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Editorial on the Research Topic 


Host-microbe interaction in SARS-CoV-2 infection: mechanism and intervention


Since December 2019, the world has experienced a nightmare due to the new Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) causing the deadliest coronavirus disease known as COVID-19. This severe disease is characterized by metabolic acidosis, acute respiratory distress syndrome (ARDS), septic shock, and multiple organ dysfunction. Lacking specific treatment to contain the rapid infection spread and mitigate the disease burden, we have accumulated knowledge to understand the virus biology, its interactions with host cells, undelaying mechanisms of infection, the pathophysiology, and the immune response to the virus. However, because of the complexity of these aspects, especially the molecular interactions between SARS-CoV-2 and the host immune system, which are crucial for the successful therapeutic design, our knowledge is still limited, rendering the pandemic management challenging, talk less of the evolutionary nature of SARS-CoV-2.

This Research Topic aimed to gather novel findings and up-to-date conclusive studies from multidisciplinary expertise regarding the uncovered aspects of SARS-CoV-2–host cell interaction, which we believe, might bring light to developing effective prophylaxis and therapeutic interventions. This collection of 13 insightful studies can be put along a continuum to illustrate the immunological and molecular mechanisms underlying the COVID-19 severity, the progression of COVID-19 from the early stage board that features the later severity of the infection establishing the diverse immunological markers, and, therefore, the alternative means proposed to control the disease.

One of the major concerns (if not the first) in COVID-19 fighting strategies is the continuous emergence of new SARS-CoV-2 variants, especially the variants of concern (VOCs) with their ability to escape the immune response. Omicron, for instance, the last known heavily mutated SARS-CoV-2 VOC, plays a crucial role in COVID-19 severity as it can escape natural and vaccine-induced immune response, and because of its high transmissibility. In their studies, Shah and Woo and Wang et al. demonstrated through and confirmed once again, at the molecular and clinical levels, the mechanism underlying the immune escape by Omicron variants, precisely the most evolved Omicron sub-strains BA.1, BA1.1, and BA.2. As previously reviewed (1) and among the over 30 mutations carried by Omicron variants, Shah and Woo demonstrated that mutations T478K, Q493K, Q498R, and E484A significantly contribute to the approved therapeutic antibody (etesevimab, bamlanivimab, and CT-p59) escape and fast transmissibility of Omicron by dampening antibody neutralizing effects and substantial enhancement of ACE2 binding affinity of RBD. More worrying, these studies showed that, as for REGEN-COV (casirivimab + imdevimab) inefficacy against Omicron (2), Omicron mutations significantly reduce neutralizing efficacy of bivalent antibody cocktails, including regdanvimab (etesevimab + CT-p59), and AZ combo (COV2-2196 + COV2-2130) targeting different SARS-CoV-2 epitopes, idea which was first thought as a better alternative to mitigate transmission and prevent the emergence of new variants (1).

Similarly, the contributive study of Tang et al. in this issue supports the before-mentioned concluding studies. In a vesicular stomatitis virus (VSV)-based pseudovirus infection system, Tang et al. showed that the infectivity of the Delta variant (B.1.617.2) critically increased, compared to that of previously evolved variants, including the D6114G variant, with the ability to resist neutralizing/inhibiting effects of RBD- and NTD-targeting antibodies and vaccinated sera, explaining its high transmissibility and severity. Therefore, even though BRII-196 + BRII-198 could retain protective effects (Wang et al.), more potent combinations of neutralizing antibodies from more than two groups (1) should be designed, or other alternatives need to be developed for more effective therapy against Omicron and Delta variants (talk less of other VOCs), potential upcoming emerging variants, and in case of infection with multiple SARS-CoV-2 variants. Saying the latter, protease inhibitors, which still can hamper entry and protect against SARS-CoV-2 infection regardless of mutational rate in spike protein [Tang et al. (3)], might be regarded as an ideal alternative.

Besides new variants, secondary bacterial coinfections can worsen primary SARS-CoV-2 infection, leading to severity. It was previously demonstrated that patients infected with respiratory tract bacteria are susceptible to SARS-CoV-2, worsening COVID-19 severity to fatality (4). The study by Smith et al. further demonstrated from the COVID-19 mice model that primary SARS-CoV-2 infection also increases susceptibility and aggravation to other respiratory infections, including pneumonia. Specifically, while the SARS-CoV-2 viral load remains steady (and low to a less extent) during the infection course, the bacterial load was progressively enhanced and accompanied by a progressive increase of neutrophils, pulmonary bacterial-associated burden, and bacteremia, which feature susceptibility to and severity of secondary bacterial infections during SARS-CoV-2. A low level of pulmonary macrophage required to clear bacteria-infected cells, which could be caused by INF response-inducing SARS-CoV-2, might be an underlying mechanism describing the pathophysiology of the coinfection. This study constitutes a point of alarm as, despite COVID-19 vaccines that reduce the severity of SARS-CoV-2 infection and thus the associated fatalities on the one hand and the observed reduced transmission of many pathogens on the other hand, asymptomatic or mild COVID-19 patients are on risk for bacterial pneumonia complication. Therefore, while encouraging COVID-19 vaccination, pneumonia diagnostic should be established in COVID-19 patients (and vis-versa), and adequate antibiotic treatment should be started in confirmed bacteria-co-infected patients.

The previous collection of studies highlighted new molecular and immunological aspects of the implication of SARS-CoV-2 VOCs and the pathogenic pool in the severity of COVID-19. Furthermore, several other studies have been carried out to assess the fate (mild, moderate, or severe) of a COVID-19 infection (prognostic) from the early stage (3-5 days post-symptom onset) (5, 6). Knowing the initial immune response in the early phase of SARS-CoV-2 infection and its effects on the development of respiratory failure is essential for quickly taking action to prevent fatalities. Xu et al. demonstrated that a transient high IFN-I response alongside a delayed adaptive immunity at the early stage of the infection is a hallmark of severe COVID-19. Specifically, they found that the early stage of COVID-19 severity is characterized by a strong INF response, which then drops rapidly throughout the infection in severe COVID-19 patients. In contrast, in mild COVID-19, the early INF response was low and stood steady.

Moreover, analyses starting from the early stage of severe COVID-19 showed that myeloid cells, neutrophils, and monocytes produce immune markers mediating interferon-stimulating gene transcription (IFI27, IFI35, ISG15, TXN., S100A4, S100A6, and FRP1) and pro-inflammatory cytokines, were highly detected. In contrast, the T cell titers (NK cells, T cells, mDCs, and pDCs cells) were lower than that in asymptomatic. Previous studies have reported detrimental effects of the IFN response, including its inflammatory role by recruiting more immune cells to the lungs to disrupt lung epithelial repair and the pulmonary epithelial barrier (7, 8) and suppressing pathway-related T cell functions (9) during severe COVID-19. Hence, this study by Xu et al. confirms that high IFN response (stimulated by high viral load (Nagaoka et al.) inhibits the maturation of naïve CD8+ T cells triggered during the early stage of the infection. More interestingly, the early strong IFN response impairing induction of CD8+ T-cells can lead to earlier fatality in patients with an already depleted titer of naïve CD8+ T cells (including elderly and immunosuppressed patients).

Aligning with before mentioned Xu et al.’s findings, Nagaoka et al. found that patients who later developed severe COVID-19 (characterized by hypoxemic respiratory failure) had high titer of INF-I response, specifically INF-α (but not IFN-β) and an increased level of pro-inflammatory cytokines (IL-6, and CXCL10) in the early stage of the infection. Moreover, transcriptomic study on lung samples from succumbed COVID-19 patients revealed higher levels of pulmonary IFN inducing genes than that of mild COVID-19 recovered patients (10) and which correlated with both cytokine storm and organ failure (sepsis) caused by necrosis, apoptosis, and pyroptosis, (Zhu et al. and reviewed by Moga et al.). Therefore, COVID-19 patients producing INF-α, IL-6, and CXCL10 at the early stage of the infection should be considered at high risk of respiratory failure and require urgent hospitalization to prevent fatalities.

While detecting IFN response at the early stage of COVID-19 infection is highly suggested to determine the potential severity of a beginning COVID-19 infection, Lai et al. revealed novel determining parameters/markers, which might also explain the severity of the infection, and, therefore, need to be monitored as well. Lai et al. confirmed that serum levels of autoantibodies against ACE2 are significantly higher in severe COVID-19 patients than in controls, and correlate with severity, suggesting that SARS-CoV-2 manage to induce anti-ACE2 antibodies leading to ACE2-specific autoimmune reaction-associated disease, possibly increasing sepsis and worsening the pathophysiology of the infection. Specifically, the amino acid residues P463, F464, E465, R466, D467, and E471 SARS-CoV-2 RBD are the primary residues recognized by the anti-ACE2-cross reactive RBD-specific antibodies. Notably, these residues are less or not reported as a variable in VOCs, suggesting that they are selective residues for the benefit of SARS-CoV-2, hence worsening pathological conditions. Besides, numerous currently available COVID-19 vaccines are developed from SARS-CoV-2 spike protein. Therefore, further studies must elucidate whether anti-ACE2-cross reactive RBD-specific antibodies are induced after SARS-CoV-2 vaccination and their potential pathological effects.

The continuous emergence of SARS-CoV-2 variants and their high ability to escape natural and vaccine-induced immunity, the reportedly life-threatening effects of respiratory bacterial coinfections, the resistance of COVID-19 to the currently repositioned treatment, and the lack of specific anti-COVID-19 treatment require more researches for safe and cost-effective alternatives to preventing COVID-19 disease.

The study by Smith et al. supports the fact that multi-pathogen coinfection with SARS-CoV-2 is a main infection pattern of increased pathological disorder. However, Cai et al. would like to draw attention to the contribution of coinfection with parasitic worms (non-pulmonary infections) in anti-COVID-19 strategies, from the hypothesis stating, “Co-evolved microbes and other pathogens, including helminths, could help to establish appropriate immunomodulatory function and thus protect the host against a large spectrum of immune-related disorders” (11). Hence, there is more evidence of a positive and attractive immunomodulatory response elicited by parasites, which may restore multi-system sepsis caused by other pathogens, including SARS-CoV-2. For instance, Cai et al. highlighted that chronic parasite infection induces an immunosuppressive and regulatory T-helper response that balances and lowers the inflammatory Th1/Th17 response triggered by SARS-CoV-2 infection in critically ill COVID-19 patients, restricting the severity of COVID-19 disease. Coinfection with helminths induces an anti-inflammatory Th-2 response characterized by the production of anti-inflammatory cytokines (IL-4, IL-5, and IL-13)-producing Th-2 cells. These anti-inflammatory cytokines could restore inflammatory-associated damage and thus sepsis caused by pro-inflammatory cytokines induced by activation of Th-1/Th-17 response. More precisely, these immunomodulatory responses are induced after the administration of helminth-derived products and attenuate the severity of sepsis, restoring covid-19-associated organ damages.

While Cai et al. could propose controlled helminth infection or using helminth products to control SARS-CoV-2 severity and reduce mortality, Santos et al. demonstrated an anti-SARS-CoV-2 protective activity of a carefully selected cocktail of cannabidiol and terpene, which may serve as natural extract therapeutic. In fact, the cannabinoid can boost immune response through activation of cannabinoid receptor 2 (CN2R) (12–14) and exhibit anti-inflammatory effect (15) in COVID-19 patients, while terpenes are known to enhance phytocannabinoid action; therefore, their combination was expected to synergistically protect against SARS-CoV-2, which is demonstrated in the study by Santos et al.

IgG Fc fragment plays important roles in viral clearance by activating the classical complement pathway and mediating infected cell clearance through binding to Fc gamma receptors (FcγRs), which activate antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP). In addition, since ACE2 is a known high-binding affinity receptor of a spike, designing ACE2-derived-Fc antibodies would be beneficial to boost effective COVID-19 immunity. In this regard, Wine and colleagues have engineered three ACE2-Fc (flACE2-Fc, EflACE2-Fc, and trACE2-Fc) by modifying ACE2 to enhance the existing binding affinity (neutralization) of ACE2 to SARS-CoV-2 S protein. The proposed high binder spike-specific ACE2-Fc demonstrated distinct but promising enhanced neutralization effects against SARS-CoV-2 and increased Fc-associated effector functions against virus-infected cells. In addition, despite the exciting results by Bahnan et al. demonstrating that non-neutralizing antibodies could be used as they can confer protection against SARS-CoV-2 through Fc-mediating phagocytosis, high-binding affinity-associated neutralizing antibodies (such as engineered ACE2-Fcs) constitute a safer way against SARS-CoV-2 infection, because neutralizing antibodies are multi-effective, whereas reported antibody-dependent enhancement (ADE) disorders are related to non-neutralizing antibodies (16).

Overall, this Research Topic compiled studies that brought novelties in aspects of SARS-CoV-2–host interactions and advanced our knowledge of the immunological mechanisms underlying COVID-19 severity. Moreover, these studies present alternative solutions for effective prophylactic and therapeutic interventions, which are essential for our preparedness to control the current pandemic state and for future emergence and re-emergence of more pathogenic SARS-CoV-2 variants or similar viruses.
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Spike-specific antibodies are central to effective COVID19 immunity. Research efforts have focused on antibodies that neutralize the ACE2-Spike interaction but not on non-neutralizing antibodies. Antibody-dependent phagocytosis is an immune mechanism enhanced by opsonization, where typically, more bound antibodies trigger a stronger phagocyte response. Here, we show that Spike-specific antibodies, dependent on concentration, can either enhance or reduce Spike-bead phagocytosis by monocytes independently of the antibody neutralization potential. Surprisingly, we find that both convalescent patient plasma and patient-derived monoclonal antibodies lead to maximum opsonization already at low levels of bound antibodies and is reduced as antibody binding to Spike protein increases. Moreover, we show that this Spike-dependent modulation of opsonization correlate with the outcome in an experimental SARS-CoV-2 infection model. These results suggest that the levels of anti-Spike antibodies could influence monocyte-mediated immune functions and propose that non-neutralizing antibodies could confer protection to SARS-CoV-2 infection by mediating phagocytosis.
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Introduction

COVID19, caused by the SARS-CoV-2 virus, has since the end of 2019 resulted in millions of deaths and serious societal health effects. Treatment of patients with convalescent plasma or monoclonal antibodies was attempted early on during the pandemic, inspired by previous partial successes with Respiratory Syncytial Virus (1) and Ebola (2). Two monoclonal antibody cocktails targeting the SARS-CoV-2 Spike protein (casirivimab and imdevimab) (3) and (bamlanivimab and etesevimab) (4, 5) were given emergency use authorization by the FDA after positive phase III clinical trial data. Trials showed that antibody cocktails reduced symptoms, hospitalization, and mortality associated with COVID19 for early-stage infections. However, studies regarding their use for treating severe COVID19 showed no clinical benefit (6).

The therapeutic antibodies described previously neutralize the interaction between the Spike protein and the ACE2 receptor, thereby hindering viral entry into host cells. Considerable efforts have been made to generate neutralizing anti-Spike antibodies (7–10). Neutralizing antibodies, however, constitute only a fraction of the antibody repertoire generated by B cells against the Spike protein during COVID19 infection (11). The opsonic capability has not been a focal point in the characterization of neutralizing antibodies. Non-neutralizing antibodies, comprising the majority of the humoral immune response to a pathogen, have other immunological functions such as complement-dependent immune activation and viral phagocytosis [reviewed by Forthal (12)]. Phagocytosis plays a substantial role in the anti-viral immune response (13). Through virion or cellular phagocytosis, phagocytic cells help reduce the viral load by eliminating infection sources. In this context, we were interested in whether or not Spike antibodies might mediate phagocytosis as has been previously seen with influenza (13–15).

However, in other viral infections (such as Dengue, SARS-CoV-2, Respiratory Syncytial Virus, and others), insufficient levels of neutralizing antibodies allow non-neutralizing antibodies to mediate the entry of virions into host immune cells (16). This infection of immune cells via FcγR leads to Antibody-Dependent-Enhancement (ADE), exacerbating the infection and worsening patient outcomes (17). So far, studies on COVID19 vaccines and monoclonal antibodies utilized in COVID19 therapy have seen no evidence of ADE (16–21). This clinical absence of ADE remains true even when some studies report that patient sera with high titers of neutralizing antibodies could induce Spike-bead phagocytosis or FcγR-activation (ADCP) (22–24).

Our work shows evidence that convalescent patient plasma and monoclonal anti-Spike antibodies induce phagocytosis but with diminishing returns when the antibody concentrations become high. We also demonstrate that the activation and inhibition of phagocytosis are independent of neutralization potential. Finally, we present data from an experimental animal infection model showing that non-neutralizing antibodies can protect animals from SARS-CoV-2 infection. The results in this study shed light on the importance of non-neutralizing antibodies in mediating phagocytosis and how their presence translates into protection after experimental infection.



Results


Convalescent Patient Plasma Reduces Spike-Monocyte Interaction

Blood plasma was obtained from 20 COVID19 convalescent patients (Supplementary Table 1). We used biotinylated Spike protein conjugated to streptavidin fluorescent microspheres (1 µm beads) as a model for Spike-monocyte interactions. The beads were used as bait for THP-1 monocytes. To opsonize the beads, we incubated them with the patient plasma at different dilution levels. We chose the 0.01-1% concentrations to mimic IgG levels in the mucosal niche or tissues, which would be the first place of encounter with the SARS-CoV-2 virus. The highest level of association between plasma-opsonized Spike-beads and cells was at the intermediate plasma dilution (0.1%), while the higher and lower concentrations of plasma (1 and 0.01%, respectively) showed reduced association (Figure 1A). In fact, the only consistent effect we saw across our patient plasma samples was a reduction in Spike-particle association with THP-1 cells at the highest plasma concentration. This phenomenon was seen in 18 out of 20 patient samples. Two patient samples (patients 8 and 18) showed no or low opsonic ability. The reduction in Spike-THP-1 cell association under high plasma concentrations was independent of patient sex, age, or disease severity (Supplementary Table 1).




Figure 1 | Convalescent patient plasma reduces Spike-monocyte interaction. (A) Biotinylated Spike protein was conjugated to fluorescent (APC) streptavidin microspheres and was opsonized with three convalescent patient plasma concentrations (1%, 0.1%, and 0.01%). The beads were then mixed with THP-1 cells at a ratio of 2:1, and the association was measured using flow cytometry. Cells that had signal in the APC channel were considered positive. The gating strategy is shown in the top right. (B) The same samples of THP-1 cells and beads from (A) were fixed with methanol and stained with a fluorescent (FITC) Fab anti-human Fab secondary antibody. The samples were analyzed for human antibody (opsonin) binding to the Spike-beads using flow cytometry. The gating strategy is shown in the top right. The data presented are from three independent experiments. Error bars represent the SD. Statistical significance was assessed using two-way ANOVA with Dunnett’s multiple comparison correction. ** denotes for p ≤ 0.01, *** for p ≤ 0.001 and **** for p ≤ 0.0001. ns, not significant. Created with BioRender.com.



As our results were unexpected, we checked whether the reduction in particle-to-cell association seen at higher plasma concentrations (1%) was due to a loss of Spike or antibody binding. For that purpose, we methanol-fixed the phagocytosis samples (cells and beads) from the experiment shown previously (Figure 1A). The samples were then stained with a fluorescently conjugated (FITC) secondary antibody (Fab anti-human Fab), which would react with the plasma anti-Spike antibodies which had bound to Spike on the beads. Unsurprisingly, increased plasma concentrations led to increased binding of Spike-specific antibodies to the Spike-beads (Figure 1B). In contrast, patients 8 and 18 showed no or very low binding of antibodies to Spike-beads, correlating with overall reduced opsonization (Figure 1A). Our results show that when assayed at higher concentrations, patient plasma is not permissive to THP-1 cell-Spike interactions, despite having antibodies that readily bind Spike protein.



Generation of Spike-Reactive Human Monoclonal Antibodies

Considering our previous data showing that high concentrations of COVID19 convalescent plasma reduced Spike-THP-1 cell interactions compared to low concentrations, we decided to identify the role monoclonal antibodies play in Spike-THP-1 cell interactions. We isolated Spike-reactive B cells from convalescent COVID19 patients and performed single-cell sequencing (Figure 2A). We chose 96 antibodies for production that were equidistantly spaced on the genetic clustering tree (Supplementary Figure 1A). The antibodies were expressed in HEK293 cells. ELISA-based screening of the antibody-containing supernatants allowed us to identify ten Spike-reactive antibodies (Figure 2B, Supplementary Figures 1B, C), which belonged to different IgG germlines (Supplementary Figure 1D). The Spike-reactive antibodies were then assayed for reactivity against Spike-beads using flow cytometry, where we observed that nine antibodies were reactive to the Spike-beads (Figure 2C). Ab11, 57, 59, 66, 77, 81, 94, and 95 showed clear reactivity (>40% positive beads) when assayed with Spike-beads at a concentration of 1 µg/ml. Ab59 demonstrated strongest binding, as could be seen through the relative increase in bead staining. Xolair (used at 10 µg/ml) and normal (pre-COVID19) plasma served as negative controls, whereas COVID19 plasma from a convalescent patient was our positive control.




Figure 2 | Generation of Spike-reactive human monoclonal antibodies. (A) Human monoclonal antibodies were generated from convalescent donor B cells through single-cell sequencing technology. 96 antibodies derived from Spike-reactive human B cells were produced in HEK293F cells. (B) Cell culture supernatants containing the antibodies were assayed by ELISA for reactivity against immobilized Spike protein. Serum from a COVID19 patient was used as a positive control (external patient, not from the 20-patient cohort used in Figure 1). The data represent three replicate ELISAs where reproducibly reactive antibodies are indicated with their names above the heatmap. (C) Antibodies which were Spike-reactive in (B) were assayed for reactivity to Spike immobilized on beads. Fluorescent (APC) Streptavidin beads coated with biotinylated Spike protein were incubated with HEK293F-produced antibodies at a concentration of 1 µg/ml. The beads were then stained with a fluorescent (FITC) secondary anti-Fab antibody. The beads were analyzed by flow cytometry. Antibodies that shifted the beads into the FITC-positive gate were deemed reactive. Created with BioRender.com.





Epitope Mapping and Structural Mass Spectrometry Identify Antibody Binding Sites

To identify antibody binding sites, we first used ELISA to study Spike domain interactions with RBD, RBD with L452R and T478K mutations (delta), and NTD from Spike (Figure 3A). We could detect binding to seven antibodies, with high integrated signal (0.2-30 nM titration curves) for Ab59, Ab66, Ab81, and Ab94. Ab66 showed stronger interaction with delta RBD, and Ab 81 showed a lower signal. Ab94 only bound the NTD of Spike. We also performed relative antibody epitope mapping using the single-chain antibody fragments (scFv) isolated from an extensive combinatorial library. scFv mapping revealed that the Ab59 epitope overlaps with those of two scFv (A03_D02 and E01_C09, Figure 3B) that interfere in the binding of Spike to ACE2.




Figure 3 | Epitope mapping and structural mass spectrometry identify antibody binding sites. (A) Antibody binding to Spike domains was analyzed using ELISA as shown with HRP signal as readout. Antibodies were titrated at 0.2-30 nM, and the integrated signal was calculated. The relative binding to each Spike domain is shown. nd, not determined. (B) Epitope mapping was performed using scFvs targeting RBD epitopes as shown. Antibody blocking of scFv binding was measured using anti-FLAG HRP signal. Representative of two independent experiments. (C) Spike protein was mixed with anti-spike antibodies and the complex was cross-linked with DSS, allowing for inter and intra cross-links. After trypsinization, mass spectrometric analysis was performed. The table to the right displays the number of inter-protein cross-links detected between Spike and its corresponding antibody. (D, E) The binding sites for Ab66 and Ab94 were determined by TX-MS using the cross-links from c, and the data was modelled using Rosetta. Models for Ab66 (D) binding the Spike protein in both its open and closed conformations as well Ab94 (E) are shown. The cross links between Spike and antibodies are shown in yellow. Created with BioRender.com.



Next, we used TX-MS (25) to determine the binding interface between the SARS-CoV-2 specific antibodies and the RBD domain of the Spike protein. In short, we cross-linked the ten antibodies separately to the RBD domain, followed by mass spectrometry analysis and structural modeling (26). This resulted in the identification of 11 confident inter-protein XLs between the RBD domain and five of the antibodies (Ab11, Ab57, Ab66, Ab77, and Ab94) in addition to 30 intra RBD XLs (Figure 3C, Supplementary Figure 2). The results show that the five antibodies can bind to the Spike protein, but they do not appear to compete with the binding site of human ACE2 directly. The interaction between Ab66 and Spike protein show binding to the open-state but not the closed-state (Figure 3D). Further, the structural model indicates no competition between Ab66 and human ACE2, which is in accordance with previously published work, as only the open-state is responsible for binding human ACE2 (27). In contrast, Ab94 appears to preferably bind the closed state (Figure 3E). The top and frontal views (with a 180°C rotation) shows the interaction cross-linked sites (Supplementary Figure 3). It is important to note that Ab94, after repeated modelling efforts seems to only bind to the closed conformation of Spike. The binding however, does not seem to lock the Spike protein into a closed conformation. Consistent with our other data, even though Ab94 might be able to bind to the RBD, it is non-neutralizing. The combined data from our epitope analysis approaches indicate that Ab11, 57, 59, 66, 77, 81 bind Spike RBD, that Ab94 could interact with both RBD and NTD, and that Ab59 could be a neutralizing antibody, whereas the others are likely non-neutralizing.



Neutralization Assays Identify One Monoclonal Which Blocks the ACE2-Spike Protein Interaction

Typically, the most important biological function attributed to antibodies in the context of a viral infection is neutralization. We assayed our Spike-reactive antibodies for Spike-neutralization using three different approaches: Spike RBD-ACE2 protein binding (Figure 4A), Spike particle-ACE2 cell interaction (Figure 4B), and SARS-CoV-2 pseudovirus infection neutralization (Figure 4C). The SPR-based Spike RBD-ACE2 binding data showed that Ab36 and Ab94 did not appear to interfere with RBD-ACE2 binding and that Ab57 reduced binding slightly. Ab59 completely blocked RBD-ACE binding, whereas Ab66, Ab77, and Ab81 seemed to bind well without interfering with the interaction. Next, we utilized ACE2-expressing HEK293 cells as a surrogate for lung epithelial cells. We measured the ability of Spike-beads to bind HEK293-ACE2+ cells after being opsonized with antibody supernatants. We assayed all 96 of our antibody-containing supernatants for Spike-particle neutralization. Only Ab59 showed a robust and reproducible reduction in Spike-particle binding to HEK293-ACE2+ cells compared to COVID19 patient plasma (Figure 4B). As expected, pre-COVID19 plasma showed no inhibition of Spike-ACE2 interactions. Representative images of our experiments which were used for analysis, are shown in Supplementary Figure 4. We utilized a pseudovirus binding assay to verify the ability of our antibodies to neutralize SARS-CoV-2. Consistent with our previous experiments with RBD and Spike-beads (Figures 4A, B), we saw that Ab59 was the best (EC50: 19 ng/ml) among our antibodies in neutralizing SARS-CoV-2 pseudovirus infection (Figure 4C). Taken together, our results indicate that of our 96 antibodies, only Ab59 is a potent neutralizer of the Spike-ACE2 interaction.




Figure 4 | Neutralization assays identify one monoclonal as blocking the ACE2-Spike protein interaction. (A) SPR analysis of the binding of monoclonal antibodies to the RBD domain of the Spike protein. PBS served as a negative control, and the intact RBD was our positive control for ACE2 binding. (B) The 96 antibodies which we produced were assayed for neutralization potential in a Spike-bead-based neutralization assay. Spike-beads [such as the ones used in (B)] were opsonized with the antibodies in 96 well plates. The beads were then centrifuged, reconstituted in fresh media, and added to HEK293-ACE2 cells at a ratio of 20 beads per cell and imaged with automated microscopy. The data is from 4 pooled experiments and is presented as bead association normalized percentage. Error bars indicate the SEM for the replicate experiments. (C) The 10 Spike-ELISA reactive antibodies were assayed for pseudovirus neutralization. A firefly luciferase encoding pseudotype lentivirus was used to infect HEK239-ACE2 cells. Antibody serial dilutions were used to block the viral entry into the HEK293-ACE2 cells. Nonlinear regression lines were fitted for the three antibodies that showed a higher than 50% reduction of infectivity. Those antibodies were highlighted in green (Ab57), blue (Ab36), and red (Ab59). Created with BioRender.com.





High Levels of Human Monoclonal Antibodies Reduce Spike-Monocyte Interaction

Antibodies are the primary mediators of FcγR-dependent cellular interactions. Given our previous data that high concentrations of convalescent patient plasma can reduce Spike-bead association with THP-1 monocytes (Figure 1), we tested whether this reduction was antibody-driven. We chose antibody concentrations that were in a similar range (100 - 0.01 µg/ml) than what is expected at the plasma concentrations used (1% - 0.1%) (Figure 1) and included a higher plasma concentration for comparison (10%). Interestingly, as with patient blood plasma, serially diluted Spike-specific monoclonal antibodies showed the same inhibition trend of bead-to-cell association at the higher concentrations (Figure 5A). This association was confirmed to reflect the internalization of particles (i.e., phagocytosis) by using a pH-dependent fluorescent dye (Supplementary Figure 5). Also, as with plasma, this inhibition was correlated with increased antibody binding to Spike (Figure 5B). It is important to note here that among the antibodies, Ab94 seemed to have almost half the binding efficiency of Ab59, an attribute that will be central for other experiments. The neutralizing antibody, Ab59, showed the same trend as the other non-neutralizing antibodies. We have thus identified that Spike-specific monoclonal antibodies isolated from COVID19 patients modulate the Spike-THP-1 cell interactions in a dose-dependent manner. This phenomenon is independent of the Spike-ACE2 neutralization capability of the monoclonal antibodies.




Figure 5 | High levels of human monoclonal antibodies reduce Spike-monocyte interaction. (A) Spike-reactive monoclonal antibodies at concentrations of 100, 10, 1, 0.1, and 0.01 µg/ml were used to opsonize Spike-beads. Plasma was used at serial dilutions of 10%. The beads were then incubated with THP-1 cells at a ratio of 2 beads/cell. The cells were then analyzed by flow cytometry for association with the fluorescent Spike-beads. The data show the % of bead-associated cells and is pooled from three independent experiments. Error bars represent the SD. (B) The cells used in (A) were fixed with methanol and restained with a fluorescent (FITC) Fab anti-human secondary antibody. The samples were assessed for human antibody (opsonin) binding to the Spike-beads using flow cytometry. The data are from three independent experiments. Error bars represent the SD. * denotes p ≤ 0.05, ** for p ≤ 0.01, and **** for p ≤ 0.0001. ns, not significant. Created with BioRender.com.





Non-Neutralizing Antibodies Can Protect Against SARS-CoV-2 Infection

We have shown that among our antibodies, Ab59 is neutralizing while the other monoclonals are not. We have also demonstrated that our Spike-bead reactive antibodies are efficient at mediating Spike-mediated phagocytosis but reach a threshold after which there is a reduction in interaction efficacy. To test the antibodies’ function in a physiologically relevant context, we assessed different doses of neutralizing and non-neutralizing antibodies in an experimental animal infection model (Figure 6A). We infected humanized ACE2 mice intranasally with 105 PFU (SARS-CoV-2; Wuhan strain from Swedish isolate). As a treatment model, we administered our monoclonal antibodies intraperitoneally a day after infection. Based on previous experience, we used the pseudovirus neutralization data (Figure 4C) to calculate a protective dose in a prophylactic model (100 µg for Ab59). To test the effects of high dose administration, Ab59 was given at five times the calculated protective dose. For Ab94, we chose the same dose that would be considered protective for Ab59 (100 µg), as well as a higher dose (250 µg), which would be equivalent to the protective Ab59 dose based on the lower affinity of Ab94 (~2.5 times lower, Figures 2C and 5B). Interestingly, the best-protected animal group (lower weight loss) was the one where the animals were treated with the equivalent to a protective dose of our non-neutralizing yet opsonic Ab94 (Figure 6B). Unexpectedly, the animals treated with a low dose of Ab59 fared better than the ones with the high dose, which had the worst outcome (more pronounced weight loss) among the treated groups. The low dose of Ab94 offered negligible improvement compared to untreated animals (Figure 6B). The bronchoalveolar lavage (BAL) fluids from the infected mice were harvested and the viral load in the samples were assessed. The cycle threshold (Ct) values in the BAL fluids reflected what the weight loss data showed. The animals which were untreated, or treated with the excessive dose of Ab59 (500 µg) as well as the uncorrected dose for Ab94 (100 µg) faired the worst. Those animals showed the lowest Ct values for SARS-CoV-2 in the BAL fluids, corresponding to the highest titers (Figure 6C). Contrastingly, the animals treated with the appropriate doses of Ab94 or Ab59 faired better and showed higher Ct values, corresponding to lower viral loads. The animal data indicate that too high doses of neutralizing antibodies are not beneficial in a treatment model and that non-neutralizing antibodies can offer protection to SARS-CoV-2 infection.




Figure 6 | Non-neutralizing antibodies can protect against SARS-CoV-2 infection. (A) Humanized ACE2 mice were infected intranasally with SARS-CoV-2 (Wuhan strain). One day after infection, the animals (N=7 per group) were treated intraperitoneally with antibodies. Relative body weights were recorded and tabulated. (B) Body weights relative to each individual mouse over the time course of viral infection and treatment. (C) Quantitative PCR analysis was performed on the BAL fluids obtained from the infected mice at the experiment termination. The cycle threshold (Ct) values were detected and graphed. Error bars represent the SD. Statistical significance was assessed using two-way ANOVA with Dunnett’s multiple comparison correction both within each treatment group and across the groups for each day. * denotes p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001 and **** for p ≤ 0.0001. ns, not significant. Created with BioRender.com.






Discussion

In this report, we present data on antibody modulation of Spike-monocyte interactions. A previously published report showed Spike-bead phagocytosis after opsonization with 50% heat-inactivated serum and a 16 hours incubation of beads with THP-1 cells (22). We believe that the data from our experiments are more representative of the first few events after Spike-monocyte contact. Phagocytosis of small particles such as virions is a process that takes minutes, not hours (28). That is why we use shorter incubation times (30 min) and perform dose-response analysis across varying plasma concentrations. The dose-response analysis we performed exposed an antibody-mediated modulation of the Spike-monocyte interactions. It is important to elaborate on the concentrations we utilized, be it for plasma or monoclonal antibodies. For plasma, as tissues have a lower concentration of plasma proteins than whole blood, we used 1% as the highest concentration. As for the monoclonal antibody concentrations, we used 100 µg/ml as the highest concentration because it is roughly 1% of the antibody concentration present in plasma (10 mg/ml). Even though most of the experiments in this study are performed in vitro, we believe the effects we observe on phagocytosis efficiency could also be relevant in vivo, as the modulation effects occur already at relatively low antibody concentrations and would thus cover many physiological niches and scenarios.

The closest known phenomenon to the Spike-dependent phagocytosis modulation that we describe is the “Hook” or “prozone” effect. The prozone effect is a drop in antibody protection efficacy seen at very high concentrations. The prozone effect has been recognized in experiments with pneumococci, Cryptococcus neoformans, varicella and malaria (29–32). The mechanism is not known, but it has not been attributed to a reduction in phagocytosis per se (30) but rather to the creation of a proteinaceous coat on the organism surface, shielding them from immune recognition. Upon closer examination, we did notice a mild phagocytic differential when high antibody concentration was used in the published experiments (30). It is possible that other pathogens have evolved similar ability, and potentially through different mechanisms. That an increased binding of antibodies to a prey results in reduced or blocked phagocytosis is in contrast to the typically expected saturation at high opsonization levels, as what we and others have observed with the same type of experiment (same beads and cells) at even higher antibody concentrations (33). It cannot be explained by specific monoclonal interactions, as it is seen across diverse monoclonals as well as in convalescent polyclonal samples. It is important to note that we do not observe a Hook effect in any experiments (binding, neutralization etc.), except for phagocytosis. Also, in our experiments, the observed block in phagocytosis is only related to Spike protein and Spike-specific antibodies.

A combination of known mechanisms could potentially explain how SARS-CoV-2 could avoid phagocytosis using Spike protein. Bivalent trans-binding of antibodies is known to promote virion phagocytosis (34), where antigens are cross-linked depending on their density at the surface. Spike protein density on SARS-CoV-2 varies (35), and is increased with the D614G mutation (36). An increase in Spike antibody levels would lead to a competition of epitope binding, ultimately favoring the switch from bivalent trans-binding to monovalent binding, potentially leading to a reduction in phagocytosis. A synergistic mechanism could further aid SARS-CoV-2. Antigen height (especially below ~10 nm) is important for efficient phagocytosis (37), and most likely, a consistent antigen height is beneficial as well. Besides altering its density, SARS-CoV-2 also appears to be able to dramatically change the Spike protein conformation, where some proteins stand up vertically from the surface, and others are tilted down horizontally (35). At high anti-Spike levels, this would present an approaching phagocyte with a monovalently opsonized, irregular surface with variable antigen height (~15-25 nm), making the interaction difficult. In contrast, at low anti-Spike levels, the antibodies would be able to clasp Spike proteins in a bivalent, upright manner, presenting the phagocyte with a coherently opsonized surface at an effectively low antigen height. Careful mechanistic studies are needed to test this hypothesis.

How does the concentration-dependent phagocytosis modulation translate into an infection model? We utilized our anti-Spike antibodies as a therapeutic regimen in our animal infection. This creates a scenario where the mouse is already fighting the infection before therapy gets administered. The requirements, therefore, on therapeutic antibodies are higher than on prophylactic ones. When comparing the 100-µg dose of Ab59 and Ab94 (equivalent to 2.5 times lower binding affinity), we noticed that Ab59 showed better protection than the latter antibody. This could be attributed to either the neutralizing activity of Ab59, which Ab94 lacks, or the lower effective dose, given the lower Spike binding affinity of Ab94. Consistent with our data on phagocytosis (Figure 5), animals treated with the high dose of Ab59 (500 µg) fared worse than the animals that got the 100-µg dose. Interestingly, the animals that got the affinity-corrected dose for Ab94 (250 µg, equivalent to 100 µg of Ab59 in terms of binding affinity) fared the best in our cohort. The animal infection data on Ab94 protecting the mice is, most importantly, congruent with the phagocytosis data, indicating a role in infection management for non-neutralizing antibodies. In our double-blinded animal experiments, the weight loss kinetics seen is similar to other results (38), where they also analyzed viral load and lung pathology. We used the clinical standard assay for viral load assessment. Our cycle threshold values also showed that BAL viral load followed weight loss results in those animals which had better outcomes. This correlation shows that weight loss can be used to monitor the animal response to SARS-CoV-2 infection. In future studies, it remains to be established how infections would proceed in animals treated with an excessive dose of non-neutralizing antibodies. Our animal experiments show that monoclonal antibodies could be viable therapeutics even if they lack neutralizing potential.

It is widely accepted that a strong positive correlation exists between COVID19 disease severity and antibody titers (39–42). High antibody titers are generally associated with severe disease and hospitalization. The high titers are thought to be a consequence of the severe infection. Our results pose a new question: could the high anti-Spike titers seen in hospitalized patients instead (at least partially) contribute to the immune dysregulation and worsening patient outcomes? These questions are relevant in the light of the FDA’s recommendation not to use monoclonal antibodies in hospitalized COVID19 patients (and who are seropositive) due to possible worsening of symptoms (3, 5). At the same time, it is important to note that convalescent plasma treatment for COVID19 was shown to be neither beneficial nor detrimental (43).

The dose variation data from Ab59-treated mice reflect the concentration-dependent modulation of Spike-bead phagocytosis. These results may explain the clinical findings seen in antibody therapy trials in the sense that having a low or excessive dosage of antibodies offers no clinical benefit (44). Recently, it has been alluded to that the differential effects seen across antibody treatment dosage in the Eli Lilly LY-CoV555 trial (44) were due to prozone-like effects (45). The authors of the clinical trial seem to disagree with the conclusions of the correspondence [please see the response from the authors in the same reference (45)]. Our results show a similar dose-dependent outcome differential as seen in the Ly-CoV555 clinical study, and suggest that a prozone-like effect could be relevant during monoclonal antibody treatment of SARS-CoV-2. Potentially, the mechanism could then be related to an antibody:Spike-driven reduction in phagocytosis, but remains to be explained.

Coronaviruses are mutation prone (as has been the case with SARS-CoV-2), and our data indicate that non-neutralizing antibodies confer immune function via phagocytosis. This opsonic capability could potentially explain why anti-Spike antibodies generated even by older-generation vaccines or natural immunity can still offer protection against mutated variants (such as Beta and Delta) (46, 47). Phagocytosis, however, is not the only immune function mediated by antibodies in viral infections. Virion, as well as cellular phagocytosis and antibody-mediated killing, serve crucial roles in infection control. All those functions are independent of neutralization and can still be performed by antibodies against domains outside the RBD of Spike.

Overall, the results presented in this study highlight a concentration-dependent modulation of phagocytosis by anti-Spike antibodies. This modulation phenomenon might help explain the unclear clinical benefit seen with monoclonal antibody treatment for COVID19. This modulation is seen in patient material and translates well to animal infection experiments. The biophysical mechanism underlying the antibody-mediated phagocytic modulation is an exciting topic to pursue, as are the bridging immune steps between phagocytosis and animal protection.



Materials And Methods


Cell Culture, Transfection, and Protein Production

THP-1 cells were maintained in RPMI medium supplemented with 10mM L-Glutamine and 10% fetal bovine serum (FBS). The cells were split kept at a density between 5x105 and 106 cells/ml. The cells were split when they reached a density of 106 cells/ml, down to 5x105 cells/ml. HEK293 cells (Sigma Aldrich 12022001-1VL) were maintained in DMEM supplemented with L-glutamine and 10% FBS. The cells were kept at 90% confluence and were not allowed to grow past passage 20. The plasmids for the 96 antibodies were aliquoted into 96 well plates. The cells to be transfected were grown in 24-well plates, with 500 µl of tissue culture medium. The plasmids were transfected into adherent HEK293 cells using the PEI method (48). The day after transfection the cell culture supernatant media was replaced with serum-free OptiMEM medium for 2 extra days. The supernatants containing the antibodies were distributed also in 96 well plates and stored for maximum one week for experimental use. HEK293 cells constitutively expressing the ACE2 receptor were acquired from BEI resources (NR-52511). They were maintained in DMEM supplemented with L- glutamine and 10% FBS for a maximum of 12 passages before being discarded. Expi293F suspension cells were purchased from Gibco (ThermoFisher) and routinely cultured in 125 ml Erlenmeyer flasks (Nalgene) in 30 ml Expi293 medium (Gibco) in an Eppendorf s41i shaker incubator at 37°C, 8% CO2, 120 rpm. Cells were passaged and split to a density of 0.5 x 106 cells/ml every 3 to 4 days. The day before transfection, the cells were seeded at a density of 2 x 106 cells/ml. The next day, cells were seeded at 7.5 x 107 cells in 25.5 ml Expi293 medium. The transient transfection was carried out using 100 μl of Expifectamine (Gibco) according to the manufacturer’s instructions. For Spike protein production, we used 40 μg of the Spike CS/PP plasmid (generously donated by Dr. Florian Krammer’s lab). For antibody production, 20 μg of plasmids for the heavy and light chain was used, respectively. For all plasmids, 16 hours after transfection, 150 μl of enhancer 1 and 1.5 ml of enhancer 2 (Expifectamine transfection kit, Gibco) were added and cells cultured for an additional 3 days. The cells were then pelleted at 400 x g, 5 min, RT and the supernatant transferred to new tubes. Magne Protein G beads (Promega) were used to purify the antibodies according to the manufacturer’s instructions.



Antibody Phage Selections

SARS-CoV-2 Spike RBD-specific scFv were selected by phage display technology from a human synthetic scFv library (49), similar in design and construction to previously reported (50). Briefly, selection of specific binders was performed through a process similar to the one described in the past (50) using biotinylated proteins SARS-CoV-2 S1 protein, His, Avitag™ (ACRO Biosystems, # S1N-C82E8) and SARS-CoV-2 Spike RBD, His, Avitag™ (ACRO Biosystems, # SPD-C82E9) immobilized on paramagnetic beads (Dynabeads M-280 streptavidin; Invitrogen Dynal AS, Oslo, Norway) as target antigen. Phagemid DNA from the third and fourth rounds of phage selection was isolated (Plasmid Miniprep kit, Qiagen) and the genes encoding scFv fragments were ligated into an in-house constructed screening vector providing the secreted scFv with a triple-FLAG tag and a hexahistidine (His6) tag at the C-terminus. The constructs were subsequently transformed into TOP10 E. coli and individual, soluble scFv were produced as described elsewhere (50). Binding of individual selected scFv was initially assessed by ELISA against biotinylated antigen. Seven scFvs specific for RBD isolated this way were used to map relative epitope location of human IgG. The scFvs bind four epitopes on RBD, and two of them (A03-D03 and E01-C09) also interfere with the RBD-ACE2 interaction (data not shown).



COVID19 Patient Samples and B Cell Isolation

For the spike-THP-1 association experiments, 20 patients who had mild, moderate or severe COVID19 were asked to donate blood 6 weeks after infection diagnosis. Patients were classified into mild, moderate and severe COVID19 based on supportive respiratory treatment. Patients with mild COVID19 did not require oxygen treatment. Patients with moderate COVID-19 required supplementary oxygen support wheras patients with severe covid19 required non-invasive ventilation or high-flow nasal cannula oxygen therapy. All participants gave written informed consent to participate in the study which was approved by the Swedish ethical review authority (2020/01747). Blood was drawn in citrated tubes and plasma was stored in the -80°C. For B cell isolation and antibody discovery, patients convalescing after severe COVID19 infection donated blood 6 weeks after discharge from the hospital. Thirtyml of blood were drawn into citrated tubes and the B cells were directly isolated using Rosettesep B (according to the manufacturer’s instructions) and frozen at -150°C. B cells were harvested from 7 donors and were kept frozen until the sorting day when 107 cells were thawed, pooled and prepared for baiting which was performed in PBS +2% FBS. Spike protein (S1+S2 ECD-His Recombinant Protein) was purchased from SinoBiologicals (cat: 40589-V08B1) and was reconstituted to 1 mg/ml in PBS. Spike protein was conjugated to Alexafluor 647 microscale labeling kit (Invitrogen). The fluorescently labelled spike protein was incubated with the pooled B cells at a concentration of 0.5 µg/ml for 30 mins on ice. The cells were then washed with PBS, blocked in 2% BSA and stained with antibodies against CD19-PE (BD-555413), CD3-BV510 (BD-564713), IgG-BV421 (BD-562581) and a live/Dead Sytox stain. The cells were stained for 30 mins on ice and were later washed and prepared for sorting. Bulk cell sorting was performed using a FACSAriaFusion sorter, where the gates were set using unstained and FMO-1 controls. 7000 spike-reactive cells were sorted into RPMI + 10% FBS and were transported immediately to the RNA-sequencing facility while on ice.



10X Genomics Sequencing and Data Analysis

We performed 10X Genomics single-cell sequencing on the 7000 Spike-reactive cells (Center for Translational Genomics facility, Lund University). Cellranger suite cellranger mkfastq was used for demultiplexing and cellranger vdj for generating V(D)J sequences and annotation. Once received, we collated the V(D)J regions from our antibodies of interest using the V-Loupe software (10X Genomics software platform). 96 antibodies were chosen based on their phylogenetic distribution and the light and heavy chain variable regions were cloned into an IgG1 expression vector (Twist Biosciences). The 192 antibody plasmids (light and heavy chain constructs) were transformed into chemically competent Mix’n’go E. coli (Zymo research, T3002) and minipreps were prepared from the resultant colonies. Multiple sequence alignment using the ClustalW algorithm was performed on the light chain sequences and the heavy chain sequences. Single-linkage clustering was performed using the sum of the Hamming distances between the aligned light chain and the heavy chain as the similarity metric



Antibody Reactivity Screening

For ELISA, 10 µg/ml of Spike protein diluted in PBS was immobilized onto ELISA wells overnight at 4°C. The wells were washed with PBST and 100 µl of antibody supernatants were added to each well. A negative control (normal human pooled serum) and positive control (COVID patient serum) were used at 10% dilutions (in PBS). After one hour of incubation at 37°C, the wells were washed and HRP-conjugated protein G (Biorad 1706425) was added and kept for one hour at 37°C. The wells were finally washed and developed with 100 μl developing reagent (20 ml Substrate buffer NaCitrate pH 4.5 + 1 ml ABTS Peroxide substrate + 0.4 ml H2O2). OD450 was recorded and plotted.

For bead-based screening, fluorescent (APC) streptavidin microsphere beads (1 µm, Bangs Laboratories, Cat: CFR004) were used as Spike carriers. Spike protein was conjugated to biotin using the EZ-Link™ Micro Sulfo-NHS-LC-Biotinylation Kit (Thermofischer; Cat: 21935). The biotinylated Spike protein was attached to the streptavidin microbeads according to the bead manufacturer’s instructions. For antibody reactivity testing, the Spike-beads were blocked with 5% BSA (in PBS) for 30 mins at 37°C. 150k beads were then centrifuged and incubated with 1 µ g/ml of antibody for one hour at 37°C in 96-well plates. The beads were washed with PBS and a secondary Alexa Fluor 488 conjugated Fab -Fab antibody (Jackson laboratories) was used to develop fluorescent signal. After a 30 min incubation with the secondary antibodies, the beads were further washed and fluorescence was detected using a Beckman Coulter Cytoflex flow cytometer.



Spike-THP-1 Association Assays

Spike-beads were opsonized with patient plasma or monoclonal antibodies at the specified concentrations for 30 minutes at 37°C in a 100 µl volume in 96 well plates. The beads were then centrifuged and reconstituted in 50 µl Sodium medium (5.6 mM glucose, 127 mM NaCl, 10.8 mM KCl, 2.4 mM KH2PO4, 1.6 mM MgSO4, 10 mM HEPES, 1.8 mM CaCl2; pH adjusted to 7.3 with NaOH). THP-1 cells were washed twice with PBS and reconstituted in Sodium medium. Spike beads and THP-1 cells were mixed at a ratio of 2 beads per THP-1 cell, in a final volume of 100 µl of Sodium medium. The suspension was mixed and cooled on ice for 5 minutes before incubating at 37°C in a shaking incubator for 30 minutes. The suspension was later cooled and analyzed via flow cytometry. Gating was first set on the cell population and the percentage of cells associated with beads (now fluorescent in the APC channel) was determined (Figure 1A). After cell-spike reactivity analysis was done, the cells were centrifuged and fixed with methanol (for 10 minutes at room temperature). The cells were then washed and resuspended in PBS, awaiting further flow cytometry analysis. Gates were then changed to include all the beads in the APC-fluorescent channel (Figure 1B, top right). For internalization analysis, Spike-beads were conjugated with pHrodo (FITC), an acid-sensitive dye that fluoresces in acidic environments. The beads were opsonized with different concentrations of antibodies and then interacted with THP-1 cells. Cells determined to be fluorescent in the APC and FITC channels by flow cytometry have had internalized as well as associated beads.



Pseudotyped Virus Neutralization Assays

Pseudotyped lentiviruses displaying the SARS-CoV-2 pandemic founder variant (Wu-Hu-1) packaging a firefly luciferase reporter gene were generated by the co-transfection of HEK293T cells using Lipofectamine 3000 (Invitrogen) per the manufacturer’s protocols. Media was changed 12-16 hours after transfection, and pseudotyped viruses were harvested at 48- and 72-hours post-transfection, clarified by centrifugation, and stored at -80°C until use. Pseudotyped viruses sufficient to generate ~50,000 relative light units (RLUs) were incubated with serial dilutions of antibodies for 60 min at 37°C in a 96-well plate, and then ~15,000 HEK293T-hACE2 cells were added to each well. For these experiments, the HEK293-ACE2 cell culture was supplemented with penicillin/streptomycin antibiotics to avoid contamination. Plates were incubated at 37°C for 48 hours, and luminescence was then measured using Bright-Glo (Promega) per the manufacturer’s protocol, on a GM-2000 luminometer (Promega).



Bead-Based Neutralization Assay

HEK293-ACE2 cells were seeded at density of 35,000 cells per well in a Poly-D-Lysine coated flat bottom 96 well plate. The outer skirt wells were kept cell free and were filled with medium. The day of the experiment, Spike-beads were distributed to fresh 96 well plates, adding 700,000 beads/well. The beads were opsonized with 100 µl of antibody supernatants at 37°C for one hour. The beads were then resuspended by pipetting up and down and the bead/antibody mix was used to replace the medium on the HEK293-ACE2 cells. The cells were incubated with beads for one hour at 37°C. The cells then were washed three times with PBS and fixed with 4% paraformaldehyde at room temperature for 15 minutes. The cells were finally washed and prepared for imaging. Four images from the center of the field of each well in the 96-well plate were acquired using 10X magnification. The number of beads per field was automatically determined using the Nikon Jobs software. For each experiment, the average number of beads/quadrant per all 96 wells was calculated and used as a 100% reference. We chose to normalize our data internally this was because our hypothesis was that the majority of our antibodies would not be neutralizing. Data from four experiments were pooled and presented.



Animal Experiments

Forty-two nine-week old female K18 hACE2 (B6.Cg-Tg(K18-ACE2)2Prlmn/J) mice were inoculated intranasally with 105 PFU of SARS-CoV-2 (Wuhan strain, isolate SARS-CoV-2/01/human/2020/SWE, sourced from the Swedish Health Authorities). These mice are transgenic and carry the human ACE2 gene, making them permissive to SARS-CoV-2 infection (Jackson laboratories). One day after infection, the mice were split into 6 groups of 7 mice and antibodies were administered in one single dose intraperitoneally. We opted for a therapeutic model because we wanted to test the therapeutic potential of our antibodies under the most robust conditions. The body weights of the mice were recorded daily and the animals were euthanized if they lost more than 20% of their body weights or showed a severe deterioration in health status. The infection proceeded for 7 days before the animals were euthanized. Blood, tissue and bronchoalveolar lavage were harvested and stored accordingly. All the animal experiments were performed under the approval of the regional animal experimental ethics committee in Stockholm (16765–2020).



BAL Fluid qPCR Analysis

The bronchoalveolar lavage samples from mice were extracted using the MagNA pure 96 automated platform (Roche Life Science) followed by real-time RT-PCR-analysis of the SARS-CoV-2 envelope gene according to Corman et al, with some modifications (51). The thermal cycling was 48° for 10 min, then 95° for 10 min followed by 45 cycles of 95° for 15 s and 55° for 45 s. The PCR-analysis was performed using the Path-ID Multiplex one-step kit (Thermo-Fisher Scientific) and the 7500 Fast Real-time PCR system (Applied Biosystems).



Determination of IgG-Antigen Interaction Kinetics

Analysis of RBD-IgG reaction kinetics was performed on a MASS-16 biosensor instrument (Bruker, Hamburg, Germany). Anti-Human IgG (Fc) (Cytiva, Uppsala, Sweden) was diluted to 25 μg/ml in 10 mM sodium acetate buffer pH 5 and immobilized on a High Capacity Amine Sensor chip (Bruker) (time of interaction: 7 min; flow rate: 10 µl/min). S-protein-specific IgG was diluted in running buffer (Dulbecco’s PBS (HyClone, South Logan, UT, USA) containing 0.01% Tween 20) and allowed to bind during a 90 s long injection (flow rate: 10 µl/min). Its capture level was set to be below 140 RU. The antigen (SARS-CoV-2 RBD (SinoBiological, Beijing, China; product number 40592-V08H) at 0.7-180 nM or Spike protein at 0.4-90 nM in running buffer) was subsequently injected (time of interaction: 2 min; flow rate: 30 µl/min). Dissociation was subsequently allowed to proceed for 5-15 min. The sensor chip was regenerated by treatment with 3 M magnesium chloride solution (Cytiva). All interactions were performed at 25°C. Apparent reaction rate kinetics was determined using a Langmuir 1:1 model using the Sierra Analyser software version 3.4.3 (Bruker).



Competition ELISA to Define Relative Epitope Location

High binding polystyrene 96-well plates (Corning Inc., Corning, NY, USA) were coated with 2 µg/ml streptavidin (Thermo Fisher Scientific, Waltham, MA, USA) diluted in Dulbecco’s PBS (HyClone, South Logan, UT, USA) over night at +4°C. On the following day the plate was washed and subsequently incubated for 30 min with 30µl 30 nM biotinylated SARS-CoV-2 RBD (SinoBiological; product number:40592-V27H-B) diluted in Dulbecco’s PBS containing 0.05% Tween 20 and 0.5% fish gelatine (Sigma Aldrich, St. Louis, MO, USA) (assay buffer). After washing the immobilized antigen was preincubated for 40 minutes at room temperature with 30 µl assay buffer or assay buffer containing 4.8 pmol IgG. Subsequently, 10 µl of assay buffer or assay buffer containing 4.8 pmol scFv was added to each well. After 1 hour incubation at room temperature the wells were washed and bound scFv was detected by incubation for 40 minutes at room temperature with peroxidase labelled monoclonal anti-FLAG® M2 antibody (Sigma Aldrich (30 µl diluted 1/4000 in assay buffer) and development using 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific).



Surface Plasmon Resonance Studies to Assess IgG-Specificity

The ability of IgG to interfere with the binding of SARS-CoV-2 RBD to its receptor, Angiotensin-Converting Enzyme 2 (ACE2) was examined by surface plasmon resonance-based detection in real time using a MASS-16 instrument (Bruker, Hamburg, Germany). The spots on a High Capacity Amine Sensor chip (Bruker) were immobilized with streptavidin (ThermoFisher Scientific, Waltham, MA, USA) (50 µg/ml diluted in 10 mM sodium acetate buffer pH 5.0; flow rate: 10 µl/min; time of immobilization: 6 min) to a level of approximately 1000 RU. Subsequently 50 nM biotinylated ACE2 (SinoBiological, Beijing, Shina; product number: 10108-H08H-B) was immobilized onto the chip’s A spots (flow rate: 10 µl/s; time of binding: 2 min) while B spots were used as reference spots without ACE-2. 40 and 26 nM Receptor Binding Domain (RBD) was pre-incubated with 200 nM IgG diluted in Dulbecco’s PBS (HyClone, South Logan, UT, USA) containing 0.01% Tween 20. The mixtures were injected over the sensor chip for 2 min, followed by a 6 min dissociation phase (flow rate: 30 µl/min). The sensor chip was regenerated by treatment with 1 M magnesium chloride solution (Sigma Aldrich, St Louis, MO, USA).

Binding of IgG to different mutated versions of SARS-CoV-2 was examined by a surface plasmon resonance assay. A High Capacity Amine Sensor chip (Bruker) was immobilized with F(ab’)₂ Goat Anti-Human IgG, Fcγ fragment specific (Jackson, Ely, UK) at 50 µg/ml in 10 mM sodium acetate buffer pH 5 (time of interaction: 7 min; flow rate: 10 µl/min). Antibodies were diluted in Dulbecco’s PBS (HyClone, South Logan, UT, USA) containing 0.01% Tween 20 and injected over the surface for 2 minutes at 10 µL/min. The antigens, produced in HEK293 cells, were obtained from SinoBiological (Beijing, China; product numbers: SARS-CoV-2 Spike RBD: 40592-V08H; SARS-CoV-2 Spike RBD-N501Y: 40592-V08H82; SARS-CoV-2 Spike RBD-E484K: 40592-V08H84; SARS-CoV-2 Spike RBD-K417N, E484K, N501Y: 40592-V08H85; SARS-CoV-2 Spike S1 HV69-70 deletion, Y144 deletion, N501Y, A570D, D614G, P681H: 40591-V08H12). All proteins were diluted to 50 nM in Dulbecco’s PBS containing 0.01% Tween 20 and injected over the surface (time of interaction: 2 minutes; flow rate: 30 µl/min) followed by a dissociation phase of 6 minutes. After each cycle the surface was regenerated with 10 mM glycin pH 2.2 containing 30 mM HCl.



Crosslinking of Antibodies to Spike Protein

For the cross-linking of the antibodies to the Spike protein, 2 uG of each antibody was separately cross-linked to 2 uG of the Spike protein (Sino Biological Inc. 40589-V08H4 LC14SE2504, Recombinant SARS CoV-2 (1029-nCoV) Spike), as previously described (52). Briefly, the proteins were allowed to bind to each other in 50 uL of 1xPBS, pH 7.4 at 37°C, 500 rpm, 15 min. Heavy/light disuccinimidylsuberate (DSS; DSS-H12/D12, Creative Molecules Inc.) resuspended in dimethylformamide (DMF) was added to final concentrations 250 and 500 µM and incubated for a further of 60 min at 37°C, 800 rpm. The cross-linking reaction was quenched with a final concentration of 50 mM ammonium bicarbonate at 37°C, 800 rpm, 15 min.



Sample Preparation for MS

The cross-linked antibody-spike samples were denatured with 8 M urea - 100 mM ammonium bicarbonate, and the cysteine bonds reduced with a final concentration of 5 mM TCEP (37°C for 2h, 800 rpm) and subsequently alkylated with a final concentration of 10 mM iodoacetamide (22°C for 30 min, in the dark). The proteins were first digested with 1 µg of sequencing grade lysyl endopeptidase (Wako Chemicals) at 37°C, 800 rpm, 2h, diluted with 100 mM ammonium bicarbonate to a final urea concentration of 1.5 M, after which 1 µg sequencing grade trypsin (Promega) was added for further protein digestion (37°C, 800 rpm, 18 h). The samples were acidified to a final pH of 3.0 with 10% formic acid, and the peptides purified with C18 reverse phase spin columns according to the manufacturer’s instructions (Macrospin columns, Harvard Apparatus). The peptides were dried in a speedvac and reconstituted in 2% acetonitrile, 0.2% formic acid prior to mass spectrometric analyses.



Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

All peptide analyses were performed on Q Exactive HF-X mass spectrometer (Thermo Scientific) connected to an EASY-nLC 1200 ultra-high-performance liquid chromatography system (Thermo Scientific), essentially as described with some minor modifications (PMID: 33411763). The peptides were loaded onto an Acclaim PepMap 100 (75µm x 2 cm) C18 (3 µm, 100 Å) pre-column and separated on an EASY-Spray column (Thermo Scientific; ID 75µm x 50 cm, column temperature 45°C) operated at a constant pressure of 800 bar. A linear gradient from 4 to 45% of 80% acetonitrile in aqueous 0.1% formic acid was run for 65 min at a flow rate of 350 nl min-1. One full MS scan (resolution 60000 @ 200 m/z; mass range 390–1 210m/z) was followed by MS/MS scans (resolution 15000 @ 200 m/z) of the 15 most abundant ion signals. The precursor ions were isolated with 2 m/z isolation width and fragmented using HCD at a normalized collision energy of 30. Charge state screening was enabled, and precursors with an unknown charge state and a charge state of 1 were rejected. The dynamic exclusion window was set to 10 s. The automatic gain control was set to 3e6 and 1e5 for MS and MS/MS with ion accumulation times of 110 ms and 60 ms, respectively. The intensity threshold for precursor ion selection was set to 1.7e4.



