Specific CD8+ T Cells. Blood (2006) 107:4781–9. doi: 10.1182/BLOOD-2005-12-4818

72. Blom, K, Braun, M, Ivarsson, MA, Gonzalez, VD, Falconer, K, Moll, M, et al. Temporal Dynamics of the Primary Human T Cell Response to Yellow Fever Virus 17D as it Matures From an Effector- to a Memory-Type Response. J Immunol (2013) 190:2150–8. doi: 10.4049/JIMMUNOL.1202234

73. Demkowicz, WE, Littaua, RA, Wang, J, and Ennis, FA. Human Cytotoxic T-Cell Memory: Long-Lived Responses to Vaccinia Virus. J Virol (1996) 70:2627–31. doi: 10.1128/JVI.70.4.2627-2631.1996

74. Fuertes Marraco, SA, Soneson, C, Cagnon, L, Gannon, PO, Allard, M, Maillard, SA, et al. Long-Lasting Stem Cell-Like Memory CD8+ T Cells With a Naïve-Like Profile Upon Yellow Fever Vaccination. Sci Transl Med (2015) 7:282ra48. doi: 10.1126/SCITRANSLMED.AAA3700

75. Precopio, ML, Betts, MR, Parrino, J, Price, DA, Gostick, E, Ambrozak, DR, et al. Immunization With Vaccinia Virus Induces Polyfunctional and Phenotypically Distinctive CD8(+) T Cell Responses. J Exp Med (2007) 204:1405–16. doi: 10.1084/JEM.20062363

76. Chen, G, Wu, D, Guo, W, Cao, Y, Huang, D, Wang, H, et al. Clinical and Immunological Features of Severe and Moderate Coronavirus Disease 2019. J Clin Invest (2020) 130:2620–9. doi: 10.1172/JCI137244

77. Mazzoni, A, Salvati, L, Maggi, L, Capone, M, Vanni, A, Spinicci, M, et al. Impaired Immune Cell Cytotoxicity in Severe COVID-19 is IL-6 Dependent. J Clin Invest (2020) 130:4694–703. doi: 10.1172/JCI138554

78. Urra, JM, Cabrera, CM, Porras, L, and Ródenas, I. Selective CD8 Cell Reduction by SARS-CoV-2 is Associated With a Worse Prognosis and Systemic Inflammation in COVID-19 Patients. Clin Immunol (2020) 217:108486. doi: 10.1016/J.CLIM.2020.108486

79. Szabo, PA, Dogra, P, Gray, JI, Wells, SB, Connors, TJ, Weisberg, SP, et al. Longitudinal Profiling of Respiratory and Systemic Immune Responses Reveals Myeloid Cell-Driven Lung Inflammation in Severe COVID-19. Immunity (2021) 54:797–814.e6. doi: 10.1016/J.IMMUNI.2021.03.005

80. Zhao, Y, Kilian, C, Turner, JE, Bosurgi, L, Roedl, K, Bartsch, P, et al. Clonal Expansion and Activation of Tissue-Resident Memory-Like Th17 Cells Expressing GM-CSF in the Lungs of Severe COVID-19 Patients. Sci Immunol (2021) 6:eabf6692. doi: 10.1126/SCIIMMUNOL.ABF6692

81. Grau-Expósito, J, Sánchez-Gaona, N, Massana, N, Suppi, M, Astorga-Gamaza, A, Perea, D, et al. Peripheral and Lung Resident Memory T Cell Responses Against SARS-CoV-2. Nat Commun (2021) 12(1):1–17. doi: 10.1038/s41467-021-23333-3

82. Gauttier, V, Morello, A, Girault, I, Mary, C, Belarif, L, Desselle, A, et al. Tissue-Resident Memory CD8 T-Cell Responses Elicited by a Single Injection of a Multi-Target COVID-19 Vaccine. bioRxiv (2020), 2020.08.14.240093. doi: 10.1101/2020.08.14.240093

83. Bertoletti, A, Le Bert, N, Qui, M, and Tan, AT. SARS-CoV-2-Specific T Cells in Infection and Vaccination. Cell Mol Immunol (2021) 18(10):2307–12. doi: 10.1038/s41423-021-00743-3