Computational Modeling

The variable domains (VH-VL) of antibodies were de-novo modeled and the sidechains were relaxed using Rosetta antibody (53) and relax protocols (54), respectively, from Rosetta software suite (26). For each epitope-paratope mapping, 2000 docking models were generated using Rosetta docking protocol (55) between the closed conformation of Spike protein (PDB id: 6VXX) and variable domain of target antibody. For ab66 specifically, the open conformation of Spike protein (PDB id: 7CAK) was also evaluated. The docking models for each pairwise conformation was filtered out through TX-MS protocol (25) using constraints derived from cross linking mass spectrometry experiments.
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COVID-19 patients show heterogeneous and dynamic immune features which determine the clinical outcome. Here, we built a single-cell RNA sequencing (scRNA-seq) dataset for dissecting these complicated immune responses through a longitudinal survey of COVID-19 patients with various categories of outcomes. The data reveals a highly fluctuating peripheral immune landscape in severe COVID-19, whereas the one in asymptomatic/mild COVID-19 is relatively steady. Then, the perturbed immune landscape in peripheral blood returned to normal state in those recovered from severe COVID-19. Importantly, the imbalance of the excessively strong innate immune response and delayed adaptive immunity in the early stage of viral infection accelerates the progression of the disease, indicated by a transient strong IFN response and weak T/B-cell specific response. The proportion of abnormal monocytes appeared early and rose further throughout the severe disease. Our data indicate that a dynamic immune landscape is associated with the progression and recovery of severe COVID-19, and have provided multiple immune biomarkers for early warning of severe COVID-19.
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Introduction

SARS-CoV-2 infection causes COVID-19 with different severity. Most patients develop only mild symptoms, while a minor fraction develop severe diseases, especially for the elderly with pre-existing conditions (1). Immunological perturbations are associated with COVID-19 severity, including increased immature myeloid suppressor cells (2, 3), T cell depletion (4), and cytokine storm (5, 6). Thus, the successful or impaired immune responses were acknowledged playing crucial roles. Previous studies suggest that IFN response (7), T cell response (8), and potential antibody-dependent enhancement (ADE) (9) are potential factors, causing subsequent deterioration of coronavirus induced diseases. However, the reported roles of these immune elements in the pathogenesis of severe COVID-19 are often inconsistent, e.g., both heightened or impaired IFN responses in severe COVID-19 were reported (10, 11). There are also inconsistent reports of anti-viral CD4+ T-cell (12, 13), CD8+ T-cell responses (14), and humoral immune responses (12, 15) in patients with different COVID-19 severity. One important cause of those discrepancies is likely due to the heterogenous nature of COVID-19 and its dynamic clinical course (16). Indeed, a COVID-19 patient may show largely different immune responses at different stages of the disease (17). Thus, mechanistic understanding of the COVID-19 pathogenesis will require a thorough understanding of the entire dynamic processes.

There were several datasets investigating non-synchronized COVID-19 samples collected primarily at peak level severity or convalescence (18–20). However, the dataset from samples taken longitudinally at an earlier stage of infection (prior to the development of serious diseases) is still absent. One mystery with COVID-19 is that patients can quickly deteriorate without any warning. Understanding such triggering events and identifying potential prediction factors may lead to more effective measures to prevent disease deterioration. However, the stressed medical system during the COVID-19 pandemic usually looks after the sickest patients first, so information/data collected prior to disease deterioration are scarce. To this end, by benefiting from strict contact tracing, quarantine measures and designated hospitalization in Shenzhen, China, we were able to study a valuable cohort of COVID-19 patients by closely following their clinical courses.

Here, we presented such a scRNA-seq dataset of peripheral immune cells in SARS-CoV-2 infected patients, containing longitudinal samples of COVID-19 patients with asymptomatic, mild, and severe diseases. This critical resource provides a great opportunity to decipher the pivotal immunological events preceding the development or resolving of the SARS-CoV-2 induced diseases. Evidence pointed to a highly dynamic circulating immune landscape, namely, remodeling of myeloid and lymphoid compartments matching with the development and recovery of severe COVID-19. In addition, our data highlighted the early immunological events that precede the stage for subsequent development of severe COVID-19. Understanding these mechanisms is the holy grail for the COVID-19 study.



Results


Clinical Characteristics in a Closely Monitored Cohort of Patients With COVID-19 With Varying Severity

To identify the characteristics of the early immune response that led to the variable severity of COVID-19, we performed single cell RNA-seq of 49 PBMC samples from five asymptomatically infected, five mildly, and eight severely ill COVID-19 patients, plus 6 healthy controls (Figure 1A and Table S1). In particular, among 8 severe COVID-19 cases, conditions of 7 deteriorated after hospitalization, while another one (S7) deteriorated the same day of admission. Two severe COVID-19 cases (S7 and S8) succumbed while 6 recovered. Asymptomatic and mild COVID-19 cases had shorter duration of hospitalization and were discharged within one month (Figure 1B). We closely monitored clinical parameters and collected PBMCs at different stages of clinical course, as indicated in Figure 1B. For patients with severe COVID-19, PBMCs were collected before, during, and after disease deterioration. The first sampling (Severe Acute, SA) was around 1 week post the symptom onset, the second sampling (Severe Progression, SP) was around 17 days post the symptom onset, and the last sampling (Severe Recovery, SR) was around one month after the discharge. We collected PBMCs from mildly ill patients at times matching with those in severe COVID-19, as the MA (Mild Acute), MP (Mild Progression) and MR (Mild Recovery) groups. For asymptomatic COVID-19 cases, we collected their PBMCs shortly after their admission and one week afterwards, as the AA (Asymptomatic Acute) and AP (Asymptomatic Progression) group (Figure 1B and Table S1). Accordingly, the eight groups of COVID-19 patients exhibited varying disease severity using the WHO ordinal scale (WOS): Asymptomatic patients scored 0–2; mildly ill COVID-19 patients scored 0–4; while the severely ill patients scored 3–5 in SA, then 5–7 in SP and returned to 0 in SR (Figure 1B, right panel). The dynamic clinical courses are also reflected by monitoring individual parameters, such as CRP levels, which are close to normal range in asymptomatic, mildly ill and recovered patients, but increased and fluctuated in severely ill patients (Figure 1C).




Figure 1 | Research scheme and clinical characteristics of the studied COVID-19 patients. (A) Graphical overview of the study. Blood from 5 asymptomatic, 5 mildly and 8 severely ill COVID-19 patients and 6 healthy controls were collected for scRNA-seq and cytokine profiling analysis. (B) Timeline of each studied COVID-19 patient enrolled in this study. Critical points indicated are hospitalization, sampling, severity turning point, discharge and death date as days after symptom onset (left). The assessment COVID-19 severity is described in the Materials and Methods. The right panel shows the disease severity at each sampling date according to the WHO ordinal scale (WOS). In total, 43 samples from COVID-19 patients were collected and comprised of 8 groups, namely, AA, AP, MA, MP, MR, SA, SP, and SR. (C) Representative dynamic monitoring of CRP levels from selected COVID-19 patients, namely, 5 asymptomatic, 4 mildly and 7 severely ill patients. The red arrow indicates when the disease becomes serious, and the red dot indicates when PBMC was sampled. (D) Correlation matrix of the 63 clinical parameters from the 18 studied COVID-19 patients. The bottom bar corresponds to the absolute value of the Spearman Rank correlation coefficient (*P-value < 0.05). The abbreviated terms are described in the Materials and Methods. (E) The top 4 positively and 4 negatively WOS-correlated clinical parameters, (# represents cell count). (F) The heatmap shows the available relative levels of WOS-correlated clinical parameters near each individual sampling, according to the 8 studied COVID-19 groups.



Correlation analysis revealed the associations between disease severity and clinical parameters, assessing WOS scores and all clinical data from this cohort. We identified previously known factors, such as IL6, LDH, the neutrophils percentages, CD4+/CD8+ ratio, CRP (positively correlated with WOS) and CD8+ T cell percentages, T cell count, lymphocyte count and percentages, CD4+ T cell count (negatively correlated with WOS). Besides, we also identified previously unidentified correlations including true bound bilirubin (BC-TR), direct bilirubin (DB), immature granulocytes count and percentage (IG# and IG%), urea (positively correlated with WOS), and cholinesterase (CHE), albumin (ALB), Prealbumin (PA), basophils count (BASO#) and heart-type creatine kinase (CK-MB) (negatively correlated with WOS) (Figures 1D, E).

Examining disease severity associated clinical parameters among the eight studied groups, SP clearly stood out, manifested by the highest levels of neutrophils percentages (NEUT%), globulin (GLO), mean corpuscular hemoglobin (MCH), platelet-larger cell ratio (P-LCR), glutamic oxaloacetic transaminase (AST), total bilirubin (TB), mean platelet volume (MPV), direct bilirubin (DB), and BC-TR and lowest levels of estimated glomerular filtration rate (eGFR), BASO counts, the ratio of Albumin/globulin (A/G), red blood cell count (RBC), hemoglobin (HGB), lymphocyte percentages (LYMPH%), standard deviation of red blood cell distribution width (RDW-SD), and ALB, compared with other groups (Figure 1F and Table S2), whereas those differences are more heterogenous in SA patients, making it difficult to predict disease progression based on clinical parameters. This is also consistent with suddenly worsening COVID-19 in critically ill patients.



Characterizing the Perturbed Peripheral Immune Cell Landscape in Different Subset of COVID-19 Patients

Next, we sought to interrogate immune factors related to different COVID-19 severity by scRNA-seq. A high-quality scRNA-seq dataset composed of 498,151 cells was created and visualized by Uniform Manifold Approximation and Projection (UMAP) projection (Figure 2A). The clustering analysis revealed 25 clusters and 10 major cell types annotated by marker genes, namely, T cell (CD3D), NK cell (KLRF1), B cell (CD79A), monocyte (CD14, FCGR3A), myeloid DCs (mDCs) (CD1C), plasmacytoid DCs (pDCs) (IL3RA), and plasma cells (PCs) (IGKC), megakaryocyte (MYL9), cycling cells (MKI67), and erythrocytes (HBB) (Figures 2A and S1A). Erythrocytes, megakaryocyte, and doublets were removed in subsequent analysis. Little batch effects were observed (Figures S1B, C). The integrated dataset reveals a particularly dynamic immune landscape in patients with severe COVID-19 (changing from SA, to SP, to SR), whereas those in asymptomatic and mild COVID-19 are relatively stable and comparable with controls (Figures 2B and S1D, E). Consistent with previous reports, proportions of circulating NK cells, T cells, mDCs, and pDCs are significantly decreased in the SP group, while monocyte percentage is significantly expanded. However, in SA and SP group, in whom the severe COVID-19 has yet developed or has recovered, such differences with other COVID-19 groups and controls are subtler (Figures 2B and S1D, E). Indeed, proportions of NK and pDCs are not significantly reduced in SA, while proportions of NK cells, T cells, mDCs, and pDCs are normalized in SR compared with SP (Figures 2B and S1D). Another study used RNA-seq to analyze the longitudinal immune response characteristics of a larger cohort of 207 COVID-19 patients, namely, 5 groups of multiple time points, with group A as the asymptomatical patients; group B as the mildly diseased group; group C as the patients admitted to hospital but required no oxygen supplementation; group D as the hospitalized patients need supplemental oxygen and group E as the patients who required assisted ventilation (21). The analysis of this RNA-seq dataset through MarkerBasedDecomposition function in Bisque (22) corroborates the early changes of peripheral immune cells in severe patients (Figure S1F). Together, these data indicated that the broad perturbation of blood immune cell compartments closely correlated with development of severe COVID-19 and mainly occurred in SP.




Figure 2 | Characterizing peripheral immune perturbations in COVID-19 patients with different clinical course. (A) UMAP representation of the ten cell types from the integrated PBMC scRNA-seq dataset (49 samples, 498,151 cells). (B) Proportions of various peripheral immune cell types from COVID-19 patients and controls (two-sided Student’s t-test, *P <0.05, **P <0.01, ****P <0.0001). (C) Principal-component analysis of averaged transcriptome derived from each individual scRNA-seq data. (D) Heatmaps show the SA and SP-specific differentially expressed genes, comprising 4 groups, as higher levels in both SA and SP, higher levels in SA only, higher in SP only, or lower in SA only. Representative genes are indicated at the right side. The percentage of corresponding genes belonging to PC1 and PC2 is indicated at the left side. (E) Enrichment of GO biological process (BP) terms for DEGs expressed at higher levels in SA (up), in SP (middle) and in both SA and SP (bottom). (F) The scatter plot shows the dynamic changes of the IFN response score of each patient at different time points. (G) The scatter plot shows the expression of ISGs in the RNA-seq data of PBMC of 5 groups of COVID-19 patients with different severity levels and healthy controls at 2 time points. (H) The plasma levels of IFNα-2a, IFN-γ and IL-29 from the first two samplings of each studied COVID-19 groups and controls, (two-sided Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001).



To search for transcriptomic differences between different subsets of COVID-19 patients, we consolidated individual scRNA-seq data as conventional RNA-seq data and performed PCA analysis, and found that PC1 distinguished SA and SP from other groups, and PC2 distinguished SA from SP (Figure 2C). The top 100 genes in PC1 and PC2 are listed in Table S2. Mapping these genes to UMAP showed that they were mainly derived from myeloid cells (Figures S1G, H). The data shows that SA is transcriptomically unique, suggesting that transcriptomic markers from myeloid cells may provide an early warning for developing severe COVID-19. Genes highly expressed in both SA and SP groups, namely, TXN, S100A4, S100A6, FRP1, etc., are enriched for neutrophil mediated immunity and antigen processing and presentation pathway; while those highly expressed in SP are S100A8, S100A9, S10A12, etc., are involved in neutrophil mediated immunity and response to LPS pathway (Figures 2D, E). Notably, those highly expressed in SA include IFI27, IFI35, ISG15, etc., as interferon-stimulating genes (ISGs) (Figures 2D–F), indicating a response to high levels of interferon produced in vivo. The high expression of ISG in peripheral immune cells of severely ill patients can also be confirmed in the RNA-seq data set (Figures 2G and S1I). To confirm this, we measured plasma type I, II and III interferon levels from anothor cohort of patients including the different subsets. Indeed, the plasma levels of type I and III IFNs were significantly higher in acute disease stage (AA, MA, SA) versus those with progressive disease (AP, MP, SP), and were also higher in those from SA compared to the AA and MA groups (Figure 2H). We confirmed in vitro that the lung epithelial cell infected with SARS-CoV-2 induces strong IFN production (Figure S1J). Similar reports have been published that SARS-CoV-2 infection stimulates IFN production, which is positively correlated with viral load (23). Together, these data revealed that unique peripheral immune transcriptional signatures emerged both before and during the development of severe COVID-19.



Remodeling of Myeloid Cell Compartments and Transcriptomes Correlate With the Development of Severe COVID-19

Next, we characterized myeloid cell compartment and identified 5 subsets according to the expression of canonical markers: classical monocyte (CD14), intermediate monocyte (CD14, FCGR3A), nonclassical monocytes (FCGR3A), DC1 (CLEA9A) and DC2 (CD1C, CLEC10A) (Figures 3A and S2A). Notably, myeloid compartment underwent dynamic changes before, during and after progression of severe COVID-19. Proportions of DC1 and DC2 significantly decreased in SA than those in controls, reduced further in SP, but normalized in SR, whereas comparable frequencies of DCs were observed between asymptomatic, mild COVID-19 patients and controls. The proportion of CD14+CD16+ intermediate monocytes increased during acute SARS-CoV-2 infection, and normalized in those recovered. We also noticed increased proportions of CD14+ classical monocytes and decreased proportions of CD16+ nonclassical monocytes in SP, consistent with early reports by us and others (2, 3, 24), while proportions of classical and nonclassical monocytes were comparable among other studied groups (Figures 3B and S2B–D). We found association between high ratios of CD14+/CD16+ monocytes and acute infections, as in AA, MA and SA, while those ratios normalized in recovered patients (AP, MP, MR, and SR), but persistently high CD14+/CD16+ monocyte ratios were associated with development of severe COVID-19 in SP (Figure 3C). Bisque analysis of RNA-seq data of 207 COVID-19 patients also found that severe patients had higher CD14+/CD16+ monocyte ratios in the periphery at the early stage (Figure 3D). Thus, our data revealed that the proportion of CD14+ monocytes begins to expand in the early stage of severe patients, and the CD14+/CD16+ monocyte ratios can serve as an appropriate early prognostic marker for severe COVID-19.




Figure 3 | Remodeling of myeloid cell compartment and transcriptional signatures associated with development of severe COVID-19. (A) UMAP plot of the major myeloid cell types within PBMCs. (B) Proportions of various peripheral myeloid cell types from COVID-19 patients and controls (two-sided Student’s t-test, *P <0.05, **P < 0.01, ***P < 0.001). (C) The bar plot of the ratio of CD14+/CD16+ monocytes. (D) The scatter plot shows the ratio of CD14+/CD16+ monocytes of the 5 groups of COVID-19 patients and healthy controls based on the Marker Based Decomposition analysis of the RNA-seq data in the 2 time zones. (E) The heatmaps show the selected differentially expressed genes in CD14+ monocyte from comparisons between COVID-19 patients and controls. “SA high” highlights the genes of higher levels in SA; “Patient low” as the genes of lower levels in COVID-19 patients; “Severer low” and “Severe high” as genes of lower or higher levels in both SA and SP. (F) UMAP plot of the CD14+ monocytes, divided into HLAhigh and HLAlow groups (up). MHC II score (middle) and alarmin score (down) are projected to the UMAP. (G) The dynamic changes of the average MHC II score (left) and alarmin score (right) of each patient at different time points. (H) The bar plot shows “Monocyte composite scores” across different groups, (two-sided Student’s t-test, *P < 0.05, ****P < 0.0001). (I) The dynamic changes of the average MHC II score (bottom) and alarmin score (up) of the 5 groups of COVID-19 patients and healthy controls in the 2 time zones.



We further characterized the transcriptomic changes of CD14+ monocyte from different subsets of COVID-19 patients. Compared with those in controls, the expression levels of genes involved in the innate immune defense were found diminished in CD14+ monocytes from COVID-19 patients. The downregulated genes include ones mediating immune signaling, e.g., RIPK2, RLRP3, and NFKBID, etc., and genes encoding cytokine and chemokines, suggesting impaired immune functions of monocytes from COVID-19 patients (Figure 3E). The highest expression levels of ISGs is the most prominent feature of CD14+ monocytes from SA (Figure 3E). Moreover, CD14+ monocytes from SA and SP have similar immunosuppressive signature, including downregulation of MHC II genes (HLA-DRB5, HLA-DRB1, HLA-DR1, etc.) and upregulation of alarmin genes (S100A12, S100A9, S100A8, S100A6) were observed in both SA and SP, compared with other groups (Figure 3E). This is consistent with previous studies that CD14+ monocytes from severe COVID-19 patients exhibited signature of immature monocytes, namely, downregulation of MHC II genes and upregulation of alarmin genes (2, 3, 24).

We re-clustered CD14+ monocytes into HLAhigh and HLAlow groups, UMAP projection of MHC-II and alarmin signature scores confirmed that HLAhigh and HLAlow CD14+ monocytes have a higher MHC-II and alarmin scores respectively (Figures 3F). We tightly monitored the MHC-II and alarmin scores at different stages of these 18 patients and found that the SA group showed a higher alarmin score and a lower MHC-II score, which worsened in SP (Figure 3G). The differences of “Monocyte composite scores” between different groups are even more apparent (Figure 3H). RNA-seq analysis of peripheral immune cells also showed that alarmin expression increased in and MHC-II expression decreased in the early stage of sever COVID-19 patients (Figures 3I and S2E). Therefore, our data suggest that during acute SARS-CoV-2 infection, the emergence of HLAlow population and IFN-response transcriptional signatures in monocytes, likely signify the subsequent progression of severe COVID-19.



Two Groups of CD8+ T Cells With Different Phenotypes and TCR Expansion Associate With Different COVID-19 Severity

To understand the T cell response, we broadly categorized T cells into innate-like T cells (MAIT, NKT, and γδ T) and CD4+ and CD8+ T cells (Figure S3A). A high CD4+/CD8+ ratio was previously reported in severe COVID-19 (24). We found that the CD4+/CD8+ ratio started to increase in SA, reached highest levels in SP and normalized in SR (Figures S3B–D). Depletion of innate-like T cells is another feature previously reported in severe COVID-19 (25). We found that proportions of innate-like T cells tended to decrease in SA, reached lowest levels in SP and normalized in SR (Figures S3C, E). The CD4+/CD8+ ratio and proportions of innate-like T cells were comparable between non-severe COVID-19 patients and healthy controls.

Next, we identified 5 clusters of peripheral CD8+ T cells, as the CD8-CCR7 (Naïve), CD8-TCF7 (central memory), CD8-GATA3, CD8-GZMK (effector memory), and CD8-GZMB (terminal differentiated effector memory) subsets based on well-studied markers (Figures 4A and S4A). The expression pattern of transcription factors (Figure S4B) demonstrates that CD8-GZMB strongly expresses the transcription factor TBX21, PRDM1, and ID2, while transcription factors EOMES and BCL6 are more expressed in CD8-GZMK cells, suggesting the accuracy of CD8+ T cell clustering. The diminished number of Naïve CD8+ T cells in severe (SA, SP, and SR) COVID-19 patients (likely related to their old age), is clearly reflected by the UMAP projections (Figure S4C). We also found that average percentage of the peculiar CD8-GATA3 subset in SA was the highest among all studied groups (Figure 4B and Figures S4D, E). GATA3 has been reported highly expressed in peripheral CD8+ T cell from patients with systemic sclerosis, and functionally related to IL13 induction. Thus, CD8-GATA3-IL13 expression have been proposed to play roles in amplifying inflammation and regarded as a highly relevant biomarker for inflammatory diseases (26). Consistently, CD8-GATA3 in the SA group produced the highest levels of IL13 (Figures S4F). Within the memory and effector CD8+ T cell compartment, we observed a discordance of CD8-GZMK and CD8-GZMB subset in SA (with a dominance of CD8-GZMB over CD8-GZMK) compared with other COVID-19 groups (Figure 4C). This was also robustly confirmed in RNA-seq data set (Figure S4G).




Figure 4 | CD8+ T cell compartments respond differently in patients with severe COVID-19 versus those with non-severe diseases. (A) UMAP plot of the peripheral CD8+ T cell subsets. (B) Proportions of peripheral CD8+ T cell subsets from COVID-19 patients and controls (two-sided Student’s t-test, *P < 0.05, **P < 0.01). (C) The plot indicates the ratio of CD8-GZMB/CD8-GZMK from each studied group. (D) UMAP projection of clonally expanded CD8+ T cells from each studied group. (E) Shannon-index of total CD8+ T cell from each studied group. (F) The proportions of GZMB-CD8 and GZMK-CD8 subsets within the clonally expanded CD8+ T cell compartments. A, Asymptomatic; M, Mild; S, Severe. (G) TCR clustering analysis. Hierarchical clustering of TCRs (columns) based on TCR sharing patterns across CD8+ T subsets (rows). The two distinct groups identified are indicated in left box (group 2) and right box (group 1) (left). UMAP projection of cell density from TCR-group 1 and group 2 CD8+ T cells (Right). (H) The ratio of CD8+ T cells containing TCRs from group1 over cells containing TCRs from group 2 among each studied group (*P <  0.05, **P < 0.01).



Next, we studied cycling CD8+ T cells and traced clonal status using the single-cell TCR (sc-TCR) data. Consistent with viral infection triggering immune response, the frequencies of cycling immune cells, and cycling CD4+ and CD8+ T cells were increased among COVID-19 patients compared to controls (Figures 2B and S4H). Then, we utilized UMAP projection to overview the TCR status, and confirmed that clonally expanded populations were mainly composed of CD8-GZMB and CD8-GZMK subsets (Figures 4D and S4I, J). Using the Shannon-index to reflect diversity, we found that patients with severe COVID-19 compared to those of other groups had lower levels of TCR diversity (Figure 4E). Moreover, within the clonally expanded CD8+ T cell compartment, a similar discordance of CD8-GZMK and CD8-GZMB subset was observed in COVID-19 patients. We found that increased proportion of clonally expanded CD8-GZMK seems to closely correlate with successful control of the SARS-CoV-2 infections, as early increase of CD8-GZMK in asymptomatic (AA/34.6% and AP/35.9%) and mildly ill (MA/31.0%, MP/41.3%, and MR/42.9%) cases, versus delayed increase of CD8-GZMK in severely ill patients (SA/20.8%, SP/29.4%, and SR/38.1%) (Figures 4F and S4J), indicating clonally expanded CD8-GZMK may play a role in viral clearance. Moreover, the percentage of CD8-GZMK cells sharing TCRs between sequential samples were higher in AA-AP and MA-MP transition than that in SA-SP (Figure S4K), also supporting that the clonally expanded the anti-viral CD8-GZMK population was established earlier in asymptomatic and mild cases than in severe cases.

Furthermore, integrating the scTCR-seq and scRNA-seq datasets using hierarchical clustering revealed one set of TCRs (group 1) with the cytotoxic phenotype and another set of TCRs (group 2) within the memory phenotype (Figure 4G). The proportions of group 1 and group 2 CD8+ T cells were varied among COVID-19 groups (Figure S4L), with higher percentage of group 1 cells in patients with severe COVID-19. The ratio of group 1/group 2 from SA is significantly lower than that from the AA and MA (Figure 4H), suggesting that the dominance of group 1 CD8+ T cells at the early stage of infection was associated with worse outcomes. Thus, our data suggest that the CD8-GZMK subset, as the group 2 CD8+ T cell equivalent, likely contains the majority of virus-responding T cells, and helps determine COVID-19 outcomes.



Peripheral CD4+ T Cell Compartments and the Development of Severe or Non-Severe COVID-19

We identified eight subpopulations of CD4+ T cells, namely, CD4-Naïve (SELL), Tfh-like (CD4-ICOS), Th1-like (CD4-GZMK), Th2-like (CD4-GATA3), Th17-like (CD4-CCR6), Treg-SELL and Treg-CTLA4 (FOXP3), cytotoxic phenotype (CD4-GZMB) (Figures 5A and S5A). Density UMAP plots revealed the increase of non-Naive cells as one obvious perturbation of peripheral CD4+ T compartments by the COVID-19 (Figure S5B). Notably, the percentage of Treg-CTLA4 cells increased significantly in most COVID-19 groups over controls, but the proportions of other CD4+ T cell subsets did not change significantly (Figure 5B). Among COVID-19 patients, we observed the trend of increased Treg-CTLA4 and CD4-GZMB, and decreased CD4-Naïve and CD4-GZMK in severe over non-severe groups (Figures 5B and S5C, D). The signature of T follicular helper (Tfh) (IL21 in the CD4-ICOS cluster) and the signature of Th17 (IL22 in the CD4-CCR6 cluster) tend to increase in SP patients, reflecting a dysregulated immune firing, while the polarization of the response of other T helper cells was not obvious (Figure S5E). Except for CD4-GZMB, the remaining CD4+ T cell subsets manifested lower levels of clonal expansion (Figures 5C and S5C, D). The severe COVID-19 patients had the lowest diversity of CD4+ T cell clonotypes among all studied groups (Figure 5D). Within the clonally expanded CD4+ T cell compartment, we observed overall decreased CD4-GZMB and increased Th1-, Th2-, Th17-, and cycling CD4+ T cell proportions from COVID-19 patients versus controls (Figures S5F, G). Notably, excluding CD4-GMZB, the Th1-like CD4-GZMK subset dominated in the expanded CD4+ T cell compartment in non-severe COVID-19 cases, but only represented a minor subset in severe cases (Figures 5E and S5D), indicating a discordant CD4+ T cell responses likely underlying the development of severe COVID-19. Moreover, percentage of TCR-sharing Th1-like (CD4-GZMK) cells between sequential samples were higher in AA-AP and MA-MP transition than that in SA-SP (Figure S5H), also supporting that clonally expanded CD4-GZMK cells were established earlier in non-severe cases, and likely played an important role in viral clearance.




Figure 5 | The peripheral CD4+ T cell compartment and its association with COVID-19 severity. (A) UMAP plot of the peripheral CD4+ T cell subsets. (B) Proportions of peripheral CD4+ T cell subsets from each studied group (two-sided Student’s t-test, *P <0.05, **P <0.01, ***p <0.001, ****P <0.0001). (C) UMAP plot of clonally expanded CD4+ T cells from each studied group. (D) The Shannon-index of total CD4+ T cells from each studied group. (E) The proportions of GZMB-CD4 and GZMK-CD4 subsets within the clonally expanded CD4+ T cell compartments. A, Asymptomatic; M, Mild; S, Severe. (F) TCR clustering analysis. Hierarchical clustering of TCRs (columns) based on TCR sharing patterns across CD4+ T subsets (rows). The two distinct groups identified are indicated in left box (group 2) and right box (group 1) (left). UMAP projection of cell density from TCR-group 1 and group 2 CD4+ T cells (right). (G) The ratio of CD4+ T cells containing TCRs from group 1 over cells containing TCRs from group 2 among each studied group.



Next, we integrated the scTCR-seq and scRNA-seq datasets of CD4+ T cells by hierarchical clustering and revealed one set of TCRs (group 1) showing the mix phenotype including the Th1-, Th2-, and Th17 subset and a group 2 within the cytotoxic phenotype (Figure 5F). Except that group 1 CD4+ T cells were enriched in SR, there was very little CD4+ T cell clonal expansion in the remaining 8 groups (Figure S5I). The ratio of group 1 and group 2 was also very small in 9 groups, making it hard to tell any differences (Figure 5G).



Characterization of B Cell Subsets in COVID-19 Patients

B cells were subclustered into three subsets by canonical markers, NAMELY, naïve B cells (TCL1A), memory B cells (MBC) (CD27) and Antibody secreting cells (ASC) (MZB1) (Figures 6A and S6A). Density UMAP plots clearly show that the proportion of ASCs from COVID-19 patients increases from the acute to the progressive infection stage, then subsides during the recovery stage (Figure S6B). We also found significantly decreased percentages of MBC in SA and SP compared to controls (Figures 6B and S6C, D). Since the proportion of ASC in patient S2 is abnormally high due to the presence of one massively expanded clone (Figures S6E, F), we excluded data from S2 in the following analysis.




Figure 6 | The peripheral B cell heterogeneity and its association with COVID-19 severity. (A) UMAP plot peripheral B cell subsets. (B) Proportions of peripheral B cell subsets from each studied group (two-sided Student’s t-test, *P <0.05, **P <0.01). (C) UMAP plot of clonally expanded B cells from each studied group. (D) Bar plots show the levels of clonal expansion within each B cell subsets from each studied group. (E) The Shannon-index of total B cells from each studied group. (F) Bar plots showing the proportions of cells with corresponding Ig isotypes within three B cell subsets from each studied group. (G) Bar plots show the class-switched ratio between different Ig isotypes across nine groups. (H) Bar plots show the frequency of somatic mutations of ASC with different Ig isotypes across nine groups. (I) The scatter plot shows the dynamics of RBD antibodies in the plasma of those 18 patients.



Next, we analyzed scBCR-seq data. Notably, ASC in COVID-19 patients were more clonally expanded, consistent with the increased frequency of this population in the response to infection, whereas other B cells were non-expanded (Figures 6C, D). Compared to controls, asymptomatic and mildly ill patients, severely sick COVID-19 patients showed lower BCR diversity (Figure 6E). We examined proportions of each immunoglobulin (Ig) heavy chain isotypes within the different B cell subsets (Figure 6F). Indeed, naive B cells contained only IgD/IgM, while memory B cells and ASCs contained class-switched isotypes, namely, IgA and IgG. IgM presents a major fraction in naïve and memory B cells from all studied groups, while the IgG1 and IgA1 accounts for the majority of Ig isotypes in ASC. Consistent with reports showing IgG1 as the major responding Ig isotype during SARS-CoV-2 infection, the proportion of IgG1 isotype in ASC is increased among COVID-19 patients (Figure 6F). We observed significantly enriched IgM-IgA1, IgM-IgG1, and IgM-IgG2 events in most patients, especially in asymptomatic and mildly ill patients (Figure 6G). Previous studies have shown that SARS-CoV-2 targeting antibodies exhibit limited somatic hypermutation (SHM) (27). Since ASC is the antibody-producing population and more clonally expanded, we evaluated their SHM levels among each Ig isotypes. Indeed, SHM levels were higher in class-switched isotypes (both IgAs and IgGs) than non-class-switched IgM isotype (Figure 6H). However, we observed lower levels of SHM (even germline without SHM) in ASCs from COVID-19 patients, especially in the IgG1 isotype. Interestingly, the timing of germline IgG1 ASCs emergence differed in asymptomatic, mildly ill patients and severely sick patients. Those unusual ASCs, likely the virus responding ones, emerged earlier in AA and MA, and emerged later in SP. Similar trends were also present in IgG3 and IgM isotype (Figure 6H). We suspect that our data reveal a delayed antibody response in patients destined to become severely ill. Indeed, we found higher levels of serum SARS-CoV-2-Spike-RBD (Receptor binding domain on Spike protein)-specific antibodies in the blood of AA and MA compared to SA patients (Figure 6I), and made similar observations on a larger cohort of 506 COVID-19 patients (28). Thus, although many reports showed higher levels SARS-CoV-2 antibodies in patients with severe COVID-19 than those in mild COVID-19 (29), the humoral immune defense may actually be initiated earlier in patients with mild disease.




Discussion

For severe COVID-19, the entire clinical course is dynamic and includes asymptomatic, symptomatic, ARDS and recovery phases (1). Thus, patients with severe COVID-19 would manifest very different symptoms, and very likely distinct immune responses at those different stages of the infection or diseases. Understanding the pathogenic mechanisms in the deterioration and recovery of severe COVID-19 will require a complete monitoring the entire dynamic immune responses.

Many efforts have been attempted to dissect the heterogeneous immune responses in patients with different clinical manifestations, namely, multiple studies using high-throughput single-cell approaches (30–33). However, most of these previous reported datasets which investigated cross-sectional samples collected at peak level severity or convalescence. As a result, there is a lack of datasets for longitudinal samples collected from an earlier stage of infection. So far, little is known about the early immunological events that could affect the development of severe versus asymptomatic/mild diseases. In addition, previous immune investigations comparing samples collected at unsynchronized clinical phases could lead to inconsistent conclusions (18, 19). In contrast, we provide a valuable scRNA-seq analysis of peripheral immune cells in patients infected with SARS-CoV-2, covering longitudinal specimens of COVID-19 patients with asymptomatic, mild, and severe diseases collected shortly after the symptom onset. Indeed, our data reveal a highly dynamic immune landscape particularly in severe COVID-19, matching with the different stages (Acute, Progression, and Recovery) of clinical courses, whereas the composition of immune cellular compartment in patients with asymptomatic/mild COVID-19 is rather stable. Particularly, the data that we describe here provide a useful resource for precisely deciphering the early immunological events preceding the worsen or resolution of SARS-CoV-2 induced disease.

IFN response is the first line of host innate immune defense against viral infection. We and others have previously reported that IFN response is impaired in patients with severe COVID-19 based on cross-sectional samples (10, 24). But here, we were surprised to find that severe patients had a transient strong IFN response before the disease deterioration, but then dropped rapidly. While the mild patients have a weak but stable interferon response throughout the disease. High concentrations of IFN in plasma of SA patients are most likely stimulated by viral infections. SARS-CoV-2 infection can induce strong IFN production and is positively correlated with viral load (23). In the absence of animal models that can mimic severe COVID-19, it is difficult to determine whether IFNs serve a protective or a detrimental function in COVID-19. There are some studies reporting the pathological role of IFN during severe coronavirus infections (7, 34, 35). Hospitalized COVID-19 patients with high levels of pulmonary ISGs died significantly earlier than those with low levels of ISGs in a transcriptomic study of the lung samples (35). Another study found that IFN played inflammatory roles by recruiting more immune cells to the lungs (34). It has been reported that IFN disrupt lung epithelial repair and the pulmonary epithelial barrier upon viral recognition (36, 37). In addition, IFN can disrupt the urea cycle, reducing arginine levels and thus dampening the T cell functions (38). Arginine in plasma in patients with severe COVID-19 is indeed lower than in mild cases (39). Based on these data, we propose that a strong early transient IFN response may aggravate the progression of COVID-19, by impairing T-cell responses.

Regarding protective anti-viral adaptive immune components, CD8+ T cells are a unique immune cell population that could precisely and efficiently clear virus-infected host cells. Although SARS-CoV-2 reacting T cells responses were detected in COVID-19 patients (14, 40–42), and their roles in determining disease severity are postulated, so far, their roles have not been definitively defined. Here, our data revealed that the CD8+ T cell likely played a crucial role in controlling SARS-CoV-2 infection, especially in the early stages of infection. We found the lack of early induction of CD8+ T cell responses as a prominent feature of severe COVID-19. In agreement with other recent reports (13, 43), this impaired induction of CD8+ T cell responses in severe COVID-19 was likely a result of decreased numbers of naive CD8+ T cells. This could also explain why old age is an important risk factor for development of severe COVID-19. Old adults are known to have a lower number of naive CD8+ T cells, and therefore they are less likely to be effective responders to handle new viral pathogens.

In addition, our data demonstrated the importance of humoral immune defense in SARS-CoV-2 infection. Interestingly, sequencing the BCR repertoire showed that the early recruitment of B cells with low SHMs signatures was associated with seroconversion of SARS-CoV-2 IgG (44). It was later reported that antibodies against the SARS-CoV-2 spike protein receptor binding domain (RBD) are primarily mediated by the near-germline IgG1 antibodies with low levels of SHMs (27). Thus, the appearance of low SHM IgG1 sequences in ASCs observed in this study, likely indicates the antibody response to SARS-CoV-2 RBD. Importantly, both the low SHM IgG1 signature and RBD antibodies occurred later in patients with severe COVID-19, suggesting delayed engagement of effective humoral immunity as another predictor for onset of severe disease. This is consistent with recent studies showing delayed neutralizing antibodies correlate with fatal COVID-19 (45, 46).

In conclusion, we provided convincing evidence that the early immunological events, namely, abnormal strong interferon response, delayed CD8+ T-cell engagement, and humoral immune responses, may determine the subsequent progression of severe COVID-19. Additionally, we provide a number of early prognostic markers for the onset of severe COVID-19, such as CD14+/CD16+ monocytes ratio, CD4+/CD8+T cell ratio, GZMK+/GZMB+ T cell ratio, etc., although these parameters require further validation in the larger cohorts.



Materials and Methods


Patients

Ethics statement: This study was conducted according to the ethical principles of the Declaration of Helsinki. Ethical approval was obtained from the Research Ethics Committee of Shenzhen Third People’s Hospital (2020-242).

All participants provided written informed consent for sample collection and subsequent analyses. Eighteen COVID-19 patients were enrolled at the Shenzhen Third People’s Hospital for scRNA-seq study. Samples from metadata and patients were collected similarly as previously described: The severity of COVID-19 was categorized to be mild, moderate, severe and critical according to the “Diagnosis and Treatment Protocol of COVID-19 (the 7th Tentative Version)” by the National Health Commission of China (http://www.nhc.gov.cn/yzygj/s7653p/202003/46c9294a7dfe4cef80dc7f5912eb1989.shtml). In this study, we grouped patients with mild and moderate COVID-19 as the mild group, and included those with severe and critical diseases as the severe group. Asymptomatic patients have no clinical symptoms such as cough or fever within 1–2 weeks from a positive nucleic acid test to negative. Six healthy subjects were enrolled as the control group.



Blood Samples Process

Approximately 5–10 ml of fresh blood is separated into plasma after centrifugation, which will be used for cytokine detection later. The remaining cells underwent Ficoll–Hypaque density gradient centrifugation to obtain PBMC, which can be used for single cell sequencing.



Cytokines Measurement by MSD

Plasma from 10 severe patients, 9 mild patients, and 11 asymptomatic patients was used for cytokine measurement. Twelve healthy subjects were enrolled as the control group. IFNγ, IFN-α2a, and IL-29/IFN-λ1 were detected according to the instruction (MESO SCALE DISCOVERY, K15067L-1). In brief, 25 ul samples or standards were incubated in antibody coupled plate at room temperature for 1h, detection antibodies were added for 1 h after washing by PBST. Finally, MSD GOLDTM Read Buffer B was added to read the results.



Detection of Plasma Antibodies

The plasma of 18 patients in the acute phase in this study were collected, and chemiluminescence kit (Beijing Wantai Biotech) in the Caris200 automatic chemiluminescence instrument was used to detect the level of IgG antibody against SARS-CoV-2-Spike-RBD. The relative fluorescence of sample to control (COI) was used to estimate the result. The results ≥1 COI are reactive (positive), and the results <1 COI are nonreactive (negative).



ScRNA-Seq Library Construction

ScRNA-seq libraries were prepared according to previous protocols. In brief, the recovered PBMC were counted in 0.4% trypan blued, centrifuged and re-suspended at the concentration of 2 × 106/ml. The cell suspension was loaded onto a Chromium single cell controller (10× Genomics) to generate single-cell gel beads in the emulsion (GEMs) according to the manufacturer’s protocol. Reverse transcription takes place inside each GEM, after which cDNAs are pooled together for amplification and library construction. The resulting library products consist of Illumina adapters and sample indices, allowing pooling and sequencing of multiple libraries on the next-generation short read sequencer.



Single Cell Filtering, Clustering, Dimension Reduction, and Visualization

We aligned the sequenced reads against GRCh38 human reference genome by Cell Ranger (version 3.1.0, 10× genomics). The raw count matrix (UMI counts per gene per cell) was processed by Seurat (v3.2.2) (47). Cells with less than 200 and more than 6,000 expressed genes, less than 1,000 UMI and higher than 15% mitochondrial genome transcript were removed. Genes expressed in less than 3 cells were removed.

Data integration, cell clustering and dimension reduction were performed by Seurat (v3.2.2). First, the gene expression matrix were normalized using the “NormalizeData” function with default settings. The sources of cell–cell variation driven by batch were regressed out using the number of detected UMI and mitochondrial gene expression, which were implemented using the “ScaleData” function. The top 2,000 highly variable genes (HVGs) were used for the following analysis using “FindVariableFeatures” function. Next, we integrated different samples by “IntegrateData” function, which eliminates technical or batch effect by canonical correlation analysis (CCA). Using those HVGs, we calculate a PCA matrix with the top 50 components by “RunPCA” function. The cells were then clustered by “FindClusters” function after building nearest neighbor graph using “FindNeighbors” function. The parameter resolution was set to 0.4 to identify cell types in all cell populations. The cluster-specific marker genes were identified by “FindMarkers” function using MAST algorithm (v1.15.0). The clustered cells were then projected into a two-dimension space for visualization by a non-linear dimensional reduction method “RunUMAP” in Seurat package.



Integrated Analysis of Peripheral Myeloid, CD4+ T, CD8+ T, Innate T and B Cells

We re-clustered the peripheral myeloid, CD4+ T, CD8+ T, innate T, and B cells using the top 20 dimensions of PCA with the parameter resolution of 0.6, 1.3, 1.3, 0.8, and 1.3 respectively. The myeloid compartment, namely, mDCs and monocytes was re-clustered using cells annotated with monocyte and mDCs in Figure 2. The CD4+ T and CD8+ T cells were re-clustered using cells annotated with CD4+ and CD8+ T cells in Figure S2. The B cell subsets were re-clustered using B cells annotated in Figure 2. The re-clustered cells were annotated by canonical markers.



Differentially Expressed Gene and Gene Enrichment Analysis

The “FindMarkers” function in Seurat with MAST algorithm (v1.15.0) (48) was used to analyze DEGs. For each pairwise comparison, the “FindMarkers” function was run with the parameters of test.use = ‘MAST’. Genes were defined as significantly upregulated if the average natural logarithm fold change (logFC) was >0.25 and adjusted P-value was <0.01. The genes with logFC <−0.25 and adjusted P <0.01 were considered significantly downregulated. We performed GO term enrichment analysis for the significantly upregulated and downregulated genes using clusterProfiler (v3.17.3) (49) package in R (v4.0.2). GO term of Biological Process (BP) was displayed.



Principal Component Analysis of All Samples

The principal component analysis of all samples in Figure 1 was calculated using the average expression level of the top 4,000 HVGs across all cells in each sample utilizing “prcomp” method in R (v4.0.2).



Calculation of Immune Signature Scores

Immune signature scores in scRNA-seq data were calculated using the AddModuleScore function in the Seurat package. IFN response scores were calculated using ADAR, APOBEC3, BST2, CD74, MB21D1, DDIT4, DDX58, DDX60, EIF2AK2, GBP1, GBP2, HPSE, IFI44L, IFI6, IFIH1, IFIT1, IRF1, IRF7, ISG15, ISG20, MAP3K14, MOV10, MS4A4A, MX1, MX2, NAMPT, NT5C3, OAS1, OAS2, OAS3, OASL, P2RY6, PHF15, PML, RSAD2, RTP4, SLC15A3, SLC25A28, SSBP3, TREX1, TRIM5, TRIM25, SUN2, ZC3HAV1, IFITM1, IFITM2, and IFITM3. The MHC class II score was calculated using HLA-DMA, HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA, HLA-DRB1, and HLA-DRB5. The alarmin score was calculated using S100A1, S100A2, S100A3, S100A4, S100A5, S100A6, S100A7, S100A7A, S100A7L2, S100A7P1, S100A7P2, S100A8, S100A9, S100A10, S100A11, S100A12, S100A13, S100A14, S100A15A, S100A16, S100B, S100G, S100P, and S100Z. “Monocyte composite scores” were calculated according to the MHC-II score minus alarmin score. The cytotoxicity score was calculated using PRF1, IFNG, GNLY, NKG7, GZMB, GZMA, GZMH, KLRK1, KLRB1, KLRD1, CTSW, and CST7.

The ISGs score, MHC II score and alarmin score in a sample with bulk RNA-seq data were calculated as the geometric mean of the normalized log2-transformed expression of the genes above separately.



Estimation of Cell Composition in Bulk RNA-Seq Data

We used MarkerBasedDecomposition function in Bisque, a semi-supervised model that extracts trends in cellular composition from normalized bulk expression samples, to deduce cell type abundance using only cell-specific marker genes: CD79A, CD19, MS4A1 marked B cells. CD79A and IGKC marked PCs. CD3D, CD4 and GZMB marked CD4-GZMB. CD3D, CD4 and GZMK marked CD4-GZMK. CD3D, CD4 and FOXP3 marked CD4-Treg. CD3D, CD8A and GZMB marked CD8-GZMB. CD3D, CD8A and GZMK marked CD8-GZMK. FCN1 and CD14 marked mono-CD14+. FCN1 and FCGR3A marked mono-CD16+.



Single-Cell TCR and BCR Analysis

The amino acid and nucleotide sequence of TCR/BCR chains were assembled and annotated by cellranger vdj function in CellRanger (version 3.1.0). For TCR, only cells with paired TCRα and TCRβ chains were included in clonotype analysis. Cells sharing the same TCRα- and TCRβ-CDR3 amino acid sequences were assigned to the same TCR clonotype. For the BCR, only cells with at least one productive heavy chain (IGH) and one productive light chain (IGK or IGL) were kept for further analysis. Cells sharing the same V/J gene and the same IGH- and IGK/IGL-CDR3 amino acid was defined as a clonotype. The TCR clonotypes and the BCR clonotypes were integrated into transcriptome object using barcode information. Shannon index (TCR/BCR diversity) of each sample was calculated using “diversity” function in vegan package (v2.5.6) (https://github.com/vegandevs/vegan) in R. For each BCR, we calculated their similarity to the germline genes using the V gene on heavy chain utilizing IgBlast (v1.15.0) (50). The SHM was deduced using the difference between 1 and the above calculated similarity.

TCR sharing clustering analysis. Referring to the methods from a recent report (19), we constructed a TCR matrix of CD4+ and CD8+ T cells with cell cluster as rows and unique TCRs as columns with the number of cells with a given TCR in a certain cluster as values. Only the TCRs present in at least two clusters were kept for further analysis. The TCR matric were transformed via log1p transformation (formula = ln (value + 1)) and values were clipped at 2 (any value greater than 2 was set to 2). Both TCRs and cell clusters were subject to hierarchal clustering with the method set to “ward” using “pheatmap” function in R.



RT-qPCR

All studies involving SARS-CoV-2 infection were conducted in the biosafety level-3 (BLS-3) laboratory of Shenzhen Third People’s Hospital. Lung epithelial cells Calu3 were infected with SARS-CoV-2 at 1 MOI for 24 and 48 h. Total RNA was extracted with TRIzolTM Reagent in accordance with the manufacturer’s instructions and reverse-transcribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit (Takara, RR036A). The expression levels of indicated RNA were determined by RT-qPCR analysis using Power SYBR Green PCR Master Mix (Vazyme, Q311-02). Primers used in RT-qPCR reactions are listed in Table S4.



Statistics

The Student’s t-test (t-test in R, two-sided, unadjusted for multiple comparisons) was used for pairwise comparisons of the cell proportions between different groups. The Pearson correlation coefficient between clinical index and WOS was evaluated utilizing the corr.test function in R (v4.0.2). The silhouette coefficient was calculated using the following formula:

	

Where, ai indicates the mean of euclidean distance from cell i to all other cells that belong to the cell type. bi indicates the mean of euclidean distance from cell i to all other cells that is nearest to the cell type of i.
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The new SARS-CoV-2 variant of concern “Omicron” was recently spotted in South Africa and spread quickly around the world due to its enhanced transmissibility. The variant became conspicuous as it harbors more than 30 mutations in the Spike protein with 15 mutations in the receptor-binding domain (RBD) alone, potentially dampening the potency of therapeutic antibodies and enhancing the ACE2 binding. More worrying, Omicron infections have been reported in vaccinees in South Africa and Hong Kong, and that post-vaccination sera poorly neutralize the new variant. Here, we investigated the binding strength of Omicron with ACE2 and monoclonal antibodies that are either approved by the FDA for COVID-19 therapy or undergoing phase III clinical trials. Computational mutagenesis and free energy perturbation could confirm that Omicron RBD binds ACE2 ~2.5 times stronger than prototype SARS-CoV-2. Notably, three substitutions, i.e., T478K, Q493K, and Q498R, significantly contribute to the binding energies and almost doubled the electrostatic potential (ELE) of the RBDOmic–ACE2 complex. Omicron also harbors E484A substitution instead of the E484K that helped neutralization escape of Beta, Gamma, and Mu variants. Together, T478K, Q493K, Q498R, and E484A substitutions contribute to a significant drop in the ELE between RBDOmic–mAbs, particularly in etesevimab, bamlanivimab, and CT-p59. AZD1061 showed a slight drop in ELE and sotrovimab that binds a conserved epitope on the RBD; therefore, it could be used as a cocktail therapy in Omicron-driven COVID-19. In conclusion, we suggest that the Spike mutations prudently devised by the virus facilitate the receptor binding, weakening the mAbs binding to escape the immune response.
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Introduction

Since its emergence, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been found to continuously evolve and raise new variants of concerns (VOCs) to avoid host hostilities, i.e., evade the host immune response, increase transmission, and aggress the pathogenesis of coronavirus disease 2019 (COVID-19). This host adaptation by the virus has been demonstrated by the rise of VOCs, including Alpha, Beta, Gamma, and Delta variants that weaken the neutralizing efficacy of antibodies (1–4). Most recently, a new strain of the SARS-CoV-2 named Omicron by the World Health Organization has emerged in South Africa (November 24, 2021) and spread worldwide within a short period. Researchers around the globe are racing to determine whether Omicron poses a threat to the immunity induced by the COVID-19 vaccine (5).

Omicron harbors many novel mutations in structural and non-structural proteins, leading to serious concerns over vaccine failure, immune escape (5), and increased transmissibility. More than 32 mutations were found in the Spike protein alone, where 15 of these mutations reside in the receptor-binding domain (RBD), which are vital to both receptor and viral neutralizing antibodies. The non-structural proteins encoded by the ORF1ab contain mutations in the nsp3 (K38R, V1069I, Δ1265, L1266I, A1892T), nsp4 (T492I), nsp5 (P132H), nsp6 (Δ105-107, A189V), nsp12 (P323L), and nsp14 (I42V). Nsp3 (Plpro) and nsp5 (3Clpro, main protease) are proteases that cleave the polypeptide encoded by ORF1a and ORF1ab. 3Clpro and nsp12 [RNA-dependent RNA-polymerase (RdRp)] are primary targets for drugs that block the polypeptide cleaving and viral protein synthesis (6). Using structural models and as confirmed by the preliminary data in a preprint study (7), we found that mutations in nsp5 and nsp12 are not close to the active site and may not hinder the effect of antiviral drugs; nonetheless, these proteins play a vital role in innate immune response (interferon induction), requiring further experimental investigation (6). Omicron also had mutations in the other structural proteins, including Envelope (E) (T9I), Membrane (M) (D3G, Q19E, and A63T), and Nucleocapsid (N) (P13L, Δ31-33, R203K, G204R), further enhancing their infectivity. Since N protein is highly immunogenic (8, 9), these mutations could help escape the host immune response.

In addition, Omicron had multiple mutations in the Spike protein, which are associated with increased infectivity and antibody evasion. Out of 32 mutations, half of them hold the potential to dampen the potency of therapeutic antibodies and enhance the ACE2 binding. Omicron has also been shown to infect triple-vaccinated individuals who have received BNT162b2 jabs (10). Here, we conducted molecular modeling and mutational analyses to delineate how the new variant enhances its transmissibility and escapes against the FDA-approved Spike-neutralizing COVID-19 therapeutic antibodies. Our results may provide new insights into therapeutic management against the infection caused by Omicron.



Results


Mutations in the Omicron RBD Strengthen the Spike–ACE2 Interaction

Omicron is unique among the previously reported SARS-CoV-2 VOCs, showing multiple mutations in Spike and other genes. According to the unrooted phylogenic analysis using the global ~4,000 full-genome SARS-CoV-2 sequences from the Global Initiative on Sharing All Influenza Data (GISAID), Omicron stands distant from other VOCs (Figure 1A). A full-length trimeric 3D model was constructed by substituting the respective amino acids of previously reported reference (Wuhan strain, PDB ID: 7VNE) structure into Omicron. There are three deletion sites in the N-terminus domains (NTD) and at least 15 substitutions in the RBD region. Omicron Spike also harbors mutations that were reported in the previous VOCs such as K417, T478, E484, and N501 (Figure 1B). Of these, at least 11 mutations are involved in ACE2 binding (Table 1), substantially affecting their binding affinity (Figure 1C). In addition, Omicron Spike, compared with the prototype SARS-CoV-2, has three deletions, i.e., Δ69-70, Δ143-145, and Δ211, and one highly charged insertion, i.e., ins214EPE at 214 positions.




Figure 1 | (A) Phylogeny of the Omicron and annotation of the mutation in Spike protein. The unrooted phylogenetic tree was constructed from the Nextstrain servers. Wuhan-Hu-1/2019 strains were taken as a reference sequence. (B) The full-length Delta and Omicron Spikes were built to annotate the relative (not exact) positions of the mutations on the surface map of Spike. (C) The amino acids mutated in the RBD of Omicron are shown concerning the ACE2 interface. Residues are colored according to the electrostatic map of the WT strain. The respective Omicron mutations are depicted in the panel below the RBD surface map.




Table 1 | RBD binding interface residues of ACE2 and therapeutic antibodies.



We monitored the relative binding strength of RBD–ACE2 complexes of both prototype and Omicron strains using a protein design strategy and calculating binding affinity and stability changes in terms of relative change in energies. We observed that the individually substituted residues had a slight effect on the local stability of the RBD–ACE2 complexes (Figure 2A). However, by performing endpoint molecular mechanics generalized born surface area (MMGBSA) binding free energy calculation, we could demonstrate a substantial increase in the binding affinity by T478K, Q493K, and Q498R, leading to an overall increase in the binding affinity of the RBDOmic with ACE2 (ΔGWT = −64.65 kcal/mol < ΔGOmic = −83.79 kcal/mol; Supplementary Figure 1A). We also investigated the change in electrostatic potential of the RBDOmic relative to that of RBDWT because the five residues in the RBM region of RBD are mutated from the polar to the positively charged residues (i.e., N440K, T478K, Q493K, Q498R, and Y505H). Surprisingly, we could observe that the electrostatic energy of ACE2–RBDOmic was double as that of ACE2–RBDWT, which in turn doubled the polar solvation free energies of the ACE2–RBDOmic (Supplementary Figure 1A). Per residues, energy distribution suggests that mutations in RBDOmic directly participate in the binding, enhancing the binding strength of amino acids in the same network (Supplementary Figure 1B). To validate our finding, we performed molecular dynamics simulations (MDS) using GROMACS (11) and calculated their binding free energies using the widely acceptable and more authentic molecular mechanics Poisson–Boltzmann surface area (MMPBSA) approach (12). As expected, we observed that RBDOmic, compared with RBDWT, had over 2.5 (BFE = −2,642.5 kJ/mol) times stronger binding affinity toward ACE2 (BFE = −951.9 kJ/mol). In addition, the electrostatic potential of RBDOmic was increased by ~1.5 times due to the polar-to-positive amino acids substitution (Figure 2B). In addition, energy perturbation per amino acid could confirm that the four amino acids, i.e., N440K, T478K, Q493K, and Q498R, directly contribute to the change of the total energy and the electrostatic potential, whereas K417N and E484A compensate the energy change (Figure 2C). Among 15 substituted amino acids, K417N and Y505H exhibited a slight reduction in binding energy due to the breakage of salt bridges between K417 of the RBD and D30 of ACE2; nonetheless, this breakage was compensated by the salt bridge between E35 of ACE2 and Q493K substitution in RBDOmic (Figure 2C, right panel). Although the simulation time was short (20 ns), the root mean square deviation (RMSD) of the RBD proteins was not much different (Figure 2D). However, the number of hydrogen bonds between RBDWT–ACE2 showed a transient shift from high (N = ~7.5) to low (N = ~5) to high (N = ~7.5). This effect was not observed in RBDOmic–ACE2, and the hydrogen bond number remained consistent (N = ~7.5) (Figure 2E). Taken together, we suggest that Omicron binds ACE2 with greater affinity, partly explaining its increased transmissibility.




Figure 2 | Relative effect of mutations in Omicron RBD on the ACE2 binding. (A) Effect of 15 individual mutations on the binding and stability of RBDOmic–ACE2 was monitored relative to that of RBDWT–ACE2. (B) The binding free energies (measured through MMPBSA) as consequences of all 15 mutations at once were monitored for both RBDOmic–ACE2 and RBDWT–ACE2. (C) Per-residue energy contribution was monitored, and the hotspots of RBD were labeled. The change in the hydrogen bond network of the selected hotspots is shown at the right. (D, E) Root mean square deviation and hydrogen bonds at the RBD–ACE2 interface as a function of time are displayed for both RBDOmic–ACE2 and RBDWT–ACE2 complexes.





Mutations in the RBDOmic Deteriorate the Binding of Therapeutic Antibodies and Garble Their Epitopes on RBD

To evaluate whether the mutations that strengthen the RBDOmic–ACE2 interaction affect the RBD-targeting COVID-19 therapeutic antibodies, we constructed structural models of eight monoclonal antibodies (mAbs) bound to RBDOmic. The antibodies like CT-p59, developed by Celltrion from the peripheral blood mononuclear cells (PBMCs) derived from a convalescent plasma of COVID-19 patients, and sotrovimab are used as solo COVID-19 therapeutics undergoing phase III clinical trials (13, 14). The other six mAbs were approved for COVID-19 therapies on an emergency basis (15), which are used as cocktail therapy to tackle the immune escape by the newly acquired mutants (Figures 3A–D).




Figure 3 | Mutations in the Omicron RBD distort the epitopes of therapeutic mAbs. (A–D) Crude epitopes of seven selected mAbs are shown on the RBD. Antibodies used as cocktails are labeled with their sponsors. All variable light chains are colored yellow or orange and variable heavy chains are colored red. (E) Changes in the binding affinity of the RBDOmic–mAbs relative to RBDWT–mAbs are shown. The binding energies were calculated through endpoint MMGBSA. (F) The binding free energies (measured through MMPBSA) as consequences of all 15 mutations at once were monitored for RBDOmic–etesevimab and RBDWT–etesevimab. (G) The binding free energies (measured through MMPBSA) as consequences of all 15 mutations at once were monitored for RBDOmic–CT-p59 and RBDWT–CT-p59.



Since mAbs in their respective cocktail therapy regimen do not share overlapping epitopes on the RBD, except etesevimab and bamlanivimab (sponsored by AbCellera) where the light chain variable domains show a slight clash (Figure 3B and Table 1) and are capable of neutralizing the virus independently, we investigated the change in their interface and binding strength of the mAbs with RBDOmic individually. Remarkably, we found a substantial drop in the total binding energies of bamlanivimab and CT-p59 when bound to RBDOmic (Figure 3E). The total binding energy is the sum of the four energies (listed in Table 2). We could see that vdW (Van der Waals potentials) and SA (solvation free energy) energies did not affect the binding strength; however, electrostatic potentials (ELE) had a significant shift in the calculated energies. The magnitude of the change in ELE energies was similar to that of RBDOmic–ACE2; however, the effect was opposite, i.e., in RBDOmic–ACE2 ELE energies favor the binding, whereas RBDOmic–mAbs ELE opposed the binding strength (Supplementary Figure 1C). All the mAbs showed a significant drop in ELE energies, but AZD1061 (AstraZeneca) showed a slight drop (RBD-AZD1061 = −204.24 kcal/mol > RBDOmic-AZD1061 = −112.35 kcal/mol). To validate the relative change of total binding energies and the shift of the electrostatic potential of RBDOmic–mAbs, we analyzed the MDS of the two complexes (i.e., RBDOmic–etesevimab and RBDOmic–CT-p59) and calculated their BFE using MMPBSA. Interestingly, we found that the change of the electrostatic potential of both complexes exhibited a similar trend for both MMGBSA and MMPBSA approaches. The MMPBSA values were calculated as the statistical outcome of 100 frames extracted from the 20-ns MDS trajectory (Figures 3F, G). The total binding energies for RBDOmic–mAbs complexes were substantially higher compared with the RBDWT–mAbs, suggesting that Omicron can escape both etesevimab and CT-p59 (regdanvimab) (Figures 3F, G).


Table 2 | The binding energies of RBDOmic and RBDWT with seven therapeutic mAbs are listed.



Next, to evaluate which mutations are mainly involved in weakening the RBDOmic–mAbs interactions, we calculated per amino acid energy perturbation for CT-p59 and bamlanivimab when bound to RBDWT and RBDOmic. We observed that two hotspots, i.e., R96 in CDRL3 and R50 in CDRH2 of bamlanivimab, established highly stable salt bridges with the E484 of RBDWT, losing their binding entirely upon E484A mutation in RBDOmic (Figure 4A). In addition, E102 and R104 in CDRH3 showed a 50% reduction in binding energies. Similarly, the hotspots in CDRL1 and CDRH3 lost their bindings due to the mutations of E484A, Q493K, and Y505H in RBDOmic. By contrast, N501Y slightly strengthens the binding, establishing a hydrogen bond with D57 in CDRH2 (Figure 4B). Next, we extended our search and used two more SARS-CoV-2 neutralizing antibodies, C102 and C105, isolated from the convalescent plasma of a single donor for their RBDOmic affinity (16). Both mAbs bind to an overlapping epitope on the RBM and predominantly utilize the heavy chain variable domain (VH) CDRs as main paratopes (Supplementary Figure 2A). Like other RBD-binding mAbs, both C102 and C105 exhibited a drastic reduction in binding affinity driven by a significant change in the electrostatic potential (Supplementary Figures 2B, C). To investigate how sotrovimab retains its neutralization efficacy, we constructed the RBDOmic–sotrovimab model and found that sotrovimab binds to a highly conserved epitope on the RBD and, among 15 mutations in the RBDOmic, faces only G339D mutation. The retained Omicron neutralization in pseudovirus assay (17) may indicate that the salt bridges between the CDRH3 and RBD may override the clash between RBDOmic D339 and Y100 in CDRH3 that could potently destabilize the RBDOmic–sotrovimab interaction (Supplementary Figure 2D). These results suggest that mutations in the Omicron Spike are precisely designed by the virus, facilitating receptor binding but hindering antibody binding simultaneously and that antibodies recognizing conserved epitope on the Spike of SARS-CoV-2 variants could be used as pan-variant therapeutics. Overall, the escape of Omicron from a large pool of antibodies, especially those approved by the FDA after undergoing extensive clinical trials and safety measures, raises serious concerns about the efficacy of therapeutic mAbs in Omicron-infected patients.




Figure 4 | Per-residue changes in the binding affinity of RBD–mAbs were monitored and the hotspots on CDRs of (A) bamlanivimab and (B) CT-p59 are labeled. The change in the hydrogen bond network of the selected hotspots is shown at the right.






Discussion

To this end, it is well known that SARS-CoV-2 is rapidly evolving and makes at least two mutations per month in its genome (18, 19). The virus is capable of adapting to the host environment by increasing transmissibility and evading immune response, as exemplified by the continuous rise of VOCs (20, 21). Although tremendous efforts have been made in vaccine development and COVID-19 therapeutics, including mAbs and COVID-19 pills by Merck, the emergence of VOCs has raised concerns over the efficacy of neutralizing antibodies (21, 22). Even though these variants had a limited number of mutations, they successfully escaped the immune response, at least partly if not entirely. Omicron harbors four or five times more mutations in the Spike protein than other SARS-CoV-2 VOCs and raise more serious concerns (see Figure 1B).

We used the previously available structural data of Spike RBD-binding antibodies, Spike itself, and Spike–ACE2 complexes and constructed the mutant Omicron Spike. Omicron Spike contains some of the mutations reported in the previous VOCs. In particular, D614 enhances the receptor binding by increasing its “up” conformation and the overall density of Spike protein at the surface of the virus (23, 24). In addition, five of the amino acids within the RBD region are mutated from polar to positively charged residues (K, R, or H) that paradoxically enhance the receptor binding and weaken the Spike neutralizing interactions (Figures 2C and 4). The RBD mutation has been mapped to predict the neutralization escape from REGN-COV2 (a cocktail of REGN10933 and REGN10987) and LY-CoV016. Such mutations have already been found in patients with persistently infected COVID-19 since late 2020 or early 2021 (25). Single E406W mutation can lead to the viral escape from both antibodies in REGN-COV2, whereas F486K has been reported to escape REGN10933. N440K and K444Q can escape against REGN10987, while K417N, N460T, and A475V can successfully escape against LY-CoV016 antibody (AbCellera), currently approved by the FDA for COVID-19 therapy (25). Unfortunately, Omicron has mutations or amino acids adjacent to those predicted to escape the neutralization of antibodies.

Among the investigated antibodies here, we suggest that AZD1061 may be able to retain Omicron neutralization (Figure 3E). During our study, two research groups investigated the neutralization escape of Omicron from the same set of antibodies. They reported consistent results for the mAbs sponsored by Regeneron and AbCellera. Nonetheless, they demonstrated that the Omicron pseudovirus neutralization findings differed in AZD1061 (cilgavimab) and AZD8895 (tixagevimab). In support of our results, Planas et al. have shown that AZD1061 (cilgavimab) and the cocktail (AZD1061+AZD8895), but not AZD8895 alone, could retain the Omicron pseudovirus neutralization (17).

On the other hand, Cao et al. have demonstrated that AZD8895, but not AZD1061, binds Omicron with lower affinity and slightly neutralizes the Omicron pseudovirus at a very higher concentration (26). However, they did not examine the effect of the AZD1061+AZD8895 cocktail on the Omicron. The above studies suggested that sotrovimab (VIR-7831/GSK4182136/S309) holds the promising neutralization efficacy against the Omicron pseudovirus. Thus, we constructed an RBDOmic–sotrovimab model to investigate how sotrovimab retains its neutralization efficacy. Sotrovimab could bind to the highly conserved epitope on the RBD, and among the 15 mutations in the RBDOmic, it faces only G339D mutation.

Although the pathological manifestations are thus far reported to be mild, the threat of Omicron is global, and it is also quite clear that the new variant is more transmissible than Delta. Vaccination has been reported to significantly drop the COVID-19 infection of emerging VOCs, including Delta (27). However, the sera from convalescent subjects infected with different variants of SARS-CoV-2 including Alpha, Beta, Gamma, and Delta and vaccines were found to be ineffective against Omicron. Nonetheless, immunity boosted by the third dose of vaccines or vaccinees infected by the Delta strain has shown effect against Omicron (28). Another study has also reported some preliminary data about the ineffectiveness of vaccines against Omicron. The sera from individuals with the 5-month post-vaccination with Pfizer (29) or AstraZeneca vaccine have failed to inhibit Omicron (30, 31). Similarly, the sera from 6- to 12-month post-infection individuals could not neutralize the new variant. Nevertheless, 5- to 31-fold lower neutralization of Omicron compared with Delta has been reported by boosters and the previously infected vaccines (17). Thus, Omicron can escape against the therapeutic and vaccine-elicited antibodies. Our study and the preliminary data from other studies consistently suggest that a cocktail of Evusheld (AstraZeneca mAbs) and sotrovimab (GSK, S203 mAb) could effectively neutralize the Omicron.



Methods


Model Construction and Optimization

For the full-length trimeric Spike, a previously reported PDB ID: 7VNE was used to rebuild the Omicron Spike protein using a Swiss-Model server (32). Other structures used in this study are listed as follows: RBD–ACE2 (PDB ID: 6MOJ), RBD–etesevimab (PDB ID: 7C01), RBD–bamlanivimab (PDB ID: 7KMG), RBD–CT-p59 (PDB ID: 7CM4), RBD–AZD1061 (PDB ID: 7I7E), RBD–AZD8895 (PDB ID: 7I7E), RBD–casirivimab (PDB ID: 6XDG), RBD–imdevimab (PDB ID: 6XDG), and RBD–sotrovimab (PDB ID: 7R6X). For constructing the mutant RBD, free BIOVIA Discovery Studio Visualizer was used (http://www.accelrys.com). All complexes were solvated with TIP3P water cubic box of dimension boundaries extended to 10 Å from protein atoms and neutralized with counter ions, Na+/Cl−, wherever needed. The neutralized systems were energy minimized in GROMACS 2019.6 (33) using CHARMM37 force field (34) and steep descent algorithm. For endpoint binding free energy calculations, the HawkDock server was utilized (35).



Molecular Dynamics Simulation

To calculate the binding free energies of RBDOmic with ACE2 and antibodies, we utilized the GROMACS package for the generation of trajectories and the MMPBSA tool for the free energy perturbation. Each system was solvated in a dodecahedron box filled with TIP3P water model and neutralized by adding counter ions (Na+/Cl−). The neutralized systems were energy minimized as stated above. Next, a two-step equilibration was set up under constant temperature (NVT) and constant pressure (NPT) of 0.2 ns, and the systems were equilibrated. The temperature and pressure were coupled with v-rescale (modified Berendsen thermostat) and Berendsen, respectively (36). The long-range electrostatic interactions were computed by utilizing the particle mesh Ewald algorithm (37). Each system was simulated for 20 ns with all constrains removed. For the calculation of RMSD and hbonds, MD trajectories were converted by removing the jumps and translational and rotational motions using −pbc nojump and −fit rot+trans flags under the trjconv tool in GROMACS. For MMPBSA, every 20th frame was extracted from a 20-ns trajectory in a separate trajectory.



Binding Free Energy Calculation

The MMPBSA (12) approach is best suited for calculating binding free energies of the ligands bound to the same target. Here, RBD is the main target, whereas mAbs and ACE2 are considered as ligands. GROMACS is equipped with g_mmpbsa tool which was used for the calculation of binding free energies. The topology of each system was generated through the older version of GROMACS (v 5.0) as the MMPBSA package has not been updated by the developer till now. The binding energies were calculated according to the equations described in our previous study (38).



Computational Tools Used in This Project

For protein structure visualization, VMD (39), PyMOL (https://pymol.org), and Chimaera Chimera (40) packages were used. For electrostatic surfaces, isolation of the proteins, APBS and APBSrun plugins in PyMOL and VMD were utilized. The interfaces of RBDWT and RBDOmic with mAbs and ACE2 were analyzed by the online server PDBePISA (v1.52) (41), and the binding contribution of individual amino acids was determined. For endpoint binding free energy calculations, the HawkDock server was utilized (35). The hotspot results were validated through the DrugScorePPI web server (42). The unrooted phylogenetic tree was constructed from the Nextstrain (43) servers using ~4,000 full-length SARS-CoV-2 sequences from the GISAID (44) database with reference to Wuhan-Hu-1/2019 as a reference sequence.
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Introduction

As of 31 December 2021, COVID-19, caused by infection with SARS-CoV-2, had been confirmed in more than 285 million people worldwide, with more than 5.4 million dead resulting in a case fatality ratio of 1.89%. This figure is likely to be vastly underestimated, as a proportion was not registered officially as COVID-19-related/excess deaths. The United States recorded the highest number (54,656,866) of confirmed cases. In Africa, there are 47 countries affected, with 7,065,972 cumulative cases and 155,081 deaths were recorded by 31 Dec 2021 (WHO African Region numbers at a glance). To date, the currently approved vaccines have been effective in preventing COVID-19, particularly in regards to severe symptoms (1). However, several immune escape mechanisms of SARS-CoV-2 and the rapid emergence of mutated variants (2) pose a great challenge to the efficacy of these vaccines.

Patients with severe COVID-19 tend to have a high concentration of pro-inflammatory cytokines (IL-2, IL-7, IL-10, G-CSF, TNF-α, CXCL10, MCP1, and MIP1α) (3), suggesting that a cytokine release syndrome (CRS) (4) (also loosely referred to as a cytokine storm), which is a form of life-threatening systemic inflammatory response syndrome (SIRS), can often feature in severe COVID-19 infections. Among the increased levels of inflammatory mediators in COVID-19 patients, the plasma levels of IL-6, an amplifier in the cytokine storm, are significantly elevated in non-survivors compared with survivors (5). The main cause of death of COVID-19 is due to severe acute respiratory distress syndrome (ARDS) with this high severity being dependent on the cytokine storm.

Sepsis has been defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection (6). Endothelium damage, vascular permeability, microvascular dysfunction, coagulation pathway activation, and impaired tissue oxygenation occur during sepsis and can lead to multisystem organ dysfunction (MODS), organ failure and consequently a potentially lethal outcome. As many patients with severe COVID-19 show typical clinical manifestations of septic shock, with other symptoms meeting the diagnostic criteria for sepsis and septic shock according to the Sepsis-3 International Consensus (6), Li et al. hypothesized that viral sepsis is a crucial process in severe COVID-19 cases (7). Accumulating evidence further links the pathology of severe COVID-19, such as acute kidney injury, to sepsis (8).



Immunomodulatory Therapy of Severe COVID-19

In regards to potential immunomodulatory strategies for severe COVID-19, the IL-6-STAT3 signaling pathway has been considered a promising therapeutic target for the cytokine storm generated in the disease. Tocilizumab, a specific monoclonal antibody that blocks IL-6, has been recommended for use in critically ill COVID-19 patients with extensive bilateral pulmonary lesions and with elevated serum levels of IL-6. However, anti-cytokine therapy with Tocilizumab did not improve survival rates despite reducing the likelihood of progression to the composite outcome of mechanical ventilation or death (9). In addition, ulinastatin, a serine protease inhibitor with anti-inflammatory properties (including inhibition of IL-6), previously used in the treatment of acute pancreatitis and sepsis, has been suggested for severe COVID-19 treatment (10); yet its clinical performance and cost-effectiveness remain to be validated in large cohort studies.

The value of glucocorticoids in mitigating the inflammatory response due to COVID-19 has been widely scrutinized. Recent reliable evidence from large-scale randomized clinical trials (RCTs) revealed that the use of dexamethasone reduced 28-day mortality but only in patients requiring respiratory support (11), while another parallel, double-blind, placebo-controlled, randomized, Phase IIb clinical trial showed that the administration of methylprednisolone was able to reduce 28-day mortality in patients aged over 60 years (12). In addition, hydroxychloroquine, a disease-modifying antirheumatic drug (DMARD), used for the treatment of rheumatoid arthritis and lupus, has been studied for its potential as an immunomodulatory therapeutic for COVID-19 disease. Evidence from 12 RCTs indicated that hydroxychloroquine has little or no effect on the risk of death, probably has no effect on progression to mechanical ventilation, and that it is less likely that the drug is effective in protecting people from infection, although this was not excluded entirely (13). Other immunomodulatory agents that have been therapeutically tested in SARS-CoV-2 infection include the interleukin-1 receptor (IL-1R) antagonist anakinra, the Janus kinase inhibitors baricitinib and ruxolitinib, the anti-C5a antibody vilobelimab, the anti-gout agent colchicine, the antirheumatic drug leflunomide, convalescent plasma, interferon beta, interferon kappa and intravenous immunoglobulins (IVIg) (14). However, robust data from further RCTs are required to elucidate their potential for the treatment of severe COVID-19.



Helminth Co-Infection and Severity of COVID-19

The “old friends” hypothesis argues that some co-evolved microbes and other pathogens, including helminths, could help to establish appropriate immunomodulatory function and thus protect the host against a large spectrum of immune-related disorders (15). Mammals infected with helminths typically elicit an anti-inflammatory Th2 immune response, including the activation of Th2 cells and the elevation of Th2-type cytokines such as IL-4, IL-5 and IL-13 (16). This host-helminth interaction could be beneficial in dampening inflammatory damage induced by the Th1/Th17 branches of the immune system, repairing injured tissue and restoring homeostasis (17). Chronic helminthic infection suppresses both Th1 and Th2 responses by actively inducing the expansion of FOXP3+ regulatory T cells, IL-10 producing B cells and alternatively activated macrophages (AAMs), which together promote the release of regulatory cytokines such as TGF-β and IL-10 (18).

There is controversy regarding whether helminth coinfection leads to increased susceptibility and attenuated immunopathology of other pathogens (i.e., viruses, bacteria and protozoa) or, in some circumstance, exacerbated pathology due to higher infection burdens (19). And this also likely applies to the interaction between helminths and SARS-CoV-2 (20, 21). It has been suggested that the immunosuppressive and regulatory T-helper response stimulated by helminths may balance the inflammatory Th1/Th17 response triggered by SARS-CoV-2 infection, potentially restricting the severity of COVID-19 disease (22, 23). In contrast, a recent viewpoint article argued that COVID-19 patients co-infected with helminths may be unable to mount a quick and efficient immune response against SARS-CoV-2 in the early phase of the infection, thereby leading to increased patient morbidity and mortality (24). However, other evidence indicates that COVID-19 lethality rates are significantly lower in Sub-Saharan Africa than in the industrialized world (25). Wolday et al. (26) carried out a prospective observational cohort study to investigate whether there was a potential correlation between co-infection with intestinal parasites and the severity of COVID-19 in two sites in an endemic area of Ethiopia in Sub-Saharan Africa. The study revealed that patients co-infected with parasites had lower odds of developing severe COVID-19, with an adjusted odds ratio (aOR) of 0.23 (p < 0.0001) for all parasites, an aOR of 0.37 (p < 0.0001) for protozoa, and an aOR of 0.26 (p < 0.0001) for helminths. The authors thus concluded that co-infection with the enteric parasites, Hymenolopis nana, Schistosoma mansoni and Trichuris trichiura reduced the risk of severe COVID-19 occurrence in this cohort of African patients. When stratified by species, co-infection with T. trichiura showed the lowest probability of developing severe COVID-19. In addition, of 11 cohort patients who died, all were parasite-free (26). The results of this study thus suggested that parasites, particularly the chronic disease-associated parasitic helminths, induced a Th2-prone response in the host, which modulates COVID-19 severity by restricting the hyper-inflammation associated with the viral infection. Further epidemiological studies on helminth-mediated COVID-19 alleviation are, however, required to support this argument (27, 28). 



Helminth-Derived Products Can Attenuate the Severity of Sepsis

The “old friends” hypothesis, together with the inverse global distribution of allergy/autoimmune diseases and helminth infections, and the proclivity for helminths to orchestrate immunomodulatory effects (typically induction of a Th2 immune response) on the host immune system stimulated the concept of developing helminth-based therapies. Robust evidence from animal model studies showed that helminth infection and helminth-derived products were able to prevent/alleviate a variety of autoimmune and inflammatory diseases/disorders (i.e., sepsis, type 2 diabetes, allergic asthma, rheumatoid arthritis, inflammatory bowel disease, type 1 diabetes and multiple sclerosis) (29, 30).

In regard to sepsis, epidemiological studies (over the period 2006-2015) indicated a rapid increase in hospitalization and mortality rates due to severe sepsis in high-income countries (31). This report added further support to the hypothesis that the lack of helminth infections may contribute to the aetiology of sepsis (32). To date, a number of helminth-derived molecular products have resulted in improved sepsis outcomes in animal models. Several studies have investigated the role of Schistosoma japonicum cystatin (rSj-Cys) in regulating the inflammatory response in the cecal ligation and puncture (CLP)-induced mouse sepsis model (33–35). Administration of rSj-Cys to mice provided significant therapeutic effects on CLP-induced sepsis characterized by increased survival rates, alleviated overall disease severity with reduced tissue injury in the kidney, lung and liver (33) and cardiomyopathy (34). These therapeutic effects were linked to the upregulation of regulatory cytokines (IL-10 and TGF-β1) and the downregulation of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) as measured in serum. Similarly, treatment of mice with cyclophilin A (CsCyPA) from the liver fluke, Clonorchis sinensis, provided significant therapeutic effects on CLP-induced sepsis characterized by an improved survival rate (36). Furthermore, using a murine model of septic shock, Ramos-Benitez et al. demonstrated in vitro and in vivo that Fh15, a recombinant variant of the common liver fluke Fasciola hepatica fatty acid binding protein, suppressed the LPS-induced cytokine storm, working as an antagonist of Toll-like receptor 4 (TLR4) (37). In the gram-negative bacteria-induced sepsis rhesus macaque model, Fh15 effectively suppressed bacteremia, endotoxemia, and many other inflammatory markers, emphasizing its promise as a candidate for immunomodulatory therapy against sepsis (38). In addition, the excretory-secretory products of Trichinella spiralis adult worms were also shown to be beneficial to the outcome of CLP-induced sepsis by preventing exacerbated inflammation and severe pathology in treated mice (39). These effects were associated with reduced levels of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α), upregulated levels of IL-10 and TGF-β, and decreased expression of HMGB1, TLR2 and MyD88 in the lung tissues of the treated mice (39). Albeit informative, these observations were accrued from animal sepsis models and human clinical trials now need to be undertaken to validate the results obtained. 



Discussion

Rapid mutations in SARS-CoV-2 challenge the efficacy of the current COVID-19 vaccines and concerns about their long-term safety require an urgent need to search for safe and cost-effective alternatives for preventing severe COVID-19 disease. Increased efforts are required as, to date, conclusive evidence of effective immunomodulatory therapies for severe COVID-19 is scarce (14). Due to similarities in the pathological process, sepsis animal models provide the opportunity to evaluate the efficacy of novel candidates for the immunomodulatory therapy of critically ill COVID-19 patients. We argue that helminth-derived products and molecules that can potentially induce a Th2-biased immune response may provide a contributory role in preventing severe COVID-19 by restricting the cytokine storm associated with ARDS. The aforementioned helminth-derived molecules (i.e. rSj-Cys, CsCyPA and Fh15) have been shown to increase survival rates in animal models of sepsis, thereby representing potential candidates for immunomodulatory treatment against severe COVID-19. Such components should be validated for efficacy, first in the K18-hACE2 transgenic murine model of SARS-CoV-2 infection which shares many features of severe COVID-19 infection (40), and then in clinical cohorts. The time phase in sepsis progression is regarded as a key factor for successful immunomodulatory therapy. Due to immunosuppression and immune exhaustion, treatment with immunomodulators at the late stage of severe COVID-19 could be less effective or even deleterious; consequently, the helminth-derived molecular products should be administrated as a prophylactic therapy against severe COVID-19. The suppression of the antiviral response due to excessive immunotherapy may encourage viral replication and result in a delay of clearance of SARS-CoV-2 so that administration of helminth-derived immunomodulators that elicit a mild Th2-skewed immune response could be a useful strategy to prevent severe COVID-19, while maintaining the patient’s ability to kill cells infected with the virus. Severe COVID-19 has greater incidence in older individuals, due in part to an increased inflammatory response in these patients (41), begging the question whether prophylactic therapy based on helminth-derived product should primarily target and would be more effective in older individuals? Another unanswered question is whether a well-controlled low level concomitant infection with a live helminth, such as hookworm (42), can achieve an equivalent or superior effect to an immunomodulator or vaccine in preventing serious outcomes of COVID-19. It would be valuable to test such helminthic-based therapies as these may represent a safe and cost-effective anti-inflammation approach to reducing COVID-19 severity.
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Background

The role of type I interferons (IFNs) in the early phase of COVID-19 remains unclear.



Objectives

To evaluate the relationship between IFN-I levels in patients with COVID-19 and clinical presentation, SARS-CoV-2 viral load, and other major pro-inflammatory cytokines.



Methods

This prospective observational study recruited patients hospitalized with COVID-19. The levels of interferon-alpha (IFN-α), interferon-beta (IFN-β), interleukin-6 (IL-6), and C-X-C motif chemokine ligand (CXCL10) within 5 days after symptom onset were measured using an ELISA, in serum from blood collected within 5 days after the onset of symptoms. The SARS-CoV-2 viral load was determined via qPCR using nasal-swab specimens and serum.



Results

The study enrolled 50 patients with COVID-19. IFN-α levels were significantly higher in patients who presented with pneumonia or developed hypoxemic respiratory failure (p < 0.001). Furthermore, IFN-α levels were associated with viral load in nasal-swab specimens and RNAemia (p < 0.05). In contrast, there was no significant association between IFN-β levels and the presence of pneumonia or RNAemia, despite showing a stronger association with nasal-swab viral load (p < 0.001). Correlation analysis showed that the serum levels of IFN-α significantly correlated with those of IFN-β, IL-6, and CXCL10, while the levels of IFN-β did not correlate with those of IL-6 or CXCL10.



Conclusions

Serum IFN-I levels in the early phase of SARS-CoV-2 infection were higher in patients who developed hypoxemic respiratory failure. The association between IFN-α, IL-6, and CXCL10 may reflect the systemic immune response against SARS-CoV-2 invasion into pulmonary circulation, which might be an early predictor of respiratory failure due to COVID-19.
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Introduction

Coronavirus disease (COVID-19) is a potentially fatal respiratory infection caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). Since the first outbreak of COVID-19, this pandemic has negatively affected the capacity of local and regional healthcare systems worldwide, resulting in the temporal exhaustion of in-hospital medical services (2, 3). The necessity of hospitalization due to COVID-19 is largely affected by the presence of respiratory failure, which typically develops several days (at least 3 days) after the onset of the first symptoms (4, 5). Therefore, investigating the initial immune response in the early phase of SARS-CoV-2 infection is important because it may be related to the development of respiratory failure.

Using various integrated approaches (6–9), most studies have compared immune responses between groups of patients with COVID-19 with increasing disease severity. These studies yielded homogenous results; the most severe COVID-19 phenotype was associated with an aggressive inflammatory response with the release of a large amount of pro-inflammatory cytokines, an event known as “cytokine storm”, and described altered cellular immunity, including marked lymphocytopenia and neutrophil-to-lymphocyte ratio (NLR) elevation (10).

Type I interferons (IFNs) have emerged as crucial contributors to the immune response against a SARS-CoV-2 infection (11–13). In humans, the IFN-I family mainly consists of IFN-α and IFN-β (14), which act as inhibitors of viral replication in infected cells and play a defensive role in uninfected cells. The expression of IFN-I is cell-type specific: IFN-α is mainly produced by hematopoietic cells, whereas IFN-β is produced by a broad range of cell types (15). Impairment of IFN-α and increased autoantibodies against IFN-α have been recognized as important contributors to the disease severity in SARS-CoV-2 infection (11–14). In contrast, a recent in vitro study reported that the antiviral activity of IFN-β was superior to that of IFN-α against SARS-CoV-2 (16). Nevertheless, the involvement of each IFN-I in the pathogenesis and outcomes of a SARS-CoV-2 infection, particularly the development of hypoxemic respiratory failure, remains unclear.

In this study, we examined the association between pneumonia, hypoxemic respiratory failure, and immune response in the early phase of COVID-19, focusing on circulating IFN-I levels. Moreover, we assessed the levels of other inflammatory cytokines, including IL-6 and CXCL-10, which are known to be initial immune triggers of the cytokine storm in a SARS-CoV-2 infection (17).

The primary outcome of the study was to validate the relationship between SARS-CoV-2 pneumonia, respiratory failure, IFN-α, and IFN-β, and the secondary outcome was to investigate the association between IFN-I and other cytokines.



Materials and Methods


Study Design

This study was conducted as part of the Toyama University COVID-19 cohort study; an investigator-initiated, prospective, single-center study that was primarily designed to investigate the clinical, epidemiological, radiological, and microbiological features of COVID-19. In this study, the patients were diagnosed as COVID-19 positive based on quantitative reverse transcription PCR (RT-qPCR) results. Nasal specimens for RT-qPCR were collected and chest computed tomography (CT) were performed at admission. Serum samples were collected and stored at -80°C after each laboratory examination. The study was approved by the Ethical Review Board of the University of Toyama (R2019167), and written informed consent was obtained from all the patients.

The inclusion criteria were as follows: (1) men or women aged 18 years or older; (2) hospitalized at Toyama University Hospital, Toyama, Japan, between April 2021 and June 2021 (during the endemic period in Toyama that was caused by the SARS-CoV-2 B.1.1.7 lineage); (3) positively diagnosed as having a SARS-CoV-2 infection via qPCR using nasal-swab specimens; and (4) had the first blood sample collected within 5 days after the onset of symptom. Patients who did not have an initial CT evaluation or whose blood samples were unavailable for subsequent experiments, were excluded from the study.



Study Participants and Protocol

Data on the patients’ demographics, comorbidities, clinical presentation, laboratory findings, therapy regimen, and prognosis were collected from their medical charts.

When a newly developed inflammatory lesion was detected by a chest CT that was performed on admission, COVID-19 pneumonia was confirmed by trained pulmonary radiologists, KN and YY. This method for diagnosis of pneumonia is consistent with previous reports (18, 19). The patients with no inflammatory lesions were confirmed negative for COVID-19 pneumonia. The chest CT was performed in the supine position during end-inspiration on a multidetector CT scanner by using a slice thickness of 1.0 mm, a high spatial resolution algorithm (SOMATOM Definition AS+; Siemens Healthineers, Forchheim, Germany), and SOMATOM go.Top (Siemens Healthineers).

Hypoxemia requiring oxygen therapy was defined as an SpO2 of ≤93% at rest/motion under room air. This is a universally accepted criterion for the initiation of oxygen therapy in patients with COVID-19 (20).



Blood Samples

At least 1.0 mL of serum was collected from each patient and divided into three tubes, one of which was used for the cytokine and RNAemia measurements described below. Only serum collected within 5 days after the onset of symptoms was used for the analysis.

In addition, control serum was obtained from healthy immunocompetent volunteers, from Toyama University Hospital. The volunteers were hospital staff who had no known underlying diseases. The blood sampling was conducted under afebrile conditions and the serum was stored and utilized for cytokine measurements. Written informed consent were also obtained from all the volunteers.



Cytokine Measurement

Serum cytokines and chemokines (IFN-α, IFN-β, IL-6, interleukin-10 (IL-10), and CXCL10) were measured using commercially available ELISA assays, according to the manufacturers’ instructions. The levels of IFN-α, IFN-β, IL-6, IL-10, and CXCL10 were measured using the VeriKine-HS Human IFN Alpha All Subtype ELISA Kit (PBL Assay Science, New Jersey, USA), the VeriKine-HS Human IFN Beta Serum ELISA Kit (PBL Assay Science), the AuthentiKine™ Human IL-6 ELISA Kit (Proteintech, Illinois, USA), the AuthentiKine™ Human IL-10 ELISA Kit (Proteintech), and the Human CXCL10/IP-10 ELISA Kit (Proteintech), respectively. Each sample was measured on first thaw. If an analyte signal was below the background signal, it was set to zero, and if the signal was detectable, but below the manufacturer’s lower limit of quantification, it was set to the lower limit of detection.



RT-qPCR

RT-qPCR to detect SARS-CoV-2 was performed as previously described (21, 22). Briefly, RNA was extracted from 140 μL of blood serum or supernatant of nasal-swab specimens by using the QIAamp ViralRNA Mini Kit (QIAGEN, Hilden, Germany) or Nippongene Isospin RNA Virus (Nippongene, Tokyo, Japan), respectively according to the manufacturer’s instructions. The viral loads of SARS-CoV-2 were quantified via RT-qPCR using a N2-gene-specific primer/probe set according to the Japan National Institute of Infectious Diseases protocol (23). The AcroMetrix COVID-19 RNA Control (Thermo Fisher Scientific, California, USA) was used as a positive control. The detection limit was approximately 0.4 copies/μL (2 copies/5 μL). RNAemia was determined when SARS-CoV-2 was detectable in the blood serum specimens.



Statistical Analysis

Background factors were expressed as medians (interquartile range) or numbers (percentage). To evaluate intergroup differences, the Wilcoxon test and Fisher’s exact test were used to compare continuous and nominal variables, respectively. For all pairs of immune parameters and viral loads, Spearman’s Rho correlation coefficients were estimated. The results regarding the association between immune parameters are summarized in a correlation matrix. Statistical significance was set at p < 0.05. The statistical program R (version 4.1.018) and GraphPad Prism version 9.0 (GraphPad Software, California, USA) were used for statistical analyses.




Results


Study Participants

The clinical characteristics, laboratory findings, treatment, and outcomes of the 50 patients included in this study are summarized in Table 1. Age, underlying diseases (none or hypertension), body mass index, and febrile period were significantly different between patients with COVID-19 with and without pneumonia or hypoxemia. No patients with hypoxemic respiratory failure due to COVID-19 required invasive positive pressure ventilation; however, two patients required nasal high-flow oxygen therapy. All patients included in this study survived COVID-19, at least until 30 days after the onset of symptom. None of the patients included in this study had received antiviral medication at the time of blood sampling.


Table 1 | Clinical feature of patients in the study.





IFN-α and IFN-β Level Analysis

In this study, we performed preliminary experiments to assess the levels of each IFN at different time points in six patients who developed pneumonia (Supplementary Table 1). Accordingly, we found that IFN levels significantly decreased 5 days after the initial assessment in five patients. Among them, the levels of IFN-α and IFN-β decreased time-dependently in three patients, even though they developed respiratory failure thereafter. Based on these results, we focused on IFN levels within 5 days of symptom onset, which correspond to the early phase of SARS-CoV-2 infection.

Next, we assessed the levels of each IFN and cytokine. The results of IFN-α and IFN-β level analyses are summarized in Figures 1A, B. The levels of IFN-α were detectable in all patients, but under the lower limit of quantification in three patients. The levels of IFN-β were undetectable in five patients and were below the lower limit of quantification in one patient. In the following analysis, we found that IFN-α levels were significantly higher in patients with pneumonia than in those without pneumonia [130 pg/ml (45-178) vs 51.5 pg/ml (33-85), p < 0.001]. Similarly, IFN-α levels were significantly higher in patients who developed hypoxemia than in those who did not [178 pg/ml [130-236] vs 51.5 pg/ml (23-91), p < 0.001]. In contrast, the levels of IFN-β were not significantly different between patients with and without pneumonia [5.6 pg/ml (2.1-7.5) vs 4.7 pg/ml (3.1-8.2), p = 0.488], but these were significantly higher in patients who developed hypoxemia than in those who did not [7.5 pg/ml (4.5-10) vs 4.5 pg/ml (1.8-6.3), p = 0.008]. The level of C-reactive protein (CRP) and NLR were not significantly different between patients with and without hypoxemia (Figures 1C, D).




Figure 1 | The serum type I Interferon (IFN) levels in patients with COVID-19 and their association with pneumonia and hypoxemic respiratory failure: (A) IFN-α levels, (B) IFN-β levels. (C) CRP levels, and (D) Neutrophils-to-lymphocytes ratio in patients with COVID-19. Each level was measured at the time of admission (within 5 days after the onset of symptoms), without hypoxemic respiratory failure at the time. Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05. **p < 0.001.





Association Between Serum IFN-I Levels and SARS-CoV-2 Viral Load in the Blood/Nasal Swab

To examine the association between the microbiological findings and IFN-I levels, we assessed the viral load in nasal-swab specimens and serum. The levels of IFN-α and IFN-β were significantly associated with SARS-CoV-2 viral load in nasal-swab specimens (r = 0.327; p = 0.327 for IFN-α, and r = 0.452; p = 0.001 for IFN-β; Figures 2A, B). Notably, a stronger association was observed with IFN-β than with IFN-α. However, only IFN-α levels were significantly higher in patients with RNAemia than in those without RNAemia (Figures 2C, D). The presence of RNAemia was determined by a relatively low viral load [10.4 (4.9-30.0) copies/μL], and the qPCR results were below the detection limit in 35 patients (70% of the study participants). Thus, we analyzed the association between RNAemia and IFN-I levels by the presence of RNAemia.




Figure 2 | Correlations between serum type I Interferon (IFN-I) levels and SARS-CoV-2 viral load in nasal swab specimens from patients with COVID-19: (A) IFN-α levels and (B) IFN-β levels. Spearman correlation test was used, and Spearman correlation coefficient is shown. Corresponding logarithmic trendlines are shown. Serum IFN-I levels in patients with COVID-19 and the association with RNAemia, (C) IFN-α levels, (D) IFN-β levels. Each level was measured at the time of admission (within 5 days after the onset of symptoms). Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05.





Immunoinflammatory Biomarker Level Analysis

The levels of CXCL10 and IL-6 were significantly higher in patients with pneumonia and hypoxemia. In contrast, the levels of IL-10 were not significantly different between patients with and without pneumonia or hypoxemia (Figure 3). Further analysis revealed that the levels of CXCL10, IL-6, and IL-10 were not associated with the viral load in nasal-swab specimens (Figures 4A–C). Moreover, these cytokine levels were not associated with the presence of RNAemia, except for CXCL10 levels (Figures 4D–F).




Figure 3 | Serum cytokine and chemokine levels in patients with COVID-19 and the associations with pneumonia and hypoxemic respiratory failure: (A) CXCL10 levels, (B) IL-6 levels, and (C) IL-10 levels. Each level was measured at the time of admission (within 5 days after the onset of symptoms), without hypoxemic respiratory failure. One value was excluded from the analyses of IL-6 and IL-10 as an outlier (IL-6 with 476 pg/mL, and IL-10 with 1640 pg/mL). Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05. **p < 0.001.






Figure 4 | The association observed between serum cytokine levels and SARS-CoV-2 viral load in nasal swab specimens from patients with COVID-19 at admission (within 5 days after the onset of symptoms): (A) CXCL10 levels, (B) IL-6 levels, and (C) IL-10 levels. Spearman correlation test was used, and Spearman correlation coefficient is shown. Corresponding logarithmic trendlines are shown. The association between serum cytokine levels in patients with COVID-19 and RNAemia: (D) CXCL10 levels, (E) IL-6 levels, and (F) IL-10 levels. One value was excluded from the analyses of IL-6 and IL-10 as an outlier (IL-6 with 476 pg/mL, and IL-10 with 1640 pg/mL). Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05.



In preliminary experiments, we assessed the levels of tumor necrosis factor (TNF-α), interleukin-17 (IL-17), vascular endothelial growth factor (VEGF), and angiotensin-converting enzyme 2 (ACE-2) by using commercially available ELISA assays, according to the manufacturers’ instructions (Supplementary Table 1): TNF-α, IL-17, and VEGF (Chondrex, Washington, USA) and ACE-2 (Abcam, Cambridge, UK). However, the analyte signals of TNF-α, IL-17, and ACE-2 were below the background signals in all patients, and those of VEGF were undetectable in 31 patients (62% of all patients). From these results, we determined that the levels of TNF-α, IL-17, VEGF, and ACE-2 were substantially low in the early phase of SARS-CoV-2 infection; therefore, we excluded these biomarkers from further analysis.

To determine the baseline levels of IFN-I and cytokines, we assessed the inflammatory biomarker levels of IFN-α, IFN-β, IL-6, CXCL10, and IL-10 in healthy volunteers (Supplementary Table 2). Amongst, the levels of all biomarkers in healthy volunteers were significantly lower than those in patients with SARS-CoV-2 infection, in particular with IFN-α and IFN-β.



Correlations Among Immunoinflammatory Biomarker Levels

Among the tested immunoinflammatory biomarkers, IFN-β (r = 0.51; p < 0.001), CXCL-10 (r = 0.45; p = 0.001), and IL-6 levels (r = 0.44; p = 0.001) were significantly associated with serum IFN-α levels (Figure 5). Among the tested inflammatory cytokines, IL-6 levels were strongly associated with CXCL10 (r = 0.58; p < 0.001) and CRP levels (r = 0.61; p < 0.001). However, no significant association was observed between each leukocyte level and the tested immunoinflammatory biomarker levels, except for IL-10 and neutrophil levels (r = 0.31; p = 0.028).




Figure 5 | Correlation matrix of immune parameters in patients with COVID-19 at admission (within 5 days after the onset of symptoms). (A) Results are presented as a correlation matrix. Spearman correlation coefficients are plotted. Cells were colored according to the strength and trend of correlations (shades of red = positive correlations; shades of blue = negative correlations). *p < 0.05. **p < 0.001. Significant correlations between serum IFN-α levels and IFN/cytokines; (B) IFN-β levels, (C) CXCL10 levels, and (D) IL-6 levels. Spearman correlation test was used, and Spearman correlation coefficient is shown. Corresponding logarithmic trendlines are shown.






Discussion

In this study, we demonstrated that the level of serum IFN-α in the early phase of SARS-CoV-2 infection was strongly associated with the presence of pneumonia and the development of hypoxemic respiratory failure. In addition, there was an association between IFN-α levels, the viral load in nasal-swab specimens, and the presence of RNAemia. In contrast, IFN-β levels were not associated with the presence of pneumonia or RNAemia, despite the stronger association observed with nasal-swab viral load. The serum levels of inflammatory cytokines, IL-6 and CXCL10, were significantly associated with pneumonia and hypoxemia, but not with the viral load in nasal-swab specimens. Correlation analysis showed that IFN-α significantly correlated with IFN-β, IL-6, and CXCL10 levels, while IFN-β did not correlate with IL-6 or CXCL10 levels. To our knowledge, this is the first clinical study to reveal the differential expression of IFN-α and IFN-β in the early phase of SARS-CoV-2 infection.

Previous studies suggested that an impaired IFN-I response could be a hallmark of severe COVID-19 (9, 11). However, a recent meta-analysis by Silva et al. (24), which included 15 studies examining the plasma protein levels of IFN-I (α and β), could not confirm a significant association between plasma IFN- I levels and COVID-19 disease severity. In the included studies, IFN-α was measured over 7 days after the onset of symptoms (25–32), and IFN-α levels at the early phase of SARS-CoV-2 infection (within 5 days after the onset of symptoms) were assessed only in one study (30). Galani et al. assessed the IFN-α levels in 32 patients within 5 days after onset using an ELISA kit (Abcam) and found that there was no elevation in the levels of IFN-α in the early phase of SARS-CoV-2 infection. Venet et al. evaluated serum IFN-α levels using a single molecular array in 64 critically ill patients with COVID-19 at a relatively early phase of SARS-CoV-2 infection (serum collected on admission) and compared the IFN-α levels between survivors and non-survivors (33). Although no difference was found between the cohorts, IFN-α levels were the highest in the earlier phase of SARS-CoV-2 infection and decreased time-dependently until 7 days after the initial assessment. To date, the serum levels of IFN-α during the early phase of SARS-CoV-2 infection and their association with disease progression remain unclear. Similarly, the serum levels of IFN-β during the early phase of SARS-CoV-2 infection also remain unclear because the detection of IFN-β was more difficult than that of IFN-α in the previous studies (25, 34).

In this study, we measured IFN-I and cytokine levels within 5 days after the onset of symptoms of a SARS-CoV-2 infection. Notably, our study detected relatively higher levels of IFN-α and IFN-β than those detected in previous studies. As shown by preliminary experiments (Supplementary Table 1), the elevation of IFN-I levels in the early phase of infection and their subsequent decrease were observed regardless of disease progression. These results indicate that the temporal elevation of IFN-I levels in the early phase of infection might reflect the initial immune response against SARS-CoV-2, which might appear in a large population of patients with COVID-19. Considering the scarce evidence on IFN-I levels during the early phase of SARS-CoV-2 infection, we believe that our results could extract the crucial timing when IFN-I strongly responds to SARS-CoV-2 infection.

Furthermore, the discrepancy between IFN-α and IFN-β levels during early phase of infection is noteworthy. Our study revealed that IFN-α levels are strongly associated with the presence of pneumonia, RNAemia, and the development of hypoxemic respiratory failure. In contrast, the association between IFN-β and pneumonia or RNAemia was not significant. Serum SARS-CoV-2 RNA viral load, recently termed as RNAemia, reflects the spread of SARS-CoV-2 into circulation, which has been reported as a potential predictor of unfavorable clinical outcomes in patients with COVID-19 (35–37). RNAemia, detected by qPCR, is observed in 1.5% to 50% of patients with a mild-to-severe COVID-19. These results support our findings (RNAemia was detected in 30% of patients with COVID-19). Based on this, we speculate that the discrepancies between IFN-α and IFN-β levels during early phase of infection might be derived from the infected cell types that produce IFN-I (15). Since IFN-α is produced mainly by circulating hematopoietic cells, the elevated IFN-α levels in early phase infection might reflect a systemic immune response against the spread of SARS-CoV-2 into the blood or pulmonary circulation, rather than the local immune response in the nasopharyngeal mucosa. In contrast, the elevated IFN-β levels might reflect the latter immune response, and thus, strongly correlate with the viral load in the nasopharynx. This may explain why there was an association between the levels of IL-6 and CXCL10 with IFN-α levels, but not with those of IFN-β.

Recent evidence suggests that IL-6 and CXCL10 act as trigger signals of the cytokine storm in COVID-19 (17). A possible mechanism could involve SARS-CoV-2 invasion into the respiratory tract, which in turn stimulates lung epithelial cells to produce cytokines, including IL-6. Thereafter, the secreted IL-6 stimulates several chemokines, including CXCL10, which recruit macrophages from vessels into the interstitium. This creates a cycle involving the overproduction of IL-6 by lung-resident cells as well as by the macrophages recruited by CXCL10. In our study, the blood levels of IL-6 and CXCL10 in the early phase of SARS-CoV-2 infection were significantly associated, and this was compatible with the interactive trigger signals of the cytokine storm. Moreover, IL-6 and CXCL10 levels were significantly associated with the presence of pneumonia and the development of respiratory failure, thereby supporting the hypothesis that the elevation of these inflammatory biomarkers is possibly dominant in the pulmonary circulation. The smaller association between the biomarkers and the viral load in the nasopharynx also supports this notion. Based on these findings, we suggest that significant associations between IFN-α, IL-6, and CXCL10 levels may reflect the systemic immune response, mainly due to the spread of SARS-CoV-2 into pulmonary circulation. A diagram of the proposed mechanism regarding the observed relationship between IFN-I, CXCL10 and IL-6 is shown in Figure 6.




Figure 6 | The landscape of IFN-I and predominant cytokines (CXCL10, IL-6) during the early phase of a SARS-CoV-2 infection. A SARS-CoV-2 infection in the nasopharynx induces IFN-β expression rather than IFN-α. IFN-α, IL-6, and CXCL10 expression is induced when the infection reaches the lungs, rather than IFN-β; and the expression of IFN-α and CXCL10 is induced by the presence of SARS-CoV-2 infection in circulation. An increase of IL-6 and CXCL10 in pulmonary circulation subsequently trigger a cytokine storm.



The correlation matrix of immune showed that IL-10 was associated with neutrophils, but not with IFN-I. There was no significant association between the amount of circulating leukocyte and IFN-I, IL-6 or CXCL10. These results were not consistent with a previous study which reported an inverse association between lymphocytopenia, IL-10 and IFN-α levels in 54 patients with COVID-19, which included 16 fatal cases (34). IL-10 is an anti-inflammatory cytokine that has pleiotropic roles and that can limit innate immune responses by inhibiting IFN-I (38). Since our study did not include data from fatal cases, the inverse effect of IL-10 on IFN-I could be underestimated. We hypothesize that, at least in the early phase of SARS-CoV-2 infection, IL-10 and circulating leukocytes are not strongly associated with IFN-I.

Aside from IFN-I, type III interferons (IFN-III) have recently received considerable attention as the predominant antiviral cytokines present at the mucosal barriers in the upper respiratory tract of SARS-CoV-2 infected patients (39, 40). Sposito et al. analyzed the pattern and level of expression of IFN-I (α and β), IFN-III (λ1, λ2, λ3) and the transcriptional programs associated with the IFN landscape in the upper or lower respiratory tract of patients with varied severity of COVID-19. They found that high levels of IFN-III, and to a lesser extent IFN-I, characterize the upper airways of patients with high viral burden but reduced disease risk or severity. In contrast, IFN-I were overrepresented in the lower airways of patients with severe COVID-19. These interferons are linked to gene pathways associated with increased apoptosis and decreased proliferation (39). Similarly, Gilbert et al. investigated the mRNA levels of IFN-I and IFN-III in nasopharyngeal swabs from 147 patients with COVID-19, and found that a SARS-CoV-2 infection induced the selective upregulation of IFN-λ1 expression in pediatric patients (≤15 years), whereas the mRNA expression levels of IFN-α, IFN-β, and IFN-λ2/3 was unaffected. Conversely, the infection triggered an upregulation of IFN-α, IFN-β, and IFN-λ2/3 in adults (15-65 years) and the elderly (≥65 years), but there was no modulation of IFN-λ1 expression (40). In these studies, it is not clear at what stage during the SARS-CoV-2 infection the blood samples were taken; therefore, circulating levels of IFN-IIIand its relationship with IFN-I in the early phase of SARS-CoV-2 infection are unclear. Concerning the local immune response, our study demonstrated that IFN-β in the early phase is possibly dominant in the nasopharyngeal mucosa rather than systemic immune response, which is similar to what is observed for IFN-III. However, the exact role and effect of the increased IFN-I levels that are observed during the early phase of SARS-CoV-2 infection are still largely unknown. Further studies are required to examine the interaction of IFN-I with proinflammatory cytokines and IFN-III in the early phase of SARS-CoV-2 infection.

To our knowledge, this is the first study to demonstrate that elevated levels of circulating IFN-I, like those of IL-6 and CXCL10, predict the further development of hypoxemic respiratory failure. Since the anti-viral treatment included in this study was initiated after blood sampling, we believe that the predictive value of IFN-I and cytokines accurately reflect the risk of hypoxemia in the early phase of SARS-CoV-2 infection. The initial elevation of serum IFN-α levels is possibly affected by SARS-CoV-2 systemic invasion, predominantly in the pulmonary circulation. Thus, the detection of IFN-α levels in the early phase of SARS-CoV-2 infection might help identify high-risk patients with respiratory failure who require urgent hospitalization. To date, elevated serum levels of CXCL-10 and IL-6 have been consistently reported in patients with COVID-19, as these are associated with an increased disease severity and risk of mortality (41, 42). We suggest that the establishment of a novel approach focusing on IFN-α and corresponding cytokines in the early phase of SARS-CoV-2 infection would contribute to the early detection of patients with COVID-19 at a high risk of respiratory failure.

The present study has several limitations. First, the single-center observational study design with a relatively small sample size may have result in selection bias. Second, we assessed IFN-I and cytokine levels in serum samples which were not stored at -80°C immediately after drawing (serum was first stored in 4°C, and then transferred to a -80°C freezer). Third, we only examined a single timepoint. Since IFN-I is rapidly and transiently induced by antiviral molecules, the association between serum IFN-I levels and the prognosis of COVID-19 should be further investigated to confirm time-dependent changes. During this study period, patients with mild-to-moderate disease could only stay in hospital for a relatively short term (2-7 days) because of the temporal exhaustion of in-hospital medical services in the region. Thus, the longitudinal assessment of IFN-I activity was difficult in most of the patients. Moreover, IFN-I and cytokine levels in the later phase of SARS-CoV-2 infection would be largely affected by several factors including a variety of treatments and secondary bacterial infection. Future studies are necessary to investigate long-term changes in IFN-I levels, which may minimize those bias. However, this study could include various unvaccinated patients in the same endemic period, which would minimize the bias due to vaccine- or strain-dependent SARS-CoV-2 virulence. Considering the consistent correlation between IFN-I and the major cytokines, we believe that these limitations have not significantly affected the study outcomes.

In conclusion, this study demonstrated that serum IFN-I levels in the early phase of SARS-CoV-2 infection were higher in patients who developed hypoxemic respiratory failure. Analysis of the associations between IFN-I, major inflammatory cytokines, and SARS-CoV-2 viral load revealed that the early elevation of serum IFN-α levels may be affected by SARS-CoV-2 systemic invasion, which could be a predictor of disease progression, including respiratory failure. These findings would encourage further research into the specific role of IFN-I in the early phase of SARS-CoV-2 infection.
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In late 2019, COVID-19 emerged in Wuhan, China. Currently, it is an ongoing global health threat stressing the need for therapeutic compounds. Linking the virus life cycle and its interaction with cell receptors and internal cellular machinery is key to developing therapies based on the control of infectivity and inflammation. In this framework, we evaluate the combination of cannabidiol (CBD), as an anti-inflammatory molecule, and terpenes, by their anti-microbiological properties, in reducing SARS-CoV-2 infectivity. Our group settled six formulations combining CBD and terpenes purified from Cannabis sativa L, Origanum vulgare, and Thymus mastichina. The formulations were analyzed by HPLC and GC-MS and evaluated for virucide and antiviral potential by in vitro studies in alveolar basal epithelial, colon, kidney, and keratinocyte human cell lines.


Conclusions and Impact

We demonstrate the virucide effectiveness of CBD and terpene-based formulations. F2TC reduces the infectivity by 17%, 24%, and 99% for CaCo-2, HaCat, and A549, respectively, and F1TC by 43%, 37%, and 29% for Hek293T, HaCaT, and Caco-2, respectively. To the best of our knowledge, this is the first approach that tackles the combination of CBD with a specific group of terpenes against SARS-CoV-2 in different cell lines. The differential effectiveness of formulations according to the cell line can be relevant to understanding the pattern of virus infectivity and the host inflammation response, and lead to new therapeutic strategies.





Keywords: CBD - cannabidiol, endocannabinoid system (ECS), SARS-CoV-2, therapeutics, terpenes, formulations, essential oil (EO)



1 Introduction

Since the emergence of the SARS-CoV-2 outbreak, extensive efforts have been placed regarding antiviral research for compounds with effective antiviral or virucide activity. COVID-19 is a complex disease that afflicts respiratory and gastrointestinal tract and kidney function, being one of its main features the hyperstimulation of the immune system. The spectrum of medical therapies to treat COVID-19 is growing; however, there are no 100% effective therapeutic approaches for the prevention and treatment of COVID-19.


1.1 Cannabis, Origanum, and Thymus Species as a Source of Biobased Formulations for Limiting SARS-CoV-2 Infectivity

Although vaccination and preventive medications are recognized as the most effective means of combating a virus, the treatment of COVID-19 is a real challenge prompting the need for effective drugs (1). Natural compounds from medicinal plants, such as terpenes, have gained attention as potential inhibitors of coronaviruses being the possible mechanism in the inhibition of viral replication or targeting viral proteins relevant for virus adsorption and entry (1–7). Essential oils (EOs) exhibit antiviral (4, 8–12), immunomodulatory (8, 13), and anti-inflammatory (8, 14, 15) properties, namely, regarding virus infection as influenza or herpes simplex viruses 1 or 2 (16, 17). EOs from Origanum acutidens (18), Artemisia glabella (19), eucalyptus and tea tree (20), Thymus vulgaris, Melaleuca ericifolia, M. leucadendron, and M. armillaris (21), among many others, have been described against those viruses. Wen et al. (22) reported EO constituents inducing a cytopathogenic effect against SARS-CoV on Vero-E6 cells. From molecular modeling studies, several terpenoids were potent inhibitors of SARS-CoV-2 replication (23). Among medicinal plants, Origanum vulgare has been recognized for its potential therapeutic role mainly arising from terpenes and flavonoids (24, 25) and Thymus vulgaris EOs have been shown to be effective against several RNA viruses including coronaviruses (21, 26). Regarding Cannabis sativa, it is particularly rich in terpenes, typically monoterpenes and sesquiterpenes (27–30). This plant is mostly known for containing phytocannabinoids, mainly Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD), those widely accessed being medicinal compounds with known applications in several conditions, most of them related to inflammation processes (30–36). Phytocannabinoids are a group of terpenophenolic compounds with biological activities through interaction with the endocannabinoid system (ECS) in humans. CBD is a partial agonist for cannabinoid receptor 2 (CN2R), widely expressed in the immune system (37–39). In a mouse model for a respiratory syncytial virus (RSV) infection, CN2R activation reduced the signs of infection by modulating the immune system (10). One study demonstrates that a genetic polymorphism in CN2R, which reduces ECS-induced response (40), is associated with an increased risk of hospitalization in young children infected with RSV (n = 83), with up to 3-fold increased risk of developing severe acute respiratory tract infection. Rossi et al. (41) hypothesize that CN2R can be a therapeutic target for SARS-CoV-2 since its stimulation limits the release of pro-inflammatory cytokines, shifts the macrophage phenotype toward the anti-inflammatory M2 phenotype, and enhances the immune-modulating properties of mesenchymal stromal cells. The anti-inflammatory properties of CBD have been explored as antiviral agents for the treatment of HIV (42), influenza (43, 44), and most recently SARS-CoV-2 (45–48). CN2R increases as HIV infection progresses, and on infected macrophages, the exposure to CN2R to a selective agonist resulted in a dose-dependent decrease in reverse transcriptase activity/viral replication activity (17). Recently, researchers have tested CBD on 3D human models of oral, airways, and intestinal tissues and found that low THC/high CBD cultivars modulate ACE2 and TMPRSS2 levels, which might lower the virus load (49). By its turn, another study demonstrated that CBD reduced the secretion of pro-inflammatory cytokines IL-6, IL-8, CCL2, and CCL7 from the alveolar epithelial cell line A549 (50).



1.2 Why Does a Trade of Two Make Sense for Opposing One Single Agent? The Rationale for the Formulations

A similar study to the one proposed in this work was executed by Chatow et al. (51) who demonstrated an antiviral activity of a terpene formulation (30 terpenes) against HCoV-229E in human lung fibroblasts and the antiviral action during the viral multiplication cycle, in which the combination of the CBD with terpenes potentiated the antiviral effect. In another study, CBD exerted prolonged immunosuppression and hence might be used in chronic inflammation, and the terpenoids showed transient immunosuppression and might thus be used to relieve acute inflammation (52). Since terpenes are known to act as enhancing phytocannabinoid action (53–55), it is intended to query the action of a group of specific terpenes as virucide or antiviral agents acting in entourage effect with their selves and with the CBD as a therapeutic agent modulating inflammation. In detail, to exploit the biological action of the formulations on virus infectivity, it is a goal to understand their potential effect to act i) as a virucide agent blocking and inactivating the virus at early stages of infection, ii) as an antiviral agent blocking the virus cellular machinery, iii) as an agent against an overactive immune-inflammatory cascade at later stages of infection. This could be relevant in reversing the cytotoxic events induced by the virus and may contribute to the concept of ECS as a contributor for controlling the immune response from a virus infection.




2 Materials and Methods


2.1 Formulation Development and Analysis

CBD and terpenes identified from Cannabis sativa, Origanum vulgare subsp. virens, and Thymus mastichina provided the source for 6 proprietary formulations (F1T, F2T, F3T, F1TC, F2TC, F3TC). The CBD was purified from a Cannabis sativa distillate (FarmCeutica Wellness, Richmond, Canada). A purified CBD sample (>99.5%) was obtained by Centrifuge Partition Chromatography (CPC) technology using an rCPC device (RotaChrom, Purified Solutions, Budapest, Hungary). The method was internally developed through optimizing the best solvent combination and the solvent ratio (data to be published). Briefly, CPC is a liquid–liquid preparative chromatographic technique that makes use of two immiscible liquid phases, the solvent system, representing the stationary and mobile phases of a typical chromatographic apparatus. The target terpenes of EOs and CBD from the distillate were separated according to their partition coefficients. The main goal of this technology is to isolate specific compounds with a pharmaceutical purity grade (>99%) and high recovery mass yield (>95%). Relative to terpene purification, 3 groups of specific terpenes (19 in total) were purified from Origanum vulgare subsp. virens and Thymus mastichina (NBI-Natural Business Intelligence, Vila Real, Portugal) and from Cannabis sativa by combining a hydrodistillation clevenger with CPC (proprietary method). The formulations F1T, F2T, and F3T were prepared to contain a specific group of 7, 8, and 9 terpenes, respectively, comprising approximately 84% of terpene content and using MCT oil as carrier oil. The remaining terpenes were present at concentrations smaller than 2%. Moreover, CBD was added at a concentration of 1 µg/ml intending formulations F1TC, F2TC, and F3TC. Formulations and CBD samples were kept in dark amber glass flasks at room temperature. The EOs were obtained by the hydrodistillation clevenger, and the formulations comprising the terpenes were analyzed by gas chromatography-mass spectrometry (GC-MS, GC-MS-QP2020 NX Gas Chromatograph Mass Spectrometer, Shimadzu, Kyoto, Japan) (Figures S1A–C and Supplemental Information). The CBD isolate was analyzed by high-performance liquid chromatography (HPLC, Cannabis Analyzer™ for Potency, Shimadzu) (Figure S1D and Supplemental Information).



2.2 In Vitro Virucide Assays


2.2.1 Cell Culture

The Caco-2 cell line was cultured in MEM medium (VWR, Biowest, P0451-N10L, Riverside, MO, USA) supplemented with 20% of FBS (Gibco, Life Technologies, 10270, Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco, Life Technologies, 10270, USA). A549, HaCaT, and Hek293T cell lines were cultured in DMEM medium (VWR, Biowest, P0103-N10L, USA) supplemented with 10% of FBS and 1% penicillin/streptomycin. Cells were maintained at 37°C in a humidified chamber containing 5% CO2.



2.2.2 SARS-CoV-2 Expansion

The B.1.1.7 strain of SARS-CoV-2, isolated in the laboratory, was clarified by centrifugation at 2,000 g for 15 min. The isolated virus was incubated in each cell line with 2% trypsin for 1 h, and then the cell culture was washed twice with PBS and incubated with complete cell culture medium.



2.2.3 Determination of the SARS-CoV-2 Titer

Total RNA was extracted using Lab-Aid Virus RNA Extraction Kit (Zeesan, Xiamen, China). RNA purity was measured in a microdrop 16-well microplate spectrophotometer (Thermo Scientific™ Multiskan SkyHigh Microplate Spectrophotometer, Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). Virus titer was determined by SARS-CoV-2 detection with Fosun COVID-19 RT-PCR Detection Kit (Fosun Pharma, Shanghai, China) and quantified using a calibration curve with Synthetic SARS-CoV-2 RNA SARS-CoV-2 positive control (SARS-CoV-2 Positive Control, Twist Synthetic, China).



2.2.4 Cytotoxicity Evaluation of Formulations

The MTT assay (Life Technologies, Thermo Fisher Scientific, USA) was carried out following the manufacturer’s instruction. In brief, 1 × 105 cells/well were seeded and grown until 80% confluence. Each formulation and its isolated components were incubated with and without the predetermined virus titer for 24 h in cell culture. After the washing step with warm PBS, incomplete cell culture medium was added along with 0.5 mg/ml of MTT and incubated for 2 h at 37°C. The absorbance was measured using the microplate reader at 570 nm. Results were performed in triplicates and normalized to the control considered to be 100%.



2.2.5 Formulation Effect in SARS-CoV-2 Titer

Two different treatment approaches were employed: 1) treatment incubation of 24 h, followed by a rinsing step with warm PBS, and then the SARS-CoV-2 infection was executed for another 24 h; 2) incubation of SARS-CoV-2 for 24 h followed by a rinsing step with warm PBS and then the treatment incubation was employed during 24 h. Cell culture supernatant was harvested and submitted to a 3.2.3 process. The non-cytotoxic concentrations of the compounds and formulations were determined as the concentrations that did not lead to more than 50% cell death, as compared to untreated cells.




2.3 Gene Expression Under SARS-CoV-2 Infection


2.3.1 Primer and Probe Design

Four sets of primers and probes were designed based on the genome of SARS-CoV-2 (GenBank accession no. MN908947.3) using Primer Express Software (version 3.0.1 Applied Biosystems, Foster, CA, USA). The used primers and probes are identified in Table 1.


Table 1 | Set of primer and probe sequences for the one-step multiplex RT-qPCR.





2.3.2 Gene Relative Quantification With the ΔCT Method Using a Reference Gene by One-Step RT-qPCR

Gene expression was estimated measuring the mRNA from cell extraction by RT-qPCR with qTOWER (3) (Analytik Jena, Germany), using One-step NZYSpeedy RT-qPCR Probe Kit, ROX (NZYTech, Lisbon, Portugal). 10 ng/µl RNA was employed, and the threshold cycle (CT) values from each biological assay were plotted with two experimental replicates following the manufacturer’s procedure. Melting curve analysis was used to monitor the specificity of primers and probes. Results were normalized to the GAPDH housekeeping gene, and gene relative expression was employed by the ΔCT expression/ΔCT negative control ratio.




2.4 Statistical Analysis

All experiments were performed in triplicate and normalized to a negative control. Statistical analysis was performed comparing the control group results with those of the different groups with two-way analysis of variance (ANOVA) multiple-comparison and Dunnett post hoc tests, using GraphPad Prism 8.0.1 software (GraphPad Software, San Diego, CA, USA). Normality of data distribution was assessed using the Shapiro–Wilk test and for the homogeneity of variance with Bartlett’s test. Results were considered statistically significant whenever p-value < 0.05.