84. Laing, AG, Lorenc, A, del Molino del Barrio, I, Das, A, Fish, M, Monin, L, et al. A Dynamic COVID-19 Immune Signature Includes Associations With Poor Prognosis. Nat Med (2020) 26(10):1623–35. doi: 10.1038/s41591-020-1038-6

85. Lucas, C, Wong, P, Klein, J, Castro, TBR, Silva, J, Sundaram, M, et al. Longitudinal Analyses Reveal Immunological Misfiring in Severe COVID-19. Nature (2020) 584:463–9. doi: 10.1038/S41586-020-2588-Y

86. Ma, L, Sahu, SK, Cano, M, Kuppuswamy, V, Bajwa, J, McPhatter, J, et al. Increased complement activation is a distinctive feature of severe SARS-CoV-2 infection. Sci Immunol (2021) 6:2259. doi: 10.1126/sciimmunol.abh2259

87. Wang, Z, Yang, X, Zhong, J, Zhou, Y, Tang, Z, Zhou, H, et al. Exposure to SARS-CoV-2 Generates T-Cell Memory in the Absence of a Detectable Viral Infection. Nat Commun (2021) 12(1):1–8. doi: 10.1038/s41467-021-22036-z

88. Le Bert, N, Clapham, HE, Tan, AT, Chia, WN, Tham, CYL, Lim, JM, et al. Highly Functional Virus-Specific Cellular Immune Response in Asymptomatic SARS-CoV-2 Infection. J Exp Med (2021) 218:e20202617. doi: 10.1084/JEM.20202617

89. Li, L, Chen, Q, Han, X, Shen, M, Hu, C, Chen, S, et al. T Cell Immunity Evaluation and Immunodominant Epitope T Cell Receptor Identification of Severe Acute Respiratory Syndrome Coronavirus 2 Spike Glycoprotein in COVID-19 Convalescent Patients. Front Cell Dev Biol (2021) 9:2880. doi: 10.3389/FCELL.2021.696662

90. Griffin, DE. Cytokines and Chemokines. In: Encycl Virol  BWJ Mahy, and MHV Van Regenmortel editors. 3rd ed., Elsevier  (2008) p. 620–4. doi: 10.1016/B978-012374410-4.00374-5

91. Merad, M, and Martin, JC. Author Correction: Pathological Inflammation in Patients With COVID-19: A Key Role for Monocytes and Macrophages (Nature Reviews Immunology, (2020), 20, 6, (355-362), 10.1038/S41577-020-0331-4). Nat Rev Immunol (2020) 20:448. doi: 10.1038/S41577-020-0353-Y

92. Locati, M, Mantovani, A, and Sica, A. Macrophage Activation and Polarization as an Adaptive Component of Innate Immunity. Adv Immunol (2013) 120:163–84. doi: 10.1016/B978-0-12-417028-5.00006-5

93. Jit, BP, Qazi, S, Arya, R, Srivastava, A, Gupta, N, and Sharma, A. An Immune Epigenetic Insight to COVID-19 Infection. Epigenomics (2021) 13:465–80. doi: 10.2217/EPI-2020-0349/ASSET/IMAGES/LARGE/FIGURE2.JPEG

94. Sun, JC, Beilke, JN, and Lanier, LL. Immune Memory Redefined: Characterizing the Longevity of Natural Killer Cells. Immunol Rev (2010) 236:83–94. doi: 10.1111/J.1600-065X.2010.00900.X

95. Abel, AM, Yang, C, Thakar, MS, and Malarkannan, S. Natural Killer Cells: Development, Maturation, and Clinical Utilization. Front Immunol (2018) 9:1869. doi: 10.3389/FIMMU.2018.01869

96. De Maria, A, Bozzano, F, Cantoni, C, and Moretta, L. Revisiting Human Natural Killer Cell Subset Function Revealed Cytolytic CD56dimCD16+ NK Cells as Rapid Producers of Abundant IFN-γ on Activation. Proc Natl Acad Sci USA (2011) 108:728–32. doi: 10.1073/PNAS.1012356108/-/DCSUPPLEMENTAL