3 Results and Discussion


3.1 The Rationale for Data Analysis

F1T, F2T, and F3T were established using a mixture of specific terpenes purified from Origanum virens, Thymus mastichina, and Cannabis sativa as the genera of those plants are recognized to contain terpenes with reported antimicrobial properties (18, 21, 24–30). The concentration was based on published data and in data from our previous work (results from ecotoxicological and cytotoxic assays to be published, POCI-01-02B7-FEDER-053456-BIOBLOCKCOVID). Moreover, we intended to study the CBD-terpenes’ entourage action (53–55), and so we used a lower concentration of F1T, F2T, and F3T when in combination with CBD. Despite the respiratory tract being the dominant route in SARS-CoV-2 infection, the colon, kidney, and skin comprise COVID-associated symptoms (56–66). Moreover, the colon, kidney, and skin tissues present very considerable levels of ACE2 and TMPRSS2 expression (data obtained from Human Protein Atlas available from http://www.proteinatlas.org, Uhlén M et al., Tissue-based map of the human proteome. Science (2015) PubMed: 25613900 DOI: 10.1126/science.1260419) and hence potential targets for virus infection. We performed the viral reduction assays in several cell lines and quantified ACE2 and TMPRSS2 gene expressions. Both receptors can be considered as targets for SARS-CoV-2, expecting that the coding genes are upregulated. By its turn, it is expected that RdRp and Spike gene expression is upregulated as viral infectivity progress and that gene expression diminishes because of a virucide or antiviral action. As CN2R activation could limit the release of pro-inflammatory cytokines (50) associated with COVID-19, and in this context being a potential therapeutic target for SARS-CoV-2, CBD was included in the formulations (F1TC, F2TC, F3TC) as a partial agonist of CN2R (37–39).

F1T, F2T, and F3T were established using a mixture of specific terpenes, and the concentration was based on published data and in data from our previous work (results from ecotoxicological and cytotoxic assays to be published, POCI-01-02B7-FEDER-053456-BIOBLOCKCOVID). Moreover, we intended to study the CBD-terpene entourage effect, and so we used a lower concentration of F1T, F2T, and F3T when in combination with CBD. Despite the respiratory tract being the dominant route in SARS-CoV-2 infection, the kidney and colon tissues present very considerable levels of ACE2 and TMPRSS2 expression and hence potential targets for virus infection. We performed the viral reduction assays in several cell lines and quantified ACE2 and TMPRSS2 gene expression. Both receptors can be considered as targets for SARS-CoV-2, expecting that the coding genes are upregulated. By its turn, it is expected that RdRp and Spike gene expression is upregulated as viral infectivity progress and that gene expression diminishes because of a virucide or antiviral action. As CN2R activation could limit the release of pro-inflammatory cytokines associated with COVID-19, and in this context being a therapeutic target for SARS-CoV-2, CBD was included in the formulations (F1TC, F2TC, F3TC) as a partial agonist of CN2R. Figure 1 illustrates the adsorption and replication mechanisms as well as the potential action of CBD and terpenes and the ACE2, TMPRSS2, and CN2R expression in the lung, skin, colon, and kidney tissues. Table 2 shows the cytotoxicity evaluation of the formulations per cell line for both pretreatment and treatment conditions, and Table 3 shows the cytotoxicity of the components that comprises the formulations.




Figure 1 | 
Spike protein of SARS-CoV-2 binds to ACE2 receptors, fusing to the cell membrane and releasing the viral RNA into the host cell. SARC-CoV-2 depends on cellular serine protease, TMPRSS2, for Spike priming. Viral replication in host cells is always associated with inflammation and immune activation being that virus–host–cell interaction produces a set of immune mediators, cytokines, against the virus. It represents the ACE2, TMPRSS2, and CN2R expression levels (low, medium, high) in lung, skin, colon, and kidney tissues (data obtained from Human Protein Atlas available from http://www.proteinatlas.org, Uhlén M et al. Tissue-based map of the human proteome. Science (2015) PubMed: 25613900 DOI: 10.1126/science.1260419). CBD and terpenes (linalool and 1.8-cineole as representative of components of the formulations) are represented as virucide agents blocking and inactivating the virus at an early stage of infection, as antiviral agents blocking the virus cellular machinery and as agents against an overactive immune-inflammatory cascade. As the efficiency of Spike–ACE2 interaction determines SARS-CoV-2 transmissibility, the expression of ACE2 and TMPRSS2 could represent a major risk factor for the susceptibility to SARS-CoV-2 infection. We evaluate the hypothesis of terpenes as virucide agents that could disrupt the interaction between the Spike/TMPRSS2 proteins and the host cell ACE2 receptor. Moreover, after virus entry, terpenes could potentially have an antiviral effect by inhibiting RdRp thus preventing viral replication. Also, it was intended to better understand if a specific group of terpenes and CBD have the potential to act synergistically as therapeutic agents for SARS-CoV-2 and if the action is at early stages or later stages of infection. We assess the hypothesis that CBD may have the potential for modulating the exacerbated inflammatory process typical of COVID-19. CBD is a partial agonist CN2R that is widely expressed in the immune system and, when stimulated, promotes the inhibition of proinflammatory cytokine production, the increase of anti-inflammatory cytokines, and the induction of regulatory T cells.




Table 2 | Cytotoxicity evaluation of formulations.




Table 3 | Formulation components evaluation regarding Caco-2, A549, HaCaT, and Hek293T cell line viability.



A two-way ANOVA analysis was performed to enquire the effect of treatment per cell line type on cytotoxicity, viral reduction, ACE2 expression, TMPRSS2 expression, RdRp expression, and Spike expression. The results of this analysis are presented in Table 4. A statistically significant interaction between the normal treatment and the A549 cell line (F (1, 12) = 3.773; p = 0.038) and between the pretreatment and Caco-2 (F (1, 12) = 8.181; p = 0.014), A549 (F (1, 12) = 7.406; p = 0.020), and HaCaT (F (1, 12) = 7,146; p = 0,020) is denoted.


Table 4 | A two-way ANOVA regarding the effect of treatment per cell line on cytotoxicity, viral reduction, and gene expression.





3.2 Analysis by Cell Line and per Formulation


3.2.1 Caco-2

F3T is toxic at the concentration of 50 µM. However, F3T is a promising formulation as it reduces viral titer by 35% while cell viability is 91.9%. Interestingly by adding CBD, a much higher toxicity (94.5% of cell death) is promoted; indirectly, this could be the reason why the viral reduction is 0% when using F3T versus F3TC. The toxicity is higher in pretreatment. Comparing F1T.100 with F1TC.10|1, in treatment and pretreatment assays it is possible to conclude those formulations as promising as the viral reduction by 29.6% and 28.6%, respectively, and as Spike and RdRp gene expressions were reduced. Comparing F2T.100 with F2TC.10|1, in treatment and pretreatment assays it was possible to conclude those formulations as promising as the viral reduction by 49.0% and 26.6%, respectively. It is an advantage to use CBD, as the concentration of terpenes, for obtaining approximately the same viral reduction, is ten times lower, and thus it is possible to conclude about an additive effect, which is also denoted when comparing F1T.100 with F1TC.10|1. An interesting fact to be explored is to understand why, comparing F1TC.10|1 pretreatment with F1TC.10|1 or F1TC.20|1 treatment, the Spike and RdRp gene expression increases. This cell line was used as COVID-19 includes gastrointestinal symptoms, and it remains uncertain if they are caused by direct infection, as aerosol droplets can be swallowed and pass the gastrointestinal tract, or whether they are a consequence of immune system activation.



3.2.2 A549

F3T is toxic at the concentration of 20 µM. Of relevance, regarding treatment assays, F3TC.10|1 reduces viral titer by 96.5% while cell viability is 22.7% and using F3TC.20|1 is less efficient in reducing viral titer. This fact is also denoted in Hek549 pointing out to a critical selection of the terpene concentration to be used when combined with CBD. By comparing F1T with F1TC and F2T with F2TC, in treatment assays, it is possible to conclude about the benefit of adding CBD as the viral titer increases, maintaining the cell viability. F2TC.20|1 is one of the most promising formulations as it reduces the viral titer by 98.7%, the best value obtained, and as expected Spike and RdRp gene expression is reduced. The additive effect of CBD is clear, as the concentration of terpenes, for obtaining approximately the same viral reduction, is ten times lower. For this cell line, the pretreatment assays have no impact in viral reduction. This cell line was used as SARS-CoV-2 propagates through aerosol droplets that can be inhaled and infect the upper airways. F2TC.20|1 could be exploited as a promising therapeutic for upper or lower airway infection.



3.2.3 HaCaT

F3T is toxic for the concentration of 20 µM. Pretreatment assays of this cell line are not adequate as viral reduction is 0%. The addition of CBD to F3T has no effect regarding viral reduction or cell viability in this cell line. A comparable effect is denoted regarding F1T.20 vs. F1TC.20|1, in that adding CBD has no (significant) additive effect in viral reduction either in Spike or in RdPp expression. F2T.20 is the most efficient formulation by reducing by 30% the viral titer and by promoting the downregulation of Spike and RdPp expression to less than 5%. The addition of CBD to F2T.20 has no additive effect. Importantly, and compared to the other cell lines, in HaCaT a higher expression of ACE2 and TMPRSS2 is verified. This cell line was used, as skin lesions and lesions of the vascular system in some SARS-CoV-2-positive patients have been reported. The high levels of ACE2 and TMPRSS2 expression could indicate that percutaneous transmission might be a potential risk route for SARS-CoV-2 infection, particularly in conditions of skin dysfunction. Also, the long-term wearing of protective clothing and having contact with disinfectants cause eczematoid dermatitis which might be a risk factor for percutaneous infection. F2T and F1T can be studied as treating skin lesions in SARS-CoV-2 patients. By its turn, F3T.50 could be used for SARS-CoV-2 control in surfaces as it reduces viral titer by 54.9%.



3.2.4 Hek293T

F3T is toxic for almost all the concentrations, except for F3TC.10|1, which is in fact a promising formulation. The addition of CBD to F1T, F2T, or F3T has no effect, regarding viral reduction or cell viability, and promotes upregulation of Spike and RdRp (F1T and F2T). F1T.20 and F2T.20 are the most promising formulations as the virus titer is 32% and 19%, respectively, and Spike and RdRp are downregulated. Similar to the effect in Caco-2, pretreatment and CBD addition is beneficial for this cell line as the virus titer is 43%. Comparing F1T.20 and F2T.20 with F1TC.20|1 and F2T.20|1, it is possible to conclude about a synergistic effect of CBD and terpenes, and that the terpenes from F1T have a higher effect in virus reduction compared to the terpenes from F2T. This cell line was used as COVID-19 includes kidney failure symptoms.

Table 5 intends to summarize per cell line the most promising formulations based on viral reduction and viral gene expression parameters. In Figure 2, it is intended to summarize the efficacy of each formulation per cell line.


Table 5 | Formulation efficacy considering viral reduction, RdRp expression, and Spike expression per cell line.






Figure 2 | Formulation efficacy (in terms of viral reduction) for Caco-2, A549, HaCaT, and Hek293T cell lines. In this graphic, it is possible to observe i) an additive effect of CBD and terpenes in Caco-2 and A549, ii) that adding CBD to F1T is not advantageous regarding HaCaT, iii) that adding CBD to F2T is an advantage regarding HaCaT, iv) that the terpenes of F1T are more effective than the ones from F2T for HaCaT and Hek293T, vi) that the terpenes from F1T are more effective regarding Caco-2, vii) that F3T and F3TC include terpenes that are more toxic than the ones included in F1T and F2T, being that the toxicity is higher in combination with CBD.







4 Conclusions and Impact

Up to date, a fully effective treatment for COVID-19 is still a challenge. Although the interest in CBD and EOs as therapeutic strategies grows, no scientific studies were made to evaluate the role of CBD and specific terpenes in the progression of SARS-CoV-2 infection. Our group settled an approach focused on the inhibition of both virus entry and viral replication by using biobased formulations from cannabis, thyme, and oregano. The obtained data suggest these formulations to be exploited as new therapeutics targeting COVID-19, providing evidence that CBD and terpenes could be considered for further studies as effective anti-SARS-CoV-2 agents and potentially used for treatment or as adjuvants to conventional COVID-19 therapies. Also, it demonstrates that the selection of terpenes to be used combined with CBD is relevant and points out that treatment should be targeted for afflicted tissues. The proprietary formulations F2TC and F1TC could potentially be used for treating viral infections via modulation of the cytokine storm. Additional studies regarding the molecular mechanism explaining both the virucide or antiviral activity and the immunomodulatory effect will be exploited by our group. It will be interesting to explore the anti-inflammatory function of CBD concerning inflammatory events that happen during severe COVID-19 disease and how it might help to prevent the progression from mild to severe disease. In this context, the activation of the ECS could contribute to preventing the progress and the severity of COVID-19. The current study identifies CBD and a specific group of terpenes as a promising anti-COVID-19 therapeutic strategy that warrants further in vivo testing and preclinical trials.
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Supplementary Figure 1 | – GC-MS quantitative chromatogram of formulations F1T (A), F2T (B) and F3T (C). Peak numbering represents terpenes ranked from the higher to the lower concentration. X axis - Retention Time (min), Y axis – Intensity. The terpenes are anonymized as F1T, F2T, F3T are proprietary formulations. HPLC-UV chromatogram analysis of a CBD isolate (D), X axis - Retention Time (min), Y axis - Intensity (mAU).

Supplementary Figure 2 | – Graphical representation of the cytotoxicity evaluation of formulations, formulation effect in SARS-CoV-2 titer and gene relative quantification with ΔCT method. Evaluation of the effect from formulations without (F1T=1, F2T=2, F3T=3) and with the addition of CBD (F1TC=1+, F2TC=2+, F3TC=3+). The terpenes were used in a concentration of 20 µM (L) and 100 µM (H) for F1T and F2T, 20 µM (L) and 50 µM (H) for F3T, 10 µM (L) and 20 µM (H) for F1TC and F2TC, 20 µM (H) and 10 µM (L) for F3TC. (A) Cytotoxicity effect; (B) Formulation effect on viral number copies reduction; (C and D) Gene expression of ACE2 and TMPRSS2 genes under the influence of the formulations; (E and F) Gene expression of RdRp and Spike genes under the influence of the formulations. Results are represented as mean with standard deviation and normalized to GAPDH expression. Symbols above bars represent statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Figure 2.1 – Treatments administrated after SARS-CoV-2 infection in Caco-2 cell line. Figure 2.2 - Treatments administrated before SARS-CoV-2 infection in Caco-2 cell line. Figure 2.3 - Treatments administrated after SARS-CoV-2 infection in A549 cell line. Figure 2.4 –Treatments administrated before SARS-CoV-2 infection in A549 cell line. Figure 2.5 – Treatments administrated after SARS-CoV-2 infection in HaCaT cell line. Figure 2.6 - Treatments administrated before SARS-CoV-2 infection in HaCaT cell line. Figure 2.7 - Treatments administrated after SARS-CoV-2 infection in Hek293T cell line. Figure 2.8 –Treatments administrated before SARS-CoV-2 infection in Hek293T cell line.
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The continuous emergence of SARS-coronavirus 2 (SARS-CoV-2) variants, especially the variants of concern (VOC), exacerbated the impact of the coronavirus disease 2019 (COVID-19) pandemic. As the key of viral entry into host cells, the spike (S) protein is the major target of therapeutic monoclonal antibodies (mAbs) and polyclonal antibodies elicited by infection or vaccination. However, the mutations of S protein in variants may change the infectivity and antigenicity of SARS-CoV-2, leading to the immune escape from those neutralizing antibodies. To characterize the mutations of S protein in newly emerging variants, the proteolytic property and binding affinity with receptor were assessed, and the vesicular stomatitis virus (VSV)-based pseudovirus system was used to assess the infectivity and immune escape. We found that some SARS-CoV-2 variants have changed significantly in viral infectivity; especially, B.1.617.2 is more likely to infect less susceptible cells than D614G, and the virus infection process can be completed in a shorter time. In addition, neutralizing mAbs and vaccinated sera partially or completely failed to inhibit host cell entry mediated by the S protein of certain SARS-CoV-2 variants. However, SARS-CoV-2 variant S protein-mediated viral infection can still be blocked by protease inhibitors and endocytosis inhibitors. This work provides a deeper understanding of the rise and evolution of SARS-CoV-2 variants and their immune evasion.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic is threatening human health worldwide. As of November 23, 2021, SARS-coronavirus 2 (SARS-CoV-2) has infected over 256 million people and has caused more than 5 million deaths (https://covid19.who.int). SARS-CoV-2 uses its spike (S) protein to bind host receptor angiotensin-converting enzyme 2 (ACE2) and mediate virus entry into host cells (1–5). Virus entry requires the target cell protease to activate the S protein, which triggers the cleavage between S1 and S2, activates the cleavage of the S2 site, and then mediates the fusion of the virus with the cell membrane (6–8). SARS-CoV-2 entry can be disrupted by protease inhibitors or endocytosis inhibitors (6, 8). The therapeutic applicability of these drugs for COVID-19 treatment is being evaluated within clinical trials.

The number of COVID-19 confirmed cases continues to grow rapidly, and the prospect of ending its pandemic depend on effective treatment and prevention measures. SARS-CoV-2 S protein, especially receptor-binding domain (RBD), is the main target of neutralizing monoclonal antibodies (mAbs). At present, neutralizing mAbs have shown a good therapeutic efficacy on infected individuals (9). Some antibodies have been shown to reduce viral load, relieve COVID-19 associated symptoms, and reduce hospitalization rate (10, 11). In addition, vaccines play a key role in the prevention and control of the COVID-19 epidemic in various regions of the world. At present, SARS-CoV-2 vaccines, including mRNA vaccines, adenovirus-based vaccines, protein subunit vaccines, and inactivated vaccines, all show encouragingly good clinical efficacy (12, 13). CoronaVac, an inactivated vaccine developed by Sinovac, has been demonstrated to be more than 50% effective against symptomatic infections and can reduce the risk of serious diseases (14). Similarly, another inactivated vaccine, BBIBP-CorV, developed by Sinopharm, has been confirmed to render 78.1% protection efficacy against COVID-19 symptomatic infections and reduce the hospitalization rate of patients (15).

Although the genome of SARS-CoV-2 remains relatively stable, it still has a high mutation rate during virus transmission (16–18). With the extension of the SARS-CoV-2 pandemic, a wide variety of variants have been produced in the host. In particular, SARS-CoV-2 S protein G614 has replaced the original D614 and has become the main popular SARS-CoV-2 strain (19–21). Recently, several new SARS-CoV-2 variants have appeared, which seem to be more infectious in the population. The variants make their antigenicity different from the original strain, which can reduce or even invalidate the protective efficacy of current antibodies and vaccines (18). Among the variants of concern (VOC), the B.1.351 and P.1 strains have attracted wide attention because of their extensive mutations and the ability to escape from neutralizing antibodies (22, 23). Several studies have shown that the power of neutralizing antibodies and vaccinated sera are substantially reduced in neutralization against B.1.351 and P.1 lineage variants (16, 24, 25). Moreover, due to enhanced transmission and immune evasion ability, B.1.617.2 has spread widely on a global scale, causing widespread concern (17, 26, 27). As widely employed SARS-CoV-2 vaccines in China, CoronaVac and BBIBP-CorV need to be tested for their protection ability against concerning variants.

In the work reported here, using a vesicular stomatitis virus (VSV)-based pseudovirus system, we have studied the infectivity, antigenicity, and drug inhibition characters of the major circulating SARS-CoV-2 variants. We show that some SARS-CoV-2 variants have changed significantly in viral infectivity. In addition, the antigenicity of some variants has also changed, resulting in a significant reduction in the neutralizing activity of some mAbs and vaccine sera. However, the entry of all variants into mammalian cells is effectively blocked by protease inhibitors and endocytosis inhibitors.



Results


Construction of Pseudoviruses With the Major Circulating SARS-CoV-2 Variants

To study the biological characteristics of the major circulating SARS-CoV-2 variants, we generated a total of 14 pseudoviruses, including 11 main variants (D614G, B.1.1.7, B.1.351, P.1, P.2, B.1.429, B.1.525, B.1.526, B.1.617.1, B.1.617.2, and B.1.618) and 3 mutants with only RBD mutations (B.1.351 RBD, P.1 RBD, and B.1.617.1 RBD) (Figures 1A, B and Figure S1). In this study, all pseudoviruses were generated in the background of the Wuhan-1 virus strain, and D614G was used as the reference pseudovirus for the analysis of all experiments. We first analyzed the proteolytic process of the 11 main variant S proteins by Western blotting (Figure 1C). SARS-CoV-2 S protein mainly contains three bands, with the 180-kDa band reflecting the full-length S protein, the 90 kDa band reflecting the cleavage of S protein (S2 subunit), and the bands above 180 kDa representing trimeric S protein. The expression of full-length S protein can be detected in all variant strains, while the intensity of the S2 band was variable. The expression of S2 bands of B.1.1.7, P.1, and B.1.526 was weaker than that of D614G. But the expression of the S2 band of B.1.617.2 was stronger than that of D614G. Moreover, pseudoviruses with SARS-CoV-2 variant S protein were also analyzed for S protein incorporation and processing by Western blotting (Figure 1C). For all SARS-CoV-2 variants, the full-length S protein was cleaved into S2 protein to different extents. Similar to the expression of S protein in cell lysate, the intensity of S2 bands of B.1.1.7, P.1 and B.1.526 was weaker than that of D614G.




Figure 1 | Illustration of the major circulating SARS-CoV-2 variants. (A) Schematic diagram of SARS-CoV-2 spike protein structure. NTD, N-terminal domain; RBD, receptor-binding domain; SD, subdomain; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; CT, cytoplasmic domain. (B) Mutation site at the amino acid level in the viral spike protein-coding region identified in SARS-CoV-2 variants. All of the pseudoviruses in this study were generated in the background of Wuhan-1 strain. In the mutation map, a dot (∙) indicates the same amino acid in that position as Wuhan-1 strain, and a dash (-) indicates a deletion. (C) Analysis of SARS-CoV-2 variants S protein expression and particle incorporation by Western blotting using a monoclonal antibody directed against SARS-CoV-2 S2 subunit. GAPDH (cell lysates) and VSV-M (particles) served as loading controls. The full-length S protein band is about 180 kDa, the S2 protein band is about 90 kDa, and the bands above 180 kDa represent trimeric S protein. Shown are representative blots from three experiments.





Altered Infectivity of the Major Circulating SARS-CoV-2 Variants

Next, we investigated the potential infection-related effects of pseudoviruses with variant S protein in different cells, where a difference by 2-fold in relative luminescence unit (RLU) value compared with the D614G strain was considered to be significant (Figure 2A). In the present study, the infectivity of the major circulating variants had no significant difference in 293T-hACE2, 293T-hACE2-TMPRSS2, Caco2-hACE2, and Vero cells, except that the infectivity of the P.1 variant was slightly reduced in 293T-hACE2 and 293T-hACE2-TMPRSS2 cells. On the other hand, in Caco2 cells, the infectivity of B.1.1.7, B.1.525, B.1.617.2, and B.1.617.1 RBD was significantly higher than that of D614G. In Huh7 cells, the infectivity of B.1.351, B.1.617.2, B.1.618, B.1.351 RBD, and P.1 RBD was higher than that of D614G. In addition, in A549 cells, the infectivity of P.2, B.1.525, B.1.617.2, B.1.351 RBD, P.1 RBD, and B.1.617.1 RBD was higher than that of D614G. Notably, in H1299 cells, the infectivity of B.1.1.7, B.1.351, P.2, B.1.525, B.1.617.1, B.1.617.2, B.1.618, B.1.351 RBD, and P.1 RBD was significantly enhanced, but the infectivity of P.1, B.1.429, B.1.526, and B.1.617.1 RBD was decreased. Interestingly, mutations outside the SARS-CoV-2 RBD may also affect viral infection. In A549 cells, B.1.351 RBD was more infective than B.1.351. Similarly, in 293T-hACE2, 293T-hACE2-TMPRSS2, Huh7, and H1299 cells, the infectivity of P.1 RBD was higher than that of P.1. In addition, B.1.617.1 RBD was more infective than B.1.617.1 in Caco2 cells but decreased in H1299 cells.




Figure 2 | Infectivity analysis of SARS-CoV-2 variants in mammalian cell lines. (A) Entry of SARS-CoV-2 variants S pseudoviruses in mammalian cells. Mammalian cells were inoculated with pseudoviruses harboring SARS-CoV-2 variants S protein. At 24 h postinoculation, luciferase activity in cell lysates was measured to detect infection efficiency. The infectivity of the D614G variant was used as a control. The dashed lines indicate the threshold value of a 2-fold difference in infectivity. (B) SARS-CoV-2 variants S pseudoviruses were incubated with Caco2-hACE2, 293T-hACE2, 293T-hACE2-TMPRSS2, and Vero cells, then the unbound virus was removed by washing at the specified time point (1 or 2 h), and the unwashed cells were used as the control. At 24 h, luciferase activity in cell lysates was measured to detect infection efficiency. The infection efficiency of the virus was calculated by dividing the relative luminescence unit (RLU) value at each time point by the average RLU value of the respective virus at 24 h.  A p-value less than 0.05 was defined as statistically significant (p < 0.05 [*], p < 0.01 [**], p < 0.001 [***], p < 0.0001 [****]). Experiments were done in 4 replicates and repeated at least twice. One representative is shown with error bars indicating SEM.



Zhang et al. (28) showed that pseudovirus carrying the delta variant S protein infects target cells faster than D614G in the early stage, which may be the main reason for its enhanced transmissibility. To test the ability of different variants to infect target cells in the early stage, we infected target cells with pseudoviruses carrying variant S protein and removed the unbound virus by washing at the specified time point (1 or 2 h), and the unwashed cells were used as the control. At 24 h post-infection, the infection efficiency of variants was detected by measuring the luciferase activity (Figure 2B and Figure S2). We found that in the early stage of virus infection, the infection efficiency of B.1.1.7, B.1.351, and B.1.617.2 in Caco2-hACE2, 293T-hACE2, and 293T-hACE2-TMPRSS2 cells was higher than that of the reference D614G strain. Compared with D614G, the infection efficiency of P.2, B.1.429, B.1.525, B.1.618, B.1.351 RBD, and P.1 RBD may be enhanced in some cells. However, all SARS-CoV-2 variants exhibited similar infectivity in Vero cells in the early stage.



Binding of SARS-CoV-2 Variant S to Recombinant hACE2

SARS-CoV-2 RBD mediates the binding of the virus to the ACE2 receptor, which is the main determinant of the host range. Most mutations are deleterious for ACE2 binding, but some mutations are well tolerated and even enhance ACE2 binding (29). Next, we tested the binding avidity of variant S protein to ACE2 receptor. 293T cells expressing variant S protein were incubated with recombinant hACE2 and detected by flow cytometry. The mean fluorescence intensity (MFI) values of B.1.1.7 and P.1 were higher than those of D614G (Figures 3A, B and Figures S3A, B). However, the MFI values of other variants of S protein did not change significantly.




Figure 3 | Binding of SARS-CoV-2 variants S protein to recombinant hACE2. (A) The fold changes in binding activity of SARS-CoV-2 variants S protein to recombinant hACE2, measured by mean fluorescence intensity (MFI). Recombinant hACE2 protein binding percentages were calculated by the ratio between variants over D614G MFI normalized relative to that of S2 specific antibody. All MFI values were weighted by multiplying the number of positive cells in the selected gates. (B) 293T cells transiently expressing SARS-CoV-2 variants S proteins were incubated with recombinant hACE2 protein or anti-SARS-CoV-2 spike (S2 subunit) antibodies for 1 h. After being washed, cells were incubated with Alexa Flour 488-conjugated anti-human IgG Fc or fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG secondary antibodies. A p-value less than 0.05 was defined as statistically significant (p < 0.05 [*]). Experiments were done at least twice.





Immune Escape of SARS-CoV-2 Variants to Neutralizing Monoclonal Antibodies

To study the impact of SARS-CoV-2 variants on the antigenicity, we first measured the neutralization activity of 12 previously characterized neutralizing mAbs on pseudovirus infection in Vero cells (Figure S4). The neutralization profiles are shown in Figure 4A. Compared with the SARS-CoV-2 D614G reference strain, most of those anti-RBD mAbs showed varyingly decreased neutralizing activities to pseudovirus carrying the variant S protein. Specifically, B.1.1.7 decreased the sensitivity to mAb CB6, while P.2, B.1.429, B.1.525, and B.1.617.2 predominately decreased the sensitivity to mAb LY-CoV555. In addition, B.1.526, B.1.617.1, and B.1.618 became highly resistant to many mAbs, including LY-CoV555, CB6, AbA205, and AbB505. It is worth noting that B.1.351 and P.1 had the greatest immune escape ability on the tested neutralizing mAbs. Both of these variants reduced the sensitivity to mAbs LY-CoV555, CB6, AbA128, AbA205, AbB505, AbB606, AbE450, and AbG106. The neutralization activities of LY-CoV555, CB6, and AbA128 to B.1.351 and P.1 were below the detection limit (BDL). Previous studies have reported that SARS-CoV-2 RBD mutation could cause the decrease of neutralization activity of some mAbs (30). To verify our assay system, we also tested the same panel of mAbs against the pseudoviruses carrying just the mutations in the RBD region of B.1.351, P.1, and B.1.617.1. The results of B.1.351, P.1, and B.1.617.1 pseudoviruses were generally consistent with those of pseudoviruses with only RBD mutation. These findings indicate that the immune escape of B.1.351, P.1, and B.1.617.1 might mainly be mediated by mutations in the RBD region of SARS-CoV-2. It is worth noting that the mAbs REGN10987, S309, and VIR-7831 have a strong neutralization effect on almost all variants.




Figure 4 | SARS-CoV-2 variant S pseudoviruses reduce neutralization and binding of mAbs. (A) The fold changes in neutralizing activity (IC50) of the mAbs against SARS-CoV-2 variants pseudovirus relative to D614G. (B) The fold changes in binding activity [mean fluorescence intensity (MFI)] of the mAbs against SARS-CoV-2 variants pseudovirus relative to D614G. “−” represents the decrease of sensitivity to the antibody, and “+” represents the increase of sensitivity to the antibody. The values marked in red indicate that sensitivity decreased at least 3-fold for IC50 or 2-fold for MFI, while those in green indicate that sensitivity increased at least 3-fold for IC50 or 2-fold for MFI. BDL indicates neutralizing activity below the detection limit. Experiments were done once.



We also assessed the neutralization activity of the anti-NTD mAb 4A8 against SARS-CoV-2 variants (Figure 4A). B.1.1.7, B.1.351, P.1, B.1.429, B.1.525, B.1.617.1, B.1.617.2, and B.1.618 pseudoviruses showed various reductions in the sensitivity to 4A8. However, B.1.351 RBD, P.1 RBD, and B.1.617.1 RBD mutation pseudoviruses showed minimal change in neutralization activity. Therefore, the antibody targeting SARS-CoV-2 NTD can also be easily breached by certain mutations in the NTD domain of variant S protein, and the immune escape site has little to do with the RBD region.

The impaired binding affinity between the mAb and S protein is a major mechanism for SARS-CoV-2 immune escape (25). To study the correlation between variant immune escape and antibody affinity, we detected the binding affinity of mAbs to S protein expressed on 293T cells (Figure 4B and Figure S5). We found that the neutralization ability of antibodies has a strong correlation with binding affinity. In general, the weakening of the neutralization ability of mAbs is related to its decreased affinity with S protein.



Altered Reactivity of SARS-CoV-2 Variants to Inactivated Virus Vaccine Sera

We next investigated the resistance of variant pseudovirus on neutralization activity of vaccine sera obtained from 179 participants after receiving one or two doses of inactivated virus vaccine—CoronaVac or BBIBP-CorV (Figure S6). We first measured the neutralization titers of serum samples against the reference D614G pseudovirus and found that the majority of the vaccinated participants produced neutralizing antibodies (Figure 5A). The geometric mean neutralizing titers of one dose of CoronaVac, two doses of CoronaVac, one dose of BBIBP-CorV, two doses of BBIBP-CorV, and CoronaVac+BBIBP-CorV were 23, 56, 28, 69, and 92, respectively. On the other hand, undetectable neutralization activities were seen in 7 out of 65 serum samples from subjects receiving only one dose of CoronaVac, in 1 out of 24 serum samples from subjects receiving two doses of CoronaVac, and in 1 out of 29 serum samples from subjects receiving one dose of BBIBP-CorV. Consistent with the neutralization effect of serum samples on pseudoviruses, the average anti-RBD IgG levels of one dose of CoronaVac, two doses of CoronaVac, one dose of BBIBP-CorV, two doses of BBIBP-CorV, and CoronaVac+BBIBP-CorV were 3.9, 5.5, 3.5, 5.1, and 5.7 U/ml, respectively (Figure 5B).




Figure 5 | Neutralization activity to SARS-CoV-2 variants conferred by vaccine sera (CoronaVac or BBIBP-CorV). (A) Neutralization ID50 values of the vaccinated sera against SARS-CoV-2 D614G reference pseudovirus. The black horizontal lines and the numbers over the lines indicate geometric mean titers. (B) Anti-SARS-CoV-2 RBD IgG antibody levels were measured by a quantitative ELISA against the wild-type RBD antigen. ELISAs were performed in duplicate, and average values were used. The black horizontal lines and the numbers over the lines indicate the average values of anti-SARS-CoV-2 RBD IgG. (C, F) SARS-CoV-2 variants reduced neutralization sensitivity to CoronaVac vaccine sera (C) or BBIBP-CorV vaccine sera (F). Fold changes of vaccine sera neutralization activity (ID50) between variants and D614G reference strain pseudoviruses, depicted in a heat map. “−” represents the decrease of sensitivity of vaccine sera, and “+” represents the increase of sensitivity of vaccine sera. The values are marked in red, indicating that sensitivity is decreased at least 2-fold, while those in green indicate that sensitivity is increased at least 2-fold. (D, E, G, H) Neutralization ID50 values of the vaccinated sera [CoronaVac (D, E) or BBIBP-CorV (G, H)] against SARS-CoV-2 variant pseudoviruses. The geometric mean titer against each variant is indicated by a black horizontal line in panels (D, G) and a black curve in panels  (E, H) The fold changes of ID50 between variant and D614G pseudoviruses are illustrated by the overall average at the top in (D, G). The dashed line represents the initial dilution of vaccine sera. Neutralization activity is defined as the percent reduction in luciferase activity relative to the virus control wells (virus + cells).



Next, we selected 30 CoronaVac serum samples and 20 BBIBP-CorV serum samples to test the immune escape of SARS-CoV-2 variants. For CoronaVac serum samples, when compared with SARS-CoV-2 D614G, the neutralization activity to most variants was somewhat decreased (Figures 5C–E). The average reduction of neutralization activity in serum samples of CoronaVac was 1.5-fold against B.1.1.7, 3.3-fold against B.1.351, 1.6-fold against P.1, 2.4-fold against P.2, 1.4-fold against B.1.429, 1.6-fold against B.1.525, 2.7-fold against B.1.526, 2.7-fold against B.1.617.1, 1.9-fold against B.1.617.2, and 2.7-fold against B.1.618. Consistent with the findings for anti-SARS-CoV-2 RBD mAbs, B.1.351 RBD, P.1 RBD, and B.1.617.1 RBD pseudoviruses showed similar immune escape with B.1.351, P.1, and B.1.617.1, respectively. Although the neutralization activities of vaccine sera against the variants were decreased, most of the variants still could be effectively neutralized, including the strong escaping strains B.1.351, P.1, P.2, B.1.526, B.1.617.1, and B.1.617.2. We also observed that there is significant variation in resistance to immunity escape among the vaccinated sera of participants. Some individuals showed greater reductions in neutralizing certain variants, most noticeably B.1.351, B.1.526, B1.617.1, and B.1.618, as well as B.1.351 RBD and P.1 RBD (Figure 5C and Figure S6).

For BBIBP-CorV vaccine serum samples, when compared with the neutralization activity to D614G, the sera had equal activity in neutralizing B.1.1.7, B.1.429, and B.1.525 (Figures 5F–H), while the neutralization efficiencies were remarkably decreased to B.1.351 (1.8-fold), P.1 (1.6-fold), P.2 (1.7-fold), B.1.526 (1.9-fold), B1.617.1 (1.5-fold), B.1.617.2 (1.7-fold), and B.1.618 (2.0-fold). Likewise, B.1.351 RBD, P.1 RBD, and B.1.617.1 RBD pseudoviruses showed a similar immune escape as B.1.351, P.1, and B.1.617.1, respectively.



Effects of Cathepsin Inhibitor and Endocytosis Inhibitors on SARS-CoV-2 Entry

SARS-CoV-2 S protein priming in cells can be activated by endosomal cysteine proteases cathepsin B and L (CatB/L) (6, 8). Similarly, SARS-CoV-2 enters target cells mainly through endocytosis, and inhibiting the maturation and transport of endosomes can inhibit viral infections (6). To investigate whether the entry of SARS-CoV-2 S variants can be inhibited by cathepsin inhibitor or endocytosis inhibitor, 293T-hACE2 cells were treated with either cathepsin inhibitor E64d or endocytosis inhibitors Chloroquine, Tetrandrine, and Apilimod and then evaluated their effect on virus entry (Figures 6A–E and Figures S7A–E). All inhibitors were found to reduce the entry of variants of pseudovirus on 293T-hACE2 cells in a dose-dependent manner. The entry of B.1.1.7, B.1.429, B.1.617.1 B.1.617.2, and P.1 RBD pseudoviruses were slightly less sensitive to blockade by E64d as compared to D614G (Figure 6E). P.1 pseudovirus was slightly less sensitive to blockade by Apilimod as compared to D614G (Figure 6E). However, endocytosis inhibitors Chloroquine and Tetrandrine had similar blocking effects on all SARS-CoV-2 variants (Figure 6E). These results suggest that cathepsin inhibitors and endocytosis inhibitors will be active against SARS-CoV-2 variants.




Figure 6 | (A–D) 293T-hACE2 cells were pretreated with different concentrations of cathepsin inhibitor E64d (A) or endocytosis inhibitors Tetrandrine (B), Chloroquine (C), and Apilimod (D), and then infected with SARS-CoV-2 S pseudoviruses. The luciferase activity was measured 24 h postinoculation. (E) The fold changes in half maximal inhibitory concentration (IC50) of inhibitors against SARS-CoV-2 variants pseudovirus relative to D614G. “-” represents the decrease of sensitivity to the inhibitor, and “+” represents the increase of sensitivity to the inhibitor. The values marked in red indicate that sensitivity decreased at least 2-fold. Experiments were done in 4 replicates and repeated at least twice. One representative is shown with error bars indicating SEM.






Discussion

As the COVID-19 pandemic persists, new SARS-CoV-2 variants will continue to emerge. Some mutations lead to changes in viral infectivity or may be able to escape neutralizing antibodies. In this study, we constructed the major circulating SARS-CoV-2 variants and identified the effects of these variants on virus infectivity, antigenicity, and sensitivity to inhibitors. The present study shows that, compared with the D614G strain, the infectivity of most variants was changed in mammalian cells. In addition, the antigenicity of some variants has also changed, resulting in a significant reduction in the neutralizing activity of a variety of RBD or NTD-targeting mAbs. Serum samples from individuals vaccinated with CoronaVac or BBIBP-CorV also showed the varyingly decreased neutralizing activity to many SARS-CoV-2 variants. Close monitoring of the major circulating SARS-CoV-2 variants can better control the spread of the virus, and it is also important for the development of neutralizing antibodies and vaccines.

The rapid spread of SARS-CoV-2 variants in the population raises the possibility that these viruses might exhibit altered infectivity or infection dynamics. After the SARS-CoV-2 outbreak, the D614G strain quickly replaced the original strain and became the dominant variant. Studies show that the D614G substitution leads to the enhancement of viral replication and infectivity in host cells (19, 20). Subsequently, several new SARS-CoV-2 variants were reported to spread rapidly in various countries and regions. In particular, B.1.17, B.1.351, P.1, and B.1.617.2 all showed higher infectivity than the original strain in the real world (31–34). In our study, the infectivity of the major circulating SARS-CoV-2 variants had no significant difference in 293T-hACE2, 293T-hACE2-TMPRSS2, Caco2-hACE2, and Vero cells. But the infectivity of some variants was significantly enhanced in Caco2, Huh7, A549, and H1299 cells. Recently, Zhang et al. (28) showed that the fusion activity among D614G, B.1.1.7, B.1.351, P.1, B.1.617.1, and B.1.617.2 had no significant differences when spike and ACE2 were transfected at high levels. However, B.1.617.2 can enter host cells expressing low levels of ACE2 more effectively than other variants. We also found that the infectivity of B.1.617.2 was significantly enhanced in ACE2 low-expression Caco2, Huh7, A549, and H1299 cells. This suggests that B.1.617.2 is more likely to infect less susceptible cells and then replace the previously dominant variants, leading to a global pandemic.

Priming of SARS-CoV-2 S proteins by host cell proteases is crucial for virus entry into cells (8). Insertion of a furin cleavage site with four amino acid motifs (PRRA) at the S1/S2 junction of SARS-COV-2 S protein can affect the cleavage of the viral S protein (35). The P681H, P681R, and Q677H mutation sites in the variants are located near the furin cleavage site, which may affect the cleavage of S protein (35–37). In fact, B.1.617.2 contains the P681R mutation, which results in enhanced cleavage of the S protein in cells, which may account for the enhanced infectivity of B.1.617.2 in some susceptible cells.

The main receptor for SARS-CoV-2 infection of host cells is ACE2, but several other receptors have been identified that promote SARS-CoV-2 infection (38–41). Some of these receptors affect SARS-CoV-2 infection by binding to sites outside the RBD region. Wang et al. (41) found that H1299 cells do not express the ACE2 receptor but highly express tyrosine-protein kinase receptor UFO (AXL), and it can bind to the SARS-CoV-2 NTD to mediate viral infection. In our study, most of the variants have NTD mutations, which may lead to changes in the binding ability of SARS-CoV-2 NTD to the AXL receptor, thereby affecting the ability of the virus to infect H1299 cells.

Hoffmann et al. (16) reported that pseudoviruses bearing the S protein of variants exhibit similar entry kinetics in Vero cells. In this study, we found that SARS-CoV-2 variants exhibited similar infectivity in Vero cells at an early stage. However, in Caco2-hACE2, 293T-hACE2, and 293T-hACE2-TMPRSS2 cells, B.1.1.7, B.1.351, and B.1.617.2 exhibit higher infection efficiency than D614G in shorter incubation time. These data suggest that some variants infect target cells much faster than the original strain, which may be the reason for their enhanced transmission ability.

At present, neutralizing mAbs and vaccines against SARS-CoV-2 are mainly developed against SARS-CoV-2 strains in the early stage of the pandemic (42–48). Our findings suggest that most of the circulating variants possess certain immune escape abilities to mAbs. Anti-RBD mAbs are divided into four categories according to the antibody recognition pattern and epitope structural characteristics (49). In this study, the antibody CB6 belongs to class I anti-RBD antibodies, which blocks ACE2 and bind only to “upper” RBDs. Previous studies have shown that the SARS-CoV-2 K417N/T mutation can lead to reduced neutralizing activity of CB6 (25). In our study, B.1.351, P.1, B.1.351 RBD, and P.1 RBD carrying the K417 mutation exhibited significant immune escape from CB6. LY-CoV555 is a class II anti-RBD antibody that blocks ACE2 and binds to both “upper” and “down” RBDs. LY-CoV555 has immune escape against almost all variants except D614G and B.1.17. The immune escape of some variants against LY-CoV555 may be related to the E484K/A mutation (24, 50). The mAbs REGN10987, S309, and VIR-7831 have strong neutralizing effects on almost all variants. These three antibodies belong to class III anti-RBD antibodies that bind outside the ACE2 site and recognize “up” and “down” RBDs (49), indicating that the neutralizing effect of antibodies is less affected when targeting these sites. Furthermore, 4A8 targets the SARS-CoV-2 NTD domain, and its neutralizing activity can be affected by SARS-CoV-2 Y144del, LAL242-244del, and R246I mutations (24, 25). Our studies show that its neutralizing activity is disrupted by certain mutations in the NTD domain, whereas the immune escape site is less related to the RBD region.

Similar to the neutralizing activity of antibodies, LY-CoV555 had reduced binding capacity for almost all variants except D614G and B.1.17. The binding affinity of mAbs REGN10987, S309, and VIR-7831 to variant S protein did not change significantly. The remaining anti-RBD mAbs had reduced binding ability to B.1351 or P.1. Most antibodies with reduced neutralizing activity to variant pseudoviruses also have reduced binding affinity, indicating that the antibody binding affinity is closely related to its neutralizing activity. The binding ability of these anti-RBD antibodies to the S protein is closely related to mutations in the RBD region. However, the binding ability of the 4A8 antibody to the S protein was associated with NTD mutations.

For neutralizing activity of CoronaVac and BBIBP-CorV vaccine sera, we found that most vaccine recipients were able to produce neutralizing antibodies and had the ability to neutralize the virus. Previous studies have shown that sequential booster immunizations with mRNA vaccines or subunit vaccines after two doses of inactivated vaccine are more effective than homologous vaccines (51, 52). Indeed, mixed vaccination of CoronaVac and BBIBP-CorV vaccine resulted in higher levels of anti-RBD IgG antibodies and stronger virus neutralization than a single vaccination regimen. For neutralization activity of CoronaVac and BBIBP-CorV vaccine sera against different variants, our study is consistent with the results of recent reports using mRNA vaccine or inactivated vaccine sera (17, 18, 24, 53–55). We found that some variants, such as B.1.1.7, B.1.429, and B.1.525, have weaker immune escapes against CoronaVac or BBIBP-CorV vaccine sera. However, some variants, such as B.1.351, P.1, P.2, B.1.526, B.1.617.1, B.1.617.2, and B.1.618, have strong immune escapes against vaccine sera. Although the neutralizing activity to some SARS-CoV-2 variants was decreased, CoronaVac and BBIBP-CorV serum samples still reserved effective neutralizing abilities to all variants.

Proteolytic activation of S protein is an essential step for SARS-CoV-2 to enter target cells (6, 8, 56, 57). In this study, we confirmed that SARS-CoV-2 spread depends on cathepsin activity and further showed that the S protein-driven entry of the SARS-CoV-2 variant is effectively blocked by endosomal cysteine proteases CatB/L inhibitor. Ou et al. (6) showed that SARS-CoV-2 can enter host cells through endocytosis. The early-to-late endosomal maturation is regulated by PI(3,5)P2 (58, 59). Inhibition of PI(3,5)P2 synthase PIKfyve or the downstream effector TPC2 can significantly reduce SARS-CoV-2 entry (6). Consistent with these findings, entry of all SARS-CoV-2 variants was effectively blocked by targeted endocytosis inhibitors Chloroquine, Tetrandrine, and Apilimod. Therefore, drugs targeting SARS-CoV-2 protease activity or endocytosis pathway are a commonly effective way in treating SARS-CoV-2 regardless of different mutations in the spike protein causing immune evasion.

Recently, a new SARS-CoV-2 variant, Omicron (B.1.1.529), emerged in South Africa, rapidly replacing B.1.617.2 and becoming the dominant strain. A striking feature of this variant is the large number of mutations in the S protein, most of which are located in the RBD region (60), which poses a threat to the efficacy of current COVID-19 vaccines and antibody therapies. Current studies have shown that B.1.1.529 is not only resistant to neutralization by sera from convalescent patients with COVID-19 but also significantly resistant to sera from vaccinated individuals (50, 61–63). Our published data (64) also demonstrate that pseudoviruses carrying the Omicron S protein have strong immune evasion capabilities against mAbs and vaccine sera. However, Omicron is still dependent on hACE2 for entry into target cells, and its S protein maintains a strong interaction with hACE2.

In summary, we demonstrate that the infection efficiency of pseudovirus with SARS-CoV-2 variant S protein has changed in some target cells; especially, the B.1.617.2 strain is more infectious in less susceptible cells to the original strain, and the virus infection process can be completed in a shorter time. In addition, our data suggest that SARS-CoV-2 variants may compromise the therapeutic effect of neutralizing antibodies or reduce the protective effect of vaccines. Our findings highlight the need to strengthen virus surveillance and assess the effectiveness of current antibodies and authorized vaccines against emerging SARS-CoV-2 variants. Meanwhile, increasing the proportion of people vaccinated with effective SARS-CoV-2 vaccines is the key strategy for reducing the emergence of new variants and ending the pandemic of COVID-19.



Methods


Serum Samples

Vaccine sera were obtained from the participants who received CoronaVac and/or BBIBP-CorV vaccine at Suzhou Science and Technology Town Hospital in Suzhou City, Jiangsu Province, China, and stored at −80°C until use. Detailed vaccination information is provided in Table S1. The study was approved by the Institutional Review Board of Suzhou Science and Technology Town Hospital (IRB2021006). All subjects provided informed consent for the testing of their serum samples in this study.



Monoclonal Antibodies

All mAbs used in the present study were screened and provided by AtaGenix Company (Wuhan, China). Antibodies developed by other organizations, including LY-CoV555, CB6, REGN10987, S309, VIR-7831, and, 4A8, were produced based on the sequences published in Protein Data Bank (PDB). All antibodies were repackaged and stored at −80°C to avoid inconsistent results caused by repeated freeze–thaw cycles.



Cell Lines

293T (human, kidney), Caco-2 (human, colon), Huh7 (human, liver), A549 (human, lung), H1299 (human, lung), and Vero (African green monkey, kidney) cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). 293T-hACE2, 293T-hACE2-TMPRSS2, and Caco-2-hACE2 were produced by lentiviral mediated gene transduction. All cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) and 100 U/ml of penicillin-streptomycin (Gibco).



Construction of SARS-CoV-2 Variant S Protein Expression Plasmids

The SARS-CoV-2 Wuhan-1 S gene (GenBank: MT_613044) was obtained from GenScript Biotech Corporation (Piscataway, NJ, USA). To effectively incorporate S protein into pseudovirus, the last 19 amino acids in the cytoplasmic tail of S protein were removed according to previously reported methods (65). To create variant S protein expression plasmids, point mutation on defined sites of the S gene was carried out using the site-directed mutagenesis kit (KOD). Subsequently, multiple PCR fragment amplification utilizing oligonucleotides containing mutation and overlapping sequence was performed for each desired mutation. Finally, overlapping fragments were assembled to produce all the mutations of each strain. The primers used to construct mutants are listed in Table S2.



Production of SARS-CoV-2 S Protein Pseudoviruses

Pseudoviruses with SARS-CoV-2 S protein were produced according to the methods reported in our previous study (66). Briefly, 293T cells transfected to express SARS-CoV-2 S protein under study were inoculated with G*ΔG-VSV dual reporter virus (kindly provided by UltraImmune Inc.). After 6 h of virus infection, the cells were gently washed twice with phosphate-buffered saline (PBS) to remove residual G*ΔG-VSV virus. Viral supernatant was collected at 24 or 48 h postinoculation and centrifuged at 4,000g for 5 min to remove cell debris.

The pseudovirus particles were quantified by RT-qPCR. Viral RNA Mini kit was used to extract virus RNA from 200 μl of pseudoviruses containing supernatant. Then, the viral RNA served as a template and reversed to cDNA. Virus particle quantification was performed by qPCR using FastStart Essential DNA Green Master (Roche, Basel, Switzerland). The copy numbers of virus particles were calculated according to VSV-P gene. Primers used to calculate pseudoviral particles are listed in Table S3.



Pseudovirus Infection Assay

Pseudoviral particles were normalized to the same amount using quantitative RT-PCR. Before virus infection, 2 × 104 target cells were seeded into each well of 96-well plates. Then, 100 μl of media containing pseudoviruses was inoculated into the cells. After incubation for 24 h, cells were lysed with passive lysis buffer (Promega, Madison, WI, USA) for 10 min, and then the luciferase activity was measured by the Luciferase Assay System (Promega). In order to analyze the entry of the pseudovirus into the target cells at indicated time points, the medium was removed at different time points, and the cells were washed with PBS to remove the remaining virus. Then 100 μl of fresh medium was added, and culture was continued for 24 h.



Detection of SARS-CoV-2 Variant S Protein

To detect the expression of S protein in cells, 293T cells were transfected with expression plasmids encoding SARS-CoV-2 variant S protein. After 40 h of transfection, cells were lysed by radioimmunoprecipitation assay (RIPA) Lysis Buffer (Beyotime, Shanghai, China) for 30 min on ice. To detect the cleavage of S protein on pseudoviruses, 1 ml of the SARS-CoV-2 pseudoviruses was loaded by 6% PEG8000 and shaken on the ice for 8 h. To pellet down pseudoviruses, the mixture was centrifuged at 10,000g for 2 h at 4°C. Next, the concentrated virus particles were resuspended in 50 μl of RIPA Lysis Buffer. The protein samples were heated at 95°C for 10 min. Then protein samples were separated in a 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel (Beyotime) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After protein transfer, the PVDF membranes were blocked by 5% milk for 1 h and then incubated overnight with primary antibodies. The next day, the PVDF membranes were incubated with secondary antibodies and visualized by the ChemiDoc MP system (Bio-Rad, Hercules, CA, USA). The following antibodies were used: mouse anti-SARS-CoV-2 spike (S2 subunit) mAb [1A9] (Genetex, Irvine, CA, USA; 1:2,000), mouse anti-VSV matrix protein (Kerafast, Boston, MA< USA; 1:2,500), GAPDH mAb (ProteinTech, Chicago, IL, USA; 1:2,000), and horseradish peroxidase linked anti-mouse IgG antibody (CST, Danvers, MA, USA; 1:5,000).



Enzyme-Linked Immunosorbent Assay

Anti-SARS-CoV-2 S-RBD IgG was detected using Human SARS-CoV-2 S-RBD IgG ELISA Kit (AtaGenix) according to the manufacturer’s instructions. Serum samples were diluted at 1:2,000 with dilution buffer. The level of anti-RBD antibodies in the serum sample is represented by the concentration of the positive control antibody. One unit per ml (U/ml) represents the equivalent neutralization capacity of 1 ng/ml of control antibody.



Flow Cytometric Assessment of S Proteins Expression and the Binding of Monoclonal Antibodies to Cell Surface-Expressed SARS-CoV-2 S Proteins

293T cells were transfected with expression plasmids encoding SARS-CoV-2 S proteins and cultured for 36 h. Cells were digested with trypsin and washed twice with 1 ml of staining buffer (PBS containing 2% FBS). First, cells were incubated with mouse anti-SARS-CoV-2 spike (S2 subunit) antibody (Genetex, 1 μg/ml), neutralizing mAbs (AtaGenix, 0.2 μg/ml), or recombinant hACE2 protein (Sino Biological, Beijing, China; 1 μg/ml) at 4°C for 1 h. After being washed, cells were incubated with Alexa Flour 488-labeled anti-human IgG Fc (BioLegend, San Diego, CA, USA) and/or PE-labeled anti-mouse IgG (BioLegend) secondary antibodies for 1 h. After being washed, the cells were resuspended and analyzed using the Attune™ NxT Flow Cytometer (Thermo Fisher Scientific, Waltham, MA, USA).



Pseudovirus Neutralization Assays

The effects of the neutralizing antibodies and vaccinated sera on the entry inhibition of pseudoviruses were examined by detecting the reduction in luciferase gene expression (24, 30, 67). In brief, Vero or 293T-hACE2 cells were seeded in a 96-well plate at a concentration of 2 × 104 cells per well. To test the neutralization activity of the neutralizing antibodies, serial 5-fold dilution of samples were prepared at an initial concentration of 1 μg/ml and then incubated with 1,000 TCID50 pseudoviruses at 37°C for 1 h, and the mixture was added to Vero cells. To test the neutralization activity of vaccine sera, serial 3-fold dilution of samples were prepared with the starting dilution of 1:12 (all samples except V43–V50) or 1:20 (samples V43–V50) and then incubated with 1,000 TCID50 pseudoviruses at 37°C for 1 h, and the mixture was added to 293T-hACE2 cells. After incubation for 24 h, the neutralization activity was quantified by measuring the luciferase activity in cell lysates. Neutralization activity was defined as the percentage of decrease in luciferase activity compared to the virus control wells (virus + cells).



Effects of Protease and Endocytosis Inhibitors on Pseudovirus Entry

For experiments involving protease inhibitor (E64d, MCE, South Brunswick, NJ, USA) or endocytosis inhibitors (Chloroquine, MCE; Tetrandrine, Sigma, St. Louis, MO, USA; and Apilimod, MCE), 293T-hACE2 cells were pretreated with corresponding inhibitors for 2 h before pseudovirus infection. Then, SARS-CoV-2 variants of pseudoviruses were added to the cell culture wells. The infection efficiency of viruses was quantified 24 h post-infection by measuring the luciferase activity in cell lysates.



Statistical Analysis

Half-maximal inhibitory concentration (IC50) or half-maximal inhibitory dilution (ID50) was defined as the RLU values that were reduced by 50% compared to the virus control wells (virus + cells). IC50 and ID50 were calculated by the equation of four-parameter dose inhibition response in GraphPad Prism 7. Vaccine sera, with neutralizing activity BDL, were assigned a value of 1 for geometric mean calculations and were considered as seronegative. The serum from healthy donors without vaccination was used as negative control and showed no detectable neutralization activity. The significance of neutralizing activities of serum samples against each variant pseudovirus relative to D614G was estimated using the Wilcoxon matched-pairs signed-rank test. Two-tailed p-values were reported, and p < 0.05 was defined as statistically significant.




Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Review Board of Suzhou Science and Technology Town Hospital (IRB2021006). The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

HT performed the experiments and wrote the manuscript. HT, XD, and FQ analyzed data. LG, ZW, FM, XZ, YS, and GH contributed to revise the manuscript and approved the final manuscript. XD and FQ were responsible for research design, strategy, and supervision. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by the National Natural Science Foundation of China (Grants 31800726 and 81773058), The Chinese Academy of Medical Sciences Initiative for Innovative Medicine (Grant CAMS-I2M, 2016-I2M-1-005), Key Research and Development Project of Zhejiang Province (No. 2021C03198), and National Grand Foreign Experts projects (G20190001633 and G20190001639).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.836232/full#supplementary-material

Supplementary Figure 1 | Structural diagram of mutation sites of variants S protein. The PDB number for the reference S protein structure is 7DDN. Each variant is shown from three perspectives, yellow represents the RBD region, green represents the NTD region, and turquoise represents the S2 region. Some mutation sites were not marked due to the lack of clear structural elucidation of these sites.

Supplementary Figure 2 | Infectivity analysis of SARS-CoV-2 variants in target cells in the early stage, repeated experiments of Figures 2B.

Supplementary Figure 3 | Binding of SARS-CoV-2 variants S protein to recombinant hACE2, repeated experiments of Figures 3.

Supplementary Figure 4 | Neutralization of SARS-CoV-2 variants by mAbs, related to Figures 4. Pseudoviruses carrying the variant S proteins were tested against a series of dilutions of each mAb. Neutralization activity was defined as the percentage of decrease in luciferase activity compared to the virus control wells (virus + cells).

Supplementary Figure 5 | Binding to cell surface expressed SARS-CoV-2 variants S proteins by neutralizing mAbs, related to Figures 4. SARS-CoV-2 variants S proteins were expressed on the surface of 293T cells, incubated with anti-SARS-CoV-2 spike antibody and neutralizing mAbs, followed by staining with Alexa Flour 488-conjugated anti-human IgG Fc and PE-conjugated anti-mouse IgG antibodies, and analyzed by flow cytometry. Experiments were done once. NC is 293T cells with mock transfection.

Supplementary Figure 6 | Neutralization of SARS-CoV-2 variants by vaccine sera, related to Figures 5. Pseudoviruses carrying the indicated variant S proteins were tested against serial dilutions of vaccine sera [CoronaVac vaccine (V1-V30) or BBIBP-CorV vaccine (V31-V50)]. Neutralization activity was defined as the percent reduction in luciferase activity relative to the virus control wells (virus + cells).

Supplementary Figure 7 | SARS-CoV-2 S pseudovirus entry into 293T-hACE cells can be blocked with endocytosis and protease inhibitors, repeated experiments of Figures 6.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an emerging virus responsible for the ongoing COVID-19 pandemic. SARS-CoV-2 binds to the human cell receptor angiotensin-converting enzyme 2 (ACE2) through its receptor-binding domain in the S1 subunit of the spike protein (S1-RBD). The serum levels of autoantibodies against ACE2 are significantly higher in patients with COVID-19 than in controls and are associated with disease severity. However, the mechanisms through which these anti-ACE2 antibodies are induced during SARS-CoV-2 infection are unclear. In this study, we confirmed the increase in antibodies against ACE2 in patients with COVID-19 and found a positive correlation between the amounts of antibodies against ACE2 and S1-RBD. Moreover, antibody binding to ACE2 was significantly decreased in the sera of some COVID-19 patients after preadsorption of the sera with S1-RBD, which indicated that antibodies against S1-RBD can cross-react with ACE2. To confirm this possibility, two monoclonal antibodies (mAbs 127 and 150) which could bind to both S1-RBD and ACE2 were isolated from S1-RBD-immunized mice. Measurement of the binding affinities by Biacore showed these two mAbs bind to ACE2 much weaker than binding to S1-RBD. Epitope mapping using synthetic overlapping peptides and hydrogen deuterium exchange mass spectrometry (HDX-MS) revealed that the amino acid residues P463, F464, E465, R466, D467 and E471 of S1-RBD are critical for the recognition by mAbs 127 and 150. In addition, Western blotting analysis showed that these mAbs could recognize ACE2 only in native but not denatured form, indicating the ACE2 epitopes recognized by these mAbs were conformation-dependent. The protein–protein interaction between ACE2 and the higher affinity mAb 127 was analyzed by HDX-MS and visualized by negative-stain transmission electron microscopy imaging combined with antigen-antibody docking. Together, our results suggest that ACE2-cross-reactive anti-S1-RBD antibodies can be induced during SARS-CoV-2 infection due to potential antigenic cross-reactivity between S1-RBD and its receptor ACE2.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a new emerging virus that is rapidly spreading in humans and thus causing the ongoing global coronavirus disease 2019 (COVID-19) pandemic (1). SARS-CoV-2 is a β-coronavirus, a subgroup that is taxonomically very close to SARS-CoV but more distantly related to MERS-CoV and common human CoVs (2). The spike (S) protein of SARS-CoV-2 is a ~180 kDa glycoprotein, which can form a trimeric structure that protrudes from the surface of the viral particle, plays a key role in the recognition of the cell surface receptor angiotensin-converting enzyme 2 (ACE2) (3) and cell membrane fusion (4). The total length of the SARS-CoV-2 S protein contains 1273 amino acids (a.a) arranged into two subunits: the S1 subunit (a.a. 14-685) contains a receptor-binding domain (S1-RBD, a.a. 319-541) that is less conserved between SARS-CoVs and other CoVs, having only a range of 20-64% identity match, whereas the S2 subunit (a.a. 686-1273) mediates viral cell membrane fusion, exhibiting higher sequence identity (~90%) (4–7). The receptor-binding motif (RBM, a.a. 437-507) is a portion of the S1-RBD that makes direct contact with ACE2, whereas S2 subunit mediates subsequent membrane fusion with the host cell membrane (8). The binding of S protein to ACE2 triggers the cleavage between S1 and S2 by host furin and TMPRRS2 proteases, which is responsible for the transition of S2 subunit to the “fusion” conformation to initiate fusion to enable viral entry into cells (9).

Since the binding of S protein to ACE2 is the first step in the process of SARS-CoV-2 infection, it is a key determinant of host cell and tissue tropism of SARS-CoV-2. Indeed, SARS-CoV-2 S1-RBD appears to exhibit improved binding efficiency to human ACE2 compared with that of the 2003 strain of SARS-CoV (3, 10). In addition to the mutation of the S1-RBD which can cause significant variation in the S1-RBD/ACE2 binding affinity (11), the distribution of ACE2 and TMPRRS2 are primary limiting cell-entry factors for the susceptibility of different tissues and cell types to SARS-CoV-2 entry and infection. A list of 28 cellular factors, referred to as SARS-CoV-2 and coronavirus-associated receptors and factors (SCARFs) are identified using single-cell transcriptomics across various human tissues, which are involved in either facilitating or restricting viral entry (9). These cellular factors are also important in determining the potential tissue tropism of SARS-CoV-2.

Analysis of SARS-CoV-2 S glycan reveals that it is heavily glycosylated, providing shielding from antibody recognition, with the exception of the S1-RBD. Intriguingly, the S1-RBD is structurally flexible which can change between an open (up) and closed (down) conformation. While S1-RBD at open conformation is required to be able to interact with ACE2, Cryo-EM study of S protein trimers reveals that on average only ~20% of S1-RBD are in the open state (12–14). Interestingly, the glycosylation of S protein is also involved in the transition between the open vs. closed state of the S1-RBD (15). Since S1-RBD at the open state increases the possibility of being recognized by host antibodies, it is likely that S protein evolved this conformational dynamic change to balance infection and immune evasion (8).

Unlike 2003 SARS, COVID-19 commonly causes tissue damage in non-respiratory organs, such as the heart, liver, kidney, and brain (16, 17). However, what leads to the wide range of clinical pathologies observed in COVID-19 patients is not yet understood. It remains unclear whether these pathological damages are caused by direct SARS-CoV-2 infection of the organs affected or indirect effects by immune responses or comorbidities. In addition to viral and cellular entry factors, many host immune responses have been proposed to contribute to the severity and multiple organs involvement of COVID-19, including dysregulated inflammatory response and autoimmunity (18–21). For example, the development of IgG, IgM, and IgA autoantibodies against ACE2 in patients with COVID-19 has been reported (22–25), and their levels in sera are associated with COVID-19 disease severity (24). However, the mechanisms through which antibodies against ACE2 are induced during SARS-CoV-2 infection are unclear.

In this study, we first confirmed the increase in antibodies against ACE2 in patients with COVID-19 and demonstrated a positive correlation between the amounts of antibodies against ACE2 and S1-RBD. In addition, the antibody binding to ACE2 was significantly decreased in the sera of some COVID-19 patients after preadsorption of the sera with S1-RBD. To confirm that antibodies against S1-RBD can indeed cross-react with ACE2, we immunized mice or rabbits using recombinant S1-RBD generated by bacteria, insect cells, or mammalian cells and found that anti-ACE2 antibodies were also increased in various sources of S1-RBD immune sera. Two monoclonal antibodies (mAbs) that could recognize both S1-RBD and ACE2 were identified. Thus, our results suggest the existence of potential antigenic cross-reactivity between S1-RBD and its receptor ACE2.



Materials and Methods


Recombinant Proteins, Peptides, and Patient Serum

C-terminal Twin-Strep-tagged SARS-CoV-2 S1-RBD recombinant proteins (from a.a. 319 to 541 of the S1 protein, YP_009724390) were cloned into pMT/BiP/V5-His B plasmid for S2 cell expression. The purity of SARS-CoV-2 S1-RBD from S2 cell was >90% by using SDS-PAGE analysis. The yield was around 4.6 mg/L. SARS-CoV-2 S1-RBD from E. coli and CHO (Cat. No. 61931/62433, Leadgene Biomedical Inc.) as well as different SARS-CoV-2 S1-RBD mutants and S1-RBD peptides were customized, purified and synthesized by Leadgene Biomedical, Inc. Tainan, Taiwan. C-terminal Fc-tagged human ACE2 recombinant protein (ACE2-hFc) was purified from CHO cells (Cat. No. 63333, Leadgene Biomedical Inc.). C-terminal His-tagged human ACE2 (10108-H08H) and other coronavirus S1 proteins (40150-V08B1, 40591-V08H, 40069-V08H, and 40600-V08H) were purchased from Sino Biological (Beijing, China). In addition, commercially available COVID-19-positive (Panel D, n=30) and COVID-19-negative patient sera (Panel E, n=60) were purchased from Access Biologicals (Vista, CA, USA). According to the manufacture, individual donor units used in the cohort have been tested and found negative by tests for antibodies to HIV 1/2, HCV and non-reactive for HBsAg. All testing was performed with kits approved by the FDA. The samples were collected under IRB approved protocols. The commercial COVID-19 positive and negative patient sera were dispensed in Biosafety Level-2 plus (BSL-2+) laboratory. All individuals participating in patient sera dispensation were fully trained according to the compliance policies of the National Cheng Kung University Hospital. Appropriate personal protective equipment was always worn when working with patient sera in the BSL-2+ room. Dispensed patient sera were inactivated at 56°C for 30 min before being used in this study (Supplementary Table).



Immunization and mAb Generation

For the preparation of mouse and rabbit S1-RBD-hyperimmune sera, recombinant proteins (25 μg for mice, 250 μg for rabbits) were emulsified with alum or Incomplete Freund’s Adjuvant (IFA) (Sigma–Aldrich, St Louis, MO, USA). The animals were primed and challenged on days 1, 14 and 21 using alum adjuvant or on days 1, 7 and 14 using IFA. Sera were collected 7 days after the final challenge and stored at -20°C until use. For mAb generation, mice at the Leadgene Biomedical, Inc., facility were immunized with S1-RBD expressed in E. coli according to the hybridoma technique as previously described (26, 27). In brief, the splenocytes were fused with mouse myeloma FO cells and selected by modified selected-medium containing hypoxanthine–aminopterin–thymidine (Thermo Fisher Scientific, MA, USA), 15% fetal bovine sera (FBS) (HyClone, Logan, UT) and 2.5% HyBoost (Leadgene Biomedical Inc., Taiwan). Cloning hybridoma cells was performed by limiting dilution. Supernatants of the clones were collected and screened for antibodies against SARS-CoV-2 S1-RBD and ACE2. Hybridoma cells were injected into mouse peritoneal cavities to generate ascites, and the mAbs in ascites were harvested by protein G-Sepharose (GE Healthcare), dialyzed against phosphate-buffered saline (PBS), and stored below -20°C.



Enzyme-Linked Immunosorbent Assays

Each well of an ELISA plate (Corning Costar, Acton, MA, USA) was coated with 100 μL of antigens (1 μg/mL recombinant protein in PBS or 2 μg/mL bovine serum albumin (BSA)-conjugated peptides in carbonate coating buffer, pH 9.6) for 16 h at 4°C, washed three times with PBST (0.1% Tween 20) and blocked with 5% skim milk for 1 h at 37°C. For the detection of antibody binding to ACE2 in human sera, the ELISA plates were coated with His-tagged ACE2 instead of ACE2-hFc to prevent nonspecific binding of the secondary antibody to human Fc. In contrast, to detect antibody binding to ACE2 in immune sera from mice or rabbits, the ELISA plates were coated with ACE2-hFc to prevent nonspecific binding of anti-His antibodies in immune sera. The sera were diluted in PBST and added to the wells of the ELISA plates, and the plates were incubated for 1 h at 37°C. HRP-labeled secondary antibodies against human (C04047, Croyez, Taiwan), mouse (115-035-062, Jackson ImmunoResearch, West Grove, PA, USA), or rabbit IgG (C04010, Croyez, Taiwan) were diluted 10,000-fold in PBST and used for the detection of bound antibodies. In the competition ELISA, the Abs (1 μg/mL and 25 μg/mL for S1-RBD- and ACE2-hFc-coated plates, respectively) were preincubated with different S1-RBD polypeptides at different doses as indicated, for 1 h at 37°C. Subsequently, the Ab-peptide mixtures were incubated in S1-RBD- or ACE2-hFc (2 μg/mL)-coated plates for another 30 min, washed with PBST and incubated with HRP-labeled secondary antibodies against mouse IgG for another 1 h. For color development, 100 μL of TMB PLUS2 (Kementec Solutions A/S, Denmark) was added to the wells, the plates were incubated for 10 min at 37°C, and the reaction was stopped by the addition of 50 μL of 0.2 M sulfuric acid. The absorbance at 450 nm was determined using an ELISA reader (Multiskan, Thermo Fisher Scientific, Waltham, MA, USA).



Serum Preadsorption Assay

In the serum preadsorption assay, ELISA strip wells (Corning) were coated with BSA (10 μg/mL, 100 μL), S1-RBD (10 μg/mL, 100 μL), and ACE2-His (1 μg/mL, 100 μL). The strip wells were washed three times with PBST and blocked with 1% BSA in PBS. The sera were diluted in PBS at 1:100 dilution and then added to BSA- or S1-RBD-coated wells. After incubation at 37°C for 1 h, the diluted sera were transferred to ACE2-His-coated wells. Unbound antibodies were discarded after further incubation at 37°C for 1 h. Bound IgG against ACE2 was detected using HRP-conjugated goat anti-human IgG antibody (1:5,000, C04047, Croyez).



Western Blotting

SARS-CoV-2 NTU13-infected cell lysates provided by NTUH (28) were harvested using RIPA buffer III (Bio Basic Inc., Markham, Ontario, Canada). The cell lysates or recombinant proteins were prepared under reducing or nonreducing conditions prior to loading onto 10% or 12% SDS–PAGE gels for separation as indicated. For non-reducing condition, sample buffers containing 2% SDS and 15% glycerol were added to the samples prior to loading into SDS-PAGE; for reducing condition, sample buffers containing 2% SDS, 15% glycerol and 1% 2-ME were added to the samples, following by heat-denaturing at 95°C for 5 min prior to loading into SDS-PAGE. The separated proteins were transferred onto a PVDF membrane (Pall, Ann Arbor, MI, USA). The membrane was blocked with 5% skim milk in TBST (0.05% Tween 20 in Tris-buffered saline, TBS), incubated with primary antibodies, namely, anti-His antibody (10411, Leadgene Biomedical Inc.), anti-SARS-CoV-2 S1 mAb (GTX635656, GeneTex Inc, Irvine, CA, USA), anti-ACE2 polyclonal antibody (anti-ACE2 pAb; ARG41099, Arigo, Taiwan) or mAbs 127 and 150 overnight at 4°C and detected with HRP-conjugated goat anti-rabbit or goat anti-mouse IgG secondary antibodies (1:10,000 dilution; Leadgene Biomedical) for another 1 h. Detection was then performed using an Enhanced Chemiluminescence Western blotting Kit (Advansta, Menlo Park, CA, USA).



Immunofluorescent Assay

Antibodies or sera were diluted in 1% BSA containing anti-microbial agent, 0.01% sodium azide. Anti-ACE2 pAb was used as a positive control. A stable clone of ACE2-overexpressing HEK293 (HEK293-ACE2) was generated by transfection with a pcDNA3.1 plasmid which was inserted tag free native sequence of full-length human ACE2 gene (NP_068576.1) within Nhe I and Xho I restriction enzyme sites. HEK293 and HEK293-ACE2 cells were fixed in 0.5% paraformaldehyde and stained with diluted antibodies or sera for 3 h. Subsequently, the cells were washed three times with PBS and then combined with fluorescence-labeled secondary antibodies against mouse, rabbit (C04025 and C04030, Croyez), or human IgG (A-11013, Thermo Fisher Scientific). An EVOS FL Auto 2 Imaging System (Thermo Fisher Scientific) was used for detection.



Biacore Surface Plasmon Resonance

All SPR measurements in this study were performed using a Biacore T200 (Cytiva/GE Healthcare Life Sciences). The recombinant proteins S1-RBD-His and ACE2-hFc were first covalently immobilized on Sensor CM5 chips (Cytiva/GE Healthcare Life Sciences) via amine coupling according to the manufacturer’s protocol. S1-RBD-His was diluted in 10 mM sodium acetate, pH 5.0, to a final concentration of 10 μg/mL and injected into the activated flow cell to obtain an immobilization level at 884.6 and 1047.1 RU. For ACE2-hFc immobilization, a diluted concentration of 30 μg/mL in 10 mM sodium acetate, pH 4.5, was used to reach an immobilization level at 1482.1 RU. For analysis of the binding of mAb to S1-RBD-His, serial dilutions of mAb were injected into the immobilized chip, which contained 884.6 RU of S1-RBD-His, and the concentrations in these dilutions ranged from 256 nM to 8 nM. In the analysis of mAb binding to ACE2-hFc, serial dilutions of mAb with concentrations ranging from 1024 nM to 8 nM were used. All analyte injections were performed at a flow rate of 30 μL/min for 120 s and a dissociation time of 360 s (600 s was used in the assay of ACE2-hFc binding to S1-RBD-His). For regeneration, 10 mM glycine-HCl, pH 2.5 (Cytiva/GE Healthcare Life Sciences), was injected at a flow rate of 30 μL/min for 30 s. The assays were performed using the Kinetic/Affinity wizard, and all the procedures were conducted at 25°C. The binding kinetics were determined using Biacore T200 Evaluation Software version 3 (Cytiva/GE Healthcare Life Sciences).



Hydrogen Deuterium Exchange Mass Spectrometry Analysis and Peptide Identification

The footprints of mAbs 127 and 150 on S1-RBD and mAb 127 on ACE2 in the presence or absence of mAb were measured by HDX-MS analysis. The protein-antibody complex (15 pmol of antigen and 10 pmol of antibody were pre-incubated at room temperature for 1 hour) were diluted in the exchange buffer (99.9% D2O in PBS, pH 7.4) at 1:9 ratio to initiate HD exchange at room temperature. At two time points (5 and 10 min), an aliquot (1.5 pmol of target protein) was aspired and mixed with quenching buffer (to a final concentration of 1.5 M guanidine hydrochloride, 150 mM tris (2-carboxyethyl) phosphine, and 0.8% formic acid). The mixture was immediately loaded onto homemade pepsin column for online digestion. The MS/MS spectra of pepsin-digested fragments were searched against the antigen protein database using the SEQUEST search engine. The HD exchange number of two independent HDX-MS experiments (duplicates) was then averaged and presented as differential levels of HD exchange [(exchanged D in antigen – exchanged D in antigen/antibody)/(exchanged D in antigen/antibody)]. Peptide identification was conducted using Proteome Discoverer software (version 2.2, Thermo Fisher Scientific).



Negative-Stain Transmission Electron Microscopy Analysis for mAb 127 and ACE2-hFc Image Analysis by 2D Class Averaging

Negative-stain transmission electron microscopy analysis for mAb 127 and ACE2-hFc image analysis by 2D class averaging was performed with a mixture of mAb 127 and ACE2-hFc (the total concentration of sample mixture was 10 ng/mL at 4:1 molar ratio) in PBS. The samples were stained with 1% uranyl acetate and then added to charged carbon-coated grids. The images were taken with a JEM1400 electron transmission microscope (Jeol Ltd., Tokyo, Japan) at 12,000× magnification using a 4k × 4k Gatan 895 CCD camera.



Structural Prediction and Docking of the Antigen-Binding Fragment of mAb 127 and Antigens

We used AlphaFold2 to create a predicted structure of mAb 127 Fab, and the interaction between mAb 127 Fab and S1-RBD (PDB ID: 7VN) or mAb 127 Fab and ACE2 (PDB ID: 1R42) were modeled by Maestro v10.1 (Schrödinger) docking analysis. AlphaFold2 is a neural network deep learning modeling which was used to predict the structure of proteins (29). It leverages neural networks and multiple alignments to predict structure. The sequence of mAb 127 was inputted with pair_msa option to generate a predicted structure which was further used to perform docking analysis by Maestro software. In brief, Protein Preparation Wizard was used to add hydrogens and created zero-order bonds to metals and disulfide bonds of antigens and mAb 127 Fab. Optimization H-bind assignment was used PROPKA (pH 7.0) and restrained minimization was applied OPLS3e of force field. For protein-protein docking, we chose “antibody” mode to perform the analysis and visualized the result using PyMol version 2.4.1.



Statistical Analysis

All statistical data were analyzed using unpaired Student’s t test to compare two independent groups or using one-way ANOVA to compare more than two groups. The analyses were performed using Prism software (GraphPad Software Inc., CA, USA). All data are presented as the means ± standard deviations (S.Ds.) from at least two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates no significance based on 95% two-tailed confidence intervals.




Results


Antibodies Against SARS-CoV-2 S1-RBD in Sera From Patients with COVID-19 Cross-React With ACE2

To confirm the presence of antibodies against ACE2 in sera from patients with COVID-19, a panel of 30 commercial serum samples collected from patients with COVID-19 and 60 serum samples from normal individuals were screened for the presence of antibodies against S1-RBD and ACE2 by ELISA. We found that the mean optical density (OD) of antibodies against ACE2 in sera from patients with COVID-19 was indeed significantly higher than that in healthy cohorts (Figure 1A). Moreover, a positive correlation was found between the titer of antibodies against the S1-RBD protein and that of antibodies against ACE2 in sera from patients with COVID-19 (Pearson r = 0.8132, p value < 0.0001) (Figure 1B). Among the 30 serum samples from patients with COVID-19, PC26 exhibited the highest antibody titer against both ACE2 and S1-RBD. To prevent the analysis from being skewed by this patient, we also analyzed the correlation after omitting the data from PC26. Even though the omission of these data decreased the Pearson r to 0.7049, the p value remained < 0.0001. To further characterize the properties of these ACE2-reactive antibodies in sera from patients with COVID-19, PC26 was used to stain HEK293-ACE2 cells. As shown in Figure 1C, antibodies from PC26 were able to bind to HEK293-ACE2 but not wild-type (WT) HEK293 cells, as demonstrated by immunofluorescent assay. A similar staining pattern was found using an anti-ACE2 pAb (Figure 1C). To confirm that antibodies against SARS-CoV-2 S1-RBD can indeed cross-react with ACE2, sera from patients with COVID-19 were preadsorbed to S1-RBD or BSA-coated ELISA plates and then tested for anti-ACE2 antibodies by ELISA. Approximately 20% of the sera from patients with COVID-19 (6 out of 30) showed significantly decreased levels of antibody binding to ACE2 after S1-RBD preadsorption (Figure 1D). Notably, the sera of these patients with COVID-19 usually had higher amounts of antibodies against ACE2 before adsorption than the sera of other patients with COVID-19.




Figure 1 | Antibodies against S1-RBD in sera from patients with COVID-19 cross-react with ACE2. (A) The binding of sera (1:400 dilution) collected from 30 SARS-CoV-2-infected patients or 60 healthy humans to ACE2 was analyzed by ELISA using ACE2-His-coated plates. (B) Correlation of the OD of anti-S1-RBD (x-axis) and anti-ACE2 (y-axis) antibodies in the sera of patients with COVID-19 (N = 30). The binding ability was analyzed by indirect ELISA. (C) HEK293 and HEK293-ACE2 cells were fixed and stained with either COVID-19-positive PC26 serum (1:400 dilution) or an anti-ACE2 pAb (5 μg/mL) and then visualized using an immunofluorescent assay. Scale bar = 100 μm. The right images were derived from the original photographs at 10× magnification. The PC26 serum and anti-ACE2 pAb reacted with ACE2 expressing on the surface of HEK293 was visualized by fluorescent secondary antibody in green. All statistical data are presented as the means ± S.Ds. from at least two independent experiments. ***P < 0.001 (D) The sera (1:100 dilution) collected from 30 SARS-CoV-2-infected patients were preadsorbed by either BSA or S1-RBD prior to binding to ACE2-coated plates. The binding ability of preadsorbed sera to ACE2 was analyzed by indirect ELISA.





SARS-CoV-2 S1-RBD Immunization Induces Antibody Binding to ACE2

To further confirm that SARS-CoV-2 S1-RBD can indeed induce ACE2 cross-reactive antibodies, mice or rabbits were immunized with recombinant SARS-CoV-2 S1-RBD produced by E. coli, mammalian cells (CHO cells) and insect cells (S2) emulsified with IFA or alum. Mice immunized with SARS-CoV-2 S1-RBD from E. coli or CHO cells produced significantly higher amounts of antibodies against ACE2 than those found in sera from control or SARS-CoV-2 nucleoprotein (NP)-immunized mice (Figures 2A–C). Nevertheless, the titers of antibodies against ACE2 (from >800 to >2550) were less than 1% of the titers of antibody against S1-RBD (from >64,000 to >256,000) in these S1-RBD immune sera (Figure 2D).




Figure 2 | Immunization with SARS-CoV-2 S1-RBD elicits antibodies that cross-react with human ACE2. Mice or rabbits were immunized with recombinant S1-RBD generated from different sources, such as E. coli, mammalian cells (CHO cells) and insect cells (S2), using IFA or alum as indicated. Four mice or rabbits were included in each group for N value (A–C) Different dilutions of serum antibodies binding to ACE2 from S1-RBD- or NP-immunized mice or rabbits were measured by ELISA as indicated. In addition, normal mouse or rabbit sera were used as control sera. (D) Comparison of antibody titers against S1-RBD or ACE2-hFc in different immune sera samples measured by ELISA. The titer indicates that the highest dilution of end-point titers of sera that still showed a positive reaction. All statistical data are presented as the means ± S.Ds. from at least two independent experiments. **P < 0.01.





mAbs 127 and 150 Specifically Recognize SARS-CoV-2 S1-RBD but not Other Coronavirus S1 Proteins

To confirm that antibodies against S1-RBD can indeed cross-react with ACE2, about 200 hybridoma clones isolated from SARS-CoV-2 S1-RBD-immunized mice were generated. Among 21 candidates which could bind to SARS-CoV-2 S1-RBD, two mAbs, 127 (IgG2b) and 150 (IgG1) could bind to ACE2 as well. Both of these two mAbs did not show neutralizing activity against SARS-CoV-2 infection of Vero E6 cells in vitro. The binding affinity (KD) of mAbs 127 and 150 to S1-RBD was determined by Biacore™ SPR with S1-RBD-His-immobilized Sensor CM5 chips. The results showed that the binding affinities (KD) of mAbs 127 and 150 to S1-RBD were 2.44E-09 M and 3.87E-09 M, respectively (Figure 3A). Interestingly, although the amino acid identity among SARS-CoV-2 S1 protein and other coronavirus S1 protein are as high as 35~76%, both mAbs bound only to the SARS-CoV-2 S1 protein but not to the S1 proteins of SARS-CoV or other human CoVs (Figure 3B). In addition, the specific recognition of the authentic S1 subunit of the S protein of SARS-CoV-2 by mAbs 127 and 150 was confirmed by Western blotting analysis using cell lysates of SARS-CoV-2 (NTU-13)-infected Vero-E6 cells (Figure 3C). As shown in Figure 3C, a major band with a molecular weight (MW) of approximately 120 kDa, as predicted for the SARS-CoV-2 S1 subunit of the S protein, was recognized by the commercially available anti-SARS-CoV-2 S1 mAb and by mAbs 127 and 150. However, a higher number of nonspecific bands in cell lysates with or without virus infection were recognized by mAb 150 than by mAb 127.




Figure 3 | The mAbs 127 and 150 specifically bind to SARS-CoV-2 S1-RBD. (A) Affinity of mAbs 127 and 150 for S1-RBD. The S1-RBD-His-bound sensors were incubated with the different concentrations of mAbs 127 or 150 (indicated by different colors) for a set time interval to allow association. The sensors were then moved to protein-free solution and allowed to dissociate over a time interval. The binding kinetics were determined using Biacore T200 Evaluation Software version 3 with 1:1 binding model fitting. (B) The binding ability of mAbs 127 and 150 to SARS-CoV-2 S1, SARS-CoV S1, MERS-CoV S1 or HCoV-NL63 (1 μg/mL) was analyzed by indirect ELISA. (C) Cell lysates of mock-infected or SARS-CoV-2 NTU13-infected Vero-E6 cells (MOI=0.1, 24 h post-infection) were separated by SDS–PAGE under reducing condition and stained with 1 μg/mL commercial anti-SARS-CoV-2 S1 mAb or mAb 127 or 150 as indicated and visualized by Western blotting. Lane 1: lysates of mock-infected Vero-E6 cells; lane 2: lysates of NTU13-infected Vero-E6 cells. The asterisks indicate the SARS-CoV-2 S1 subunit of the S protein, which has a predicted MW of approximately 120 kDa. All statistical data are presented as the means ± S.Ds. from at least two independent experiments. ***P < 0.001.





Characterization of the Binding Properties of mAbs 127 and 150 to ACE2

To characterize the binding ability of mAbs 127 and 150 to ACE2, an ELISA plate or SPR Sensor CM5 chips were coated with recombinant ACE2-hFc. The mAbs 127 and 150 could recognize recombinant ACE2-hFc in a dose-dependent manner (Figure 4A). In addition, the KDs of mAbs 127 and 150 to ACE2-hFc was 1.61E-08 M and 2.77E-06 M, respectively (Figure 4B). Furthermore, similar to the commercially available anti-ACE2 pAbs, mAb 127 and 150 and SARS-CoV-2 S1-RBD-immunized sera could recognize HEK293-ACE2 and showed a similar pattern to that obtained with the immunofluorescence assay (Figure 4C). However, the Western blotting analysis revealed that these mAbs could only recognize recombinant ACE2-hFc under nonreducing conditions migrated at ~210 kDa but not reducing conditions migrated at ~140 kDa (Figure 4D).




Figure 4 | Characterization of the binding properties of mAbs 127 and 150 to ACE2. (A) The dose response of mAbs 127 and 150 and control IgG binding to ACE2-hFc was analyzed by indirect ELISA. (B) Binding affinity of mAbs 127 and 150 to ACE2. ACE2-hFc-bound sensors were incubated with the indicated concentrations of mAb 127 or 150 for a set time interval to allow association. The sensors were moved to protein-free solution and allowed to dissociate over a time interval. The binding kinetics were determined using Biacore T200 Evaluation Software version 3 with 1:1 binding model fitting. (C) HEK293 and HEK293-ACE2 cells were fixed and stained with control sera, SARS-CoV-2 S1-RBD-immunized sera (1:400), control IgG, mAb 127 or 150 or anti-ACE2 pAb (5 μg/mL) and then visualized with an immunofluorescent assay. (D) Western blotting analysis of mAb 127 or 150 or anti-ACE2 pAb binding to 0.5 or 3 μg of ACE2 in the presence or absence of a reducing agent as indicated. All statistical data are presented as the means ± S.Ds. from at least two independent experiments. *P < 0.05, **P < 0.01.





Epitope Mapping of mAbs 127 and 150 on SARS-CoV-2 S1-RBD

To map the epitope region of mAbs 127 and 150 on SARS-CoV-2 S1-RBD, nineteen overlapping S1-RBD polypeptides were synthesized (Supplementary Figure 1). The binding ability of mAbs 127 and 150 to each of these peptides was analyzed by ELISA. Our results showed that both mAbs 127 and 150 strongly binds to peptide 13 (PFERDISTEIYQAGS, a.a. 463-477) (Figure 5A). This result was further supported by an analysis of the antibody footprints obtained by HDX-MS analysis. After deuterium/hydrogen exchange, the S1-RBD protein was digested into several peptides by appropriate proteolytic digestion. Among these peptides, the peptide YRLFRKSNLKPFERD (a.a. 453-467) showed the highest H-D exchange in the presence of either mAb (Supplementary Figure 2), and this peptide shares an overlapping sequence with peptide 13. Based on these results, we speculated that part of the epitope recognized by mAbs 127 and 150 is located near a.a. 463-466 (PFERD). The epitopes of these mAbs were further delineated by peptide competitive ELISA. The results showed that the presence of peptide 13 but not the control peptide decreased the binding of these two mAbs to S1-RBD in a dose-dependent manner (Figure 5B). Similar competitive inhibition of the binding of mAb 127 and 150 to ACE2 was also observed in the presence of peptide 13 but not the control peptide (Figure 5C). To explore the proximity of the boundaries of the epitope on S1-RBD recognized by these mAbs, we individually changed three SARS-CoV-2 S1-RBD-specific amino acids downstream of the PFERD sequence, T470, E471, and I472, to alanine for further investigation. In addition, two deletion mutants were constructed: one was based on the HDX-MS (a.a. 453-467) results, and the other was based on the mapping results for peptide 13 (a.a. 463-477). The binding ability of these two mAbs to WT S1-RBD protein was compared with that of five different His-tagged mutant S1-RBD recombinant proteins, namely, the HDX-MS-determined epitope sequence deletion (δ453-467), the peptide 13 deletion (δ463-477), a 470 site-directed mutant (T470A), a 471 site-directed mutant (E471A), and a 472 site-directed mutant (I472A), by Western blotting analysis. The results showed that the mAbs 127 and 150 were unable to bind to either deletion mutant (Figure 5D). Additionally, compared with their binding abilities to WT S1-RBD, the binding ability of mAb 127 to the E471A mutant protein was reduced, and the binding of mAb 150 to the E471A mutant protein was abolished. In contrast, the binding ability of mAb 127 to the T470A and I472A mutant proteins was slightly decreased, even though the binding ability of mAb 150 to these two mutant proteins was slightly lower (Figure 5D). The binding abilities of mAbs 127 and 150 to these different SARS-CoV-2 S1-RBD mutant proteins were also confirmed by ELISA (Supplementary Figure 3). Because the a.a. 463-467 are conserved between SARS-CoV-2 and SARS-CoV, these results suggest that in addition to a.a. 463-467, a.a. 471 is also critical for the recognition of S1-RBD by both mAbs 127 and 150 (Figure 5E).




Figure 5 | Epitope mapping of the ACE2-cross reactive sequence on SARS-CoV-2 S1-RBD. (A) The binding ability of mAbs 127 and 150 (0.5 μg/mL) to 19 different SARS-CoV-2 S1-RBD polypeptides (2 μg/mL) was analyzed by indirect ELISA. Competition ELISA showing the blockage of the binding of mAbs 127 and 150 to (B) SARS-CoV-2 S1-RBD or (C) ACE2-hFc by different doses of peptide 13 and control peptide 16. The binding ability (%) represents the percentage of preincubated peptides to antibodies compared with that obtained without peptide preincubation. (D) One hundred nanograms of wild-type (WT) and five different mutant His-tagged S1-RBD recombinant proteins, namely, HDX-MS sequence deletion (Δ453-467), peptide 13 deletion (Δ463-477), 470 mutant (T470A), 471 mutant (E471A), and 472 mutant (I472A), were separated by SDS–PAGE and then stained with 1 μg/mL anti-His mAb, mAbs 127 and 150. The binding ability was visualized by Western blotting. (E) The schematic sequence of the mAb epitope compared with the S1-RBD of four strains of CoV, namely, SARS-CoV-2 (YP_009724390.1), SARS-CoV (WH20 strain AAX16192.1), MERS-CoV (AFS88936.1), and HCoV-NL63 (APF29071.1), was aligned using BioEdit software. The epitope of mAb 127 is presented with six transparent yellow blocks (463, 464, 465, 466, 467, and 471) in the SARS-CoV-2 S1 sequence. All statistical data are presented as the means ± S.Ds. from at least two independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001.





Footprints of mAb 127 on S1-RBD and ACE2

To investigate how these S1-RBD-specific mAbs cross react with ACE2, one of these two mAbs, mAb 127 was chosen to identify the protein–protein interaction between mAb and ACE2 by HDX-MS due to its higher binding affinity to ACE2 (Supplementary Figure 4). Among all ACE2 peptides, the peptide KGEIPKDQWMKKWWEM (a.a. 465-480), which is also located on the surface of ACE2, showed the highest H-D exchange in the presence of mAb 127. To confirm the footprints of mAb 127 on S1-RBD and ACE2, the amino acid sequence of the mAb 127 variable region was analyzed for further interaction prediction (Supplementary Figure 5). We used AlphaFold2 to build the 3D structure models of the Fab of mAb 127 to S1-RBD and ACE2. The binding regions between the mAb 127 Fab to S1-RBD or ACE2 were further analyzed and predicted by antibody-antigen docking (Figures 6A, B). As shown in Figure 6A, the interaction was predicted to occur between VH-CDR1, VH-CDR2, VL-CDR1, VL-CDR3, and a.a. 346, 355, 399, 450, 464, 467, 470, 471 of S1-RBD, which matched partial mapping result from S1-RBD HDX-MS (a.a. 453-467) and S1-RBD peptide 13 (a.a. 463-477). For docking on ACE2, a major chain interaction was predicted to occur on VL-CDR1, VH-CDR3, and a.a. 467-471 of ACE2. Side chain interactions were predicted on VH-CDR2, VH-CDR3, and a.a. 493 and 475 of ACE2 (Figure 6B). The docking interaction region was located within the same peptide region found by ACE2 HDX-MS (peptide KGEIPKDQWMKKWWEM). To visualize the interaction between ACE2 and mAb 127, freshly prepared mAb 127 and ACE2-hFc were coincubated prior to negative staining on grids. The negative-stained TEM analysis showed that mAb 127 bound to ACE2-hFc with one arm (Figure 6C). Collectively, these data suggest that S1-RBD-specific mAb 127 can bind to not only S1-RBD but also ACE2.




Figure 6 | Footprints of mAb 127 binding to S1-RBD and ACE2. (A) A modeled structure of mAb 127 Fab/S1-RBD complex. mAb 127 Fab is generated by AlphaFold2 and the interaction is predicted by antigen-antibody docking. The interaction of the variable region of heavy chain (VH) (upper panel) and the light chain (VL) (lower panel) of mAb 127 with S1-RBD are visualized by Pymol. VH, magenta; VL, cyan; S1-RBD, blue. (B) A modeled structure of mAb 127 Fab/ACE complex. VH, magenta; VL, cyan; ACE2, green. (C) Negative-stain electron microscopy of samples containing mAb 127 (I) and ACE2-hFc (II). Representative two-dimensional class averages of ACE2-hFc bound by mAb 127 (III-1.2).






Discussion

In this study, we confirmed that ACE2 cross-reactive antibodies were increased in the sera of some patients with COVID-19 and found a positive association between the amount of antibody binding to ACE2 and S1-RBD in sera from patients with COVID-19. Additionally, the antibody binding to ACE2 was significantly diminished in six out of 30 serum samples from patients with COVID-19 after preadsorption with S1-RBD. Interestingly, five of these six serum samples were collected from African American. However, the possible correlation between race and the production of ACE2 cross-reactive anti-S1-RBD antibodies should be further investigated. Nevertheless, these results suggest the presence of at least two different types of anti-ACE2 antibodies in patients with COVID-19. One type of these antibodies can cross-react with S1-RBD, which is probably induced by antigenic cross-reactivity between S1-RBD and ACE2 during SARS-CoV-2 infection. The other type of anti-ACE2 antibodies that cannot be adsorbed by S1-RBD preadsorption may be induced by other mechanisms which were discussed below. To further confirm that S1-RBD can indeed induce antibody cross-reactivity with ACE2, we immunized mice or rabbits with S1-RBD recombinant proteins generated from multiple sources, such as E. coli, mammalian cells and insect cells, and found that antibodies that cross-reacted with ACE2 could be detected in all these cases. In addition, two mAbs, 127 and 150, which could recognize both S1-RBD and ACE2, were isolated from SARS-CoV-2 S1-RBD-immunized mice. Even though the binding affinities of these two mAbs to ACE2 vs. S1-RBD were relatively low (10-1000 fold difference based on Biacore analysis), these results suggest a potential less-than-optimal structural mimicry between SARS-CoV-2 S1-RBD and ACE2.

Several different mechanisms have been proposed to explain the development of autoantibodies during SARS-CoV-2 infection. Dysregulation of the immune response during SARS-CoV-2 infection may lead to the breakdown of self-tolerance (30). Indeed, the activation of extrafollicular B cells, which share the B cell repertoire features previously described in autoimmune settings, has been found in critically ill patients with COVID-19 (31). Polyclonal B cell activation has also been detected in primary SARS-CoV-2 infection (32). In contrast, based on the theory of the idiotype and anti-idiotype network (33), a robust neutralizing anti-S1-RBD antibody response may induce an anti-idiotype antibody that can cross-react with the S1-RBD receptor ACE2 during SARS-CoV-2 infection (23). Alternatively, epitope spreading has also been proposed to explain the development of antibodies against ACE2 during SARS-CoV-2 infection due to the endocytosis of the complex of S protein and soluble ACE2 by macrophages (34, 35). In this study, we proposed molecular mimicry as another possible mechanism to explain the development of autoantibodies against ACE2 during SARS-CoV-2 infection. Molecular mimicry, which refers to sequence homology or structural similarity between molecules of the host and pathogens, is a common strategy used by viruses to counteract the immune response and evade immune recognition (36). Molecular mimicry has been proposed to explain the multiorgan damage observed in patients with COVID-19 (37–39). However, many of these reports are based on sequence homology between SARS-CoV-2 and host proteins and contain little clinical or experimental evidence supporting their findings. Here, we found that antibodies against S1-RBD in the sera of SARS-CoV-2-infected patients could also recognize ACE2. In addition, mAbs (127 and 150) which could recognize both S1-RBD and ACE2 were isolated from S1-RBD immunized mice. Although the binding affinities of these two mAbs to ACE2 vs. S1-RBD were low, these results suggest that the potential antigenic similarity between S1-RBD and ACE2 may induce ACE2 cross-reactive anti-S1-RBD antibodies during SARS-CoV-2 infection, which may represent one of the strategies used by SARS-CoV-2 to evade immune recognition.

In this study, a.a. 463-466 (PFERF) of S1-RBD recognized by mAbs 127 and 150 was identified using synthetic overlapping peptides and HDX-MS-based epitope mapping. The sequence of this epitope of S1-RBD on SARS-CoV-2 is distinct from other three CoVs, which shares less than 20% sequence identity. In addition, the SARS-CoV-2-specific a.a. 471 was identified by alanine substitution and sequence comparison of the S1-RBD between SARS-CoV-2 and SARS-CoV. It indicated that the a.a. 463-467 and 471 of the S1-RBD are critical and may imply the possible correlation between autoimmunity and unique pathology of SARS-CoV-2. The recognition of the authentic S protein of SARS-CoV-2 by mAbs 127 and 150 was confirmed by Western blotting analysis using cell lysates from SARS-CoV-2 (NTU-13)-infected Vero-E6 cells (Figure 3C). In addition to the S1 protein, some nonspecific bands were also recognized by mAb 150, which may be due to the lower affinity of mAb 150 to S1-RBD as compared with that of mAb 127 (3.87E-09 M vs. 2.44E-09 M, respectively). To our surprise, we found VL and VH genes of mAb 127 and 150 are the same as determined by 5’ RACE PCR. Since the isotypes of mAb 127 (IgG2b) and mAb 150 (IgG1) are different as defined by isotyping antibodies and isotype switching may cause the change of mAb affinity (40, 41), whether the decrease of the affinity of mAb 150 to S1-RBD is due to the isotype difference or other reasons remain unclear.

Different approaches were performed to understand the interaction between these mAbs and ACE2. Given that hFc fusion results in ACE2 dimerization (42), we found that mAbs 127 and 150 could only recognize native structure of ACE2-hFc in conditions without a reducing agent but not under reducing conditions as shown by Western blotting analysis. These results suggest the recognition of mAb 127 and 150 to ACE2 as compared to S1-RBD is more conformation-dependent. Negative-stained TEM images confirmed mAb 127 could bind to ACE2-hFc molecule with one of its arms. In addition, based on the HDX-MS analysis of the ACE2 heatmap recognized by mAb 127 and the docking model of mAb 127 on ACE2, we predicted the epitope recognized by the variable region of the light chain and heavy chain of mAb 127 on ACE2 was around a.a. 467-471. Interestingly, when we superimposed the epitopes of S1-RBD and ACE2 recognized by mAb 127 as predicted by AlphaFold2 on a S1-RBD/ACE2 complex 3D model (Supplementary Figure 6), we found that the regions of S1-RBD and ACE2 recognized by mAb 127 were different from the regions involved in the direct contact between S1-RBD and ACE2. This may explain why these S1-RBD specific mAbs cannot neutralize SARS-CoV-2 infection. However, more experiments such as crystal structure analysis of the mAb 127 Fab in complex with S1-RBD or ACE2 is required to fully define the precise interaction of mAb 127 and S1-RBD or ACE2.

Since the emergence of SARS-CoV-2 in late 2019, many mutations have emerged in different variants of concern (VOCs) to escape neutralization by antibodies (43, 44). Intriguingly, we found that the epitope recognized by mAbs 127 and 150 on S1-RBD is unique for SARS-CoV-2 among other CoVs, which shares only 0~50% similarity but highly conserved in all SARS-CoV-2 VOCs found thus far (43). Whether this finding indicates some evolutionary advantage for SARS-CoV-2 to preserve this structure remains unclear. Nevertheless, it indicates that antibody response induced by SARS-CoV-2 S1-RBD may play a dual role in protection and immunopathogenesis. Indeed, antibodies against SARS-CoV-2 S1-RBD which may drive significant complement activation and cellular inflammation that could have negative consequences during COVID-19 have been reported (45). In addition, higher anti-S antibody titers have been associated with worse clinical outcomes during SARS-CoV-2 infection (46). However, the pathogenic roles of ACE2-cross-reactive anti-RBD antibodies in COVID-19 infection remain to be explored.

Autoantibodies to ACE2 that can inhibit ACE2 activity have been found in patients with COVID-19 as well as patients with connective tissue diseases associated with vasculopathies (23, 47). In contrast, autoantibodies against ACE2 have been found to be correlated with elevated proinflammatory responses and increased COVID-19 severity (22). Moreover, IgM antibodies against ACE2 in sera from patients with COVID-19 may bind to ACE2-expressing tissues and activate complement to cause tissue damage (24). Therefore, in addition to the quantity of antibodies, the quality (such as the specificity, affinity, and isotype) of the anti-S antibodies may determine whether the antibodies are protective or pathogenic in patients with COVID-19 (30).

In summary, this study revealed potential antigenic cross-reactivity between SARS-CoV-2 S1-RBD and its receptor, ACE2, which could induce ACE2 cross-reactive antibodies during SARS-CoV-2 infection and in S1-RBD-immunized mice. Currently, several different types of SARS-CoV-2 vaccines have been developed, and some of them have been massively immunized in humans (48). For example, AstraZeneca (AZ) vaccine which is a SARS-CoV-2 vaccine based on a replication incompetent chimpanzee adenovirus expresses a native-like SARS-CoV-2 S glycoprotein (49). It is possible different structure and conformation of recombinant S1-RBD and native-like spike glycoprotein may contribute to the recognition of different epitopes of S1-RBD by B cells during S1-RBD immunization as reported here and AZ vaccination in humans (12–14). In addition, antibody response to SARS-CoV-2 vaccination can also be influenced by genetic background and immune status of different individuals. Therefore, whether ACE2 cross-reactive S1-RBD antibodies are induced after SARS-CoV-2 vaccination remains to be investigated (48). Nonetheless, the ACE2 cross-reactive S1-RBD mAbs found in this study provide valuable reagents to address the contribution of these ACE2 cross-reactive S1-RBD antibodies in the immunopathogenesis of COVID-19 during SARS-CoV-2 infection in the future.
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Secondary bacterial infections can exacerbate SARS-CoV-2 infection, but their prevalence and impact remain poorly understood. Here, we established that a mild to moderate infection with the SARS-CoV-2 USA-WA1/2020 strain increased the risk of pneumococcal (type 2 strain D39) coinfection in a time-dependent, but sex-independent, manner in the transgenic K18-hACE2 mouse model of COVID-19. Bacterial coinfection increased lethality when the bacteria was initiated at 5 or 7 d post-virus infection (pvi) but not at 3 d pvi. Bacterial outgrowth was accompanied by neutrophilia in the groups coinfected at 7 d pvi and reductions in B cells, T cells, IL-6, IL-15, IL-18, and LIF were present in groups coinfected at 5 d pvi. However, viral burden, lung pathology, cytokines, chemokines, and immune cell activation were largely unchanged after bacterial coinfection. Examining surviving animals more than a week after infection resolution suggested that immune cell activation remained high and was exacerbated in the lungs of coinfected animals compared with SARS-CoV-2 infection alone. These data suggest that SARS-CoV-2 increases susceptibility and pathogenicity to bacterial coinfection, and further studies are needed to understand and combat disease associated with bacterial pneumonia in COVID-19 patients.
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Introduction

Throughout the coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), there have been case reports, multi-center cohort studies, systematic reviews, and meta-analyses assessing the extent and severity of coinfections with secondary pathogens including viruses, fungi, and bacteria (1–31). Although coinfection rates varied across studies, some studies suggested that coinfecting respiratory bacteria were predictors of severe SARS-CoV-2-related disease and mortality (23–31). Bacterial pathogens that were detected included Mycoplasma pneumoniae, Legionella pneumophila, Chlamydophila pneumoniae, Klebsiella pneumoniae, Pseudomonas aeruginosa, Haemophilus influenzae, Acinetobacter baumanii, Staphylococcus aureus, and Streptococcus pneumoniae (pneumococcus). Pneumococcus, which is a major cause of community-acquired pneumonia (32–34), was detected by throat swab in 0.8% (8) to 7.2% (5) of hospitalized COVID-19 patients not requiring intensive care unit (ICU) admission or invasive respiratory support, while the frequency tended to be higher [6.5% (24) to 59.5% (4)] in patients with severe respiratory distress. Because bacterial transmission has largely been dampened by non-pharmaceutical measures (e.g., masking and physical distancing), it is important to understand whether SARS-CoV-2 infection predisposes individuals to bacterial infections and, if so, what clinical and immunological changes occur as a result of coinfection.

In general, viral-bacterial coinfections are not uncommon, where S. aureus and pneumococcus are widely documented as complicating pathogens during infection with other viruses, most notably influenza A virus (IAV) [Reviewed in (35–46)]. During influenza pandemics, 45-95% of the mortality has been attributed to bacterial coinfections (47–50). Fortunately, the impact of these complications has appeared to be lower during the SARS-CoV-2 pandemic, but these could increase as novel variants arise and as SARS-CoV-2 becomes endemic. IAV and SARS-CoV-2 both cause infections that range from asymptomatic to severe, but SARS-CoV-2 has a longer incubation period, longer and more varied duration of viral shedding and symptoms, and more pathological effects on tissues outside of the respiratory tract [Reviewed in (51–54)]. Although viral burden does not directly correlate to disease (55–61), both viruses can induce significant lung damage [Reviewed in (52–54)]. Some host responses also differ in timing and magnitude, including the delayed type I interferon (IFN-α,β), increased proinflammatory cytokines like TNF-α and IL-6, and reduced immune regulation that have been detected in COVID-19 patients (62–66). Further, neutrophils and macrophages, which are important for efficient bacterial clearance during viral-bacterial coinfection (67–72), are dysregulated during COVID-19 (73–75). Thus, the potential for bacterial invasion during SARS-CoV-2 infection may also differ from that observed in influenza infection with respect to timing and host-pathogen mechanisms.

While the investigation of viral and immune dynamics in the lower respiratory tract is difficult to assess in humans, they have been clarified in animal models. One study using SARS-CoV-1 suggested that bacteria can enhance pathogenicity of coronaviruses (76), and numerous studies of influenza-bacterial coinfection indicate that susceptibility and pathogenicity of bacterial coinfections are time-dependent with the greatest mortality observed when bacteria is initiated at 7 d pvi (77). The progressive increase in susceptibility to bacterial coinfection during influenza is largely due to the depletion and/or dysfunction of resident alveolar macrophages (AMΦ) during IAV infection, which is dynamic throughout the infection (55, 67) and maximal at 7 d pvi (55, 67–69). Following bacterial establishment, dysfunction of neutrophils (78–81), which may be in part facilitated by bacterial metabolic interactions (82) and type I IFNs (71, 82, 83), and additional depletion of AMΦ (55) contribute to bacterial growth and coinfection pathogenesis [Reviewed in (39–41, 45, 84, 85)]. Currently, the effect of SARS-CoV-2 infection on AMΦs remains somewhat unclear, although human, murine, and in vitro data indicate that AMΦs become productively infected with SARS-CoV-2, leading to altered cytokine production and responsiveness (86–89). In addition, SARS-CoV-2 seems particularly adept at delaying and avoiding innate immune responses, resulting in delayed or decreased T cell responses, accumulation of neutrophils and inflammatory monocytes, and enhanced lung pathology [Reviewed in (90–93)]. IAV also has mechanisms of immune evasion [Reviewed in (94, 95)] but induces a robust CD8+ T cell response in the lungs that efficiently clears virus. During IAV-pneumococcal coinfection, CD8+ T cells are depleted (96), and viral loads rebound (55, 68, 82). Mechanisms for both of these are being investigated, but direct viral-bacterial interactions (97) that allow the virus to enter new areas of the lung in addition to a bacterial-mediated increase in virus production (55, 68, 98) contribute to the increased viral loads. However, these effects are overshadowed by the robust bacterial growth and bacterial-mediated effects on host responses. Given these potential mechanisms and the reported myeloid dysfunction (73–75), delayed IFN responses (62–66), and CD8+ T cell depletion (99–103) during SARS-CoV-2, a better understanding of the potential for bacterial invasion and the effects of coinfection on immune cell, viral, and pathological dynamics is needed and the focus of this study. To assess bacterial susceptibility during COVID-19 and determine whether a synergism exists between SARS-CoV-2 and pneumococcus, we infected K18-hACE2 mice with a low dose of SARS-CoV-2 to initiate a mild-moderate infection and coinfected the animals 3, 5, or 7 days later with pneumococcus. Bacteria were unable to establish at 3 d post-virus infection (pvi), but coinfections at 5 or 7 d pvi resulted in increased lethality in a sex-independent manner. Although viral dynamics and lung pathology were unchanged within the first 24 h of coinfection, select immune cells and proinflammatory cytokines were decreased in the lungs of animals coinfected at 5 d pvi but not at 7 d pvi. These findings support the increased susceptibility of SARS-CoV-2-infected individuals to bacteria and highlight numerous distinct features from other viral-bacterial coinfections.



Results


Time-Dependent Increases in Lethality During SARS-CoV-2-Pneumococcal Coinfection

To examine the susceptibility and pathogenicity of pneumococcus coinfection during SARS-CoV-2 infection, K18-hACE2 mice (male and female, 10 to 13 weeks old) were infected with 250 PFU of SARS-CoV-2 or PBS followed by 103 CFU of pneumococcal strain D39 (coinfected) or PBS (mock coinfected) at either 3, 5, or 7 d pvi. During mock coinfection, the selected viral dose was lethal in 35% of mice (Figure 1A) and caused weight loss from 5 to 11 d pvi with maximum weight loss (average 7%) at 8 d pvi (Figure 1B) and clinical scores peaking at 6 d pvi (Figure 1C). In the absence of viral infection, the selected bacterial dose was lethal in 1/6 mice (17% lethality) at 4 d post bacterial infection (pbi) (Figure S1A) and caused only mild, transient weight loss (~3%) (Figure S1B) and increased temperatures (Figure S1C) after 1 to 2 d pbi.




Figure 1 | SARS-CoV-2-pneumococcal coinfection in K18-hACE2 mice. Kaplan-Meier survival curves (A), percent weight loss (B), cumulative clinical score (C), and temperature (D) of mice infected with SARS-CoV-2 (250 PFU; white circles, solid lines) followed by 103 CFU D39 at 3 d (yellow diamonds, dotted lines), 5 d (magenta squares, dashed lines), or 7 d (cyan triangles, dash-dotted lines) pvi. Data are shown as the mean ± standard deviation (SD) and significant differences are indicated by *,P < 0.05; **,P < 0.01 for comparisons between SARS-CoV-2 infection and SARS-CoV-2-pneumococcal coinfection.



When the bacterial coinfection was initiated at 3 d pvi, lethality was not enhanced (P = 0.73) (Figure 1A). Interestingly, weight loss in coinfected animals was reduced at 1 d (P = 0.03) and 2 d (P = 0.04) pbi (Figure 1B) and the cumulative clinical score was lower at 2 d pbi (P = 0.03) (Figure 1C) compared with mock coinfected controls. In addition, the temperature of coinfected animals was higher at 2 d (P = 0.003) and 3 d (P = 0.01) pbi and lower at 5 d (P = 0.02) and 8 d (P = 0.045) pbi (Figure 1D). A coinfection initiated at 5 d pvi was slightly more lethal than the SARS-CoV-2 infection alone, where additional mortality was observed at 5 to 6 d pbi, but this was not statistically significant (P = 0.14) (Figure 1A). The average weight loss was reduced (P = 0.01) and temperature was increased (P = 0.001) at 1 d pbi in the coinfected animals (Figures 1B, D). Coinfected animals lost more weight than animals infected with SARS-CoV-2 alone at 5 d pbi (P = 0.03) (Figure 1B), but no significant difference in their clinical scores was detected (Figure 1C). Comparatively, a coinfection at 7 d pvi was significantly more severe than SARS-CoV-2 infection alone (P = 0.03) and resulted in additional lethality at earlier times than the coinfection at 5 d pvi, with additional animals succumbing to the infection within 1, 3, or 4 d pbi (Figure 1A). Significantly more weight loss at 3 d (P < 0.001) and 4 d (P = 0.002) pbi (Figure 1B) and higher clinical scores at 3 d pbi (P = 0.01) (Figure 1C) occurred without altering temperature (Figure 1D).



SARS-CoV-2 Coinfection Increased Bacterial Loads but Not Viral Loads

To evaluate whether SARS-CoV-2-bacterial coinfection alters pathogen burden, we measured viral loads in the lung and bacterial loads in the lung and blood of infected animals. In mice infected with bacteria alone or with SARS-CoV-2 followed by bacteria at 3 d pvi, no bacteria were recovered from the lungs of 7/8 mice at 24 h pbi (Figures 2A, S1D). However, when the bacteria was introduced at 5 d pvi, bacterial loads in the lung remained at a level similar to the inoculum in 7/8 mice and was cleared in 1/8 mice (Figure 2A). Bacteria were not detected in the blood of mice infected with bacteria alone (data not shown) or SARS-CoV-2-bacteria coinfected at 3 or 5 d pvi (Figure 2B). However, in mice coinfected at 7 d pvi, significant bacterial growth occurred in the lungs of all animals (P = 0.02; Mann-Whitney test) and the blood of some animals (3/7) with titers reaching 4.4 to 7.9 log10 CFU/lung (Figure 2A) and 4.1 to 6.6 log10 CFU/mL (Figure 2B), respectively, within 24 h pbi.




Figure 2 | Dynamics of pathogen loads during SARS-CoV-2 infection and pneumococcal coinfection. Lung bacterial loads (CFU/lung) (A), blood bacterial loads (B), and lung viral loads (PFU/lung) (C) in female (circles) and male (triangles) mice infected with SARS-CoV-2 (250 PFU; white) followed 103 CFU D39 at 3 d (yellow), 5 d (magenta), or 7 d (cyan) pvi. Each symbol represents a single mouse and the mean ± standard deviation (SD) are for combined male and female groups. Significant differences are indicated by ns, not significant; *P < 0.05; ****P < 0.0001. For bacterial titers, comparison was with the inoculum (dotted line). (D, E) Representative immunohistochemical (IHC) staining for SARS-CoV-2 nucleocapsid protein in whole lung sections following (24 h pbi) infection with SARS-CoV-2 (250 PFU) then PBS or 103 CFU D39 at 3 d (D) or 5 d (E) pvi. (F) Representative lung sections stained with H&E, SARS-CoV-2 nucleocapsid protein, or pneumococcus from infection with SARS-CoV-2 (250 PFU) followed by 103 CFU D39 at 5 d pvi. Lesions with perivascular inflammatory cell infiltration are indicated by arrows; blood vessel (BV). Scale bar = 100 µm.



Pulmonary viral loads were unchanged by bacterial coinfection whether coinfection was initiated at 3 d (P = 0.12) or 5 d (P = 0.18) pvi (Figure 2C) and the amount and distribution of viral antigen in the lung tissue were also unchanged (Figures 2D, E). Although some areas of the lung contained colocalized virus and bacteria, both intracellular and extracellular bacterial antigen were detected in areas containing no viral antigen (Figure 2F). The virus had cleared by 8 d pvi in the groups that were mock coinfected or bacterial coinfected at 7 d pvi (Figure 2C). No significant differences were found in viral or bacterial loads between males and females.



Select Changes in Pulmonary Immune Responses After SARS-CoV-2-Pneumococcal Coinfection

To investigate whether bacterial coinfection altered immune response dynamics, several immune cells, cytokines, and chemokines were quantified in the lung 24 h after mock coinfection or bacterial coinfection in SARS-CoV-2 infected mice (Figures 3, 4, S3, S6). In animals infected with SARS-CoV-2 only, natural killer (NK) T cells (Figure S3D) and total CD19+ B cells (Figure 3E) were reduced at 4 d pvi compared with naïve (P = 0.007 and P = 0.018, respectively). The absolute numbers of other cells were unchanged at this time point (Figures 3, S3); however, increases in the proportion of activated (CD69+) immune cells were evident (Figure S4). SARS-CoV-2 infection also resulted in many cytokines and chemokines above baseline levels (all P < 0.05) throughout the infection, including IFN-γ, IL-1β, IL-4, IL-28, CXCL10, GM-CSF, LIF, CCL2, CCL7, MIP-1α, MIP-1β, RANTES, IFN-α, and IFN-β. IL-5, IL-6, IL-15, IL-18, M-CSF, and TNF-α were elevated at both 4 d and 6 d pvi while CXCL5, CXCL1, G-CSF, IL-3, IL-13, and IL-17A were increased only at 6 d pvi. MIP-2α, IL-2, and IL-22 were elevated at 6 d and 10 d pvi, and increased IL-10 and IL-23 were detected only at 8 d pvi (absolute values of cytokines are in Figure 4, S5; log2 changes over naïve in Figure S6).




Figure 3 | Immune cell dynamics during SARS-CoV-2 infection and pneumococcal coinfection. Total neutrophils (A), F4/80midCD11cmidCD11b+ monocytes/macrophages (B), inflammatory macrophages (iMΦ) (F4/80hiCD11chiCD11b+) (C), alveolar macrophages (AMΦ) (F4/80hiCD11chiCD11b-MHC-IIlow/-) (D), CD19+ B cells (E), CD4+ T cells (F), and CD8+ T cells (G) in the lungs of female (circles) and male (triangles) mice infected with SARS-CoV-2 (250 PFU; open symbols) followed by 103 CFU D39 at 3 d (yellow), 5 d (magenta), or 7 d (cyan) pvi. Each symbol represents a single mouse and the mean ± standard deviation (SD) are for combined male and female groups. Significant differences are indicated by *,P < 0.05; **,P < 0.01; ***,P < 0.001 for comparisons between indicated groups and by †,P < 0.05 for differences between males and females within a group or between coinfection times within 17 d group.






Figure 4 | Pulmonary cytokines and chemokines during SARS-CoV-2 infection and SARS-CoV-2-pneumococcal coinfection. Total IL-6 (A), IL-18 (B), LIF (C), IL-15 (D), CXCL10 (E), RANTES (F), IL-3 (G), IL-22 (H), IL-28 (I), and MIP-2α (J) in the lungs of female (circles) and male (triangle) mice infected with SARS-CoV-2 (250 PFU; white) followed by infection with 103 CFU D39 at 3 d (yellow), 5 d (magenta), or 7 d (cyan) pvi. Each symbol represents a single mouse and the mean ± standard deviation (SD) are for combined male and female groups. Significant differences are indicated by *,P < 0.05; **,P < 0.01; ***,P < 0.001 for comparisons between indicated groups. Plots depicting additional cytokine and chemokine quantities (absolute log10 picograms) are in Figure S5 and a heatmap representing the normalized quantity (average log2 change over naïve) is in Figures S6.



As expected, a significant influx of CD45+ immune cells was evident at 6 and 8 d pvi in animals infected with SARS-CoV-2 only (both P < 0.001) (Figure S3A), including neutrophils (Ly6Ghi; both P < 0.01; Figure 3A), the F4/80midCD11cmidCD11b+ monocyte/macrophage subset (both P < 0.001; Figure 3B), inflammatory macrophages (F4/80hiCD11chiCD11b+, iMΦ; P = 0.02 and P < 0.001, respectively; Figure 3C), F4/80midCD11c- cells (both P < 0.001; Figure S3B), NK cells (both P < 0.001; Figure S3C), CD4+ T cells (P = 0.02 and P < 0.001, respectively; Figure 3F), and CD8+ T cells (both P < 0.001; Figure 3G). Unlike the pathogen loads, some of the immune cells were different between males and female that were mock coinfected at 5 d pvi, including neutrophils (P = 0.047), resident alveolar macrophages (F4/80hiCD11chiCD11b-MHC-IIlow/-, AMΦ; P = 0.047), CD4+ T cells (P = 0.02), NK cells (P = 0.03), and NK T cells (P = 0.02), which were higher in females than males.

In the groups coinfected with bacteria at 3 d pvi, no changes were observed in the absolute number (Figures 3, S3) or activation (Figure S4) of any quantified immune cell subset or the amount of cytokines and cytokines (Figures 4, S5) within 24 h pbi compared with mock coinfection. A bacterial coinfection at 5 d pvi resulted in fewer total CD45+ cells (P = 0.03; Figure S3A), including neutrophils (Figure 3A), CD19+ B cells (Figure 3E), CD8+ T cells (Figure 3G), and F4/80midCD11c- cells (Figure S3B) (all P < 0.05) compared with the mock coinfected groups. In addition, iMΦ (P = 0.01) and AMΦ (P = 0.047) were again higher in females than males following coinfection at 5 d pvi (Figures 3C, D). The extent of activation was not different between the mock coinfection and bacterial coinfection at 5 d pvi (Figure S4), but reduced IL-6, IL-18, LIF (all P = 0.04), and IL-15 (P = 0.02) was observed at 24 h pbi (Figures 4A-D).

Coinfection at 7 d pvi induced a significant increase in neutrophils at 24 h pbi (P < 0.001) (Figure 3A) without altering the number or activation of any other immune cell quantified (Figures 3, S3, S4). AMΦ were reduced in the mock coinfected group compared with naïve animals (P = 0.001) but were not different between the mock coinfection and bacterial coinfection (P = 0.29) (Figure 3D). Absolute cell numbers and activation did not differ between male and female mice following coinfection at 7 d pvi (Figures 3, S3, S4). Perhaps unexpectedly, none of the measured cytokines were significantly different between animals that were mock coinfected and animals that were bacterial coinfected at 7 d pvi (Figure 4 and Figure S5).



Pneumococcal Coinfection Resulted in Sustained Increases in Pulmonary Immune Responses After Recovery

To investigate whether bacterial coinfection altered immune cell dynamics and activation in recovered animals, pulmonary immune cells, cytokines, and chemokines were quantified at 17 d pvi following mock coinfection or bacterial coinfection at 3, 5, or 7 d pvi. The number of iMΦ (P = 0.01) (Figure 3C) and CD8+ T cells (P = 0.02) (Figure 3G), as well as the activated proportion of iMΦ (P = 0.004), CD8+ T cells (P = 0.001), CD4+ T cells P  0.001), and CD19+ B cells (P = 0.005) (Figure S4), remained increased above naïve levels in the lungs of animals that recovered from SARS-CoV-2 infection alone. These changes were accompanied by elevated IFN-γ, CXCL10, and RANTES (P = 0.01, P = 0.03, and P = 0.04, respectively) at 17 d pvi compared to naïve (Figures 4, S5, S6). However, many measured cytokines and chemokines were below naive levels at 17 d pvi in the lungs of animals infected with SARS-CoV-2 only, including eotaxin, IL-2, IL-3, IL-17A, IL-22, IL-27, IL-28, M-CSF, and MIP-2α (all P < 0.05) (Figures 4, S5, S6).