97. Vietzen, H, Zoufaly, A, Traugott, M, Aberle, J, Aberle, SW, and Puchhammer-Stöckl, E. Deletion of the NKG2C Receptor Encoding KLRC2 Gene and HLA-E Variants Are Risk Factors for Severe COVID-19. Genet Med (2021) 23(5):963–7. doi: 10.1038/s41436-020-01077-7

98. Hwang, SS, Lim, J, Yu, Z, Kong, P, Sefik, E, Xu, H, et al. Cryo-EM Structure of the 2019-Ncov Spike in the Prefusion Conformation. Science (2020) 367:1255–60. doi: 10.1126/SCIENCE.ABB2507

99. Zhou, P, Yang, XL, Wang, XG, Hu, B, Zhang, L, Zhang, W, et al. Addendum: A Pneumonia Outbreak Associated With a New Coronavirus of Probable Bat Origin. Nature (2020) 588(7836):E6–6. doi: 10.1038/s41586-020-2951-z

100. Reynolds, CJ, Pade, C, Gibbons, JM, Butler, DK, Otter, AD, Menacho, K, et al. Prior SARS-CoV-2 Infection Rescues B and T Cell Responses to Variants After First Vaccine Dose. Science (80- ) (2021) 372:1418–23. doi: 10.1126/SCIENCE.ABH1282/SUPPL_FILE/ABH1282_TABLES5.XLSX

101. Frieman, M, Harris, AD, Herati, RS, Krammer, F, Mantovani, A, Rescigno, M, et al. SARS-CoV-2 Vaccines for All But a Single Dose for COVID-19 Survivors. EBioMedicine (2021) 68:103401. doi: 10.1016/J.EBIOM.2021.103401

102. Stamatatos, L, Czartoski, J, Wan, YH, Homad, LJ, Rubin, V, Glantz, H, et al. mRNA Vaccination Boosts Cross-Variant Neutralizing Antibodies Elicited by SARS-CoV-2 Infection. Science (80- ) (2021) 372:1413–8. doi: 10.1126/SCIENCE.ABG9175/SUPPL_FILE/ABG9175_STAMATATOS_SM.PDF

103. Dan, JM, Mateus, J, Kato, Y, Hastie, KM, Yu, ED, Faliti, CE, et al. Immunological Memory to SARS-CoV-2 Assessed for Up to 8 Months After Infection. Science (2021) 371:eabf4063. doi: 10.1126/SCIENCE.ABF4063

104. Reynolds, CJ, Swadling, L, Gibbons, JM, Pade, C, Jensen, MP, Diniz, MO, et al. Discordant Neutralizing Antibody and T Cell Responses in Asymptomatic and Mild SARS-CoV-2 Infection. Sci Immunol (2020) 5:eabf3698. doi: 10.1126/SCIIMMUNOL.ABF3698

105. Post, N, Eddy, D, Huntley, C, van Schalkwyk, MCI, Shrotri, M, Leeman, D, et al. Antibody Response to SARS-CoV-2 Infection in Humans: A Systematic Review. PloS One (2020) 15:e0244126. doi: 10.1371/JOURNAL.PONE.0244126

106. Abbasi, J. The Flawed Science of Antibody Testing for SARS-CoV-2 Immunity. JAMA (2021) 326:1781–2. doi: 10.1001/JAMA.2021.18919

107. Feng, C, Shi, J, Fan, Q, Wang, Y, Huang, H, Chen, F, et al. Protective Humoral and Cellular Immune Responses to SARS-CoV-2 Persist Up to 1 Year After Recovery. Nat Commun (2021) 12:4984. doi: 10.1038/S41467-021-25312-0

108. Huang, C, Huang, L, Wang, Y, Li, X, Ren, L, Gu, X, et al. 6-Month Consequences of COVID-19 in Patients Discharged From Hospital: A Cohort Study. Lancet (London England) (2021) 397:220–32. doi: 10.1016/S0140-6736(20)32656-8