A sustained increase in immune cell accumulation and activation was evident in animals that recovered from SARS-CoV-2-pneumococcal coinfection. At 17 d pvi, an increased absolute number and activated proportion of F4/80midCD11cmidCD11b+ monocytes/macrophages (P = 0.01; Figures 3B, 4B), iMΦ (P = 0.01; Figures 3C, S4C), and CD4+ and CD8+ T cells (P = 0.03 and 0.02, respectively; Figures 3F, G, S4F, G) were present in coinfected mice compared with mock coinfected mice. Comparison between the coinfected groups indicated that more CD8+ T cells were present at 17 d pvi in mice that were coinfected at 3 d or 7 d pvi than those coinfected at 5 d pvi (both P = 0.02; Figure 3G). In addition, animals that recovered from a coinfection at 7 d pvi had more activated neutrophils or iMΦ than those who recovered from a coinfection at 3 d pvi (P = 0.04) or 5 d pvi (P = 0.03), respectively (Figures S4A, C). These changes were accompanied by higher levels of CXCL-10 (P < 0.001), MIP-2α (P = 0.04), IL-3 (P = 0.001), IL-22 (P < 0.008), IL-28 (P = 0.01), and RANTES (P < 0.001) in the lungs of mice that had recovered from a bacterial coinfection compared with those recovered from SARS-CoV-2 alone (17 d pvi; Figure 4E–J). In addition, select cytokines and chemokines were reduced in animals that recovered from bacterial coinfection compared with those that were mock coinfected, including CXCL-1 (P = 0.01), IL-1α (P = 0.04), IL-6 (P = 0.03), IL-9 (P = 0.03), IL-10 (P < 0.001), IL-13 (P < 0.001), IL-15 (P = 0.001), IL-18 (P < 0.001), G-CSF (P = 0.03), and TNF-α (P =0.02) (17 d pvi; Figures 4, S5). These cytokines, except for IL-1α (P = 0.19) and IL-18 (P = 0.09), were also below baseline levels (all P < 0.05). In addition, IL-2 (P = 0.02), IL-5 (P = 0.02), IL-17A (P = 0.04), and eotaxin (P = 0.01) were below baseline in both the bacterial coinfected and mock coinfected groups (Figures 4, S5).



Bacterial Coinfection Did Not Enhance Lung Pathology

To examine whether lung pathology was enhanced during SARS-CoV-2-pneumococcal coinfection, we assessed seven pathological features (endothelial hypertrophy/margination, peribronchiolar/perivascular lymphoid cells, interstitial inflammation/septal thickening, alveolar inflammation, alveolar edema/hemorrhage, the extent of alveolar involvement, and consolidation (Figure 5). There were no significant differences in any of these measurements between mock coinfected animals and those coinfected with bacteria at 3 or 5 d pvi at either 24 h pbi or 17 d pvi.




Figure 5 | Lung pathology during SARS-CoV-2 infection and pneumococcal coinfection. Average endothelial hypertrophy (A), peribronchiolar/perivascular lymphoid cells (B), interstitial inflammation/septal thickening (C), alveolar inflammation (D), extent of alveolar involvement (E), and consolidation (F) in lungs of mice infected with SARS-CoV-2 (250 PFU; open bars) followed by 103 CFU D39 at 3 or 5 d pvi (filled bars). Plots represent the mean ± standard deviation (SD) bars for combined male and female groups.






Discussion

Currently, clinical data suggests variable, but moderate, frequency of bacterial coinfections in hospitalized COVID-19 patients (1–29). The wide range of reported rates is, at least in part, due to heterogeneous study designs, variability in the disease severity, age, and/or comorbidities of each cohort, the collection and detection methods used, and the panel of pathogens screened. Further, the reduced transmission of many pathogens (104–108) might have kept the rates of SARS-CoV-2-related bacterial pneumonia at an artificially low level during the COVID-19 pandemic. The results from this study suggest that we might expect more complications from bacterial pathogens going forward even in mild SARS-CoV-2 scenarios, which are becoming more common due to vaccine availability (109–111).

Here, we used the K18-hACE2 mouse model to establish that SARS-CoV-2 infection increases the risk of bacterial coinfection in a time-dependent manner with increased disease severity, pulmonary bacterial burden, bacteremia, and neutrophilia. This time dependency is similar to that of influenza-bacterial coinfections, but the lethality during the SARS-CoV-2-pneumococcal coinfection (Figure 1) was delayed comparatively (77) and some animals survived. In contrast, influenza-pneumococcal coinfections at similar doses consistently result in 100% lethality within 1-3 d pbi (77). Although further studies are needed to assess the potential for more severe coinfections at later time points, this may indicate a larger window for administration of antibacterial therapies in coinfected patients.

Mechanisms that contribute to increased risk and severity of bacterial coinfection during acute pulmonary diseases are complex and varied [Reviewed in (36, 39–41, 45, 84, 85, 112)]. While the mechanisms for SARS-CoV-2-bacterial coinfections remain unknown, the similar time-dependent susceptibility during influenza may yield insight. We and others have shown that viral-induced changes to the number (67, 69, 70) or functionality (70, 72, 113–115) of AMΦs, which may be mediated by IFN-γ (55, 115, 116), render these cells less capable of clearing bacteria. Here, SARS-CoV-2-pneumococcal coinfection did coincide with a virally induced reduction in AMΦ (Figure 3), which may suggest a contribution of these cells to the acquisition of bacteria during COVID-19 particularly when paired with evidence of a dysfunctional myeloid response in patients with severe infections (75). Further studies to determine how a productive SARS-CoV-2 infection of AMΦ alters infection dynamics, their production of IFN, and their phagocytic capacity (86–89) are needed. In addition, IFN-independent mechanisms of macrophage dysfunction should also be investigated because some studies suggest that RSV coinfection severity is mediated by Gas6/Axl polarization of AMΦ to non-antibacterial (M2) type cells (117). Other mechanisms, including viral-mediated changes in bacterial receptor expression and binding (77, 118–121) and the degradation of epithelial tight junction integrity (122, 123) may also promote bacterial adherence during IAV or RSV infections, and some evidence suggests that these also occur during SARS-CoV-2 infection (124–126). However, the limited colocalization of pneumococcus with SARS-CoV-2 suggests a limited role (Figure 2).

Several studies have found that neutrophil dysfunction contributes to pathogenicity of IAV-pneumococcal coinfection, and this seems to be mediated by bacterial metabolism (82) and type I IFNs (71, 83, 127). However, unlike IAV-pneumococcal coinfections, type I IFNs were unchanged after SARS-CoV-2-pneumococcal coinfection (Figure S5) and neutrophil infiltration was only observed in coinfection at 7 d pvi (Figure 3A), suggesting that there may be different mechanisms underlying the enhanced pathogenicity of SARS-CoV-2 pneumococcal coinfection. This may, in part, be related to the low dose used here, where some studies have found that the SARS-CoV-related alterations to the IFN and iMФ responses occur during more severe infections (128). It was intriguing to see here that cytokine production was largely unchanged at 24 h pbi (Figures 4, S5), which is in contrast with the robust proinflammatory cytokine/chemokine production during other viral-bacterial coinfections (39–41, 45, 84, 85). Perhaps unexpectedly, several cytokines associated with severe COVID-19 and damaging cytokine overproduction (IL-6, IL-15, and IL-18) (129, 130) were reduced following coinfection at 5 d pvi (Figure 4).

Although coinfections are typically thought to be hyperinflammatory with enhanced disease severity, tissue inflammation does not seem to be altered during SARS-CoV-2-pneumococcal (Figure 5) or influenza-pneumococcal (55) coinfections even with large neutrophil infiltrations (55, 82) (Figure 3A), at least within the first few days of coinfection. This may be owed to the nonlinearities between host immune responses, tissue inflammation, and disease severity (55, 56). Although the pathogenicity was increased during the coinfections at 5 d and 7 d pvi, there seemed to be little contribution from SARS-CoV-2, where the burden and distribution did not change within the first 24 h pbi (Figure 2) despite reduced CD8+ T cells in some groups (Figure 3G). In IAV-pneumococcal coinfections, invading bacteria result in robustly increased viral loads (55, 68, 82, 131–133) regardless of timing (55) and viral dissemination in the lung is increased by 30-50% (55). Our prior work (55) suggests this is due to a combination of direct viral-bacterial interactions (97) that lead to viral access to new areas of the lung in addition to increased virus production rates (68) that may be mediated by alterations to the antiviral IFN response (98). The lack of detection of SARS-CoV-2 in new areas of the lung and the lack of significant colocalization of virus and bacteria (Figure 2) may suggest that SARS-CoV-2 cannot as readily attach to pneumococcus like other viruses (97, 134), which is positive news given that pneumococci easily invade the blood [Reviewed in (135)] and SARS-CoV-2 affects numerous other organs (51–54).

Although the long-term effects of viral-bacterial coinfections are not well studied, these data suggest they may be important where the SARS-CoV-2-bacterial coinfection resulted in lasting immunologic changes in recovered individuals. The higher macrophages and T cells (Figure 3) and their associated cytokines (Figures 4, S5) at 17 d pvi in animals recovered from bacterial coinfection is intriguing and suggests sustained immunopathology (55, 56, 136, 137). Many of the elevated responses are indicators of acute respiratory distress syndrome (ARDS) (138, 139) and are upregulated to promote tissue recovery and reduce pathology (140–143). This was reflected in the slightly greater interstitial inflammation 17 d pvi (Figure 5) in coinfected animals. However, several cytokines were lower in animals that had recovered from bacterial coinfection with some below that of a naïve animal (Figures S5 and S6), which may support a remodeling environment induced, in part, by hyporesponsive epithelial cells downregulating inflammatory cytokine production to minimize local immune activation [Reviewed in (144)]. In addition, the reductions in Th2 cytokines (e.g., IL-13, IL-5, and IL-9) may be an attempt to improve lung function (145–148) while limiting hyperreactivity and further damage. Nevertheless, our results suggest a lengthy recovery of the lung from both SARS-CoV-2 and SARS-CoV-2-related secondary bacterial infections.

Vaccinating against SARS-CoV-2 is likely to prove important for reducing the incidence and severity of bacterial coinfections as it has for influenza (149). The robust efficacy of the SARS-CoV-2 vaccines is encouraging (150–153), but infection is still possible with viral replication in the nasopharynx in some vaccinated individuals (154–157). This could present an opportunity for bacterial pathogens to invade and worsen the infection. With few vaccines available for coinfecting bacteria (149), the interactions within the nasopharynx between this virus and both commensal and pathogenic bacteria will be important to study.

In summary, we used the transgenic K18-hACE2 mouse model (158) to establish that a low dose SARS-CoV-2 infection increases the risk of pneumococcal coinfection in a time-dependent manner. The data importantly highlight many differences with other viral-bacterial coinfections and the need for further studies to clarify the host-pathogen interplay that enhance susceptibility and pathogenicity during SARS-CoV-2-bacterial coinfection. This information may be crucial going forward, particularly because a sustained immune activation following coinfection suggests an increased risk of developing ARDS even in patients with mild COVID-19. In addition, as new SARS-CoV-2 variants emerge and nonpharmaceutical measures, such as wearing masks and physical distancing, become less common, we might anticipate an increase in risk of bacterial transmission and acquisition in COVID-19-infected individuals.



Materials and Methods


Mice

Adult (10-13 week old) male and female K18-hACE2 transgenic mice (B6.Cg-Tg(K18-ACE2)2Prlmn/J) were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed in groups of 4 in solid–bottom polysulfone individually ventilated cages (Allentown BCU) in rooms maintained on a 12:12-hour light:dark cycle at 22 ± 2°C with 30-70% humidity in the Regional Biocontainment Laboratory (animal biosafety level 3 facility) at UTHSC (Memphis, TN). Mice were acclimated for 1 day before being lightly anesthetized with 2% inhaled isoflurane (Baxter, Deerfield, IL) and implanted subcutaneously with an IPTT300 transponder (Bio Medic Data Systems, Seaford, DE) for identification and temperature monitoring, followed by an additional 3 days of acclimation before inclusion in the experiments. Envigo irradiated rodent diet (catalog no. 7912) and autoclaved water were available ad libitum during the acclimation and study periods; gel food and hydrogel were provided at the time of infection. All experimental procedures were performed under protocol 20-0132 approved by the Institutional Animal Care and Use Committee at University of Tennessee Health Science Center (UTHSC) under relevant institutional and American Veterinary Medical Association (AVMA) guidelines and were performed in a animal biosafety level 3 facility that is accredited by the American Association for Laboratory Animal Science (AALAS).



Infection Experiments

All experiments were done using 2019-nCoV/USA-WA1/2020 (BEI Resources NR-52281) (SARS-CoV-2) and type 2 pneumococcal strain D39. The viral infectious dose [plaque forming units (PFU)] was determined by plaque assay of serial dilutions on Vero E6 cells. Virus seed stocks were sequenced using next-generation sequencing with ARTIC primers on the Illumina MiSeq. Bacterial infectious dose [colony forming units (CFU)] was determined by using serial dilutions on tryptic soy agar plates supplemented with 3% sheep erythrocytes (TSA). Doses of virus and bacteria were selected that elicited mild-moderate disease independently to ensure that changes in disease severity following coinfection would be evident. Frozen stocks were diluted in sterile PBS and administered intranasally to groups of 4 mice, lightly anesthetized with 2.5% inhaled isoflurane (Baxter, Deerfield, IL) in a total volume of 50 µl (25 µl per nostril). Mice were inoculated with either PBS or SARS-CoV-2 at day 0 then with 103 CFU of D39 or PBS, either 3 or 5 days later. Assessment of symptom severity was performed twice daily after the onset of symptoms by assigning a score (scale 0-3) to clinical features, including weight loss (0, <15%; 1, 15-20%; 2, 21-25%; 3, >25%), temperature change (0, >34°C; 1, 34-31°C; 2, 30-26°C; 3, <26°C), body condition/appearance (0, normal; 1, roughened fur; 2, roughened fur, hunched posture, mild grimace, active; 3, roughened fur, hunched posture, grimace, inactive, conjunctivitis, head-tilt), respiratory effort (0, normal; 2, increased respiratory rate and effort; 3, weak, intermittent breathing), behavior (0, normal; 1, slow, unprovoked movement; 2, slow, provoked movement; 3, minimal response/unresponsive or spinning), and dehydration (0, normal; 1, ≤ 2 second skin tent, mildly sunken eyes; 2, 2-3 second skin tent, sunken eyes; 3, > 3 second skin tent, sunken eyes). Mice were euthanized if they lost >25% of their starting body weight or became moribund based on clinical scores (a score of 3 in any single category or a cumulative score of ≥9 in respiratory effort, dehydration, temperature reduction, behavior, body condition/appearance).



Harvest and Processing of Lungs and Blood

Mice were euthanized by 33% isoflurane inhalation. Lungs were aseptically harvested, washed in PBS, and fixed in 10% neutral buffered formalin for histology or digested with collagenase (1 mg/ml, Sigma C0130) and physical homogenization against a 40 µm cell strainer for immune cell staining. Lung digest supernatants were used to quantify cytokines and chemokines and to determine viral and bacterial titers as above; bacterial titers were also measured in peripheral blood. Following red blood cell lysis, lung cells were washed in staining buffer (PBS, 5mM EDTA, 10mM HEPES, and 0.5% bovine serum albumin), counted with trypan blue exclusion using a Cell Countess System (Invitrogen, Grand Island, NY), and prepared for flow cytometric analysis as described below.



Flow Cytometric Analysis

Flow cytometry (BD FACSAria; San Jose, CA) was performed on single cell suspensions after Fc receptor blocking (TruStainFcX, Biolegend) and viability staining (Zombie Violet Fixable Viability, Biolegend), 25 min surface staining, and fixation (BD Cytofix). The followed anti-mouse antibody panels were used for cell subset analysis: CD45 (clone 30-F11, Pe-Cy7, Biolegend), CD3e (clone 145-2C11, FITC, Biolegend), CD4 (clone RM4-5, V500, BD Biosciences), CD8α (clone 53-6.7, PerCP-Cy5.5, Biolegend), CD19 (clone 6D5, PE, Biolegend), CD335 (clone 29A1.4, APC-Fire750, Biolegend), and CD69 (clone H1.2F3, APC, Biolegend) or CD45 (clone 30-F11, Pe-Cy7, Biolegend), Ly6G (clone 1A8, PerCP-Cy5.5, Biolegend), F4/80 (clone BM8, PE, eBioscience), CD11b (clone M1/70, V500, BD Biosciences), CD11c (clone N418, APC-Fire750, Biolegend), MHC-II (clone I-A/I-E, FITC, eBioscience), and CD69 (clone H1.2F3, APC, Biolegend). The data were analyzed using FlowJo 10.7.2 (Tree Star, Ashland, OR). Data were cleaned using the flowAI application (159) followed by gating viable cells from a forward scatter/side scatter plot, singlet inclusion, and viability dye exclusion. CD45+ cells were selected for further analyses. Neutrophils (Ly6Ghi), alveolar macrophages (AMΦ) (F4/80hiCD11chiCD11b-MHC-IIlow/-), inflammatory/exudate macrophages (iMΦ) (F4/80hiCD11chiCD11b+MHC-IImid/hi), other monocyte/macrophage populations (F4/80midCD11cmidCD11b+ and F4/80midCD11c-CD11b+/-), NK cells (CD3e-CD19-CD335+), CD4 T cells (CD3+CD8-CD4+CD335-), CD8 T cells (CD3+CD8+CD4-CD335-), NK T cells (CD3e+CD335+), B cells (CD3e-CD19+), and recently activated subsets thereof (CD69+) were gated as in Figure S2.



Cytokine and Chemokine Quantification

Cytokines G-CSF (CSF-3), GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-15/IL-15R, IL-17A (CTLA-8), IL-18, IL-22, IL-23, IL-27, IL-28, IL-31, LIF, MCP-3 (CCL7), M-CSF, TNF-α) and chemokines (ENA-78 (CXCL5), eotaxin (CCL11), GROα (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1α (CCL3), MIP-1β (CCL4), MIP-2α (CXCL2), RANTES (CCL5) were measured in lung supernatant by Luminex and ELISA (IFN-α,β). Before use, cell debris and aggregates were removed by centrifugation at 4°C, 400 x g. ProcartaPlex magnetic bead cytokine/chemokine plates (Invitrogen) were prepared according to the manufacturer’s instructions. Data were acquired using a MagPix (Luminex) with Luminex xPonent software (v4.2) and analyzed with the ProcartaPlex Analysis App (ThermoFisher Connect). ELISAs for IFNα and IFNβ (PBL Assay Science) were prepared according to the manufacturer’s instructions, read at 450 nm, and analyzed using GraphPad Prism 9.2.0. Mean concentrations of duplicate samples were calculated by the construction of standard curves using a weighted 5PL and 4PL regression for the ProcartaPlex and ELISA data, respectively. Absolute quantities of each cytokine/chemokine were calculated based on the mean concentration of replicate samples normalized to the lung supernatant volume collected during tissue processing. Internal plate controls were used to adjust values obtained between plates and fold changes in cytokine and chemokine quantities were calculated for each animal, normalized to the average of naïve controls (pooled males/females).



Histology

Following euthanasia and tissue removal as above, lungs were continually fixed in 10% neutral-buffered formalin solution (NBF; ThermoFisher Scientific, Waltham, MA) before being embedded in paraffin, sectioned at 4μm, and mounted on positively charged glass slides (Superfrost Plus; Thermo Fisher Scientific, Waltham, MA). Tissue sections were stained with hematoxylin and eosin (H&E) or subjected to immunohistochemical (IHC) staining to detect SARS-CoV-2 antigen or pneumococcus. Tissue sections were deparaffinized and rehydrated before undergoing antigen retrieval in a citrate-based solution (pH 6.0) at 97°C for SARS-CoV-2 detection or a tris-based solution (pH 9.0) for pneumococcal detection (Vector Laboratories, Burlingame, CA). For IHC, a primary monoclonal antibody against SARS-CoV-2 nucleoprotein (NP) (Sino Biological, Wayne, PA) or a rabbit polyclonal antibody against pneumococcus (Novus Biologicals, Littleton, CO) was used at 1:1000 followed by a biotinylated anti-rabbit antibody (Vector Laboratories, Burlingame, CA) at 1:200, the Vectastain Elite ABC-HRP kit (Vector Laboratories, Burlingame, CA), and 3,3’-Diaminobenzidine (DAB) solution development. Stained sections were counterstained with hematoxylin, dehydrated, and examined by a pathologist blinded to the experimental group assignments. Pathology was scored on a scale from 0-5, where 0 = normal, no tissue affected; 1 = minimal: rare or inconspicuous lesions; 2 = mild: multifocal or small, focal, or widely separated, but conspicuous lesions; 3 = moderate: multifocal, prominent lesions; 4 = marked: extensive to coalescing lesions or areas of inflammation with some loss of structure; 5 = severe: diffuse lesion with effacement of normal structure. Intermediate severity grades were assigned where necessary. To quantify the extent of viral infection in the lungs, digital images of whole lung sections stained for viral antigen were first captured using the Aperio ScanScope XT Slide Scanner (Aperio Technologies, Inc., Vista, CA). The areas of both the entire lung parenchyma (alveoli and bronchioles) and the virus-positive regions were outlined manually with areas determined using ImageScope software (Aperio Technologies, Inc.). Representative images and quantitative analyses of viral spread and lung pathology during infection are shown in Figures 2, 5, respectively.



Statistical Analysis

Significant differences in Kaplan-Meier survival curves were calculated using the log-rank test. Linear values of lung and blood bacterial loads, viral loads, immune cells, and cytokines/chemokines were compared using an unpaired t test with Welch correction except where the Mann-Whitney test was used due to unequal variances (GraphPad Prism 9.2.0 and Rv4.0.3). The confidence interval of significance was set to 95%, and P ≤ 0.05 was considered significant.




Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors. The following reagent was deposited by the Centers for Disease Control and Prevention and obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-52281.



Ethics Statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center.



Author Contributions

APS, RC, CJ, and AMS conceived and designed the experiments. APS, EW, TP, MS, LL, LZ, and YX performed the experiments. YX and PV performed histological analysis. APS and AMS wrote the manuscript with input from all authors. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the UTHSC Institute for the Study of Host Pathogen Systems, the University of Tennessee Research Foundation, and NIH grant number AI139088.



Acknowledgments

We thank the staff of the Regional Biocontainment Laboratory and Deidre Daria, Ph.D. for technical support, and Jyothi Parvathareddy and Dong Yang for the generation and characterization of viral stocks.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.894534/full#supplementary-material



References

1. Toombs, JM, Van den Abbeele, K, Democratis, J, Mandal, AKJ, and Missouris, CG. Pneumococcal Coinfection in COVID-19 Patients. J Med Virol (2021) 93:177–9. doi: 10.1002/jmv.26278

2. Tsukamoto, T, Nakajima, N, Sakurai, A, Nakajima, M, Sakurai, E, Sato, Y, et al. Lung Pathology of Mutually Exclusive Co-Infection With SARS-CoV-2 and Streptococcus Pneumoniae. Emerg Infect Dis (2021) 27:919–23. doi: 10.3201/eid2703.204024

3. Adler, H, Ball, R, Fisher, M, Mortimer, K, and Vardhan, MS. Low Rate of Bacterial Co-Infection in Patients With COVID-19. Lancet Microbe (2020) 1:e62. doi: 10.1016/S2666-5247(20)30036-7

4. Zhu, X, Ge, Y, Wu, T, Zhao, K, Chen, Y, Wu, B, et al. Co-Infection With Respiratory Pathogens Among COVID-2019 Cases. Virus Res (2020) 285:198005. doi: 10.1016/j.virusres.2020.198005

5. He, F, Xia, X, Nie, D, Yang, H, Jiang, Y, Huo, X, et al. Respiratory Bacterial Pathogen Spectrum Among COVID-19 Infected and Non-COVID-19 Virus Infected Pneumonia Patients. Diagn Microbiol Infect Dis (2020) 98:115199. doi: 10.1016/j.diagmicrobio.2020.115199

6. Garcia-Vidal, C, Sanjuan, G, Moreno-Garcia, E, Puerta-Alcalde, P, Garcia-Pouton, N, Chumbita, M, et al. Incidence of Co-Infections and Superinfections in Hospitalized Patients With COVID-19: A Retrospective Cohort Study. Clin Microbiol Infect (2021) 27:83–8. doi: 10.1016/j.cmi.2020.07.041

7. Kreitmann, L, Monard, C, Dauwalder, O, Simon, M, and Argaud, L. Early Bacterial Co-Infection in ARDS Related to COVID-19. Intensive Care Med (2020) 46:1787–9. doi: 10.1007/s00134-020-06165-5

8. Bordi, L, Nicastri, E, Scorzolini, L, Di Caro, A, Capobianchi, MR, Castilletti, C, et al. Differential Diagnosis of Illness in Patients Under Investigation for the Novel Coronavirus (SARS-CoV-2), Italy, February 2020. Euro Surveill (2020) 25(8):2000170. doi: 10.2807/1560-7917.ES.2020.25.8.2000170

9. Chen, N, Zhou, M, Dong, X, Qu, J, Gong, F, Han, Y, et al. Epidemiological and Clinical Characteristics of 99 Cases of 2019 Novel Coronavirus Pneumonia in Wuhan, China: A Descriptive Study. Lancet (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

10. Kim, D, Quinn, J, Pinsky, B, Shah, NH, and Brown, I. Rates of Co-Infection Between SARS-CoV-2 and Other Respiratory Pathogens. JAMA (2020) 323:2085–6. doi: 10.1001/jama.2020.6266

11. Nowak, MD, Sordillo, EM, Gitman, MR, and Paniz Mondolfi, AE. Coinfection in SARS-CoV-2 Infected Patients: Where Are Influenza Virus and Rhinovirus/Enterovirus? J Med Virol (2020) 92:1699–700. doi: 10.1002/jmv.25953

12. Zhou, S, Yang, Y, Zhang, X, Li, Z, Liu, X, Hu, C, et al. Clinical Course of 195 Critically Ill COVID-19 Patients: A Retrospective Multicenter Study. Shock (2020) 54:644–51. doi: 10.1097/SHK.0000000000001629

13. Hazra, A, Collison, M, Pisano, J, Kumar, M, Oehler, C, Ridgway, JP, et al. Coinfections With SARS-CoV-2 and Other Respiratory Pathogens. Infect Control Hosp Epidemiol (2020) 41:1228–9. doi: 10.1017/ice.2020.322

14. Koehler, P, Cornely, OA, Bottiger, BW, Dusse, F, Eichenauer, DA, Fuchs, F, et al. COVID-19 Associated Pulmonary Aspergillosis. Mycoses (2020) 63:528–34. doi: 10.1111/myc.13096

15. Hughes, S, Troise, O, Donaldson, H, Mughal, N, and Moore, LSP. Bacterial and Fungal Coinfection Among Hospitalized Patients With COVID-19: A Retrospective Cohort Study in a UK Secondary-Care Setting. Clin Microbiol Infect (2020) 26:1395–9. doi: 10.1016/j.cmi.2020.06.025

16. Massey, BW, Jayathilake, K, and Meltzer, HY. Respiratory Microbial Co-Infection With SARS-CoV-2. Front Microbiol (2020) 11:2079. doi: 10.3389/fmicb.2020.02079

17. Lai, CC, Wang, CY, and Hsueh, PR. Co-Infections Among Patients With COVID-19: The Need for Combination Therapy With Non-Anti-SARS-CoV-2 Agents? J Microbiol Immunol Infect (2020) 53:505–12. doi: 10.1016/j.jmii.2020.05.013

18. Langford, BJ, So, M, Raybardhan, S, Leung, V, Westwood, D, MacFadden, DR, et al. Bacterial Co-Infection and Secondary Infection in Patients With COVID-19: A Living Rapid Review and Meta-Analysis. Clin Microbiol Infect (2020) 26:1622–9. doi: 10.1016/j.cmi.2020.07.016

19. Richardson, S, Hirsch, JS, Narasimhan, M, Crawford, JM, McGinn, T, Davidson, KW, et al. Presenting Characteristics, Comorbidities, and Outcomes Among 5700 Patients Hospitalized With COVID-19 in the New York City Area. JAMA (2020) 323:2052–9. doi: 10.1001/jama.2020.6775

20. Singh, V, Upadhyay, P, Reddy, J, and Granger, J. SARS-CoV-2 Respiratory Co-Infections: Incidence of Viral and Bacterial Co-Pathogens. Int J Infect Dis (2021) 105:617–20. doi: 10.1016/j.ijid.2021.02.087

21. Guan, Z, Chen, C, Li, Y, Yan, D, Zhang, X, Jiang, D, et al. Impact of Coinfection With SARS-CoV-2 and Influenza on Disease Severity: A Systematic Review and Meta-Analysis. Front Public Health (2021) 9:773130. doi: 10.3389/fpubh.2021.773130

22. Amin-Chowdhury, Z, Aiano, F, Mensah, A, Sheppard, C, Litt, D, Fry, NK, et al. Impact of the COVID-19 Pandemic on Invasive Pneumococcal Disease and Risk of Pneumococcal Coinfection With SARS-CoV-2: Prospective National Cohort Study, England. Clin Infect Dis (2020) 72(5):e65–75. doi: 10.1093/cid/ciaa1728

23. Shafran, N, Shafran, I, Ben-Zvi, H, Sofer, S, Sheena, L, Krause, I, et al. Secondary Bacterial Infection in COVID-19 Patients is a Stronger Predictor for Death Compared to Influenza Patients. Sci Rep (2021) 11:12703. doi: 10.1038/s41598-021-92220-0

24. Contou, D, Claudinon, A, Pajot, O, Micaelo, M, Longuet Flandre, P, Dubert, M, et al. Bacterial and Viral Co-Infections in Patients With Severe SARS-CoV-2 Pneumonia Admitted to a French ICU. Ann Intensive Care (2020) 10:119. doi: 10.1186/s13613-020-00736-x

25. Sharifipour, E, Shams, S, Esmkhani, M, Khodadadi, J, Fotouhi-Ardakani, R, Koohpaei, A, et al. Evaluation of Bacterial Co-Infections of the Respiratory Tract in COVID-19 Patients Admitted to ICU. BMC Infect Dis (2020) 20:646. doi: 10.1186/s12879-020-05374-z

26. Mirzaei, R, Goodarzi, P, Asadi, M, Soltani, A, Aljanabi, HAA, Jeda, AS, et al. Bacterial Co-Infections With SARS-CoV-2. IUBMB Life (2020) 72:2097–111. doi: 10.1002/iub.2356

27. Musuuza, JS, Watson, L, Parmasad, V, Putman-Buehler, N, Christensen, L, and Safdar, N. Prevalence and Outcomes of Co-Infection and Superinfection With SARS-CoV-2 and Other Pathogens: A Systematic Review and Meta-Analysis. PloS One (2021) 16:e0251170. doi: 10.1371/journal.pone.0251170

28. Rodriguez-Nava, G, Yanez-Bello, MA, Trelles-Garcia, DP, Chung, CW, Egoryan, G, and Friedman, HJ. A Retrospective Study of Coinfection of SARS-CoV-2 and Streptococcus Pneumoniae in 11 Hospitalized Patients With Severe COVID-19 Pneumonia at a Single Center. Med Sci Monit (2020) 26:e928754. doi: 10.12659/MSM.928754

29. Feldman, C, and Anderson, R. The Role of Co-Infections and Secondary Infections in Patients With COVID-19. Pneumonia (Nathan) (2021) 13:5. doi: 10.1186/s41479-021-00083-w

30. Rawson, TM, Moore, LSP, Zhu, N, Ranganathan, N, Skolimowska, K, Gilchrist, M, et al. Bacterial and Fungal Coinfection in Individuals With Coronavirus: A Rapid Review To Support COVID-19 Antimicrobial Prescribing. Clin Infect Dis (2020) 71:2459–68. doi: 10.1093/cid/ciaa530

31. Bengoechea, JA, and Bamford, CG. SARS-CoV-2, Bacterial Co-Infections, and AMR: The Deadly Trio in COVID-19? EMBO Mol Med (2020) 12:e12560. doi: 10.15252/emmm.202012560

32. Bartlett, JG, and Mundy, LM. Community-Acquired Pneumonia. N Engl J Med. (1995) 333(24):1618–24. doi: 10.1056/NEJM199512143332408

33. Ruiz-Gonzalez, A, Falguera, M, Nogues, A, and Rubio-Caballero, M. Is Streptococcus Pneumoniae the Leading Cause of Pneumonia of Unknown Etiology? A Microbiologic Study of Lung Aspirates in Consecutive Patients With Community-Acquired Pneumonia. Am J Med (1999) 106:385–90. doi: 10.1016/s0002-9343(99)00050-9

34. Bartlett, JG, Dowell, SF, Mandell, LA, File Jr., TM, Musher, DM, and Fine, MJ. Practice Guidelines for the Management of Community-Acquired Pneumonia in Adults. Infectious Diseases Society of America. Clin Infect Dis (2000) 31:347–82. doi: 10.1086/313954

35. Brundage, JF. Interactions Between Influenza and Bacterial Respiratory Pathogens: Implications for Pandemic Preparedness. Lancet Infect Dis (2006) 6:303–12. doi: 10.1016/S1473-3099(06)70466-2

36. McCullers, JA. The Co-Pathogenesis of Influenza Viruses With Bacteria in the Lung. Nat Rev Microbiol (2014) 12:252–62. doi: 10.1038/nrmicro3231

37. Morris, DE, Cleary, DW, and Clarke, SC. Secondary Bacterial Infections Associated With Influenza Pandemics. Front Microbiol (2017) 8:1041. doi: 10.3389/fmicb.2017.01041

38. Cawcutt, K, and Kalil, AC. Pneumonia With Bacterial and Viral Coinfection. Curr Opin Crit Care (2017) 23:385–90. doi: 10.1097/MCC.0000000000000435

39. Smith, AM, and McCullers, JA. Secondary Bacterial Infections in Influenza Virus Infection Pathogenesis. In:  R Compans, and M Oldstone (eds) Influenza Pathogenesis and Control - Volume I. Current Topics in Microbiology and Immunology, vol 385. Cham: Springer (2014). doi: 10.1007/82_2014_394

40. Short, KR, Habets, MN, Hermans, PWM, and Diavatopoulos, DA. Interactions Between Streptococcus Pneumoniae and Influenza Virus: A Mutually Beneficial Relationship? Future Microbiol (2012) 7:609–24. doi: 10.2217/fmb.12.29

41. Metzger, DW, and Sun, K. Immune Dysfunction and Bacterial Coinfections Following Influenza. J Immunol (2013) 191:2047–52. doi: 10.4049/jimmunol.1301152

42. Smith, AM. Host-Pathogen Kinetics During Influenza Infection and Coinfection: Insights From Predictive Modeling. Immunol Rev (2018) 285:97–112. doi: 10.1111/imr.12692

43. Weinberger, DM, Simonsen, L, Jordan, R, Steiner, C, Miller, M, and Viboud, C. Impact of the 2009 Influenza Pandemic on Pneumococcal Pneumonia Hospitalizations in the United States. J Infect Dis (2012) 205:458–65. doi: 10.1093/infdis/jir749

44. Robinson, KM, Kolls, JK, and Alcorn, JF. The Immunology of Influenza Virus-Associated Bacterial Pneumonia. Curr Opin Immunol (2015) 34:59–67. doi: 10.1016/j.coi.2015.02.002

45. Rynda-Apple, A, Robinson, KM, and Alcorn, JF. Influenza and Bacterial Superinfection: Illuminating the Immunologic Mechanisms of Disease. Infect Immun (2015) 83:3764–70. doi: 10.1128/IAI.00298-15

46. Bellinghausen, C, Rohde, GGU, Savelkoul, PHM, Wouters, EFM, and Stassen, FRM. Viral-Bacterial Interactions in the Respiratory Tract. J Gen Virol (2016) 97:3089–102. doi: 10.1099/jgv.0.000627

47. Chien, Y-W, Klugman, KP, and Morens, DM. Bacterial Pathogens and Death During the 1918 Influenza Pandemic. N Engl J Med (2009) 361:2582–3. doi: 10.1056/NEJMc0908216

48. MacIntyre, CR, Chughtai, AA, Barnes, M, Ridda, I, Seale, H, Toms, R, et al. The Role of Pneumonia and Secondary Bacterial Infection in Fatal and Serious Outcomes of Pandemic Influenza a(H1N1)Pdm09. BMC Infect Dis (2018) 18:637. doi: 10.1186/s12879-018-3548-0

49. Gill, JR, Sheng, Z, Ely, SF, Guinee, DG, Beasley, MB, Suh, J, et al. Pulmonary Pathologic Findings of Fatal 2009 Pandemic Influenza A/H1N1 Viral Infections. Arch Pathol Lab Med (2010) 134:235–43. doi: 10.1043/1543-2165-134.2.235

50. Morens,, David, M, Taubenberger,, Jeffery, K, and Fauci, AS. Predominant Role of Bacterial Pneumonia as a Cause of Death in Pandemic Influenza: Implications for Pandemic Influenza Preparedness. J Infect Dis (2008) 198:962–70. doi: 10.1086/591708

51. Petersen, E, Koopmans, M, Go, U, Hamer, DH, Petrosillo, N, Castelli, F, et al. Comparing SARS-CoV-2 With SARS-CoV and Influenza Pandemics. Lancet Infect Dis (2020) 20:e238–44. doi: 10.1016/S1473-3099(20)30484-9

52. Abdelrahman, Z, Li, M, and Wang, X. Comparative Review of SARS-CoV-2, SARS-CoV, MERS-CoV, and Influenza A Respiratory Viruses. Front Immunol (2020) 11:552909. doi: 10.3389/fimmu.2020.552909

53. Simmonds, P, Williams, S, and Harvala, H. Understanding the Outcomes of COVID-19 - Does the Current Model of an Acute Respiratory Infection Really Fit? J Gen Virol (2021) 102(3):001545. doi: 10.1099/jgv.0.001545

54. Flerlage, T, Boyd, DF, Meliopoulos, V, Thomas, PG, and Schultz-Cherry, S. Influenza Virus and SARS-CoV-2: Pathogenesis and Host Responses in the Respiratory Tract. Nat Rev Microbiol (2021) 19:425–41. doi: 10.1038/s41579-021-00542-7

55. Smith, AP, Lane, LC, Ramirez Zuniga, I, Moquin, D, Vogel, P, and Smith, AM. Increased Virus Dissemination Leads to Enhanced Lung Injury But Not Inflammation During Influenza-Associated Secondary Bacterial Infection.

56. Myers, MA, Smith, AP, Lane, LC, Moquin, DJ, Aogo, R, Woolard, S, et al. Dynamically Linking Influenza Virus Infection Kinetics, Lung Injury, Inflammation, and Disease Severity. Elife (2021) 10:e68864. doi: 10.7554/eLife.68864

57. Granados, A, Peci, A, McGeer, A, and Gubbay, JB. Influenza and Rhinovirus Viral Load and Disease Severity in Upper Respiratory Tract Infections. J Clin Virol (2017) 86:14–9. doi: 10.1016/j.jcv.2016.11.008

58. Oshansky, CM, Gartland, AJ, Wong, SS, Jeevan, T, Wang, D, Roddam, PL, et al. Mucosal Immune Responses Predict Clinical Outcomes During Influenza Infection Independently of Age and Viral Load. Am J Respir Crit Care Med (2014) 189:449–62. doi: 10.1164/rccm.201309-1616OC

59. Lee, CK, Lee, HK, Loh, TP, Lai, FY, Tambyah, PA, Chiu, L, et al. Comparison of Pandemic (H1N1) 2009 and Seasonal Influenza Viral Loads, Singapore. Emerg Infect Dis (2011) 17:287–91. doi: 10.3201/eid1702.100282

60. Abdulrahman, A, Mallah, SI, and Alqahtani, M. COVID-19 Viral Load Not Associated With Disease Severity: Findings From a Retrospective Cohort Study. BMC Infect Dis (2021) 21:688. doi: 10.1186/s12879-021-06376-1

61. Cocconcelli, E, Castelli, G, Onelia, F, Lavezzo, E, Giraudo, C, Bernardinello, N, et al. Disease Severity and Prognosis of SARS-CoV-2 Infection in Hospitalized Patients Is Not Associated With Viral Load in Nasopharyngeal Swab. Front Med (Lausanne) (2021) 8:714221. doi: 10.3389/fmed.2021.714221

62. Mudd, PA, Crawford, JC, Turner, JS, Souquette, A, Reynolds, D, Bender, D, et al. Distinct Inflammatory Profiles Distinguish COVID-19 From Influenza With Limited Contributions From Cytokine Storm. Sci Adv (2020) 6(50):eabe3024. doi: 10.1126/sciadv.abe3024

63. Paget, C, and Trottein, F. COVID-19 and Flu: Conserved or Specific Immune Signature? Cell Mol Immunol (2021) 18:245–6. doi: 10.1038/s41423-020-00595-3

64. Zhu, L, Yang, P, Zhao, Y, Zhuang, Z, Wang, Z, Song, R, et al. Single-Cell Sequencing of Peripheral Mononuclear Cells Reveals Distinct Immune Response Landscapes of COVID-19 and Influenza Patients. Immunity (2020) 53:685–696 e683. doi: 10.1016/j.immuni.2020.07.009

65. Lee, JS, Park, S, Jeong, HW, Ahn, JY, Choi, SJ, Lee, H, et al. Immunophenotyping of COVID-19 and Influenza Highlights the Role of Type I Interferons in Development of Severe COVID-19. Sci Immunol (2020) 5(49):eabd1554. doi: 10.1126/sciimmunol.abd1554

66. Galani, IE, Rovina, N, Lampropoulou, V, Triantafyllia, V, Manioudaki, M, Pavlos, E, et al. Untuned Antiviral Immunity in COVID-19 Revealed by Temporal Type I/III Interferon Patterns and Flu Comparison. Nat Immunol (2021) 22:32–40. doi: 10.1038/s41590-020-00840-x

67. Ghoneim, HE, Thomas, PG, and McCullers, JA. Depletion of Alveolar Macrophages During Influenza Infection Facilitates Bacterial Superinfections. J Immunol (2013) 191:1250–9. doi: 10.4049/jimmunol.1300014

68. Smith, AM, Adler, FR, Ribeiro, RM, Gutenkunst, RN, McAuley, JL, McCullers, JA, et al. Kinetics of Coinfection With Influenza A Virus and Streptococcus Pneumoniae. PloS Pathog (2013) 9:e1003238. doi: 10.1371/journal.ppat.1003238

69. Smith, AM, and Smith, AP. A Critical, Nonlinear Threshold Dictates Bacterial Invasion and Initial Kinetics During Influenza. Sci Rep (2016) 6(1):38703. doi: 10.1038/srep38703

70. Califano, D, Furuya, Y, and Metzger, DW. Effects of Influenza on Alveolar Macrophage Viability Are Dependent on Mouse Genetic Strain. J Immunol (2018) 201:134–44. doi: 10.4049/jimmunol.1701406

71. Shahangian, A, Chow, EK, Tian, X, Kang, JR, Ghaffari, A, Liu, SY, et al. Type I IFNs Mediate Development of Postinfluenza Bacterial Pneumonia in Mice. J Clin Invest (2009) 119:1910–20. doi: 10.1172/JCI35412

72. McNamee, LA, and Harmsen, AG. Both Influenza-Induced Neutrophil Dysfunction and Neutrophil-Independent Mechanisms Contribute to Increased Susceptibility to a Secondary Streptococcus Pneumoniae Infection. Infect Immun (2006) 74:6707–21. doi: 10.1128/IAI.00789-06

73. Knoll, R, Schultze, JL, and Schulte-Schrepping, J. Monocytes and Macrophages in COVID-19. Front Immunol (2021) 12:720109. doi: 10.3389/fimmu.2021.720109

74. Reusch, N, De Domenico, E, Bonaguro, L, Schulte-Schrepping, J, Baßler, K, Schultze, JL, et al. Neutrophils in COVID-19. Front Immunol (2021) 12:652470. doi: 10.3389/fimmu.2021.652470

75. Schulte-Schrepping, J, Reusch, N, Paclik, D, Baßler, K, Schlickeiser, S, Zhang, B, et al. Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell Compartment. Cell (2020) 182:1419–1440 e1423. doi: 10.1016/j.cell.2020.08.001

76. Ami, Y, Nagata, N, Shirato, K, Watanabe, R, Iwata, N, Nakagaki, K, et al. Co-Infection of Respiratory Bacterium With Severe Acute Respiratory Syndrome Coronavirus Induces an Exacerbated Pneumonia in Mice. Microbiol Immunol (2008) 52:118–27. doi: 10.1111/j.1348-0421.2008.00011.x

77. McCullers, JA, and Rehg, JE. Lethal Synergism Between Influenza Virus and Streptococcus Pneumoniae: Characterization of a Mouse Model and the Role of Platelet-Activating Factor Receptor. J Infect Dis (2002) 186:341–50. doi: 10.1086/341462

78. Abramson, JS, Lewis, JC, Lyles, DS, Heller, KA, Mills, EL, Bass, DA, et al. Inhibition of Neutrophil Lysosome-Phagosome Fusion Associated With Influenza Virus Infection In Vitro. Role in Depressed Bactericidal Activity. J Clin Invest (1982) 69:1393–7. doi: 10.1172/JCI110580

79. Abramson, JS, and Wheeler, JG. Virus-Induced Neutrophil Dysfunction: Role in the Pathogenesis of Bacterial Infections. Pediatr Infect Dis J (1994) 13:643–52. doi: 10.1097/00006454-199407000-00012

80. Colamussi, ML, White, MR, Crouch, E, and Hartshorn, KL. Influenza A Virus Accelerates Neutrophil Apoptosis and Markedly Potentiates Apoptotic Effects of Bacteria. Blood (1999) 93:2395–403. doi: 10.1182/blood.V93.7.2395

81. Engelich, G, White, M, and Hartshorn, KL. Neutrophil Survival Is Markedly Reduced by Incubation With Influenza Virus and Streptococcus Pneumoniae: Role of Respiratory Burst. J Leukoc Biol (2001) 69:50–6. doi: 10.1189/jlb.69.1.50

82. Smith, AP, Lane, LC, van Opijnen, T, Woolard, S, Carter, R, Iverson, A, et al. Dynamic Pneumococcal Genetic Adaptations Support Bacterial Growth and Inflammation During Coinfection With Influenza. Infect Immun (2021) 89:e0002321. doi: 10.1128/IAI.00023-21

83. Shepardson, KM, Larson, K, Morton, RV, Prigge, JR, Schmidt, EE, Huber, VC, et al. Differential Type I Interferon Signaling Is a Master Regulator of Susceptibility to Postinfluenza Bacterial Superinfection. MBio (2016) 7(3):e00506-16. doi: 10.1128/mBio.00506-16

84. McCullers, JA. Insights Into the Interaction Between Influenza Virus and Pneumococcus. Clin Microbiol Rev (2006) 19:571–82. doi: 10.1128/CMR.00058-05

85. Kash, JC, and Taubenberger, JK. The Role of Viral, Host, and Secondary Bacterial Factors in Influenza Pathogenesis. Am J Pathol (2015) 185:1528–36. doi: 10.1016/j.ajpath.2014.08.030

86. Chu, H, Chan, JF, Wang, Y, Yuen, TT, Chai, Y, Hou, Y, et al. 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 (2020) 71:1400–9. doi: 10.1093/cid/ciaa410

87. Lv, J, Wang, Z, Qu, Y, Zhu, H, Zhu, Q, Tong, W, et al. Distinct Uptake, Amplification, and Release of SARS-CoV-2 by M1 and M2 Alveolar Macrophages. Cell Discov (2021) 7:24. doi: 10.1038/s41421-021-00258-1

88. Dalskov, L, Møhlenberg, M, Thyrsted, J, Blay-Cadanet, J, Poulsen, ET, Folkersen, BH, et al. SARS-CoV-2 Evades Immune Detection in Alveolar Macrophages. EMBO Rep (2020) 21:e51252. doi: 10.15252/embr.202051252

89. Grant, RA, Morales-Nebreda, L, Markov, NS, Swaminathan, S, Querrey, M, Guzman, ER, et al. Circuits Between Infected Macrophages and T Cells in SARS-CoV-2 Pneumonia. Nature (2021) 590:635–41. doi: 10.1038/s41586-020-03148-w

90. Taefehshokr, N, Taefehshokr, S, Hemmat, N, and Heit, B. Covid-19: Perspectives on Innate Immune Evasion. Front Immunol (2020) 11:580641. doi: 10.3389/fimmu.2020.580641

91. Beyer, DK, and Forero, A. Mechanisms of Antiviral Immune Evasion of SARS-CoV-2. J Mol Biol (2021) 167265. doi: 10.1016/j.jmb.2021.167265

92. Lazarevic, I, Pravica, V, Miljanovic, D, and Cupic, M. Immune Evasion of SARS-CoV-2 Emerging Variants: What Have We Learnt So Far? Viruses (2021) 13(7):1192. doi: 10.3390/v13071192

93. Sette, A, and Crotty, S. Adaptive Immunity to SARS-CoV-2 and COVID-19. Cell (2021) 184:861–80. doi: 10.1016/j.cell.2021.01.007

94. Schmolke, M, and Garcia-Sastre, A. Evasion of Innate and Adaptive Immune Responses by Influenza A Virus. Cell Microbiol (2010) 12:873–80. doi: 10.1111/j.1462-5822.2010.01475.x

95. Kikkert, M. Innate Immune Evasion by Human Respiratory RNA Viruses. J Innate Immun (2020) 12:4–20. doi: 10.1159/000503030

96. Blevins, LK, Wren, JT, Holbrook, BC, Hayward, SL, Swords, WE, Parks, GD, et al. Coinfection With Streptococcus Pneumoniae Negatively Modulates the Size and Composition of the Ongoing Influenza-Specific CD8 + T Cell Response. J Immunol (2014) 193:5076–87. doi: 10.4049/jimmunol.1400529

97. Rowe, HM, Meliopoulos, VA, Iverson, A, Bomme, P, Schultz-Cherry, S, and Rosch, JW. Direct Interactions With Influenza Promote Bacterial Adherence During Respiratory Infections. Nat Microbiol (2019) 4:1328–36. doi: 10.1038/s41564-019-0447-0

98. Warnking, K, Klemm, C, Löffler, B, Niemann, S, van Krüchten, A, Peters, G, et al. Super-Infection With S Taphylococcus Aureus Inhibits Influenza Virus-Induced Type I IFN Signalling Through Impaired STAT1-STAT2 Dimerization: Influenza Virus- and S. Aureus -Mediated Signalling. Cell Microbiol (2015) 17:303–17. doi: 10.1111/cmi.12375

99. Mathew, D, Giles, JR, Baxter, AE, Oldridge, DA, Greenplate, AR, Wu, JE, et al. Deep Immune Profiling of COVID-19 Patients Reveals Distinct Immunotypes With Therapeutic Implications. Science (2020) 369:1210. doi: 10.1126/science.abc8511

100. Song, JW, Zhang, C, Fan, X, Meng, P, Xu, Z, Xia, P, et al. Immunological and Inflammatory Profiles in Mild and Severe Cases of COVID-19. Nat Commun (2020) 11:3410. doi: 10.1038/s41467-020-17240-2

101. Kuri-Cervantes, L, Pampena, MB, Meng, W, Rosenfeld, AM, Ittner, CAG, Weisman, AR, et al. Comprehensive Mapping of Immune Perturbations Associated With Severe COVID-19. Sci Immunol (2020) 5:eabd7114. doi: 10.1126/sciimmunol.abd7114

102. Zheng, HY, Zhang, M, Yang, CX, Zhang, N, Wang, XC, Yang, XP, et al. Elevated Exhaustion Levels and Reduced Functional Diversity of T Cells in Peripheral Blood May Predict Severe Progression in COVID-19 Patients. Cell Mol Immunol (2020) 17:541–3. doi: 10.1038/s41423-020-0401-3

103. Diao, B, Wang, C, Tan, Y, Chen, X, Liu, Y, Ning, L, et al. Reduction and Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019 (COVID-19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827

104. Brueggemann, AB, Jansen van Rensburg, MJ, Shaw, D, McCarthy, ND, Jolley, KA, Maiden, MCJ, et al. Changes in the Incidence of Invasive Disease Due to Streptococcus Pneumoniae, Haemophilus Influenzae, and Neisseria Meningitidis During the COVID-19 Pandemic in 26 Countries and Territories in the Invasive Respiratory Infection Surveillance Initiative: A Prospective Analysis of Surveillance Data. Lancet Digit Health (2021) 3:e360–70. doi: 10.1016/S2589-7500(21)00077-7

105. Huh, K, Kim, Y, Ji, W, Kim, DW, Lee, E, Kim, J, et al. Decrease in Hospital Admissions for Respiratory Diseases During the COVID-19 Pandemic: A Nationwide Claims Study. Thorax (2021) 76:939–41. doi: 10.1136/thoraxjnl-2020-216526

106. Rodgers, L, Sheppard, M, Smith, A, Dietz, S, Jayanthi, P, Yuan, Y, Bull, L, et al. Changes in Seasonal Respiratory Illnesses in the United States During the Coronavirus Disease 2019 (COVID-19) Pandemic. Clin Infect Dis (2021) 73:S110–7. doi: 10.1093/cid/ciab311

107. Olsen, SJ, Winn, AK, Budd, AP, Prill, MM, Steel, J, Midgley, CM, et al. Changes in Influenza and Other Respiratory Virus Activity During the COVID-19 Pandemic-United States, 2020-2021. Am J Transplant (2021) 21:3481–6. doi: 10.1111/ajt.16049

108. Huang, QS, Wood, T, Jelley, L, Jennings, T, Jefferies, S, Daniells, K, et al. Impact of the COVID-19 Nonpharmaceutical Interventions on Influenza and Other Respiratory Viral Infections in New Zealand. Nat Commun (2021) 12:1001. doi: 10.1038/s41467-021-21157-9

109. Antonelli, M, Penfold, R, Merino, J, Sudre, C, Molteni, E, Berry, S, et al. Risk Factors and Disease Profile of Post-Vaccination SARS-CoV-2 Infection in UK Users of the COVID Symptom Study App: A Prospective, Community-Based, Nested, Case-Control Study. Lancet Infect Dis (2021) 22(1):43–55. doi: 10.1016/S1473-3099(21)00460-6

110. Tenforde, MW, Self, WH, Adams, K, Gaglani, M, Ginde, AA, McNeal, T, et al. Association Between mRNA Vaccination and COVID-19 Hospitalization and Disease Severity. JAMA (2021) 326(20):2043–54. doi: 10.1001/jama.2021.19499

111. National Center for Immunization and Respiratory Diseases (NCIRD), D. o. V. D. The Possibility of COVID-19 After Vaccination: Breakthrough Infections (2021). Available at: https://www.cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/why-measure-effectiveness/breakthrough-cases.html.

112. Hament, JM, Kimpen, JL, Fleer, A, and Wolfs, TF. Respiratory Viral Infection Predisposing for Bacterial Disease: A Concise Review. FEMS Immunol Med Microbiol (1999) 26:189–95. doi: 10.1111/j.1574-695X.1999.tb01389.x

113. Karlström, Å, Heston, SM, Boyd, KL, Tuomanen, EI, and McCullers, JA. Toll-Like Receptor 2 Mediates Fatal Immunopathology in Mice During Treatment of Secondary Pneumococcal Pneumonia Following Influenza. J Infect Dis (2011) 204:1358–66. doi: 10.1093/infdis/jir522

114. LeVine, AM, Koeningsknecht, V, and Stark, JM. Decreased Pulmonary Clearance of S. Pneumoniae Following Influenza A Infection in Mice. J Virol Methods (2001) 94:173–86. doi: 10.1016/S0166-0934(01)00287-7

115. Verma, AK, Bansal, S, Bauer, C, Muralidharan, A, and Sun, K. Influenza Infection Induces Alveolar Macrophage Dysfunction and Thereby Enables Noninvasive Streptococcus Pneumoniae to Cause Deadly Pneumonia. J Immunol (2020) 205:1601–7. doi: 10.4049/jimmunol.2000094

116. Hang do, TT, Choi, EJ, Song, JY, Kim, SE, Kwak, J, Shin, YK, et al. Differential Effect of Prior Influenza Infection on Alveolar Macrophage Phagocytosis of Staphylococcus Aureus and Escherichia Coli: Involvement of Interferon-Gamma Production. Microbiol Immunol (2011) 55:751–9. doi: 10.1111/j.1348-0421.2011.00383.x

117. Shibata, T, Makino, A, Ogata, R, Nakamura, S, Ito, T, Nagata, K, et al. Respiratory Syncytial Virus Infection Exacerbates Pneumococcal Pneumonia via Gas6/Axl-Mediated Macrophage Polarization. J Clin Invest (2020) 130:3021–37. doi: 10.1172/JCI125505

118. McCullers, JA, and Bartmess, KC. Role of Neuraminidase in Lethal Synergism Between Influenza Virus and Streptococcus Pneumoniae. J Infect Dis (2003) 187:1000–9. doi: 10.1086/368163

119. Plotkowski, MC, Puchelle, E, Beck, G, Jacquot, J, and Hannoun, C. Adherence of Type I Streptococcus Pneumoniae to Tracheal Epithelium of Mice Infected With Influenza A/PR8 Virus. Am Rev Respir Dis (1986) 134:1040–4. doi: 10.1164/arrd.1986.134.5.1040

120. Avadhanula, V, Rodriguez, CA, Devincenzo, P, Wang, Y, Webby, RJ, Ulett, GC, et al. Respiratory Viruses Augment the Adhesion of Bacterial Pathogens to Respiratory Epithelium in a Viral Species- and Cell Type-Dependent Manner. J Virol (2006) 80:1629–36. doi: 10.1128/JVI.80.4.1629-1636.2006

121. Stark, JM, Stark, MA, Colasurdo, GN, and LeVine, AM. Decreased Bacterial Clearance From the Lungs of Mice Following Primary Respiratory Syncytial Virus Infection. J Med Virol (2006) 78:829–38. doi: 10.1002/jmv.20631

122. Rezaee, F, DeSando, SA, Ivanov, AI, Chapman, TJ, Knowlden, SA, Beck, LA, et al. Sustained Protein Kinase D Activation Mediates Respiratory Syncytial Virus-Induced Airway Barrier Disruption. J Virol (2013) 87:11088–95. doi: 10.1128/JVI.01573-13

123. Ruan, T, Sun, J, Liu, W, Prinz, RA, Peng, D, Liu, X, Xu, X, et al. H1N1 Influenza Virus Cross-Activates Gli1 to Disrupt the Intercellular Junctions of Alveolar Epithelial Cells. Cell Rep (2020) 31:107801. doi: 10.1016/j.celrep.2020.107801

124. Shepley-McTaggart, A, Sagum, CA, Oliva, I, Rybakovsky, E, DiGuilio, K, Liang, J, et al. SARS-CoV-2 Envelope (E) Protein Interacts With PDZ-Domain-2 of Host Tight Junction Protein ZO1. PloS One (2021) 16:e0251955. doi: 10.1371/journal.pone.0251955

125. De Maio, F, Lo Cascio, E, Babini, G, Sali, M, Della Longa, S, Tilocca, B, et al. Improved Binding of SARS-CoV-2 Envelope Protein to Tight Junction-Associated PALS1 Could Play a Key Role in COVID-19 Pathogenesis. Microbes Infect (2020) 22:592–7. doi: 10.1016/j.micinf.2020.08.006

126. Teoh, KT, Siu, YL, Chan, WL, Schlüter, MA, Liu, CJ, Peiris, JS, et al. The SARS Coronavirus E Protein Interacts With PALS1 and Alters Tight Junction Formation and Epithelial Morphogenesis. Mol Biol Cell (2010) 21:3838–52. doi: 10.1091/mbc.E10-04-0338

127. Nakamura, S, Davis, KM, and Weiser, JN. Synergistic Stimulation of Type I Interferons During Influenza Virus Coinfection Promotes Streptococcus Pneumoniae Colonization in Mice. J Clin Invest (2011) 121:3657–65. doi: 10.1172/JCI57762

128. Channappanavar, R, Fehr, AR, Vijay, R, Mack, M, Zhao, J, Meyerholz, DK, et al. Dysregulated Type I Interferon and Inflammatory Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host Microbe (2016) 19:181–93. doi: 10.1016/j.chom.2016.01.007

129. Zhou, Z, Ren, L, Zhang, L, Zhong, J, Xiao, Y, Jia, Z, et al. Heightened Innate Immune Responses in the Respiratory Tract of COVID-19 Patients. Cell Host Microbe (2020) 27:883–890 e882. doi: 10.1016/j.chom.2020.04.017

130. Blanco-Melo, D, Nilsson-Payant, BE, Liu, WC, Uhl, S, Hoagland, D, Møller, R, et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell (2020) 181:1036–1045 e1039. doi: 10.1016/j.cell.2020.04.026

131. Weeks-Gorospe, JN, Hurtig, HR, Iverson, AR, Schuneman, MJ, Webby, RJ, McCullers, JA, et al. Naturally Occurring Swine Influenza A Virus PB1-F2 Phenotypes That Contribute to Superinfection With Gram-Positive Respiratory Pathogens. J Virol (2012) 86:9035–43. doi: 10.1128/JVI.00369-12

132. Iverson, AR, Boyd, KL, McAuley, JL, Plano, LR, Hart, ME, McCullers, JA, et al. Influenza Virus Primes Mice for Pneumonia From Staphylococcus Aureus. J Infect Dis (2011) 203:880–8. doi: 10.1093/infdis/jiq113

133. Tashiro, M, Ciborowski, P, Klenk, HD, Pulverer, G, and Rott, R. Role of Staphylococcus Protease in the Development of Influenza Pneumonia. Nature (1987) 325:536–7. doi: 10.1038/325536a0

134. Hament, JM, Aerts, PC, Fleer, A, van Dijk, H, Harmsen, T, Kimpen, JL, et al. Direct Binding of Respiratory Syncytial Virus to Pneumococci: A Phenomenon That Enhances Both Pneumococcal Adherence to Human Epithelial Cells and Pneumococcal Invasiveness in a Murine Model. Pediatr Res (2005) 58:1198–203. doi: 10.1203/01.pdr.0000188699.55279.1b

135. Weiser, JN, Ferreira, DM, and Paton, JC. Streptococcus Pneumoniae: Transmission, Colonization and Invasion. Nat Rev Microbiol (2018) 16:355–67. doi: 10.1038/s41579-018-0001-8

136. Hoffmann, J, Machado, D, Terrier, O, Pouzol, S, Messaoudi, M, Basualdo, W, et al. Viral and Bacterial Co-Infection in Severe Pneumonia Triggers Innate Immune Responses and Specifically Enhances IP-10: A Translational Study. Sci Rep (2016) 6:38532. doi: 10.1038/srep38532

137. Machado, D, Hoffmann, J, Moroso, M, Rosa-Calatrava, M, Endtz, H, Terrier, O, et al. RSV Infection in Human Macrophages Promotes CXCL10/IP-10 Expression During Bacterial Co-Infection. Int J Mol Sci (2017) 18:2654. doi: 10.3390/ijms18122654

138. Taghavi, S, Jackson-Weaver, O, Abdullah, S, Wanek, A, Drury, R, Packer, J, et al. Interleukin-22 Mitigates Acute Respiratory Distress Syndrome (ARDS). PloS One (2021) 16:e0254985. doi: 10.1371/journal.pone.0254985

139. Xu, F, Liu, Q, Lin, S, Shen, N, Yin, Y, Cao, J, et al. IL-27 Is Elevated in Acute Lung Injury and Mediates Inflammation. J Clin Immunol (2013) 33:1257–68. doi: 10.1007/s10875-013-9923-0

140. Pociask, DA, Scheller, EV, Mandalapu, S, McHugh, KJ, Enelow, RI, Fattman, CL, et al. IL-22 is Essential for Lung Epithelial Repair Following Influenza Infection. Am J Pathol (2013) 182:1286–96. doi: 10.1016/j.ajpath.2012.12.007

141. Liu, FD, Kenngott, EE, Schröter, MF, Kühl, A, Jennrich, S, Watzlawick, R, et al. Timed Action of IL-27 Protects From Immunopathology While Preserving Defense in Influenza. PloS Pathog (2014) 10:e1004110. doi: 10.1371/journal.ppat.1004110

142. Ivanov, S, Renneson, J, Fontaine, J, Barthelemy, A, Paget, C, Fernandez, EM, et al. Interleukin-22 Reduces Lung Inflammation During Influenza A Virus Infection and Protects Against Secondary Bacterial Infection. J Virol (2013) 87:6911–24. doi: 10.1128/JVI.02943-12

143. Barthelemy, A, Sencio, V, Soulard, D, Deruyter, L, Faveeuw, C, Le Goffic, R, et al. Interleukin-22 Immunotherapy During Severe Influenza Enhances Lung Tissue Integrity and Reduces Secondary Bacterial Systemic Invasion. Infect Immun (2018) 86:e00706-17. doi: 10.1128/IAI.00706-17

144. Weitnauer, M, Mijosek, V, and Dalpke, AH. Control of Local Immunity by Airway Epithelial Cells. Mucosal Immunol (2016) 9:287–98. doi: 10.1038/mi.2015.126

145. Atamas, SP, Chapoval, SP, and Keegan, AD. Cytokines in Chronic Respiratory Diseases. F1000 Biol Rep (2013) 5:3. doi: 10.3410/B5-3

146. Gieseck, RL 3rd, Wilson, MS, and Wynn, TA. Type 2 Immunity in Tissue Repair and Fibrosis. Nat Rev Immunol (2018) 18:62–76. doi: 10.1038/nri.2017.90

147. Fulkerson, PC, Fischetti, CA, Hassman, LM, Nikolaidis, NM, and Rothenberg, ME. Persistent Effects Induced by IL-13 in the Lung. Am J Respir Cell Mol Biol (2006) 35:337–46. doi: 10.1165/rcmb.2005-0474OC

148. Marone, G, Granata, F, Pucino, V, Pecoraro, A, Heffler, E, Loffredo, S, et al. The Intriguing Role of Interleukin 13 in the Pathophysiology of Asthma. Front Pharmacol (2019) 10:1387. doi: 10.3389/fphar.2019.01387

149. Smith, AM, and Huber, VC. The Unexpected Impact of Vaccines on Secondary Bacterial Infections Following Influenza. Viral Immunol (2018) 31:159–73. doi: 10.1089/vim.2017.0138

150. Haas, EJ, Angulo, FJ, McLaughlin, JM, Anis, E, Singer, SR, Khan, F, et al. Impact and Effectiveness of mRNA BNT162b2 Vaccine Against SARS-CoV-2 Infections and COVID-19 Cases, Hospitalisations, and Deaths Following a Nationwide Vaccination Campaign in Israel: An Observational Study Using National Surveillance Data. Lancet (2021) 397:1819–29. doi: 10.1016/S0140-6736(21)00947-8

151. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J Med (2020) 383:2603–15. doi: 10.1056/NEJMoa2034577

152. Dagan, N, Barda, N, Kepten, E, Miron, O, Perchik, S, Katz, MA, et al. BNT162b2 mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination Setting. N Engl J Med (2021) 384:1412–23. doi: 10.1056/NEJMoa2101765

153. Baden, LR, El Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl J Med (2021) 384:403–16. doi: 10.1056/NEJMoa2035389

154. Bergwerk, M, Gonen, T, Lustig, Y, Amit, S, Lipsitch, M, Cohen, C, et al. Covid-19 Breakthrough Infections in Vaccinated Health Care Workers. N Engl J Med (2021) 385:1474–84. doi: 10.1056/NEJMoa2109072

155. 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

156. Brown, C, Vostok, J, Johnson, H, Burns, M, Gharpure, R, Sami, S, et al. Outbreak of SARS-CoV-2 Infections, Including COVID-19 Vaccine Breakthrough Infections, Associated With Large Public Gatherings - Barnstable County, Massachusetts, July 2021. MMWR Morb Mortal Wkly Rep (2021) 70:1059–62. doi: 10.15585/mmwr.mm7031e2

157. 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

158. McCray Jr, PB, Pewe, L, Wohlford-Lenane, C, Hickey, M, Manzel, L, Shi, L, et al. Lethal Infection of K18-Hace2 Mice Infected With Severe Acute Respiratory Syndrome Coronavirus. J Virol (2007) 81:813–21. doi: 10.1128/JVI.02012-06

159. Monaco, G, Chen, H, Poidinger, M, Chen, J, de Magalhães, JP, Larbi, A, et al. flowAI: Automatic and Interactive Anomaly Discerning Tools for Flow Cytometry Data. Bioinformatics (2016) 32:2473–80. doi: 10.1093/bioinformatics/btw191




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 Smith, Williams, Plunkett, Selvaraj, Lane, Zalduondo, Xue, Vogel, Channappanavar, Jonsson and Smith. 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.




REVIEW

published: 17 May 2022

doi: 10.3389/fimmu.2022.870216

[image: image2]


Therapy Targets SARS-CoV-2 Infection-Induced Cell Death


Zhoujie Zhu 1, Jiayi Shi 1, Long Li 1,2*, Jinling Wang 3*, Yufen Zhao 1,2 and Huabin Ma 1,2*


1 Institute of Drug Discovery Technology, Ningbo University, Ningbo, China, 2 Qian Xuesen Collaborative Research Center of Astrochemistry and Space Life Sciences, Ningbo University, Ningbo, China, 3 School of Medicine, Xiamen University, Xiamen, China




Edited by: 

Tengchuan Jin, University of Science and Technology of China, China

Reviewed by: 

Zhenlong Liu, McGill University, Canada

Ahmed Yaqinuddin, Alfaisal University, Saudi Arabia

*Correspondence: 

Long Li
 lilong@nbu.edu.cn 

Jinling Wang
 wjl0920@qq.com 

Huabin Ma
 mahuabin@nbu.edu.cn 

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


Received: 06 February 2022

Accepted: 19 April 2022

Published: 17 May 2022

Citation:
Zhu Z, Shi J, Li L, Wang J, Zhao Y and Ma H (2022) Therapy Targets SARS-CoV-2 Infection-Induced Cell Death. Front. Immunol. 13:870216. doi: 10.3389/fimmu.2022.870216



Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 has become a global health issue. The clinical presentation of COVID-19 is highly variable, ranging from asymptomatic and mild disease to severe. However, the mechanisms for the high mortality induced by SARS-CoV-2 infection are still not well understood. Recent studies have indicated that the cytokine storm might play an essential role in the disease progression in patients with COVID-19, which is characterized by the uncontrolled release of cytokines and chemokines leading to acute respiratory distress syndrome (ARDS), multi-organ failure, and even death. Cell death, especially, inflammatory cell death, might be the initiation of a cytokine storm caused by SARS-CoV-2 infection. This review summarizes the forms of cell death caused by SARS-CoV-2 in vivo or in vitro and elaborates on the dedication of apoptosis, necroptosis, NETosis, pyroptosis of syncytia, and even SARS-CoV-2 E proteins forming channel induced cell death, providing insights into targets on the cell death pathway for the treatment of COVID-19.
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Introduction

Human coronaviruses (HCoVs) are known respiratory pathogens that could cause multiple respiratory diseases, ranging from the common cold and bronchitis to serious pneumonia (1, 2). Three of these viruses have been causing serious symptoms over the last years, including Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome Coronavirus (MERS), and now SARS Coronavirus 2 (SARS-CoV-2), especially SARS-CoV-2, which is responsible for the Coronavirus Disease 2019 (COVID-19) and has become a pandemic worldwide, causing millions of deaths and massive property losses (3–7). SARS-CoV-2 is a single-stranded RNA virus; belongs to the β-coronavirus; contains 29,903 nucleotides; encodes 16 non-structural proteins (NSP1–NSP16), 9 putative accessory factors, and 4 structural proteins, i.e., spike (S), envelope (E), membrane (M), and nucleocapsid (N); and spreads via respiratory droplets or close contact, which triggers mild or severe diseases (8–11) (Figure 1A). The main clinical symptoms of infected patients are cough, fever, and tachypnea; a CT scan usually reveals multiple patchy shadows. Severe infection can cause cytokine storms within the body, leading to multi-organ failure and even death (12–14). Cytokine storm is a life-threatening systemic inflammatory response syndrome that can be induced by pathogens, autoimmune disorders, or inflammatory cell death (15–18).




Figure 1 | The schematic of SARS-CoV-2-induced cell death. (A) The SARS-CoV-2 virus particle and genome. The genome is a single-stranded RNA genome of which the full length is 29,903 bp. It includes ORF1a and ORF1b, which encode the 16 non-structural proteins, 9 accessory factors, and 4 structural proteins: spike protein (S), envelope protein (E), mbrane protein (M), and nucleocapsid protein (N). (B) SARS-CoV-2 induces various cellular stress: apoptosis, triggered by the extrinsic pathway (death receptor pathway), or the intrinsic pathway (mitochondrial pathway), involving the caspase cleavage. SARS-CoV-2 ORF3a caused apoptosis via the caspase-8/Bid extrinsic pathway; ORF7b can activate TNFα-induced apoptosis. Membrane (M) protein with nucleocapsid (N) protein via interacting with PDK1 and inhibiting the activation of PDK1-PKB/Akt signaling to trigger caspase-dependent apoptosis. Another structural protein spike of SARS-CoV-2 also induced autophagy and apoptosis by ROS-suppressed PI3K/AKT/mTOR signaling; necroptosis, mediated by RIPK1/RIPK3/MLKL. MLKL can be recruited by the autophosphorylated RIPK3 and subsequently phosphorylated by RIPK3 of human MLKL. Phosphorylated MLKL will form an MLKL pore, resulting in necroptosis. Nsp12 interacted with RIPK1 and activated it; NLRP3 inflammasome, consisting of NLRP3, ASC, and caspase-1, activated by N protein of SARS-CoV-2 interacted directly with NLRP3; SARS-CoV-2 E proteins form cation channels to trigger cell death independent of MLKL and gasdermins; NETosis, triggered by neutrophils and formed neutrophil extracellular traps (NETs) to release of chromatin structures containing myeloperoxidase and antimicrobial proteins to neutralize intruders. MPO, myeloperoxidase; NE, Neutrophil Elastase. Ferroptosis, triggered by iron accumulation and overload, or reactive oxygen species (ROS). (C) Pyroptosis, mediated by the gasdermin (GSDM) protein family. The N-terminal fragments of GSDM protein could induce the formation of membrane pores. SARS-CoV-2 S induces cell–cell fusion and syncytia formation driving caspase-9/GSDME-mediated syncytia pyroptosis.



The autopsy of patients infected with SARS-CoV-2 is of great significance to truly understand the pathological changes of COVID-19 (19–27). Gupta et al. have well-reviewed that SARS-CoV-2 infection caused various injuries ranging from substantial respiratory to many extrapulmonary organs failure, including thrombotic complications, myocardial dysfunction and arrhythmia, acute coronary syndromes, acute kidney injury (AKI), gastrointestinal symptoms, hepatocellular injury, hyperglycemia and ketosis, neurologic illnesses, ocular symptoms, and dermatologic complications (28). Here, we mainly summarized how the different types of cell death caused by SARS-CoV-2 infection contribute to the organic failure directly, or indirectly, and discussed the therapy targets on the cell death signaling transduction molecules for treatment for COVID-19.



Multiple Cell Death Pathways Were Induced in SARS-CoV-2 Infection

The cytopathic effect of cell death caused by the virus invading the host cells is a common result after the infection (29). Cell death in some instances can inhibit viral replication, but in more cases, it can enhance viral dissemination and affect the physiology of cells, leading to tissue and organ damage (30). The replication of coronaviruses in cells is regulated by many host factors, which can induce drastic structural and physiological changes in cells (2). During infection, SARS-CoV-2 could induce diverse cell death pathways (31, 32), such as apoptosis, necroptosis, pyroptosis, and NETosis in the host cells (Figure 1B).

Apoptosis is a major type of programmed cell death, morphologically characterized by cellular shrinkage, nuclear condensation, chromosomal DNA fragmentation, cytosolic membrane blebbing, and apoptotic body formation. It is triggered by the extrinsic (death receptor pathway) pathway, or the intrinsic (mitochondrial pathway) pathway, involving a group of cysteinyl aspartate proteases (caspases) cleavage (activation) (33–37).

SARS-CoV-2 infection can induce apoptosis via a variety of signaling pathways. It has been reported that the accessory protein ORF3a of SARS-CoV-1 caused cell death, vesicle formation, and Golgi fragmentation in VERO cells (38). To survey whether SARS-CoV-2 ORF3a can induce apoptosis, Ren and colleagues (39) overexpressed SARS-CoV-2 ORF3a in cultured HEK293T, HepG2, and VERO E6 cells; then stained the cells by annexin V-fluorescein 5-isothiocyanate (FITC)/propidium iodide (PI); and analyzed the apoptotic cells by flow cytometry. They found that SARS-CoV-2 ORF3a caused apoptosis via the caspase-8/Bid extrinsic pathway, which can be restored by z-VAD-fmk, a pan-caspase inhibitor. Importantly, SARS-CoV-2 ORF3a showed weaker proapoptotic activity than SARS-CoV-1 ORF3a in cultured cells, which might lead the virus to spread more widely. Consistently, two more groups demonstrated that SARS-CoV-2 ORF3a inhibited autophagic flux by blocking the fusion of autophagosomes/amphisomes with lysosomes, causing lysosomal destruction, which allowed the virus to escape the degradation by lysosomal (40, 41). These studies facilitated strategies targeting SARS-CoV-2 ORF3a or autophagic pathway for conferring potential protection against the spread of SARS-CoV-2. In support of this concept, a study by Gassen and colleagues demonstrated that targeting autophagic pathways on the polyamine pathway, and the control of BECN1 abundance through AKT1/SKP2 signaling by exogenous administration of spermidine and spermine, the selective AKT1 inhibitor MK-2206, and the BECN1-stabilizing anthelmintic drug niclosamide inhibited SARS-CoV-2 propagation in vitro and in vivo (42). Thus, both MK-2206 and niclosamide might be promising candidates for clinical trials.

ORF7b is another accessory protein of SARS-CoV-2, which can induce the transcription of IFN-β, TNF-α, and IL-6, activating type-I IFN signaling through IRF3 phosphorylation and activating TNFα-induced apoptosis in HEK293T cells and VERO E6 cells (43).

The membrane glycoprotein M of SARS-CoV-2 could trigger caspase-dependent apoptosis with the assistance of the nucleocapsid (N) protein via interacting with PDK1 and inhibiting the activation of PDK1-PKB/Akt signaling. Disruption of the M–N interaction by certain rationally designed peptides, abolished M-induced apoptosis, shedding light on a new aspect of drug designs on M–N interaction to prevent SARS-CoV-2 infection, which caused apoptosis (44).

Another structural protein spike of SARS-CoV-2 also induced autophagy and apoptosis in human bronchial epithelial and microvascular endothelial cells by reactive oxygen species (ROS)-suppressed PI3K/AKT/mTOR signaling, which then led to inflammatory responses, raising important implications for developing anti-inflammatory therapies, such as ROS and autophagy inhibitors, for COVID-19 patients (45).

In addition, a clinical report showed that a total of 17 of the 18 patients who died of COVID-19 suffered from lymphocytopenia, which is the main feature of severe COVID-19 disease (46). TUNEL staining showed that spleens and hilar lymph nodes (LNs) exhibited many lymphocyte apoptosis processes, which were caused by SARS-CoV-2 promoting Fas-mediated apoptosis of T and B lymphocytes.

Further, elevated serum levels of creatinine, tubular necrosis, and renal inflammation were observed in critically ill COVID-19 patients, consistent with AKI symptoms (47–49). To identify and uncover mechanisms specifically related to a SARS-CoV-2 protein that can induce cell death in AKI after SARS-CoV-2 infection, the SARS-CoV-2 nucleocapsid (N) structural protein-expressing plasmid was delivered into the normal mouse kidneys using a well-established non-invasive ultrasound-microbubble technique, which can induce AKI and exacerbate AKI under ischemic stress conditions. The mechanism lies in SARS-CoV-2 N interacting with Smad3 and enhances TGF-β/Smad3 signaling to arrest the G1 cell cycle leading to renal tubular epithelial cell apoptosis as labeled by TUNEL-positive cells. Moreover, both deletion of Smad3 and treatment with SIS3, the inhibitor of Smad3, can restore the SARS-CoV-2 N-induced AKI, which indicated that targeting Smad3 may represent a novel therapy for COVID-19-associated AKI (50).

Although we have summarized the apoptosis caused via different mechanisms induced by SARS-CoV-2, the underlying mechanisms of the massive inflammatory responses triggered by SARS-CoV-2 are largely limited. In contrast to necrosis, apoptosis is a form of clear cell death because the apoptotic bodies can be cleared through the phagocytic pathway by neighboring cells, without the release of cellular contents (51). We wonder whether inflammatory cell death occurred during SARS-CoV-2 infection. Indeed, analysis of the postmortem lung sections of fatal COVID-19 patients revealed that not only apoptosis but also necroptosis occurred in the lung, and the necrotic cell debris promoted massive inflammatory cell infiltration leading to lung damage in COVID-19 patients (52).

Necroptosis is an inflammatory type of programmed cell death mediated by RIPK1/RIPK3/MLKL. The occurrence of programmed necrosis could induce a series of morphological alterations in cells: with slight changes in the ultrastructure of the nucleus (especially the expansion of the nuclear membrane and the formation of small, irregular, and circumscribed patches by chromatin condensation), with increasing lucent cytoplasm and swelling organelles, the increased permeability of the cell membrane causes the cell to grow in size, resulting in the cell rupturing and the outflow of intracellular contents and provoking the inflammatory response of the surrounding tissues (53, 54). Mixed-lineage kinase domain-like (MLKL) is the main effector protein in necroptosis, which contains an N-terminal coiled-coil domain and a C-terminal kinase-like domain. MLKL can be recruited by the autophosphorylated RIPK3 and subsequently phosphorylated by RIPK3 at the threonine 357 and serine 358 residues of human MLKL (serine at positions 345, 347, and 352 and threonine at position 349 for mouse MLKL) (55–57). Phosphorylated MLKL will oligomerize and traffic to the plasma membrane, forming an MLKL pore, resulting in necroptosis (58).

As an important mediator of inflammation and cell death, RIPK1 can mediate the activation of caspase-8 to promote apoptosis or promote necroptosis by activating RIPK3 and MLKL (59–62). Based on some evidence of RIPK1 activation found in COVID-19 (63–65), Xu et al. used the lung pathological samples of COVID-19 patients and cultured human lung organoids and ACE2 transgenic mice infected by SARS-CoV-2 to explore the role of RIPK1 in SARS-CoV-2 infection. Although autopsy detection revealed that the expression of its downstream signaling molecule RIPK3 was found to be very low, and phosphorylated RIPK3 and MLKL were also undetectable, they found that the RNA-dependent RNA polymerase of SARS-CoV-2, NSP12, directly interacted with RIPK1 to promote its activation, resulting in the transcriptional induction of proinflammatory cytokines and host factors including ACE2 and EGFR, which promote viral entry into cells (66). As multiple RIPK1 inhibitors (Nec-1s, GSK′481/GSK′772, etc.) have been advanced beyond Phase I safety studies in human clinical trials (67, 68), the authors suggested that the RIPK1 kinase inhibitors may provide effective therapy for severe COVID-19.

During SARS-CoV-2 infection, the inhibitor of necroptosis did not completely block IL-1β secretion, suggesting that there may be other pathways involved in the inflammatory responses such as pyroptosis (52).

Pyroptosis is a lytic and inflammatory type of programmed cell death, which is characterized by the swelling of cells, forming a big balloon on the plasma membrane, destructing the cell plasma membrane, releasing the cellular contents, and causing lysis of cells (69, 70). This type of cell death is mediated by the gasdermin (GSDM) protein family (71), which is activated and cleaved by caspase protein or other proteases (72–79). The N-terminal fragments of GSDM protein could induce the formation of membrane pores, disrupting the cell membrane and causing eventual lysis (80, 81).

The participation of the inflammasome in COVID-19 has been highly speculated as to its main contribution to excessive inflammatory responses upon SARS-CoV-2 infection (82, 83). The NLRP3 inflammasome, consisting of NLRP3, ASC, and caspase-1, is activated in response to SARS-CoV-2 infection and is active in COVID-19 patients, which is associated with the clinical outcome of the disease (84). Furthermore, Pan and colleagues found that the N protein of SARS-CoV-2 interacted directly with NLRP3, promoted the recruitment of ASC, and facilitated NLRP3 inflammasome assembly, which resulted in the maturation of proinflammatory cytokines and triggered proinflammatory responses in cultured HEK293T or A549 cells. Notably, treatment with MCC950 (a specific inhibitor of NLRP3) and Ac-YVAD-cmk (an inhibitor of caspase-1) or genetic deletion of Nlrp3 inhibited N protein-induced lung injury and cytokine production (85). However, in cultured Calu-3 cells, the inhibitors of caspase-1 and NLRP3 had no effects on the production of IL-1β induced by SARS-CoV-2 infection but blocks caspase-8 using the inhibitor, or siRNA knockdown decreased the production and secretion of IL-1β (52). In this scenario, it is important to further determine specific mechanisms by which SARS-CoV-2 triggers the inflammasome activation and investigate which specific inflammasome platforms are activated during the disease for effective therapeutic strategies to target COVID-19.

NETosis, a form of regulated neutrophil death, is characterized by the formation and release of neutrophil extracellular traps (NETs), which are networks of myriad pathogen-associated molecular patterns (PAMPs), consisting of extracellular fibers composed of DNA containing histones and granule-derived enzymes (such as lactoferrin, cathepsins, neutrophil elastase (NE), and myeloperoxidase (MPO)), as well as cytoplasmic and cytoskeletal proteins. In addition to the NADPH oxidase (NOX)/ROS-, peptidylarginine deiminase 4 (PADI4)-, and NE-dependent pathways on the activation of NETosis, RIPK3/MLKL-mediated necroptosis and GSDMD-driven pyroptosis linked the excessive inflammatory response to NETosis (86–89). Emerging evidence from the clinic severe cases of COVID-19 implicated that NETosis and NET formation/release played a central role in the pathophysiology of inflammation, coagulopathy, immunothrombosis, and even organ damage during SARS-CoV-2 infection (90–94). With the growing roles of NETosis and NETs in COVID-19 reported, targeting dysregulated NETosis and NET formation/release is a new aspect of severe COVID-19 treatment. NETosis inhibitors (fostamatinib targeting SYK, etc.), or NET degraders (GSK 484 targeting PAD 4, Dornase alfa degrading cfDNA) were used in preclinical or clinical development as anti-COVID-19 drugs, which was well-summarized by other groups (93, 95–97). Here, we emphasized the Food and Drug Administration (FDA)-approved alcoholism-averting drug, disulfiram, which was identified as an inhibitor of GSDMD pore formation by covalently modifying human/mouse Cys191/Cys192 in GSDMD and preventing IL-1β release and pyroptosis (98). Although the linkage of GSDMD-mediated pyroptosis with NETosis has been reported (99, 100), Egeblad and colleagues recently found that treatment with disulfiram reduced NET formation, as well as lung inflammation and perivascular fibrosis in a golden hamster SARS-CoV-2 infection model via downregulated innate immune and complement/coagulation pathways (101).



SARS-CoV-2 S Induced Cell–Cell Fusion and Syncytia Death

Cell fusion between eukaryotic cells is a common phenomenon, caused by various pathogens, including bacteria, parasites, and viruses, which involves a broad range of physiological and pathological processes (102). The virus-mediated cell–cell fusion will lead to the fusion of cell membrane and cytoplasmic contents between cells, forming the multinucleated giant cells, also known as syncytia. SARS-CoV-2 infection can induce cell–cell fusion and syncytia formation, which has been widely confirmed in the lungs and other tissues of infected patients (103–105), or in vitro cell culture systems (106–108), which was well-summarized by Schwartz and colleagues (109). Syncytia formation was mediated by cell–cell fusion occurring between the surfaces of cell membranes. Within the syncytia, cellular contents from different cells mixed and interacted, triggering various cellular responses. We aimed to discuss the fate determination of syncytia and its role in COVID-19 progress, providing insights into targeting syncytia death on COVID-19 treatment.

Recent works reported that both DNA damage response and cGAS-STING signaling pathway were activated upon cell–cell fusion, which was important for host antiviral responses (110, 111). Furthermore, Zhang and colleagues demonstrated that the multinucleate syncytia formed by SARS-CoV-2 infection could internalize multiple lines of lymphocytes to form typical cell-in-cell structures, remarkably leading to the death of internalized cells (112). Moreover, we found that syncytia formed by HeLa–spike cell fusion with HeLa-ACE2 cells died in parallel with the increased activity of caspase-3/7/9 and the cleavage of GSDME (108). Interestingly, the deletion of caspase-9 not only blocked the cleavage of GSDME and cell death but also abolished the S2′ fragment of SARS-CoV-2-S-Flag induced by cell–cell fusion, indicating a linkage between caspase-9 and SARS-CoV-2 S protein cleavage. Thus, targeting caspase-9 might be a promising strategy to prevent syncytia cell death (Figure 1C). To extend the pathophysiological role of this caspase-9/GSDME-mediated syncytia pyroptosis, single-cell RNA-sequencing (scRNA-Seq) data from eight normal human lung transplant donors with a total of 42,225 cells were analyzed, showing that both ACE2 and GSDME were expressed in AT2 cells in the human lung. Finally, we proposed that this lytic pyroptosis of syncytia may contribute to the excessive inflammatory responses in severe COVID-19 patients. In line with this idea, treatment with caspase-9 selective inhibitor, z-LEHD-fmk, markedly reduced SARS-CoV-2-induced lung damage in K18-hACE2 transgenic mouse model, which was evidenced by the reduced hemorrhage and inflammatory cell infiltration, as well as the alleviated proinflammatory response in the lung (113), while the authors demonstrated that this effect was due to intrinsic apoptosis inhibition by z-LEHD-fmk. Whether apoptosis switched to pyroptosis needs further investigation.



SARS-CoV-2 E Proteins Form Cation Channels to Trigger Cell Death

Interestingly, consistent with the executors of pyroptosis (GSDMs) or necroptosis (p-MLKL) destroying the membrane integrity by forming either pores or channels, the envelope (E) protein, another structural protein of SARS-CoV-2, can form a cation channel to induce rapid cell death in myriad susceptible cell types and robust secretion of cytokines and chemokines in macrophages resulting in acute respiratory distress syndrome (ARDS)-like damages in vitro and in vivo (Figure 1B). Using a planar lipid bilayer recording system, the authors found that BE-12 (berbamine), a type of bisbenzylisoquinoline alkaloid, might be a candidate inhibitor for 2-E channels. Furthermore, to improve the antiviral activity, four more channel inhibitors (BE-30~33) were designed and synthesized based on BE-12. Finally, a new class of 2-E channel inhibitor BE-33 was identified, which exhibited not only high efficiency for antiviral activity both in vitro and in vivo but also negligible cytotoxicity, raising a promising antiviral strategy targeting 2-E channel (114). To discover SARS-CoV-2-E channel inhibitors, Wang and coworkers developed a cell-based high-throughput screening (HTS) assay and screened 4,376 compounds. Proanthocyanidins, a natural product widely used in cosmetics, were identified (115).



Discussion and Perspectives

The abovementioned different types of cell death induced by SARS-CoV-2 infection have been demonstrated in all kinds of cells including epithelial cells, macrophages, and neutrophils. It was reported that ACE2-mediated SARS-CoV-2 spike infection could induce inflammatory responses and apoptosis of human bronchial epithelial and microvascular endothelial cells via enhancing autophagy, which might result in organ dysfunction (45). It was also found that SARS-CoV-2 N protein-mediated AKI may be caused by tubular epithelial cell apoptosis through the TGF/Smad3 signaling-dependent G1 cell cycle arrest (50). Using gene expression profiling, Jha et al. revealed that the apoptosis signaling pathway was activated in SARS-CoV-2-infected human lung epithelial cells, which may lead to cardiovascular complications of COVID-19 (116). A recent study showed that the non-structural protein 6 (NSP6) of SARS-CoV-2 could induce NLRP3-dependent pyroptosis in lung epithelial cells via binding to the vacuolar ATPase proton pump component ATP6AP1, while pharmacological rectification of autophagic flux by 1α,25-dihydroxyvitamin D3, metformin, or polydatin could be a novel therapeutic strategy to reduce pyroptosis in lung epithelial cells and improve clinical outcomes of COVID-19 (117). T- and B-lymphocyte apoptosis was also observed after SARS-CoV-2 infection, which may be the cause of lymphopenia, a common symptom in severe COVID-19 patients (46, 118). Aside from apoptosis, SARS-CoV-2-induced lymphocyte loss may also be due to cell–cell fusion-mediated syncytia death, which could be a potential therapeutic target for antiviral therapy in patients with COVID-19 (112). It was found that apoptotic markers were increased in plasmacytoid dendritic cells (pDCs), a cell type that is specialized in antiviral immunity to produce abundant type I interferons (IFNs). Hence, the diminished pDCs in COVID-19 patients may be associated with increased cell apoptosis (119). Ongoing pyroptosis was also found in circulating monocytes from COVID-19 patients with increased caspase-1 activation and lytic death (120, 121). Abundant cleared caspase-3 positive macrophages have been found in the lungs of patients with COVID-19, indicating that apoptosis may mediate the death of macrophages in COVID-19 lung tissues (66). Furthermore, SARS-CoV-2 spike infection can upregulate caspase-3 and caspase-6 expression to induce apoptosis in THP-1-like macrophages, which is likely mediated by the increase of ROS and intracellular calcium release (122). The pathological investigation of a clinical study demonstrated that SARS-CoV-2 infection caused severe lung injury via cell pyroptosis in pneumocytes and apoptosis in endothelial cells (123). Additionally, SARS-CoV-2 infection-induced apoptosis of endothelial cells may also lead to endotheliitis in various tissues including the lung, heart, kidney, and liver (124). Moreover, SARS-CoV-2 can promote NET formation in neutrophils under a process called NETosis, a form of neutrophil death, leading to multi-organ damage during the pathogenesis of COVID-19. Indeed, increased concentration of NETs has been detected in circulating and lung-infiltrating neutrophils from COVID-19 patients. Mechanistically, SARS-CoV-2-induced release of NETs might be mediated by ACE2, serine protease, virus replication, and PAD-4 (92, 125).

SARS-CoV-2 infection can cause severe respiratory tract disease and lung injury and threaten human life, while there is still no special prevention or treatment at present. When the virus infects cells, many factors are involved in the pathogenesis of the host disease, leading to human death. In this review, we focused on the multiple types of cell death such as apoptosis, necroptosis, pyroptosis, NETosis, and other undefined death triggered by SARS-CoV-2 infection in vivo or in vitro; then we discussed the relationship between inflammatory cell death and cytokine storm, raising the possibility for targeting cell death pathway for the treatment of COVID-19 (Figure 2). Among these, we highlighted some potential compounds or drugs targeting the molecules of cell death pathway, such as RIPK1 (66), caspase-9 (108), Smad (50), SARS-CoV-2 Orf3a (39–41), and E protein (114). What is more, iron metabolism dysfunction has also been found in COVID-19 patients; for example, the serum ferritin levels were higher in severe COVID-19 patients than in mild cases, which may cause iron accumulation and overload, which trigger ferroptosis (126). Yang and Lai hypothesized that ferroptosis might serve as a new treatment target, and the improved ferrostatin-1 and liproxstatin-1 analogs might be potential drug candidates for COVID-19 (127). Interestingly, disulfiram, an alcoholism-averting drug approved by the FDA, was recommended to be a potential therapeutic target for SARS-CoV-2 infection in Phase 2 clinical trials by targeting SARS-CoV-2 main protease, 3CLpro (128–130). However, it has been identified that disulfiram is covalently targeted on human/mouse Cys191/Cys192 of GSDMD protein leading to blocking the GSDMD pore formation, IL-1β release, and pyroptosis (98). Furthermore, another study showed that disulfiram can inhibit the NET formation and protect rodents from SARS-CoV-2 infection (101). All these raise a common point that one drug/compound might target various proteins even on multiple signaling pathways to either synergically exert effects or trigger off-target toxicities. Therefore, we need to deeply explore the cell types of death caused by SARS-CoV-2 infection, reveal the molecular mechanism of cell death, and accurately regulate cell death by using specific pharmacological therapies to reduce the occurrence and prognosis of COVID-19.




Figure 2 | Potential compounds or drugs that targeted different cell death pathways. The potential therapeutics of drugs or compounds to inhibit cell death, including the use of z-VAD-fmk, a pan-caspase inhibitor, to reduce the caspase activity and block the apoptosis induced by SARS-CoV-2 ORF3a, and the use of RIPK1 inhibitors (Nec-1s, GSK′481/GSK′772, etc.), as well as using peptides such as NP1-NP6 and MP3 to disrupt the M–N interaction, and abolish the activity of N on the M-triggered apoptosis. In addition, a specific inhibitor of NLRP3 called MCC950 and an inhibitor of caspase-1 named Ac-YVAD-cmk can block NLRP3 inflammasome activation induced by SARS-CoV-2 N protein. Interestingly, disulfiram was revealed as an inhibitor of GSDMD that can effectively block pyroptosis and NET formation. BE-30~33 and proanthocyanidins could inhibit 2-E channel activity as channel inhibitors. Autophagy could be regulated using various treatments, such as the ROS inhibitor MHY1485, the AKT1 inhibitor MK-2206, and the BECN1-stabilizing anthelmintic drug/SKP2 inhibitor, niclosamide. Ferroptosis inhibitors including ferrostatin-1 and liproxstatin-1 might also be potential drug candidates for COVID-19. Further, z-LEHD-fmk, the caspase-9 selective inhibitor could suppress syncytium formation. SIS3, Smad3 pharmacological inhibitor, can inhibit SARS-CoV-2 N-induced AKI. The compounds or drugs are marked in bold and red.



Nevertheless, the impact of the damaged or dead cells on the injured tissues and organs is still not well understood. Furthermore, whether cytokines released by cell death participate in cytokine storms has not been well described yet. However, research on the mechanism of SARS-CoV-2 infection-induced cell death may provide additional perspectives for antiviral therapies and the development of anti-SARS-CoV-2 drugs.
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Striking number of mutations found in the spike protein of recently emerged SARS-CoV-2 Omicron subvariants BA.1, BA.2, BA.3 and BA.4/5 has raised serious concerns regarding the escape from current antibody therapies and vaccine protection. Here, we conducted comprehensive analysis on the extent of two major Omicron lineages BA.1/BA.1.1 and BA.2 to escape neutralization from the therapeutic antibodies approved by the regulatory authorities and convalescent plasma from SARS-CoV-2 patients infected during initial wave of pandemic in early 2020. We showed that Omicron BA.1/BA.1.1 were the most resistant in both magnitude and breadth against antibodies and convalescent plasma, followed by Beta, BA.2, Gamma, Delta and Alpha. While the majority of therapeutic antibodies lost binding and neutralization to Omicron variants, BRII combo (BRII-196 + BRII-198), S309, and AZ combo (COV2-2196 + COV2-2130) maintained neutralization despite of reduction due to either conserved epitope or combinational effect between the two designated antibodies. A single intraperitoneal injection of BRII combo as a prophylactic treatment protected animals from Omicron infection. Treated animals manifested normal body weight, survived infection up to 14 days, undetectable levels of infectious viruses in the lungs, and reduced lung pathology compared to the controls. Analyzing ACE2 from diverse host species showed that Omicron variants acquired ability to use mouse ACE2 for entry. These results demonstrate major antigenic shifts and potentially broadening the host range of two major Omicron lineages BA.1/BA.1.1 and BA.2, posing serious challenges to current antibody therapies and vaccine protection as well as increasing danger of spillover into the wildlife.
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Introduction

As the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to rage around the world, we have witnessed the rapid emergence and turnover of multiple variants of concerns (VOCs) such as Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (BA.1/BA.1.1 BA.2, BA.3, and BA.4/5). There is growing concern that they could become antigenically distinct from the original strain to the extent that render current therapeutic antibody and vaccine strategies ineffective. Among the previous identified Alpha, Beta, Gamma, and Delta VOCs, Beta is the most discrete in antigenic properties which leads to the substantial reduction in its sensitivity to therapeutic antibodies and plasma neutralization from convalescent and vaccinated individuals (1–5). However, Beta appears to be less transmissible and has mostly been circulating in South Africa since it was initially identified there. By contrast, Delta has spread far beyond original country of India and continues dominating in many parts of the world due to its superior transmissibility albeit relative minor changes in antigenicity (6–11).

Recently, increased attention has been paid to Omicron variants (BA.1, BA.2, BA.3 and BA.4/5), the new member of VOCs that was initially identified in November 2021 in Botswana and South Africa (WHO or CDC) (12–14). According to the recent report from the World Health Organization (WHO) (8), Omicron variants have already spread to many countries around world and is associated with steeply increased infections among unvaccinated population as well as breakthrough infections among vaccinated individuals (15–17). One alarming aspect of Omicron variants is the largest number of mutations found in the S protein among all VOCs identified so far (Supplementary Figure 1). It is currently unknow how Omicron accumulated such high number of mutations in such a short period, although some speculated that it may derive from immunocompromised individuals or spillback from other animal species (18, 19). A total of 32 mutations in the spike (S) protein has been found in the predominant Omicron strain. Of which, at least 15 substitutions are located in the receptor-binding domain (RBD) and 8 substitutions and insertons/deletions are in the N-terminal domain (NTD) (Supplementary Figure 1). As RBD and NTD are the major target of neutralizing antibodies upon infection and vaccination, these changes may result in Omicron’s escape from antibody treatment and vaccine protection. Indeed, preliminary results indicate that two major lineages of Omicron (BA.1/BA.1.1 and BA.2) can escape from some of the approved therapeutic antibodies under emergency use authorization (EUA) (18, 20–27). Serum neutralizing activities from convalescent and vaccinated individuals are also severely compromised regardless of infection status or type of vaccines used (17, 18, 20–23, 25, 28–32). However, to what extent Omicron lineages BA.1/BA.1.1, and BA.2 could escape therapeutic antibodies and convalescent plasma from the early wave of SARS-CoV-2 pandemic remains unclear. The impact of highly mutated BA.1/BA.1.1 and BA.2 spike on its interaction with ACEs from human and diverse animal hosts is also unclear. Here, we show that two major lineages of Omicron BA.1/BA.1.1 and BA.2 substantially reduces neutralization of majority of therapeutic antibodies and convalescent plasma collected during the early pandemic. However, despite of reduction, BRII combo (BRII-196 + BRII-198), S309, and AZ combo (COV2-2196 + COV2-2130) maintained neutralizing activity, perhaps due to conserved epitope or combinational effect between the two designated antibodies. Furthermore, a single intraperitoneal injection of BRII combo protected animals from Omicron infection, suggesting its neutralizing activity in vitro could be translated into protectivity in vivo in this animal model. Finally, Omicron lineages BA.1/BA.1.1 and BA.2 also acquire ability to use mouse ACE2 for entry. These results clearly show major antigenic shifts and potentially expanding the host range of Omicron BA.1/BA.1.1 and BA.2, posing serious challenges to antibody and vaccine protection as well as further spread into the wildlife.



Results


Substantial Reduction in Antibody Neutralization of Omicron BA.1, BA.1.1 and BA.2

To study the impact of Omicron subvariants BA.1, BA.1.1, and BA.2 on antibody neutralization, we focused on antibodies approved by the regulatory agencies such as BRII-196 (also known as amubarvimab) and BRII-198 (also known as romlusevimab) developed by Brii Biosciences, S309 (the parental antibody of sotrovimab) by GlaxoSmithKline and Vir Biotechnology, REGN10933 (also known as casirivimab) and REGN10987 (also known as imdevimab) by Regeneron, COV2-2196 (the parental antibody of AZD8895) and COV2-2130 (the parental antibody of AZD1061) by AstraZeneca, and CB6 (the parental antibody of etesevimab) by Eli Lilly. We chose to test these antibodies first against Omicron subvariants BA.1, BA.1.1, and BA.2 and compared with that against original wildtype strain Wuhan-Hu-1 (WT, Genbank reference MN908947) as they had well been studied already against previously identified VOCs such as Alpha, Beta, Gamma and Delta (1, 2, 33–37). Pseudoviruses bearing the spike protein of Omicron variants BA.1, BA.1.1, BA.2, and WT were subjected to neutralization analysis against 8 therapeutic antibodies individually and in combination as developed clinically (Figure 1 and Table 1). To improve assay representation, the neutralization was conducted in two different cell lines: HeLa cells stably expressing human ACE2 (HeLa-hACE2) and Huh7 cells previously used for SARS-CoV-2 infection and neutralization (1, 38). In HeLa-hACE2 cell line, BRII combo (BRII-196 + BRII-198), S309, and AZ combo (COV2-2196 and COV2-2130) maintained neutralizing activity below single-digit μg/mL concentration. The rest antibodies, however, demonstrated substantially reduced or lost activity against all three Omicron variants (Figure 1A and Table 1). Among the three Omicron variants, BA.1.1 had the most adverse effect on BRII combo and AZ combo, resulting in approximately 47.4- and 912.5-fold reduction in IC50, relative to the WT (Table 1). BA.2, on the other hand, was the most disruptive against S309 and reduced its IC50 by about 27.4-fold (Table 1). Interestingly, despite of marked reduction in neutralization for individual COV2-2196 and COV2-2130, AZ combo regained neutralization to Omicron with IC50 of 0.370 μg/mL to BA.1, 3.493 μg/mL to BA.1.1, and 0.026 μg/mL to BA.2, perhaps due to the synergistic effect between the two antibodies (Figure 1A and Table 1). In Huh7 cells, the estimated IC50 and fold changes relative to WT remained largely consistent with that in HeLa-hACE2 cells (Figure 1B and Table 1). BRII combo, S309, and AZ combo maintained similar trend against the Omicron strains tested, although all of them appeared to perform better in Huh7 cells than in HeLa-hACE2 cells. This was particular true for S309 where its respective IC50 to BA.1, BA.1.1 and BA.2 improved from 0.376 μg/mL, 0.629 μg/mL, and 6.438 μg/mL in HeLa-hACE2 cells to 0.069 μg/mL (5.4-fold), 0.137 μg/mL (4.6-fold), and 0.378 μg/mL (17.0-fold) in Huh7 cells. This is consistent with previous finding that neutralizing activity of S309 varied in cell lines overexpressing ACE2 (39). For BRII combo, BRII-196, and BRII-198, neutralizing activity against live authentic Omicron BA.1 virus demonstrated the similar trend with IC50 of 0.168 μg/mL, 2.370 μg/mL and 0.632 μg/mL, respectively (Supplementary Figure 2). Furthermore, when comparing the linear regression between experimental IC50 values of all tested mAbs and their clinical-relevant combinations (solid line) and hypothetical regression (dotted line) for assumption of equal IC50s in both cell lines, we found no significant differences for WT (P=0.1586) and BA.1 (P=0.0874), but significantly higher activity in Huh7 than in HeLa-hACE2 cells for BA.1.1 (P=0.0069) and BA.2 (P=0.0011) (Figure 1C). These results indicate that substantial differences do exist between different cell lines which need to be taken into account when interpreting the antibody neutralizing activity.




Figure 1 | Substantial reduction in antibody neutralization to Omicron BA.1, BA.1.1, and BA.2. Neutralizing activity of each therapeutic antibody and their designated combinations to wildtype (WT), Omicron BA.1, BA.1.1, and BA.2 pseudoviruses analyzed in (A) HeLa cells expressing human ACE2 (HeLa-hACE2) and (B) in Huh7 cells. WT and Omicron pseudoviruses were tested against serial dilutions of each antibody and relevant combinations. Neutralizing activity was defined as the percent reduction in luciferase activities compared to no antibody controls. Results were derived from two independent experiments and each included two technical replicates. (C) Correlation between Log IC50 for all tested mAbs and their clinical-relevant combinations in HeLa-hACE2 and Huh7 cells. The R2 and P values of correlation were 0.7963 and 2.2e-4 for WT, 0.8768 and 2.2e-5 for BA.1, 0.9017 and 7.9e-6 for BA.1.1, and 0.9374 and 1.0e-6 for BA.2, determined by two-tailed Spearman correlation. Linear regression of experimental Log IC50 was estimated (solid line) and compared with a hypothetical regression (dotted line) for assumption of equal IC50s in both HeLa-hACE2 and Huh7 cell lines. No significant differences were detected between experimental and hypothetical regression for WT (P = 0.1586) and BA.1 (P = 0.0874), but significantly lower levels in Huh7 cells was found than in HeLa-hACE2 cells for BA.1.1 (P = 0.0069) and BA.2 (P = 0.0011).




Table 1 | Neutralizing and binding activities of therapeutic antibodies against WT and Omicron variants.





Substantial Reduction in Antibody Binding to Omicron BA.1, BA.1.1, and BA.2

We next studied the binding activity of these antibodies individually or in combination to the spike protein of the three Omicron variants expressed on the surface of HEK293T (Figure 2). The fold-changes in normalized total fluorescence intensity (nTFI) relative to that of D614G spike were calculated and indicated in Table 1. Consistent with neutralization activity, BRII combo, S309, and AZ combo maintained binding to all three variants with less than five-fold reduction, although some of the antibodies, when tested singly, either markedly reduced or lost binding to at least one of the variants tested (Figure 2). BRII combo demonstrated somewhat increased binding to BA.1 (+1.9-fold) while decreased binding to BA.1.1 (-2.2-fold) and BA.2 (-3.9-fold), relative to WT (Table 1). S309 reduced binding to the spike protein of all three variants, most notably to BA.2 (-3.4-fold) (Table 1). By contrast, AZ combo demonstrated relatively consistent binding to BA.1 (+1.2-fold), BA.1.1 (+1.1-fold), and BA.2 (+1.0-fold), providing some mechanistic basis for its synergistic neutralizing activity, particularly against BA.2 (Table 1 and Figure 1). This was perhaps owing to specific mutations in BA.2 restored the neutralizing activity of COV2-2130 (Figure 2 and Table 1). These results suggest a relation between antibody binding and neutralization and reduced or lost neutralization to the three Omicron variant was largely attributed to the reduced binding to the spike protein.




Figure 2 | Antibody binding to spikes of Omicron BA.1, BA.1.1, and BA.2 expressed on the cell surface. Binding of all tested mAbs, and their clinical-relevant combinations to the spike protein of WT D614G, Omicron BA.1, BA.1.1, and BA.2 expressed on the surface of HEK293T, measured by flow cytometry. Anti-S2 is a S2-specific antibody used for positive control. The numbers highlighted in the gates represent the percent of positive cells detected by indicated antibodies or combinations. The result shown was representative of two independent experiments.





BRII Combo Protects K18-hACE2 Mice From Infection With Authentic SARS-CoV-2 Omicron

We next studied the protective potential of BRII combo against infection of authentic Omicron in a K18-hACE2 mouse model of SARS-CoV-2 infection, as previously described (40) (Figure 3A). A total of 24 mice were used in the experiment. Of which, 12 mice were intraperitoneally administered with BRII combo at a dose of 10 + 10 mg/kg body weight (BRII-196 + BRII-198) and the other 12 remained untreated. Twenty-four hours later, all animals were intranasally challenged with 1.7×103 plaque-forming units (PFU) of authentic SARS-CoV-2 Omicron and monitored daily throughout the following 14 days for their body weight and survival. Six each from BRII combo treated and untreated animals were euthanized on day 3 post challenge to obtain lung and brain tissues for viral load and histopathological analysis. As shown in Figure 3B, BRII combo treated animals remained healthy and survived infection while one of the six untreated animals succumbed to disease on day 11 after challenge. The body weight followed the similar changes, with moderate increase in BRII combo treated animals while minor loss in untreated animals (Figure 3C). In BRII combo treated animals, no detectable levels of live viruses were found in the lungs on day 3 post challenge. In untreated animals, however, the live virus titer reached an average as high as 103 PFU/tissue (Figure 3D). No detectable levels of live viruses were found in the brain in either BRII combo treated nor untreated animals (Figure 3E). Immunohistochemistry analysis showed that the lung tissue of BRII combo-treated mice remained intact and scattered virial antigen positive cells could be detected (Figure 3F). The lung sections of untreated mice, however, presented moderate damage and inflammation with marked infiltration of inflammatory cells. Infected cells were readily detectable using anti-N protein specific antibody (Figure 3G).




Figure 3 | BRII combo protects K18-hACE-2 mice from the infection of authentic SARS-CoV-2 Omicron. (A) Experimental schedule for BRII combo prophylaxis. Eight-week-old K18-hACE2 transgenic female mice were administered with 20 (10 + 10) mg/kg body weight of BRII combo (BRII-196 + BRII-198) intraperitoneally or remained untreated. One day later, all animals were challenged with 1.7×103 plaque-forming units (PFU) infectious SARS-CoV-2 Omicron via the intranasal route. (B) The survival percentage and (C) body-weight were recorded daily after infection until the occurrence of death or until the end of experiment. The viral load in (D) the lung and (E) the brain tissues was measured by plaque forming assays in the tissue homogenates at 3 days post inoculation. Data are presented as the means ± SEM. N.D: not detected. Mann-Whitney test was used to analyze statistical significance. ***P < 0.001. (F, G) H&E and immunohistochemistry staining of lung tissue from BRII combo-treated or untreated mice at 3 days post inoculation. The upper panels show the whole lung sections (5x; Scale bars=1000µm) while the lower panels displayed the enlarged view of the boxed regions (50x; Scale bars=50µm). Dark brown in the enlarged view are SARS-CoV-2 N protein positive cells. VL, vascular lumen; BL, bronchiolar lumen. Images were derived from one representative animal in each group.





Substantial Reduction in Neutralizing Activity of Convalescent Plasma to Omicron BA.1, BA.1.1 and BA.2

We next studied to what extent Omicron BA.1, BA.1.1, and BA.2 could escape from neutralization of convalescent plasma collected during the early wave of the pandemic. A total of 18 convalescent plasma samples were obtained between one or two months after wildtype strain Wuhan-Hu-1 infection. Of which, eleven patients had only mild symptoms while the remaining seven developed severe disease. The average age was 54 ranging between 29 and 81 years old. Ten were men and eight were women. For each plasma sample, eight 3-fold serial dilutions were made starting from 1:60 and neutralization activity was estimated based on half-maximal inhibitory dilution (ID50) and fold changes relative to that against D614G pseudovirus (Figure 4 and Supplementary Figure 3). The data on Alpha, Beta, and Gamma have been previously reported (1) and included here for comparison only. A complete loss in neutralization activity (below the limit of detection, BDL) was found in 17 of the 18 plasma samples tested against Omicron BA.1 and BA.1.1, 8 against Beta, 6 against BA.2, 4 against Gamma, and none against Alpha and Delta (Figure 4A). The remaining plasma demonstrated varying degree of reduction or increase in neutralization potency against VOCs tested (Figure 4A, and Supplementary Figure 3). As a result, the greatest reduction in plasma neutralization was against Omicron BA.1 (10.3-fold), followed by BA.1.1 (9.7-fold), Beta (5.6-fold), BA.2 (2.9-fold), Gamma (2.5-fold), Delta (1.5-fold), and Alpha (1.2-fold) (Figures 4B, C). Furthermore, we also measured plasma binding to the spike protein of the three Omicron variants expressed on the surface of HEK293T. The fold-changes in normalized total fluorescence intensity (nTFI) relative to that of D614G spike were calculated and presented in Figures 4D, E. Consistent with neutralization activity, the plasma binding activity also reduced to the three variants regardless of in absolute values or fold-reduction compared to the WT (Figures 4D, E, and Supplementary Figure 4). These results clearly show that Omicron BA.1 and BA.1.1 variants were the most resistant followed by BA.2 against the convalescent plasma tested. It is possible the such reduction and loss were attributed to the striking number of mutations found in the Omicron spike including 142‐144del in the NTD and G339D, S371L, S373P, S375F, K417N, E484A, Q493R, and N501Y in the RBD that had previously been shown to confer resistance against antibody and serum neutralization (1–3, 41–43), although other mutations might have made additional contribution (Supplementary Figure 1). Interestingly, the reduction in neutralization to BA.2 appeared to be smaller compared to BA.1 and BA.1.1, perhaps due to the relative conserved NTD region compared to BA.1 and BA.1.1 (Supplementary Figure 1). Finally, individual convalescent plasma samples appear to respond differently to Omicron variants and other VOCs pseudoviruses, perhaps reflecting their different compositions and proportions of neutralizing antibodies in each individual generated during natural infection.




Figure 4 | Substantial reduction in neutralizing activity of convalescent plasma to Omicron variants. Reciprocal plasma dilutions (ID50) against SARS-CoV-2 variants are shown either by (A) fold changes relative to D614G pseudoviruses, or absolute values in (B) colored dots and (C) colored curves. The average fold changes in ID50 between each variant and D614G pseudoviruses are shown individually in (A) or as a group at the top in (B). The symbol “-” indicates an increase in resistance while the symbol “+” indicates an increase in sensitivity. Those in light red indicate a minimum of 2-fold increase in resistance; dark red a minimum of 20-fold increase in resistance; blue a minimum 2-fold increase in sensitivity; and white a less than 2-fold change in either resistance or sensitivity. BDL (Below Detection Limit) indicates the highest concentration of plasma (1:60 for D614G, Alpha, Beta, and Gamma and 1:20 for Delta and Omicron) failed to confer 50% neutralization. (B, C) Each dot or curve represents a different plasma sample. The geometric mean titer of ID50 against each variant is indicated by a black solid line. (D, E) Plasma binding to spike proteins on the cell surface measured by FACS and presented as normalized total fluorescent intensity (nTFI) in (D) colored dots and (E) colored curves. The results were calculated from two independent experiments, and each included two experimental replicates. **P < 0.01; and ****P < 0.0001. ns, not significant.





Omicron Variant Acquires Usage of Mouse ACE2 for Viral Entry

To study the potential impact of Omicron variants on host range and cross-species transmission, we evaluated the ability of ACE2 from five host species to support entry of Delta and Omicron BA.1, BA.1.1, and BA.2 pseudoviruses. HeLa cell lines stably expressing ACE2 molecules from human, mink, mouse, deer, and hamster that have recently been shown susceptible to SARS-CoV-2 infection (44–47) were subjected to analysis. The entry efficiency was measured and presented as fold-changes relative to D614G (Figure 5A). Delta acquired substantial ability to infect HeLa cells expressing mink-ACE2 (HeLa Mink-ACE2) and mouse-ACE2 (HeLa Mouse-ACE2), and to a lesser extent deer-ACE2 (HeLa Deer-ACE2). The improved efficiency was about 82.3-fold, 131.7-fold, and 3.4-fold, respectively (Figure 5A). Compared to Delta, all three Omicron variants moderately improved their entry efficiency only to infection HeLa Mouse-ACE2, with improve efficiency about 12.4-fold, 8.2-fold, and 8.3-fold, respectively. To pinpoint the potential mutation(s) responsible for enhanced entry efficiency, we generated a total of 21 single-mutant pseudoviruses carrying the specific mutations found within RBD of Delta and the three Omicron variants. Comparing the entry efficiency of these mutant pseudoviruses into HeLa Mouse-ACE2 cells to WT D614G, we found 7 single substitutions (R408S, K417N, Q493R, Q493K, G496S, Q498R, and N501Y highlighted in dark red) substantially improved while 3 (S371L, S371F, and S375F in dark blue) decreased infection (Figure 5A). Additional mutations only moderately impacted on the entry efficiency either by improvement (L452R and T478K) or deterioration (T376A, D405N, G446S, and Y505H). This agrees well with the recent reports where either single N501Y, Q493K, or triple K417N-Q493H-N501Y mutations were found in the mouse-adapted SARS-CoV-2 strains, although the triple mutant causes more severe acute respiratory symptoms and mortality in standard laboratory mice (45, 48–50). This is also compatible with the elegant structural analysis on interaction between human ACE2 and RBD of Omicron BA.1 where Q493R substitution was proposed to enhance mouse ACE2 binding through formation of electrostatic interactions with the N31 side chain amide (51). When analysis of entry efficiency into HeLa Mink-ACE2 cells, three substitutions (L452R, T478K, and N501Y) moderately improved whereas two (S371L and S375F) severely compromised the infection (Figure 5A). Structurally, these critical mutations are either located on or approximate to the interface between ACE2 and RBD of Delta, Omicron BA.1, and BA.2 (Figure 5D). Lastly, substitutions in the inner face (S371L, S371F, S375F, and T376A) and at “mesa” region (G446S and Y505H) of RBD (4) resulted in considerable decrease in entry efficiency to all cell lines studied, suggesting their critical role in upholding overall structure and function for RBD in mediating interaction with ACE2 (Figures 5A, D).




Figure 5 | Omicron variants acquire usage of mouse ACE2 and reduces sensitive to antibody neutralization. (A) Entry efficiency of SARS-CoV-2 Delta, Omicron BA.1, BA.1.1, BA.2, and 21 single mutant pseudoviruses into HeLa cell lines ectopically expressing various host ACE2. The values represent the fold changes in luciferase activity relative to D614G. The symbol “+” indicates an increase while “-” indicates a decrease in entry efficiency. Red color highlights at least threefold increase in entry efficiency; blue indicates at least threefold decrease in efficiency, while white indicates no change greater than threefold. Results were derived from two independent experiments. (B) Neutralizing sensitivity of Omicron BA.1 to each therapeutic antibody and designated combinations, measured in HeLa cells expressing mouse ACE2 (HeLa Mouse-ACE2). Results were calculated from two independent experiments. (C) Correlation between IC50 for each antibody and designated combinations against BA.1 pseudovirus measured in HeLa-hACE2 and HeLa Mouse-ACE2. The R2 and P values for correlation were 0.9193 and 3.2e-6, determined by two-tailed Spearman correlation. Linear regression of experimental Log IC50 was estimated (solid line) and compared with a hypothetical regression (dotted line) for assumption of equal IC50s in both HeLa-hACE2 and HeLa Mouse-ACE2. Neutralizing activity was significantly higher in HeLa-hACE2 cells than that in HeLa Mouse-ACE2 (P = 0.0001). (D) Structural modeling of mouse ACE2 binding to RBD of WT, Delta, Omicron BA.1, and BA.2. Structure of mACE2 binding to a lethal mouse adapted SARS-CoV-2 RBD in grey (PDB:7FDK). Docking of mACE2 onto the Delta RBD in yellow (PDB:7WBQ), or onto Omicron BA.1 and BA.2 RBD in cyan (PDB:7WBP). The major substitutions found in the RBD of studied variants are indicated and those in red showed substantial enhancing effect on entry into HeLa Mouse-ACE2 cell line.



To test whether therapeutic antibodies and relevant combinations could inhibit Omicron BA.1 infection of HeLa Mouse-ACE2 cells, serial dilutions of antibodies were incubated with Omicron BA.1 pseudovirus before applied onto HeLa Mouse-ACE2 cells. After 48h, the infected cells were lysed and measured for luciferase-activity. Neutralizing activity was defined as the percent reduction in luciferase activities compared to no antibody controls. As shown in Figure 5B, BRII combo was the most potent in inhibiting Omicron BA.1 entry into HeLa Mouse-ACE2 cells, followed by AZ combo, BRII-198, and S309. The rest of antibodies and combinations, however, demonstrated substantial weaker neutralizing activity. Interestingly, linear regression analysis on the IC50 of the tested antibodies and combinations revealed neutralizing activities were more potent in HeLa Human-ACE2 than in HeLa Mouse-ACE2 (P=0.0001), although strong correlation was found between the two systems (Figure 5C). This may suggest that Omicron BA.1 spike interacts with mouse ACE2 in a way that is different from that with human ACE2. Nevertheless, given the capacity of BRII combo and AZ combo in inhibiting Omicron BA.1, vaccine capable of inducing antibodies like BRII combo and AZ combo would be expected to provide protection against cross transmission of Omicron BA.1 from human to mouse. Taken together, these results indicate that the Omicron variants acquired mutations in RBD that not only facilitate their escape from antibody neutralization but also potentially expand their host range to mouse and perhaps mink. Active surveillance of these variants in both human and relevant animal species would be required to minimize potential cross-species transmission.




Discussion

We performed comprehensive analysis on the impact of Omicron BA.1. BA.1.1 and BA.2 on neutralizing activity of therapeutic antibodies and convalescent plasma collected during the initial phase of pandemic in early 2020. Among the VOCs tested, we found Omicron BA.1 and BA.1.1 were the most capable of escaping from neutralization of convalescent plasma from early pandemic and a large number of therapeutic antibodies approved by the regulatory authorities, followed by Beta, BA.2, Gamma, Delta and Alpha. This resistance hierarchy is well correlated with the number of mutations in the NTD and RBD that led to the major antigenic shift in the spike protein. Particularly, Omicron variants has striking number of mutations across the entire spike, including 69-70del and 142-144del in the NTD and triple K417N-E484A-N501Y in RBD that previously found in Beta and Gamma and shown to jeopardize neutralizing activity of most therapeutic antibodies and plasma from convalescent and vaccinated individuals (1–3, 41–43). On top of these, Omicron variants also has additional mutations in the receptor-binding motif (RBM) (N440K, G446S, S477N, T478K, Q493R, G496S, Q498R, Y505H) and on the core domain of RBD (G339D, S371L, S373P, and S375F), which could facilitate Omicron escape from additional antibody and serum neutralization. No complete neutralizing data on BA.3 and BA.4/5 subvariants are currently available. However, given their similar degree of mutations with that found in BA.1, BA.1.1, and BA.2, it is reasonable to speculate that they are also capable of escaping from therapeutic antibodies and plasma of convalescent and vaccinated individuals. Although the specific levels of neutralizing antibody required to confer protection remains uncertain, reductions in antibody titers raises concerns about their protective potentials against all Omicron variants analyzed here.

Among the tested therapeutic antibodies, a few remain active against Omicron variants such as BRII combo, S309, and AZ combo, although the underlying mechanisms might have been different. Despite substantially reduced activity of BRII-196 against Omicron variants, BRII-198 neutralizing and binding activity remained largely unaffected to BA.1, moderately decreased to BA.2, but severely reduced to BA.1.1. However, combination of BRII-196 and BRII-198 managed to maintain neutralizing activity to the Omicron variants up to single-digit μg/mL levels in both in HeLa-hACE2 and Huh7 cell lines. More importantly, BRII combo demonstrated strong protection against Omicron infection in a K18-hACE2 mouse model of SARS-CoV-2 infection, reinforcing its neutralizing activity in vitro could be translated into protectivity in vivo.