109. Scurr, MJ, Zelek, WM, Lippiatt, G, Somerville, M, Burnell, SEA, Capitani, L, et al. Whole Blood-Based Measurement of SARS-CoV-2-Specific T Cells Reveals Asymptomatic Infection and Vaccine Immunogenicity in Healthy Subjects and Patients With Solid Organ Cancers. Immunology (2022) 165:250–59. doi: 10.1111/IMM.13433

110. Braun, J, Loyal, L, Frentsch, M, Wendisch, D, Georg, P, Kurth, F, et al. SARS-CoV-2-Reactive T Cells in Healthy Donors and Patients With COVID-19. Nature (2020) 587(7833):270–4. doi: 10.1038/s41586-020-2598-9

111. Grifoni, A, Weiskopf, D, Ramirez, SI, Mateus, J, Dan, JM, Moderbacher, CR, et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans With COVID-19 Disease and Unexposed Individuals. Cell (2020) 181:1489–1501.e15. doi: 10.1016/J.CELL.2020.05.015

112. Mateus, J, Grifoni, A, Tarke, A, Sidney, J, Ramirez, SI, Dan, JM, et al. Selective and Cross-Reactive SARS-CoV-2 T Cell Epitopes in Unexposed Humans. Science (2020) 370:89–94. doi: 10.1126/SCIENCE.ABD3871

113. Tarke, A, Sidney, J, Kidd, CK, Dan, JM, Ramirez, SI, Yu, ED, et al. Comprehensive Analysis of T Cell Immunodominance and Immunoprevalence of SARS-CoV-2 Epitopes in COVID-19 Cases. Cell Rep Med (2021) 2:100204. doi: 10.1016/J.XCRM.2021.100204

114. Yurina, V. Coronavirus Epitope Prediction From Highly Conserved Region of Spike Protein. Clin Exp Vaccine Res (2020) 9:169. doi: 10.7774/CEVR.2020.9.2.169

115. Li, CK, Wu, H, Yan, H, Ma, S, Wang, L, Zhang, M, et al. T Cell Responses to Whole SARS Coronavirus in Humans. J Immunol (2008) 181:5490–500. doi: 10.4049/JIMMUNOL.181.8.5490

116. Marot, S, Malet, I, Leducq, V, Abdi, B, Teyssou, E, Soulie, C, et al. Neutralization Heterogeneity of United Kingdom and South-African SARS-CoV-2 Variants in BNT162b2-Vaccinated or Convalescent COVID-19 Healthcare Workers. Clin Infect Dis (2022) 74:707–10. doi: 10.1093/CID/CIAB492

117. Sabino, EC, Buss, LF, Carvalho, MPS, Prete, CA, Crispim, MAE, Fraiji, NA, et al. Resurgence of COVID-19 in Manaus, Brazil, Despite High Seroprevalence. Lancet (2021) 397:452–5. doi: 10.1016/S0140-6736(21)00183-5

118. Singh, J, Rahman, SA, Ehtesham, NZ, Hira, S, and Hasnain, SE. SARS-CoV-2 Variants of Concern Are Emerging in India. Nat Med (2021) 27:1131–3. doi: 10.1038/S41591-021-01397-4

119. Planas, D, Bruel, T, Grzelak, L, Guivel-Benhassine, F, Staropoli, I, Porrot, F, et al. Sensitivity of Infectious SARS-CoV-2 B.1.1.7 and B.1.351 Variants to Neutralizing Antibodies. Nat Med (2021) 27(5):917–24. doi: 10.1038/s41591-021-01318-5

120. Hacisuleyman, E, Hale, C, Saito, Y, Blachere, NE, Bergh, M, Conlon, EG, et al. Vaccine Breakthrough Infections With SARS-CoV-2 Variants. N Engl J Med (2021) 384:2212–8. doi: 10.1056/NEJMOA2105000/SUPPL_FILE/NEJMOA2105000_DISCLOSURES.PDF

121. Kojima, N, and Klausner, JD. Protective Immunity After Recovery From SARS-CoV-2 Infection. Lancet Infect Dis (2022) 22:12–14. doi: 10.1016/S1473-3099(21)00676-9

122. Gazit, S, Shlezinger, R, Perez, G, Lotan, R, Peretz, A, Ben-Tov, A, et al. Comparing SARS-CoV-2 Natural Immunity to Vaccine-Induced Immunity: Reinfections Versus Breakthrough Infections. medRxiv (2021), 2021.08.24.21262415. doi: 10.1101/2021.08.24.21262415

123. Dowell, AC, Butler, MS, Jinks, E, Tut, G, Lancaster, T, Sylla, P, et al. Children Develop Robust and Sustained Cross-Reactive Spike-Specific Immune Responses to SARS-CoV-2 Infection. Nat Immunol (2022) 23:40–9. doi: 10.1038/s41590-021-01089-8

124. Viner, RM, Mytton, OT, Bonell, C, Melendez-Torres, GJ, Ward, J, Hudson, L, et al. Susceptibility to SARS-CoV-2 Infection Among Children and Adolescents Compared With Adults: A Systematic Review and Meta-Analysis. JAMA Pediatr (2021) 175:143–56. doi: 10.1001/jamapediatrics.2020.4573

125. Nasreen, S, Chung, H, He, S, Brown, KA, Gubbay, JB, Buchan, SA, et al. Effectiveness of COVID-19 vaccines against symptomatic SARS-CoV-2 infection and severe outcomes with variants of concern in Ontario. Nat Microbiol (2022) 7:379–85. doi: 110.1038/s41564-021-01053-0


126. Rosenberg, ES, Holtgrave, DR, Dorabawila, V, Conroy, M, Greene, D, Lutterloh, E, et al. New COVID-19 Cases and Hospitalizations Among Adults, by Vaccination Status — New York, May 3–July 25, 2021. Morb Mortal Wkly Rep (2021) 70:1306. doi: 10.15585/MMWR.MM7037A7

127. Bajema, KL, Dahl, RM, Prill, MM, Meites, E, Rodriguez-Barradas, MC, Marconi, VC, et al. Effectiveness of COVID-19 mRNA Vaccines Against COVID-19-Associated Hospitalization - Five Veterans Affairs Medical Centers, United States, February 1-August 6, 2021. MMWR Morb Mortal Wkly Rep (2021) 70:1294–9. doi: 10.15585/MMWR.MM7037E3

128. Harris, RJ, Hall, JA, Zaidi, A, Andrews, NJ, Dunbar, JK, and Dabrera, G. Effect of Vaccination on Household Transmission of SARS-CoV-2 in England. N Engl J Med (2021) 385:759–60. doi: 10.1056/NEJMC2107717/SUPPL_FILE/NEJMC2107717_DISCLOSURES.PDF

129. Qin, S, Cui, M, Sun, S, Zhou, J, Du, Z, Cui, Y, et al. Genome Characterization and Potential Risk Assessment of the Novel SARS-CoV-2 Variant Omicron (B.1.1.529). Zoonoses (2021) 1:89–94. doi: 10.15212/ZOONOSES-2021-0024

130. Heggestad, JT, Britton, RJ, Kinnamon, DS, Wall, SA, Joh, DY, Hucknall, AM, et al. Rapid Test to Assess the Escape of SARS-CoV-2 Variants of Concern. Sci Adv (2021) 7:7682. doi: 10.1126/SCIADV.ABL7682

131. Dai, L, and Gao, GF. Viral Targets for Vaccines Against COVID-19. Nat Rev Immunol (2020) 21(2):73–82. doi: 10.1038/s41577-020-00480-0

132. Erster, O, Beth-Din, A, Asraf, H, Levy, V, Kabat, A, Mannasse, B, et al. Specific Detection of SARS-CoV-2 B.1.1.529 (OMICRON) Variant by Four RT-qPCR Differential Assays. medRxiv (2021), 2021.12.07.21267293. doi: 10.1101/2021.12.07.21267293

133. Cottam, EM, Whelband, MC, and Wileman, T. Coronavirus NSP6 Restricts Autophagosome Expansion. Autophagy (2014) 10:1426–41. doi: 10.4161/AUTO.29309

134. Maslo, C, Friedland, R, Toubkin, M, Laubscher, A, Akaloo, T, and Kama, B. Characteristics and Outcomes of Hospitalized Patients in South Africa During the COVID-19 Omicron Wave Compared With Previous Waves. J Am Med Assoc (2022) 327:583–84. doi: 10.1001/JAMA.2021.24868

135. Bates, TA, McBride, SK, Winders, B, Schoen, D, Trautmann, L, Curlin, ME, et al. Antibody Response and Variant Cross-Neutralization After SARS-CoV-2 Breakthrough Infection. J Am Med Assoc (2022) 327:179–81. doi: 10.1001/JAMA.2021.22898

136. Tseng, CT, Sbrana, E, Iwata-Yoshikawa, N, Newman, PC, Garron, T, Atmar, RL, et al. Immunization With SARS Coronavirus Vaccines Leads to Pulmonary Immunopathology on Challenge With the SARS Virus. PloS One (2012) 7:e35421. doi: 10.1371/JOURNAL.PONE.0035421

137. Butler, SE, Crowley, AR, Natarajan, H, Xu, S, Weiner, JA, Bobak, CA, et al. Distinct Features and Functions of Systemic and Mucosal Humoral Immunity Among SARS-CoV-2 Convalescent Individuals. Front Immunol (2021) 11:618685/BIBTEX. doi: 10.3389/FIMMU.2020.618685/BIBTEX

138. Lipsitch, M, Krammer, F, Regev-Yochay, G, Lustig, Y, and Balicer, RD. SARS-CoV-2 Breakthrough Infections in Vaccinated Individuals: Measurement, Causes and Impact. Nat Rev Immunol (2022) 22:57–65. doi: 10.1038/s41577-021-00662-4




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Primorac, Vrdoljak, Brlek, Pavelić, Molnar, Matišić, Erceg Ivkošić and Parčina. 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/fimmu.2022.848582_cover.jpg
’ frontiers l Frontiers in Immunology

Adaptive Immune Responses and
Immunity to SARS-CoV-2





OEBPS/Images/fimmu-13-848582-g001.jpg
Humoral (antibody mediated) immune

Cellular immune response

p
Bone marrow

i_.

SARS-CoV-2
(first antigen encounter)

response

Antigen-presenting cell
(macrophage, dendritic cell)

Cytotoxic T cell (CD8+) - naive

el @Ctivation

—> promotion

e

MHC Il - Spike

eptide complex

complex/ TCR

o' I
Th2 cell \ %4
Plasma cells
* Secreted antibodies
A

—

helper cell

IL-4, IL-21

— j}

T helper cell (CD4+)

|L1 2, IFNy

IL-2, IFN-y

MHC Il

—

NK cell
(natural killer lymphocyte)

‘ Germinal

IL-4 T follicular center B cell
d

(]

CD28 CD80/
86

Memory T helper cells\

@ -

Activated cytotoxic T
cell

Memory B
cells

<

Memory cytotoxic T
cell

Neutralization of the
virus

SARS-CoV-2
(second antigen encounter)

MHC | in complex
with antigen

Infected cell
apoptosis

L0082 A
=N

?‘ Yo ‘c,‘\

('4.-54
. &
A SO

Virus decomposition

Cytotoxic T cell
apoptosis

NK cell
apoptosis






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Adaptive Immune Responses and Immunity to SARS-CoV-2

      

        		

          Introduction

        



        		

          T Cell Immunity Existence Despite Impaired Humoral Response Detection

        



        		

          Role of T Cells in COVID-19 Immunological Memory and Viral Pathophysiology

        



        		

          An Essential Role of IFN-γ in Facilitating and Interpreting SARS-CoV-2-Specific Cellular Response

        

          		

            IFN-γ Facilitation of SARS-CoV-2 Specific Cellular Response

          



          		

            IFN-γ in the Interpretation of SARS-CoV-2-Specific Cellular Response

          



        



        



        		

          Cross-Reactivity of SARS-CoV-2-Specific T Cells

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