S309 maintained its potency and breadth against Omicron BA.1, BA.1.1 and BA.2, likely attributed to its highly conserved epitope across many VOCs identified so far (1, 2, 4, 43, 51, 52). However, S309 is the only antibody tested here that varied dramatically in its neutralizing activity between two different cell populations. In HeLa-hACE2 cells, S309 generally performed poorly and failed to reach 100% inhibitory effect (IC100) against Omicron variants and 90% inhibitory effect (IC90) against WT. Over expression of ACE2 in the HeLa cells could interfere the very inhibitory mechanism mediated by S309 (39). In this regard, selection of appropriate target cells is therefore fundamental for objectively evaluating antibody neutralization. Unfortunately, the FDA recently announced that the current S309 (sotrovimab) 500 mg dose would not be effective against the Omicron BA.2 subvariant and is therefore no longer authorized to treat COVID-19 in the US against BA.2 infection. In response, GSK/Vir have made public announcement that they are preparing materials and evidence in support of a higher dose of S309 (sotrovimab) for the treatment of Omicron BA.2 subvariant (https://us.gsk.com/en-us/media/press-releases/us-food-and-drug-administration-revises-emergency-use-authorization-for-sotrovimab-due-to-omicron-ba2-subvariant/). The final results have yet been released up till time of writing.

The most unexpected finding is the regaining neutralizing activity of AZ combo against Omicron variants despite each of the individual antibody (COV2-2196 and COV2-2130) markedly reduced or lost neutralizing activity. COV2-2196 and COV2-2130 failed to reach IC90 in HeLa-hACE2 cells so did COV2-2196 in Huh7 cell. However, in both cell types, COV2-2196 and COV2-2130 combo showed impressive synergistic effect and secured the effectiveness of AZ combo against Omicron particularly to subvariant BA.2. The synergistic effect between the two antibodies have also been reported elsewhere (22, 53).

Apart from neutralization escape, Omicron and Delta are found to acquire ability to use mouse ACE2, raising a serious concern of potential transmission to other animal species. Particularly, Omicron demonstrated improved tropism to HeLa Mouse-ACE2, perhaps due to N501Y, Q493K, or triple K417N-Q493H-N501Y mutations previously found to improve replication and cause more severe acute respiratory symptoms and mortality in standard laboratory mice (45, 48–50). The potential mechanism for enhanced entry of Delta remains unclear as K417N, Q493K/R, and N501Y were not found in its RBD (Supplementary Figure 1). It needs to be emphasized that our entry studies were conducted on ectopically expressed ACE2 that does not necessarily equal natural infection and transmission in the corresponding animals. However, the same K417N, Q493H/K, and/or N501Y mutations found in mouse adapted SARS-CoV-2 should raise enough concern about the potential spread of these new variants to mice and beyond. Indeed, recently identification of SARS-CoV-2 variants in the mink farm in Denmark (44), free-ranging white-tailed deer (46), and hamsters in pet shops and storage facilities (47) has raised alarming signal about the complexity of host range and cross-species transmission of SARS-CoV-2 variants. Rigorous and thorough monitoring of relevant animals would be required to better understand such complexity and to prevent future transmission to wildlife and spillback to humans.



Materials and Methods


Study Approval

The study was approved by the Research Ethics Committee of Shenzhen Third People’s Hospital (2020-084). Entire research was conducted following the rules and regulations of the Chinse government for the protection of human subjects. Blood samples were obtained with informed consent of the study subjects.



Human Blood Samples

A total of 18 SARS-CoV-2 infected and convalescent patients were enrolled into the study. Their infection status and related demographic information were previously reported (1). All these patients were cured although 7 individuals developed severe pneumonia and the remaining 11 individuals manifested mild symptom. Convalescent blood samples were collected during hospitalization or follow-up visits in Shenzhen Third People’s Hospital, within two months after symptom onset. All blood samples were separated into plasma and peripheral blood mononuclear cells (PBMC) by Ficoll-Hypaque gradient (GE Healthcare) centrifugation. Plasma samples were heat-inactivated at 56 °C for 1h and stored at -80 °C until use.



Cell Lines

The following cell lines used in the current study were maintained at 37°C in 5% CO2 in Dulbecco’s minimal essential medium (DMEM) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 100 U/mL of penicillin–streptomycin. They included HEK293T cells (ATCC, CRL-3216), Huh7 cells (JCRB, JCRB0403), HeLa cells (ATCC, CCL-2) and HeLa cells expressing ACE2 orthologs kindly provided by Dr. Qiang Ding at School of Medicine Tsinghua University. FreeStyle 293F cells (Thermo Fisher Scientific, R79007) were maintained at 37°C in 5% CO2 in SMM 293-TII expression medium (Sino Biological, M293TII)



Production of Antibodies

Antibodies approved by the regulatory for clinical use include BRII-196/BRII-198, S309, REGN10933/REGN10987, COV2-2196/COV2-2130 and CB6 were selected for evaluation in the current study. All antibodies except BRII-196/BRII-198 were evaluated using parental IgG antibodies without Fc modification. Apart from BRII-196/BRII-198 derived from our own laboratory, the rest antibodies were synthesized according to the sequences released in Protein Data Bank (PDB) (52, 54–56). Antibodies were produced by co-transfection of the heavy and light chain expression vectors into 293F cells using polyethyleneimine (PEI) (Polysciences). After 96h, antibodies secreted into the cell supernatant were captured by AmMag Protein A Magnetic Beads (Genscript L00695) and eluted by solution buffer Glycine pH 3.0. All antibodies were further purified by gel-filtration chromatography with Superdex 200 High-Performance column (GE Healthcare). The final protein concentrations were determined by nanodrop 2000 Spectrophotometer (Thermo Scientific).



Production of Pseudoviruses Carrying Wildtype and Mutant Spike Protein

The wildtype pseudovirus used throughout the analysis was the prototype strain (GenBank: MN908947.3) (WT) or with a D614G mutation (D614G). The Alpha variant (Pango lineage B.1.1.7, GISAID: EPI_ISL_601443) included a total of 9 reported mutations in the spike protein (69-70del, 144del, N501Y, A570D, D614G, P681H, T716I, S982A and D1118H). The Beta variant (Pango lineage B.1.351, GISAID: EPI_ISL_700450) included 10 identified mutations in the spike such as L18F, D80A, D215G, 242-244del, S305T, K417N, E484K, N501Y, D614G and A701V. The Gamma variant (Pango lineage P.1, GISAID: EPI_ISL_792681) had 12 reported mutations in the spike including L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I and V1176F. The Delta variant (Pango lineage B.1.617.2, GISAID: EPI_ISL_1534938) included 10 reported mutations in the spike such as T19R, G142D, 156-157del, R158G, A222V, L452R, T478K, D614G, P681R, D950N. The Omicron BA.1 variant (Pango lineage BA.1, GISAID: EPI_ISL_6752027) was constructed with 32 mutations in the spike such as A67V, Δ69-70, T95I, G142D/Δ143-145, Δ211/L212I, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and L981F. The Omicron BA.1.1 variant (Pango lineage BA.1.1, GISAID: EPI_ISL_7545692) was constructed based on BA.1 variant with additional of R346K substitution. The Omicron BA.2 variant (Pango lineage BA.2, GISAID: EPI_ISL_8515362) was constructed with 29 mutations in the spike such as T19I, 24-26del, A27S, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, N969K and Q954H.The full-length genes of spike variants were synthesized by Genwiz, Inc. and verified by sequencing. All the mutations in RBD domain of Delta and three Omicron variants were separately introduced into the pcDNA3.1 vector encoding WT D614G SARS-CoV-2. Pseudoviruses were generated by co-transfecting HEK-293T cells (ATCC) with human immunodeficiency virus backbones expressing firefly luciferase (pNL4-3-R-E-luciferase) and pcDNA3.1 vector encoding either wildtype or variant spike proteins. Viral supernatant was collected 48h or 72h later, centrifuged to remove cell lysis, and stored at -80°C until use.



HeLa Cell Lines Expressing ACE2 From Diverse Host Origin

HeLa cells expressing ACE2 orthologs were kindly provided by Dr. Qiang Ding at Tsinghua University School of Medicine as previously reported (1, 57). The species names and accession numbers of the ACE2 orthologs are listed below: Homo sapiens, NP_001358344.1; Mink, Mustela lutreola, MT560518.1; Mouse, Mus musculus, NP_001123985.1; Chinese hamster, Cricetulus griseus, XP_003503283.1; White-tailed fawn, Odocoileus virginianus texanus, XP_020768965.1. For studying entry efficiency of SARS-CoV-2 variants and WT D614G with single mutation, HeLa-ACE2 cells were added to 96 well plates, mixed with 50 μL of pseudovirus, and analyzed the luciferase activities 48 h after infection using Bright-Glo Luciferase Assay Vector System (Promega Bioscience). Fold changes between the variants and WT D614G were used to estimate the entry efficiency of SARS-CoV-2 variants.



Antibody and Plasma Neutralization Using Pseudoviruses

Therapeutic antibodies and convalescent plasma were serially diluted before mixing with wildtype or the variants pseudovirus at 37°C for 1h before added onto HeLa-hACE2 cells, Huh7 cells, or HeLa Mouse-ACE2 cells. After 48h, the infected cells were lysed and measured for luciferase-activity. The percent of neutralization was determined by comparing with that of virus control. To ensure properly measuring neutralizing activity, therapeutic antibodies were diluted starting from 100 μg/mL for Omicron pseudovirus and from 10μg/mL for WT pseudovirus. Convalescent plasma was diluted with the highest dilution of 1:60.



Binding of Antibodies and Convalescent Plasma to Cell Surface-Expressed Wildtype and Omicron Spike Proteins

The entire procedure was conducted as previously published (1, 58). Specifically, HEK 293T cells were transfected with expression plasmids encoding either wildtype or Omicron BA.1, BA.1.1, and BA.2 spike glycoproteins, and incubated at 37°C for 36 h. Cells were digested from the plate with trypsin and distributed onto 96-well plates. Cells were washed twice with 200 µL staining buffer (PBS with 2% heated-inactivated FBS) between each of the following steps. First, cells were stained with each antibody (1 μg/mL), relevant antibody combination (1 μg/mL + 1 μg/mL), diluted convalescent plasma (1:100), or S2-specific monoclonal antibody (1 μg/mL) (MP Biomedicals, Singapore 08720401) at 4°C for 30 min. PE-labeled anti-human IgG Fc (Biolegend 410718), anti-mouse IgG FITC (ThermoFisher Scientific A10673), or anti-his PE secondary antibody (Miltenyi 130120787) was added and incubated at 4°C for 30 min. After extensive washes, the cells were resuspended and analyzed with BD LSRFortassa (BD Biosciences, USA) and FlowJo 10 software (FlowJo, USA). HEK 293T cells with mock transfection were stained as background control. Fold changes in antibody binding were calculated by the ratio between the total fluorescence intensity (TFI) of Omicron over wildtype, normalized by that of S2 specific antibody (nTFI). TFI was calculated by multiplying the mean fluorescence intensity (MFI) and the number of positive cells in the selected gates.



Antibody Protection in hACE2 Transgenic Mice

Animal experiments were conducted in a Biosafety Level 3 (BSL-3) facility in accordance with the National University of Singapore (NUS) Institutional Animal Care and Use Committee (IACUC) (protocol no. R20-0504), and the NUS Institutional Biosafety Committee (IBC) and NUS Medicine BSL-3 Biosafety Committee (BBC) approved SOPs. Eight-week-old female K18-hACE2 transgenic mice (InVivos Ptd Ltd, Lim Chu Kang, Singapore) were used for this study. The mice were housed and acclimatized in an ABSL-3 facility for 72 h prior to the start of the experiment. K18-hACE2 transgenic mice were subjected to BRII combo (10 + 10 mg/kg) delivered through intraperitoneal injection a day prior to infection (n=12) or left untreated (n=12). The BRII combo was validated in live virus neutralization assay with IC50 0.168 μg/ml and IC90 0.828 μg/ml. The viral challenge was conducted through intranasal delivery in 25 μl of 1.7×103 PFU of the infectious SARS-CoV-2 Omicron BA.1. Body weights were measured prior to infection as baseline and monitored daily throughout the following 14 days. Mice were euthanized when their body weight fell below 75% of their baseline body weight. Six mice from each experimental group were sacrificed 3 days post inoculation, with lung and brain tissues harvested. Each organ was halved for the plaque assay and histology analysis, respectively.

For virus titer determination, supernatants from homogenized tissues were diluted 10-fold serially in DMEM supplemented with antibiotic and antimycotic and added to Vero E6 cells in 12-well plates. The inoculum was removed after 1 h of incubation for virus adsorption. Cells were washed once with PBS before 1.2% MCC-DMEM overlay media supplemented with antibiotic and antimycotic was added to each well. Then cells were incubated at 37°C, 5% CO2 for 72 h for plaque formation. The cells were fixed in 10% formalin overnight and counterstained with crystal violet. The number of plaques was determined, and the virus titers of individual samples were expressed in logarithm of PFU per organ.

For histopathological analyses, lung lobes were fixed in 3.7% formaldehyde solution prior to removal from BSL-3 containment. The tissues were routinely processed, embedded in paraffin blocks (Leica Surgipath Paraplast), sectioned at 4-μm thickness, and stained with H&E (Thermo Scientific) following standard histological procedures. For immunohistochemistry, sections were deparaffinized and rehydrated, followed by heat-mediated antigen retrieval, quenching of endogenous peroxidases and protein blocking. Sections were then covered with rabbit anti-SARS-CoV-2 N protein monoclonal antibody (Abcam; 1:1000) for 1 h at room temperature. Subsequently, sections were incubated with rabbit-specific HRP polymer (secondary antibody), visualized using chromogenic substrate DAB solution (Abcam), and counterstained with hematoxylin.



Structural Modeling of Mouse ACE2 Binding to RBD

The complex structure of mACE2 bound to a mouse adapted SARS-CoV-2 RBD (PDB:7FDK) was used to indicate critical residues that affected interaction between mACE2 and Delta RBD (PDB:7WBQ), and Omicron BA.1 and BA.2 RBD (PDB:7WBP). Pymol software was utilized for construction and demonstration of structural models.



Statistical Analysis

The technical and independent experiment replicates were indicated in the figure legends. Half-maximal inhibitory concentration (IC50) of mAb or dilutions (ID50) of convalescent plasma were calculated by the equation of four-parameter dose inhibition response using Graphpad Prism 8.0. The fold change of the variants relative to wildtype in neutralization were calculated by simple division of respective IC50 or ID50 values. The overall fold change in plasma neutralization to mutant over D614G pseudovirus was calculated by the geometric mean of the ID50 value of the 18 plasma samples. The significance of neutralizing and binding activities of convalescent plasma against each mutant pseudovirus relative to D614G was estimated using the paired t test by graphpad 8.0. Log IC50 of antibodies and the designated combinations between different cell types were fitted into linear regression model, and Spearman correlation was calculated by graphpad 8.0. The statistical differences between fitted regression model with hypothetical regression model was calculated using F test.
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Two years after the appearance of the SARS-CoV-2 virus, the causal agent of the current global pandemic, it is time to analyze the evolution of the immune protection that infection and vaccination provide. Cellular immunity plays an important role in limiting disease severity and the resolution of infection. The early appearance, breadth and magnitude of SARS-CoV-2 specific T cell response has been correlated with disease severity and it has been thought that T cell responses may be sufficient to clear infection with minimal disease in COVID-19 patients with X-linked or autosomal recessive agammaglobulinemia. However, our knowledge of the phenotypic and functional diversity of CD8+ cytotoxic lymphocytes, CD4+ T helper cells, mucosal-associated invariant T (MAIT) cells and CD4+ T follicular helper (Tfh), which play a critical role in infection control as well as long-term protection, is still evolving. It has been described how CD8+ cytotoxic lymphocytes interrupt viral replication by secreting antiviral cytokines (IFN-γ and TNF-α) and directly killing infected cells, negatively correlating with stages of disease progression. In addition, CD4+ T helper cells have been reported to be key pieces, leading, coordinating and ultimately regulating antiviral immunity. For instance, in some more severe COVID-19 cases a dysregulated CD4+ T cell signature may contribute to the greater production of pro-inflammatory cytokines responsible for pathogenic inflammation. Here we discuss how cellular immunity is the axis around which the rest of the immune system components revolve, since it orchestrates and leads antiviral response by regulating the inflammatory cascade and, as a consequence, the innate immune system, as well as promoting a correct humoral response through CD4+ Tfh cells. This review also analyses the critical role of cellular immunity in modulating the development of high-affinity neutralizing antibodies and germinal center B cell differentiation in memory and long-lived antibody secreting cells. Finally, since there is currently a high percentage of vaccinated population and, in some cases, vaccine booster doses are even being administered in certain countries, we have also summarized newer approaches to long-lasting protective immunity and the cross-protection of cellular immune response against SARS-CoV-2.
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Highlights

	. The presence of cross-reactivity, either humoral or cellular, between common cold hCoV and SARS-CoV-2 does not prevent infection but may be associated with less severe COVID-19.

	. The presence of SARS-CoV-2-specific CD4+ Th1 IFN-γ-producing cells and CD8+ CTLs cells were associated with reduced disease severity.

	. T lymphocyte recruitment to infected lung tissues and T lymphocyte apoptosis/necrosis caused by the cytokine storm might be crucial determinants of CD4+ and CD8+ T-cell lymphopenia in severe COVID-19 cases.

	. Severe/fatal disease presents with excessive hyperactivation of immune function with increased Tregs and Th2 and/or Th17 cell-biased phenotype, leading to T cell exhaustion and subsequently to a state of anergy.

	. Functional memory B and T cells to SARS-CoV-2 have been detected 12 months after natural infection. SARS-CoV-2-specific T cell memory may be long lasting given that COVID-19 convalescent patients develop SARS-CoV-2-specific TSCM cells that display a non-exhausted phenotype.

	. The immunogenicity of SARS-CoV-2 vaccines involves the humoral response (number of spike-specific antibodies, neutralizing antibodies, and antibody neutralization capacity) and the cellular response (IFN-γ-producing CD4+ and CD8+ T cells). Therefore, a combined analysis of humoral and cellular immunity is necessary for the identification of vaccine responders and the immune protection evolution.





Introduction

Coronaviruses (CoVs) are enveloped viruses containing non-segmented, single-stranded, positive-sense RNA genome whose primarily hosts are vertebrates (1, 2). Human Corovaniruses (HCoVs) have been responsible for significant health-related and economic costs worldwide for the last 20 years. The first time we received alarming information regarding HCoVs was with the appearance of severe acute respiratory syndrome coronavirus (SARS-CoV) in Guangdong Province (China) in November 2002 (3). By 2003, it had turned into a global infection with a mortality rate of 10% (4). The second HCoV outbreak occurred a decade later, in June 2012, with the Middle East respitatory syndrome coronavirus (MERS-CoV), which originated in Jeddah, Saudi Arabia (5). In the case of MERS-CoV, a 35% fatality rate was reported worldwide (6). Finally, the current pandemic, which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), originated in Wuhan, China in December 2019 and causes the infection designated COVID-19 (Coronavirus Disease 2019) (7).

CoVs are classified in the realm Riboviria, order Nidovirales, suborder Cornidovirineae and family Coronaviridae with all 39 species of CoVs distributed in 27 subgenera, five genera, and two subfamilies (8, 9). HCoV are members of the Coronavirinae subfamily and are, in turn, categorized by the International Committee for the Taxonomy of Viruses into four major genera: AlphaCoV, BetaCoV, GammaCoV, and DeltaCoV (9). The AlphaCoV genera contains the common cold-causing HCoV-229E and HCoV-NL63 HCoVs, whereas in the BetaCoV genera are placed the common cold-causing HCoV-HKU1 and HCoV-OC43, as well as SARS-CoV, and MERS-CoV (10). SARS-CoV-2 sequence analysis has demonstrated a distant similarity of 79% to SARS-CoV and a 50% similarity to MERS-CoV with an 88% sequence identity to bat-SL-CoVZC45, bat-SLCoVZXC21 and bat-derived SARS-like CoV (11, 12).

The emergence of numerous SARS-CoV-2 variants of interest (VOI) and variants of concern (VOC) is one of the most important developments in the COVID-19 pandemic (13). The most important VOC variants reported to date are Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1) (14, 15), Mu (B.1.621) (16), Delta (B.1.617.2) (17) and Omicron (B.1.1.529), with the latest VOC reported in November 2021 (18). Understanding the impact of these variants on cellular immunity, in the context of COVID-19 infection and vaccination, is important for the development of effective strategies against future SARS-CoV-2 variants.



Viral Infections and T Cell Immune Responses

A harmonized innate and adaptive immune response is crucial for the control and clearance of most viral infections. These two branches of the immune system collaborate to protect the body against infections. First, innate immunity includes evolutionarily primitive molecular and cellular mechanisms that recognize pathogens as common molecular patterns with the aim of preventing infection and quickly eliminating them. Second, the adaptive immune system takes longer to act but is characterised by a much more accurate response, as T and B lymphocytes undergo antigen-specific selection and proliferation. For many primary virus infections, it typically takes 7-10 days to prime and expand adaptive T cell immune responses in order to control the virus (19). Virus specific T cells have been shown to be protective against other viruses, like influenza (20), while heterologous immunity against diverse influenza strains is associated with conserved memory T-cell epitopes (21–23).


Coronaviruses and Immunity: Previous Knowledge

The innate immune system includes physical and chemical barriers to infection, as well as the germline-encoded receptors, known as pattern recognition receptors (PRRs), which recognise the common molecular structures of many pathogens. PRRs bind to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and trigger cellular responses. As we know from other CoVs, double-stranded RNA (dsRNA), which is a by-product of viral genome replication and transcription, is a relevant PAMP model for CoVs (24, 25). It can be detected in the endosome by Toll-like receptor 3 (TLR3) and in the cytoplasm by RNA helicases retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDA5), and protein kinase R (PKR) (26–28). Single-stranded RNA (ssRNA) can also be detected in the endosome by Toll-like receptor 7 (TLR7) (29). Altogether, this allows for the detection of viral infection, activating signalling cascades like myeloid differentiation primary response 88 (MyD88) and inducing the production of type I interferons (IFNs) and nuclear factor kappa B (NF-κB) activation which, in turn, will induce the transcription of pro-inflammatory cytokines (30). Collectively, this triggers an antiviral immune response that constraints viral replication in infected and neighbouring cells.

However, CoVs are able to evade the mechanisms of innate immune detection, thereby preventing the generation of a proper immune response against viral infection (31). For example, the non-structural protein 3 (NSP3) of previous HCoVs has a papain-like protease domain that inhibits the activation of IFN regulatory factor 3 (IRF3) and the ubiquitination of TANK-binding kinase (TBK1), and RIG-I (32–35). Another example is the capacity of both SARS-CoV and MERS-CoV to prompt the production of double membrane vesicles lacking PRRs and their replication within them, thereby eluding the host viral dsRNA detection system (36, 37). Furthermore, the SARS-CoV and MERS-CoV M protein has previously been shown to interact with TNF receptor-associated factor 3 (TRAF3), disrupting TRAF3-TBK1 association and thus suppressing type I IFN production (38–40).

When the innate immune system is unable to control the viral infection, the adaptive immune system assumes a very important role. Previous studies of the adaptive immune response to earlier CoVs reported that antibody response decreases rapidly after infection or immunization, especially in cases of mild or subclinical disease such as that caused by common cold CoVs or mild MERS-CoVs, allowing for potential reinfection (41, 42). Moreover, SARS-CoV and MERS-CoV have been shown to impair T cell function and induce T cell apoptosis (43, 44). Thus, a commonly observed phenotype during acute phase disease in SARS-CoV and MERS-CoV patients, and also in COVID-19, was lymphopenia, which was seen particularly in patients with severe disease (43, 45, 46).

As is well known, the cytokine microenvironment generated by antigen presenting cells directs T cell phenotype differentiation and responses. Current evidence indicates that T helper 1 (Th1) response is crucial for the successful control of SARS-CoV and MERS-CoV (47).

There are a number of studies attempting to address the issue of the immune memory persistence conferred by infection with HCoVs. Some of those reveal that CD4+ and CD8+ memory T cell responses were identified in the blood of 70-100% of SARS-CoV patients four and six years after infection (48–50) and (51) even detected CD8+ T cell responses 11 years post-infection. These memory T cells may remain functionally active since another study revealed that they could proliferate, produce IFN-γ and induce delayed-type hypersensitivity (DTH) fast at antigen reencounter (48). Overall, T cell responses have been observed to have enhanced durability relative to antibody responses in SARS-CoV and MERS-CoV, hence it seems cellular response is crucial for the longevity of the immunity conferred by infection with CoVs.



Pre-Existing Immune Reactivity

At the beginning of the pandemic outbreak, many studies focused on the possibility of pre-existing immunity against SARS-CoV-2. Considering that more than 90% of the human population is seropositive for at least one out of three of the common cold-causing HCoVs (52), it is reasonable to hypothesize that there may be a degree of cross-reactivity between the immunity conferred against common cold HCoVs and immunity against SARS-CoV-2. Among unexposed donors, 20% to 50% had lymphocytes exhibiting significant reactivity to antigen peptide pools of SARS-CoV-2 (53–57).

Multiple investigations into early serological response to SARS-CoV-2 reported unconventional seroconversion patterns resembling those of secondary immune responses. During a secondary immune response, memory lymphocytes provide the necessary mechanisms for rapid, antigen-specific, effective immune responses, and when the same pathogen infects the body a second time, it often originates only mild symptoms or may not cause any symptoms at all. A large serological study of COVID-19 patients found IgM seroconversion before IgG (typical primary response), as expected in previously unexposed individuals, but also synchronous IgM and IgG, and IgM after IgG seroconversion, describing an uncommon pattern of seroconversion to SARS-CoV-2 infection (58). In COVID-19 convalescent subjects, IgG against the S protein of the HCoV-OC43 had higher titers than in unexposed subjects but that was not true for the S protein of HCoV-229E, which suggests a more significant cross-reactivity between betacoronaviruses (59). The same authors suggested that the early parallel production of IgM and IgG in response to SARS-CoV-2 infection might be mediated by the stimulation of IgG memory B cells, as well as by naïve B cells (59) indicating that the memory generated by previous infections with other HCoVs would trigger a response to infection by the current SARS-CoV-2.

However, although there are studies supporting the presence of pre-existing SARS-CoV-2 cross-reactive antibody neutralizing capacity (60), others found no association between the presence of pre-existing cross-reactive antibodies to SARS-CoV-2 and protection against SARS-CoV-2 infections and hospitalizations (61). That might be explained by the fact that those pre-existing cross-reactive antibodies share predominantly non-neutralizing antibodies against the epitopes of previously circulating HCoVs (61–63). Assuming that shared cross-reactive antibodies to SARS-CoV-2 had no neutralizing activity, pre-existing cellular immunity would play a crucial protective role.

Several studies have provided evidence of the cross-reactivity of T cell responses between SARS-CoV-2 and the common cold HCoVs (55–57, 64–67). Mateus J. et al. (64) detected cross-reactive CD4+ memory T cells with peptide pools selected on the basis of homology between SARS-CoV-2 and other HCoVs and concluded that memory CD4+ T cells recognizing common cold HCoVs can exhibit substantial cross-reactivity to the homologous epitope in SARS-CoV-2. Cross-reactive CD8+ T cells also exist and, although they are less prevalent than cross-reactive CD4+ T cells (53), might be important determinants of immune protection at individual and population levels (68).

Nevertheless, pre-existing T cell immunity to SARS-CoV-2 has apparently low avidity when compared to that developed following infection with SARS-CoV-2 and may not participate in immunity very effectively (69). Thus, the immunity developed by previous HCoVs is not sufficient to prevent subsequent infection by SARS-CoV-2 but might be associated with less severe COVID-19 (70).

Interestingly, there seems to be an inverse association between cross-reactive antibody levels and age as shown by Shrwani K. et al. (63), who found children and younger people to have higher pre-existing cross-reactive antibodies to SARS-CoV-2 than older individuals. In line with that finding, a decrease in the magnitude and quality of SARS-CoV-2 cross-reactive CD4+ T-cells response with age has also been reported (71). Bearing this in mind, increased susceptibility to severe COVID-19 in elderly patients may at least in part be explained by a smaller pool of naïve T cells and the incapacity of the aged immune system to maintainthe SARS-CoV-2 cross-reactive T cells induced by previous HCoV infection.




SARS-CoV-2 Immune Evasion


Innate Immune System Evasion

As mentioned above, the first line of defense provided by our immune system against infection comes from the innate immune system. SARS-CoV-2, like other viruses and other HCoVs, attempts to evade the innate immune system and has been shown to do so by employing several different strategies.

Apparently, the main tactic by which viruses manage to evade the innate immune system is the inhibition of type I IFN response at different levels. It has been reported that SARS-CoV-2 may inhibit viral RNA recognition by modifying its own RNA and mimicking host RNA. The non-structural proteins NSP13, NSP14 and NSP16 perform this function by mediating the addition of a 7-methylguanyalte cap at the 5’ end of viral RNA in order to elude RIG-I and MDA5 recognition (72, 73). SARS-CoV-2 can also inhibit type I IFN at different points of the signalling cascade, leading to IFN production after non-self nucleic acid detection. The SARS-CoV-2 NSP15 protein may reduce IFN production as there is evidence that NSP15 binds to NRDP1 (74), the E3 protein ubiquitin ligase, which is known to enhance TBK1 and IRF3 activation, thereby promoting IFN production (75). TBK1 activation can also be inhibited by the NSP13 SARS-CoV-2 protein (74, 76, 77), and is decreased, along with IRF3 activation, by open reading frame 9 (ORF9)- cyclic GMP−AMP synthase (cGAS)-stimulator of interferon genes (STING) interaction (78). The NSP12 SARS-CoV-2 protein seems to impair the nuclear translocation of IFR3 by inhibiting IFN-β promoter activity (79, 80). Some studies have reported the disruption of RIG-I-like receptor (RLR) signalosome binding to translocase of outer mitochondrial membrane 70 (TOM70) by ORF9b (74, 76, 81) and have suggested that ORF9b-TOM70 interaction may inhibit IFN-β promoter activity (82). Moreover, ORF9b expression by SARS-CoV-2 may prevent the ubiquitination of NEMO (NF-kB essential modulator), NF-kB activation and nuclear translocation (83). Furthermore, the ISGlyation (labelling with interferon-stimulated gene 15 (ISG15), an ubiquitin-like protein) of MDA5, which is required for downstream pathway activation to lead to IFN-β secretion, may be inhibited by the NSP3 protein of SARS-CoV-2 (84). The NSP3 protein also seems to antagonize IRF3 stabilization (85). Other investigations have proposed that SARS-CoV-2-M protein antagonizes RLR signaling by inhibiting IFN-β and IFN-k gene expression and IFN-β promoter activity (86, 87). In addition, Xia H. et al. (88) demonstrated that M protein reduces ISRE (interferon-stimulated response element) reporter activity after treatment with IFN activation. SARS-CoV-2 has been also shown to inhibit the IFN signalling cascade at the signal transducer and activation of transcription (STATs) phosphorialtion level. For example, the expression inhibition and lysosomal degradation of interferon-α/β receptor 1 (IFNAR1) by NSP14 and ORF3a SARS-CoV-2 proteins impairs STAT1 phosphorylation, as reported by Hayn M. et al. (89).



Adaptive Immune System Evasion

All the above-mentioned strategies allow SARS-CoV-2 to overcome the first line of defense of the host and this is when the host’s second line of defense comes into play: the adaptive immune system. Unfortunately, SARS-CoV-2 has also developed evasion mechanisms to overcome the adaptive immune system.


Humoral

A certain degree of SARS-CoV-2 antibody neutralization escape has been detected in every variant of concern: Alpha or B.1.1.7 (90, 91), Beta or B.1.315 (92, 93), Gamma or P.1 (94, 95), Epsilon encompassing the lineages B.1.427 and B.1.429 (96, 97), Delta or B.1.617.2 (17, 98), as well as Omicron or B.1.1.529 (99–101). As expected given the unprecedented high infection (and reinfection) rate numbers of the Omicron variant, this VOC was able to easily evade past infection humoral immunity compared to the epidemiological surveillance data for Beta and Delta variants (102). However, although the neutralization ability of convalescent sera against Omicron is low, a certain degree of neutralization still exists, indicating that there is still a certain level of protective effect (102). Another relevant mechanism used by SARS-CoV-2 to evade humoral response is the ability of this virus to spread from cell to cell without exposure to the extracellular environment (103). This reduces the likelihood of SARS-CoV-2 detection by SARS-CoV-2-specific antibodies and therefore limits the role of humoral immunity in preventing viral spread within the host.



Cellular

Notwithstanding these considerations regarding neutralization escape, T-cell immunity against SARS-CoV-2 seems to be more robust, since SARS-CoV-2-CD4+ and CD8+ T cell responses are not substantially affected by the Alpha, Beta, Gamma and Epsilon variants of concern (B.1.429), likely because T cell responses against SARS-CoV-2 are highly multi-antigenic and multi-specific, with many different epitopes being recognized by CD4+ and CD8+ T cells in a given individual (55, 67, 104–106). Nonetheless, a T-cell response reduction to SARS-CoV-2 variants of concern Alpha, Beta, and Gamma (107) has been demonstrated in vaccinated individuals and, as assessed in COVID-19 convalescent patients and vaccinated individuals, two SARS-CoV-2-spike mutations in the Delta (B.1.617.2) and the Delta plus (AY.2/B.1.617.2.2) may play a crucial role in HLA recognition and in reducing cellular immune response (108). In the case of vaccinated individuals, the above mentioned effect may be due to the fact that the multi-specificity conferred by natural SARS-CoV-2 infection cannot be achieved. Furthermore, SARS-CoV-2 is able to reduce T-cell response through a mechanism mediated by infected monocytes. These can directly reduce T cell response and inhibit epithelial cell survival through the hypoxia inducible factor 1-alpha (HIF-1a)/glycolysis-dependent axis, potentially contributing to immunopathology. This may explain why elevated glucose levels in diabetic individuals enhance viral replication and cytokine expression in monocytes (109).

Nevertheless, there are scarce studies investigating the T-cell immune escape of SARS-CoV-2 variants due to the difficulty of measuring T-cell response in clinical practice compared to antibody detection assays. More research needs to be conducted on this issue in order to draw firmer conclusions.





Natural Infection With SARS-CoV-2 (COVID-19)

In natural infection, when innate immunity stimulates the adaptive response and sufficient effector T and B cells have proliferated and differentiated, they work together to rapidly and specifically eliminate infected cells and circulating virions. In an orchestrated immune response, the humoral branch alone cannot clear an ongoing infection and a cellular immune response will also be necessary. Thus, the presence of both T cells and antibodies is associated with the successful resolution of the average of cases of COVID-19 (53). T lymphocytes, the cells responsible for cell-mediated immunity, recognize the antigens present on antigen-presenting cells (APCs), and help phagocytes to destroy these microbes or to kill the infected cells. The best defined T lymphocytes are helper and cytotoxic (or cytolytic) T lymphocytes (CTLs), which present the cluster differentiation markers CD4+ and CD8+, respectively. T cells also assist B lymphocytes to proliferate and differentiate into plasma cells that secrete different classes of antibodies. This process requires a fairly well-defined time frame. In SARS-CoV-2 infection, following an incubation period of four to seven days before symptom onset, patients with COVID-19 progress towards recovery after seven to 10 days or else develop serious illness (110–112). The course of severe COVID-19 is characterised by an increased inflammatory response with a marked reduction in the number of T cells, frequently of both CD4+ and CD8+ T cells (113–116). In addition, symptomatic SARS-CoV-2 infection tends to elicit a higher peripheral blood T cell response with respect to asymptomatic infection (117, 118).The reduced frequencies of peripheral T cells during acute infection are likely to be associated with decreased CD4+ T cell proliferation and CD8+ T cell hyperactivation with T cell migration into the lungs (119). However, Liao L. et al. (120) have observed an increase of T cells in bronchoalveolar lavage fluids in mild patients but not in severe patients, suggesting a difference in T cell migration into the lungs in severe patients (120–122).

Meanwhile, arguments supporting the role of cellular immunity in the control of primary SARS-CoV-2 infection are supported by the fact that neutralizing antibody titers do not correlate with lessened disease severity in primary COVID-19 (123–125). Unlike neutralizing antibodies, SARS-CoV-2-specific CD4+ and CD8+ T cells were found to be associated with reduced disease severity in the same individuals (124). In agreement with these findings, there are reports of healthy individuals successfully controlling a SARS-CoV-2 infection with little to no neutralizing (or receptor binding domain -RBD- IgG) antibodies detectable post-infection, while having significant SARS-CoV-2-specific T cell memory (67, 68, 124, 126). On the other hand, neutralizing antibody titers (and total spike antibody titers) have indeed been positively correlated with COVID-19 disease severity (58, 127–129), possibly indicating that under normal conditions the adaptive immune response works in strict balance, but when one arm becomes unbalanced the other tries to compensate. Thus, a defect in the cellular response would cause a greater humoral response to correct this deficiency. The role of cellular response has also become evident in patients with agammaglobulinemia and no circulating B cells who have fully recovered from infection (130, 131) and subjects with pharmaceutical depletion of B cells who resolved COVID-19 infection without requiring intensive care (132–136). Moreover, in patients with haematological malignancy, CD8+ T cells appear to compensate for the lack of humoral immunity and were associated with improved outcomes, indicating a role for T cells in protection against SARS-CoV-2 infection (137).

CD4+ T cell responses to pathogens are divided into three major types: Th1, Th2, and Th17. Th1 immune response, which is characterized by T-bet-dependent responses and IFN-γ secretion, is generated against intracellular pathogens including viruses. In the Th1 response, pathogen clearance is mediated through effector cells including innate lymphoid cells 1 (ILC1), NK cells, and cytotoxic T lymphocytes (138–140). During SARS-CoV-2 acute infection, patients display a proliferation of IFN-γ-producing Th1 (IFN-γ, IL-12, IL-15, IL-2 and TNF) cells and it has been suggested that this Th1 cell-biased phenotype is associated with less severe disease (54, 141). In patients with moderate disease, the core COVID-19 inflammatory cytokine signature with IL-1a, IL-1b, IL-17A, and IFN-α observed in the first 10 days from symptom onset declined steadily (142) and the same happens with the innate cytokine IL-12, a key inducer of Th1 immune response, as well as IFN-γ (142). Early induction of IFN-γ-secreting SARS-CoV-2-specific T cells with accelerated viral clearance is present in these patients with mild disease (125) Figure 1.




Figure 1 | Cellular immune response in Mild COVID-19. In mild COVID-19, there is an early induction of the Th1 cell-biased phenotype with IFN-γ secreting SARS-CoV-2-specific T cells. In turn, SARS-CoV-2-specific CD8+ T cells perform rapid responses, acting as CTLs, secreting cytotoxic granules and high levels of IFN-γ. Moreover, activated Tfh cells in the draining lymph nodes activate the naïve B cells that are necessary for the development of long-lived plasma cells and memory B cells. Cellular immune response in Severe COVID-19. During a severe course of COVID-19, there are reduced numbers and functions of DCs, leading to decreased numbers of CD4+ T cells. In this case, an elevation of Th2 phenotype and/or a dysregulation of the Treg/Th17 cell ratio toward the Th17 phenotype can be seen. Furthermore, decreased numbers of CD8+ T cells with an exhausted phenotype results in reduced CTL functionality while the T cell-mediated activation of B cells in extrafollicular focus induces their differentiation into short-lived plasma cells.



The effector cells of CD8+ lineage are CTLs, whose major function is to eliminate cells harboring viruses. SARS-CoV-2 CD8+ T cells are specific for a range of SARS-CoV-2 antigens, and spike, nucleocapsid, M, and ORF3a proteins are well represented (53, 56, 67, 126, 143, 144). CD8+ CTLs eliminate intracellular microbes mainly by killing infected cells by releasing cytotoxic proteins stored within cytoplasmic granules to the target cell and subsequently triggering cellular apoptosis. In acute COVID-19, SARS-CoV-2-specific CD8+ T cells exhibit high levels of IFN-γ, granzyme B, perforin, and CD107a molecules, some of which are present in the cytotoxic granules and are associated with potent cytotoxic effector functions (68, 124, 126, 145), developing fast CD8+ T cell responses (124). Patients with milder disease and recovery have been associated with a more robust clonal expansion of CD8+ T cells in peripheral blood (146). These findings would explain why, in SARS-CoV-2 infections, the presence of virus-specific CD8+ T cells has been associated with better COVID-19 outcomes (124, 144). Taken together, these observations suggest that cytotoxic activity is critical for the clearance of many viral infections and is therefore also important for the eradication of the infection reservoir. As with peripheral blood results, there is also an increase in SARS-CoV-2-specific CD8+ T cells in the respiratory tract of moderate COVID-19, as demonstrated in bronchoalveolar lavage fluid collected from COVID-19 patients. Bronchoalveolar lavage fluid CD8+ T cells showed clonal expansion, suggesting T cell migration to the infected site resulting in the overall peripheral counts (147).

The role of T folicular helper (Tfh) cells at germinal centers in the development of a long-lasting, high-affinity antibody response is well known (148, 149). In T cell-dependent immune responses, T cells are important in the formation of an extrafollicular focus, in which B cells proliferate and differentiate into plasma cells, most of which are short-lived. The activation of T cells in the extrafollicular focus will cause some of them to develop into Tfh cells and migrate into the germinal centers, where they perform their functions, which are necessary for the development of both the bone marrow resident plasma cells and the memory B cells that enter in the recirculating lymphocyte pool (150, 151). Importantly, it appears that the germinal center reaction in humans after vaccination persists over a longer period (152–154). Evidence suggesting that the above described process is indeed what occurs following SARS-CoV-2 infection have been provided by Mudd PA et al. (155) given that a high-magnitude, SARS-CoV-2-specific CD4+ T cell response in the draining lymph nodes is present during the development of high-titer neutralizing antibody responses in the setting of COVID-19 mRNA vaccination. The fact that CD4+ T cells in this type of response provide help to B cells for the production of antibodies has been demonstrated in other situations. For example, individuals with uncontrolled HIV and extremely low CD4+ T cell counts during vaccination lack seroconversion (156), and this has also been observed in patients subjected to T cell-focused immunosuppressive regimens following solid organ transplantation who received a standard two-dose BNT162b2 regimen (157). Overall, there is direct and indirect evidence of the need for a robust T response for the generation of high-titer neutralizing antibody responses following COVID-19 infection or mRNA vaccination. However, a lower quality and lack of durability of humoral response has been observed during natural SARS-CoV-2 infection. Thus, although there is evidence of a robust T-cell-mediated activation of B cells in the non-germinal-center, this may be due to a loss of germinal centers through a specific block of germinal center type B cell-lymphoma 6 (Bcl-6)+ T follicular helper cell differentiation (158) Figure 1. This may compromise the early development of the high-affinity antibodies that could contribute to a certain attenuation of viral spread. Moreover, in COVID-19 patients, the relationship between plasmablasts and activated Tfh is weak, even though these individuals have a robust plasmablast response (114). At least part of the plasmablast response may be through activated (CD38+HLA-DR+) CD4+ T cells, which might play a role in providing B cell help as a part of an extrafollicular response (114).


Relation of Cellular Components With Disease Severity

As mentioned above, an immune response properly coordinated in time between the different components of innate and adaptive immunity is essential for it to be successful. In fact, if the adaptive immune response starts too late, fatal COVID-19 develops, defined as a situation in which the viral load is high (159).

IFN-γ has already been discussed as a cytokine secreted by CD4+ Th1 cells, but it is also secreted by differentiated CTLs. It contributes to classical macrophage activation and inflammation in the host’s defense and in hypersensitivity reactions. It is likely that both CD4+ Th1 cells and CD8+ T cells contribute to the IFN-γ–induced phagocytic clearance of ingested microbes. These functions would explain the beneficial effect of rapid IFN-γ secretion in response to an infectious process. Thus, Zheng M. et al. (160) reported the secretion of IFN-γ by both CD8+ T cells and CD4+ Th1 cells under conditions of severe COVID-19 disease. Therefore, a poor T cell response contributes to SARS-CoV-2 viral persistence and COVID-19 mortality, whereas strong T cell responses are protective in the majority of individuals. As seen in SARS-CoV-2 infection in non-human primate models, the deletion of CD8+ T cells impairs this protection (161).Thus, human individuals with higher levels of IFN-γ secreting T cells (measured by enzyme-linked immunosorbent spot assay) against the SARS-CoV-2 S protein, nuclear proteins, and membrane proteins have a better protection against the virus (162), while a CD4+ T cell IFN-γ expression decrease has been reported in severe SARS-CoV-2 infection peripheral blood samples, and the T cells of these patients seemed to be unable to produce IFN-γ in response to viral proteins (163).

Patients with severe COVID-19 have marked reductions in the number and frequency of both CD4+ and CD8+ T cells, but increased activation of T cells (142, 145). Specifically, in an autopsy report, low levels of hyperactive T-cells in peripheral blood and an accumulation of mononuclear cells in the lungs of the individual were observed (164). In addition, the high proportion of M/NP-specific CD8+ T cell responses compared to the spike-specific CD4+ T cell response seen in mild disease is not found in severe disease (144). In fact, the percentages and absolute numbers of CD8+ T cells in severe disease were significantly reduced (163). This finding could suggest a protective role of CD8+ T-cell response in mild disease or a pathogenic role of the CD4+ T-cell response in severe disease (144). The same applies in the case of ICU (intensive care unit) patients: total T-cell, CD4+ and CD8+ T-cell counts in peripheral blood were significantly lower than in non-ICU COVID-19 cases, and the counts correlated negatively with patient survival (165). Some authors have observed an increased expression of the inhibitory receptor NKG2A, suggesting a decrease in CD8+ T cell functionality (160). NKG2A expression is upregulated on NK cells and CTLs in COVID-19 patients, with a decreased capacity to produce CD107a, IFN-γ, IL-2, granzyme B and TNF-α., which suggests functional exhaustion of cytotoxic lymphocytes in COVID-19 patients (160). The upregulation of NKG2A expression may be a consequence of and to compensate for the hyperactivation of CD8+ T cells in the severe stage of COVID-19.

There is a cellular subset composed mainly of mucosal-associated invariant T (MAIT) cells, the CD161+ CD8+ T cells which undergoes a strong reduction in frequency in individuals with severe COVID-19 (145). During viral infections, MAIT cells can become activated and migrate to infection sites (166, 167). The sharp decline in circulating MAIT cells in severe COVID-19 patients correlates with their presence in the airways of the patients (168). The reduction of this population in peripheral blood is likely to be indicative of sequestration in the lungs, potentially exacerbating tissue inflammation.

During many acute viral infections, the period of peak T-cell responses and plasmablast detection in peripheral blood is relatively short (169–171). However, there is a subgroup of COVID-19 disease patients with an over-aggressive immune response and/or a “cytokine storm” (172) due perhaps to a failure to regulate responses or a prolonged period of peak immune responses because there is a stability over time of CD8+ and CD4+ T-cell activation and plasmablast response (114). There has been speculation on possible causes for the well-known cytopenia occurring in COVID-19. One of these causes may be related to the recruitment of T cells to infected lung tissues to control viral infection (173). Another cause might be the apoptosis or necrosis of T cells caused by the cytokine storm that occurs in severe cases of COVID-19 (174). The severity of the disease also correlates with cytokine levels and these patients secrete higher levels of IL-6 and IL-10 (175). Thus, in ICU patients a further increase in IL-6 and IL-10 plus TNF-α (165) has been observed and has also been found to be higher in the bronchoalveolar lavage fluid of deceased patients than in those who survive IL-6 (120). The increase in TNF-α may explain why antibody levels correlate with disease severity, since this cytokine secreted by CD4+ T cells serves as a co-stimulatory signal for B cells. Furthermore, the expansion of plasma cells in severe disease has been associated with large and oligoclonal B cell expansions (145).

The significant lymphopenia that COVID-19 patients present in the acute and severe phase is associated with a lower number and the functional impairment of dendritic cells (DCs), which are fundamental in T-cell antigenic presentation, compared to mild patients (119, 145, 176), and those cells are significantly decreased in fatal cases compared to survivors (177). Plasmacytoid DCs (pDCs), which is responsible for the production of the type I IFNs involved in virus defense, were also mainly reduced in abundance and impaired in function in severe COVID-19 patients (145). In fact, during COVID-19 infection, the rapid loss of DCs numbers and function may contribute to delayed T cell responses and the features of low level IFN-I/IFN-III (178).

This would partially explain the correlation of a fatal disease course with the age of the patients since we should not forget the process known as “immunosenescence”, which features a reduction in the ability to fight novel infection (179) and a reduced abundance of DCs in elderly patients (180). Thus, the presence of an immunosenescent phenotype, demonstrated by an elevated neutrophils-to-lymphocytes ratio, was found in severe COVID-19 patients but not in mild disease (181).

Furthermore, patients with severe fatal disease up to 10 days from the onset of symptoms have a excessive hyperactivation of the immune function, demonstrated by significantly increased HLA-DR expression and IFN-γ synthesis. In fact, a robust T cell response in critical patients may contribute to hyperreactivity and immunophatogenesis (182). Moreover, the proportion of T regulatory (Treg) lymphocytes increases significantly in this phase, which negatively regulates immune response (112). As discussed previously, the Th1 cell-biased phenotype is associated with less severe disease (54, 141), but patients with SARS-CoV-2-induced acute respiratory distress syndrome (ARDS) often tend to have a Th1:Th2 ratio weighted towards the Th2 type, leading to substantial lung tissue damage (183, 184). In addition, a broad elevation of Th1, Th2 and Th17 signatures, including inflammasome-dependent cytokines such as IL-1b, IL-18 and Th2 and Th17 cytokines has been identified in patients with severe COVID-19 (142). Th2 and Th17 immunity depend on the transcription factors GATA-3 and RORγt, respectively, and the predominant response is driven by (IL-4, IL-5, IL-13) and (IL-17, IL-22) respectively (138–140). Also, dysregulation of the Treg/Th17 cell ratio toward the Th17 phenotype is an important contributor to disease severity. IL-17 secreted during SARS-CoV-2 infection can promote migration of neutrophils and monocytes into the pulmonary interstitium resulting in its consequent inflammation, as well as the activation of other cytokine cascades (G-CSF, TNFα, IL-1β and IL-6), which contribute to aggravating this inflammation and tissue damage (185). Thus, patients with severe COVID-19 showed a markedly high number of CCR6+ Th17 cells in peripheral blood (164), even though not all patients with severe COVID-19 have increased IL-17 expression (163). These data suggest that the dysregulation of Th polarization occurs in severe COVID-19 and a bias towards this type of Th response might define the disease course Figure 1.

Whether or not infection and hyperactivation persist, the immune system eventually enters an anergy state in which the number of lymphocytes (including T and B lymphocytes), NK cells and DCs continues decreasing in patients with a fatal outcome. CD4+ T cell function is impaired, as evidenced by decreased activating receptors and an increased expression of CD45RA and CD28 (112). Thus, deceased patients have lower frequencies of HLA-DR+ and IFN-γ-secreting cells within CD4+ and CD8+ T cells than survivors (186, 187).

Another important factor to be taken into account during any maintained immune response is a phenomenon called exhaustion, which is observed, for example, in some chronic viral infections when CTL effector responses gradually extinguish over time (188). Exhausted cells express increased levels of multiple inhibitory receptors, notably programmed cell death-1 (PD-1), since the programmed cell death-ligand 1 (PD-L1)/PD-1 immune checkpoint axis is the strongest T cell exhaustion inducer, alongside cytotoxic T lymphocyte-associated protein 4 (CTLA-4), T cell immunoglobulin mucin-3 (TIM-3), lymphocyte activation gene-3 (LAG-3), and others. It has been reported that increased T cell exhaustion, observed by the high level expression of PD-1 and TIM-3 (165) induced by IL-10 (189) and decreased functional diversity correlates with the degree of disease severity in patients with COVID-19 (190). In particular, Kreutmair S. et al. (191) showed that CD4+ T cells increased PD-1 expression during the first days following hospital admission and then normalized in moderate patients but remained elevated in severe disease (191). Likewise, as in memory CD4+ T cells, the frequency of PD-1 expressing cells were reported to be higher after one month in recovered patients with severe COVID-19, and correlated with the age of the patient (145). However, Rha M.S. et al. (192) reported that SARS-CoV-2-specific CD8+ T cells expressing PD-1 were found not to be exhausted but functional. This is explained by the fact that PD-1 is expressed on exhausted T cells but is also expressed on recently activated T cells (193–196) and the persistence of antigen encounter results in the maintenance of PD-1 expression, leading to exhausted T cells (197). PD-1 expression in the peripheral blood of COVID-19 patients is also increased in the exhaustion of other T cell subsets such as γδ T, mucosa-associated invariant T and invariant NKT cells which, in agreement with their exhausted phenotype, produce less IFN-γ than cells from healthy donors (168). Also, the T cells of ICU patients expressed increased PD-1 in bronchoalveolar lavage fluid as compared to peripheral blood T cells (198).

Regarding ligand PD-L1, both soluble and membrane-bound PD-L1 increased levels are associated with the degree of severity in COVID-19 (199–201). PD-L1/PD-1 overexpression in the white adipose tissue of obese individuals during IFN-γ secretion, which leads to the dysfunction of T cells and especially to a reduction in cytotoxic activity, explains why SARS-CoV-2 infection can worsen disease in obese individuals (202). Overall, we can outline that T cells of COVID-19 patients display a higher expression of PD-1 and that this elevated expression is correlated with disease severity, but whether or not PD-1 expressing T cells in COVID-19 are functional needs to be investigated further. To assess exhaustion, it will be important to take into account not only the expression of PD-1, but other exhaustion markers and the time since a particular cell has encountered the antigen in order to differentiate an exhausted cell from a recently activated cell.

In the resolution of inflammation when the virus is eliminated, both adaptive regulatory cells, such as regulatory T and B cells and innate immune cells, such as macrophages and regulatory DCs, also contribute (203). In recovered patients, the number of peripheral blood lymphocytes gradually increases (186, 187) with a marked high frequency of spike specific CD4+ T cell response (53, 126, 144), while the effector function of T cells is not compromised (204). Two to four months after SARS-CoV-2 infection resolution, most of the components of cellular immunity return to normality (204), though with significant increases in regulatory T cell frequencies and TIM-3 expression on CD4+ and CD8+ T cells, while the cytotoxicity of T cells is significantly diminished (204). However, this immune response reversion is slower and the virus clearance time is prolonged in some critically ill patients even after entering the recovery stage (112).




Balance Between Innate and Adaptive Immunity

The first contact with pathogens is established by the host innate immune system. It is noteworthy that the innate immune system is indeed capable of eliminating some infections on its own, particularly when the infection is localized and caused by a low number of pathogens. But innate immunity is not sufficient to protect us fully from infectious diseases, in part because, as discussed earlier, many pathogens have features that allow them to evade innate immune responses. At this early stage, the innate cytokine IL-12 has been shown to stimulate the differentiation of naive CD8+ T cells into effector CTLs and it is involved in the differentiation of CD4+ T cells into Th1 cells, both contributing to the IFN-γ–induced phagocytic clearance of ingested microbes. However, in some circumstances, the innate immune response seeks to fill the gap left by the absence of a T cell response, attempting to assume t control of the immune response against the virus with an ever-expanding innate immunity activation. Following this thread, there are many studies that have identified innate cytokine/chemokine signatures of immunopathology (145, 205–209). The most common observation in this line is an elevated frequency of neutrophils in blood (145) and massive numbers of neutrophils in the lungs, both of which are associated with severe, end-stage COVID-19 disease (147, 206–208), as well as the cytokine storm (172). In severe COVID-19 patients, IL-12 and IFN-γ increased over time; however, T cell depletion was detected in these patients and the remaining T cells did not produce larger amounts of IFN-γ (142). This suggests that the secretion of IFN-γ by innate cells, such as ILCs and NK cells, or resident T cells in tissues were the primary contributors to the enhancement of the IL-12 and IFN-γ cytokine levels observed in severe patients.

The other finding reported is the role that the sex of the patient plays in the type of predominant immune response. It has been shown that male patients have higher plasma levels of innate immune cytokines, including IL-8 and IL-18, along with activated non-classical monocytes. In contrast, female patients seem to generate a more robust T cell activation during SARS-CoV-2 infection. A poor T cell response might be responsible for the worse outcomes observed in male patients, while in female patients, higher levels of cytokines related to innate immune response appear to be associated with worse disease evolution (210).

A recently published study in mice suggests that specific T cell and antibody responses develop independently of SARS-CoV-2 detection by some of the pattern recognition receptors (PRRs) of the innate immunity system: TLR2-5 and TLR7, STING-cGAS, NLRP3 (inflammasome activation), as well as RIP3 kinase (mediator of nedroptosis) and gasdermin D (mediator of pyroptosis). On the other hand, these specific T cell responses, mainly featuring CD8+ T cells, are affected by the altered recognition of SARS-CoV-2 by the MDA5-IFNAR1 signalling pathways (211). Airway epithelial cells from children appear to show an increased expression of MDA5 compared to its expression level in SARS-CoV-2 positive adult epithelial cells (212). Consistent with this, we found several studies showing that children eliminate SARS-CoV-2 faster than adults, probably by detaining viral replication earlier (213–216).

In general terms, we have sought to emphasize that a balance between the innate and the adaptive immune response is paramount for a favourable evolution and resolution of COVID-19 disease and its imbalance has detrimental consequences, including the inability to configure a competent adaptive response or the overactivation of the innate immune system which results in a cytokine storm.



Immune Memory

The balance between naïve and memory T cells is crucial for infection control. Naïve T cells are responsible for primary infection response and memory T cells promote antigen-specific immune responses, being able to protect the host from re-infection with the same pathogen. Immune memory against SARS-CoV-2 correlates positively with patient disease severity during acute phase infection, both in humoral and cellular response (217). Thus, it has been shown that memory B cells percentages among hospitalized cases were significantly higher than among non-hospitalized cases following infection (218).

There are some studies that report relatively stable humoral immunity for up to 6-12 moths post-infection (217–221) and Zhang J. et al. (217) described the detection of neutralizing antibodies in convalescent COVID-19 patients even at 12 months following symptoms onset. However, further studies show a clear decline of SARS-CoV-2 neutralizing antibodies in the first months after infection (222–224), along with a progressive decline in total antibody levels eight months after SARS-CoV-2 infection (218, 225). These inconsistencies in the results of humoral immunity longevity may be due to variations between the studied cohorts and the use of different techniques or distinct antibody-detection epitopes in the assays.

In a longitudinal study, Rodda L.B. et al. (226) detected memory T cells, which secrete IFN-γ and are able to clonally expand following SARS-CoV-2-antigen re-exposure, at least three months after disease onset. Further investigations have detected maintained SARS-CoV-2-specific memory T cell responses in COVID-19 convalescent patients at least 7-12 months after infection (217, 221, 227) and this has been found to be true regardless of disease severity (227). Considering immune memory at the tissue level, SARS-CoV-2-specific lung resident memory T cell can be detected at least 10 months following infection (228). Lung resident memory T cells may be key players in limiting the severity of COVID-19 or the potential for reinfection. In this regard, it has been described that a higher number of these resident memory T cells in the lungs corresponds with a higher degree of clinical protection (229).

Therefore, both B and T memory cells exhibit robust memory response (225), indicating that, in the event of a re-encounter with SARS-CoV-2, the levels of total and neutralizing antibodies and effector T cells necessary to respond efficiently to infection might be rapidly recovered. In fact, B and T cell memory functional responses to SARS-CoV-2 are still detectable 12 months after natural infection (230).


Immune Memory Phenotypes

Individuals who have undergone mild symptomatic SARS-CoV-2 infection show, after a few months, an increase in circulating Th1 cytokine-producing CXCR5+ Tfh and CXCR5- non-Tfh cells, CD4+ CXCR3+ proliferative memory T cells and IFN-γ-producing CD8+ T cells (226). In these mild COVID-19 cases, CD8+ T memory cell responses predominate over CD4+ T memory cell responses and, additionally, the memory CD8+ T cells specific for SARS-CoV-2 M and NP proteins exhibit the highest frequency of multiple cytokine production (144). Additionally, the SARS-CoV-2-specific memory CD4+ T cells of recovered individuals have the capacity to express CXCR5, ICOS, CD40L and proliferate at spike-protein re-exposure (226). The expression of these markers and a variety of cytokines is important for T-B cells interaction (231) as they enable memory CD4+ T cells to help reactivate memory B cells and therefore start producing antibodies against SARS-CoV-2 since, as discussed above, their levels may have decreased over time. This may serve to explain why, during the memory phase, an abundance of Tfh cells correlates with antibody response (232–234).

Regarding the immune memory to SARS-CoV-2 in convalescent individuals, a number of authors have underlined the contribution of a subtype of terminally differentiated memory cells: the terminally differentiated effector memory T cells re-expressing marker CD45-RA (TEMRA). TEMRA have generally been associated with protection against viral infection (22, 235–238). During the memory phase following SARS-CoV-2 infection, a high prevalence (218, 227) and a progressive enrichment of the TEMRA phenotype and T stem cell memory (TSCM) phenotype in SARS-CoV-2-specific CD8+ T cells (239) has been described. The same authors postulate that the differentiation towards one phenotype or the other might be associated with disease severity with a bias towards TSCM in mild disease and increased TEMRA in severe disease. In agreement with previous studies that highlight the role of type I IFN in memory development (240), Adamo S. et al. (239) reported an expression enrichment of the genes involved in IFN signaling pathways in SARS-CoV2-specific memory CD8+ T cells. Thus, type I IFN signaling might be a key driver directing cells to become long-lived memory cells. While it has already been mentioned that TEMRA cells are associated with protection against viruses, it has also been shown that they can accumulate during chronic viral infections (241). In Long COVID syndrome, when compared to COVID-19 convalescent individuals, an increase in CD8+ T effector memory (TEM) and CD8+ TEMRA cell number, accompanied by a decrease in their functional activity, has been reported (242).

The success of long-term memory T cells depends on the generation of TSCM cells (243) since they have a higher self-renewal ability and are multipotent cells, being able to reconstitute several memory phenotypes (244). T cell memory developed during SARS-CoV-2 infection may be long-lasting since COVID-19 convalescent patients develop SARS-CoV-2-specific TSCM cells (192, 227, 239). Cohen K.W. et al. (245) defined most SARS-CoV-2 CD4+ T cells as displaying a central memory profile. Furthermore, Gurevich M. et al. (221) reported the presence of IL-2-secreting and IFN-γ+IL-2-secreting SARS-CoV-2-specific central memory T cells that might be long-lasting memory phenotypes in accordance with previous studies (246). There are two different subsets of CCR7+ stem cell-like progenitors: CCR7+PD-1−TIGIT− cells are observed to display stem cell-like features, whereas CCR7+PD-1+TIGIT+ cells seem to exhibit exhausted traits (192, 247). SARS-CoV-2-specific TSCM cells rarely express PD-1 and TIGIT, making them non-exhausted-like progenitors but functional memory T cells (227).




Vaccination

A good adaptive immune response and immune memory are vital to the success of vaccines and the achievement of a low degree of reinfection. When studying natural immunity to the virus, including the role of SARS-CoV-2 specific T cells, it is critical to fill in the current gaps in our knowledge for improved vaccine design. The generation of a robust cellular immune response is a desirable attribute for a vaccine against SARS-CoV-2 because, as we have referred to throughout this report, following natural infection, t T-cell response is activated rapidly to control disease progression (53, 55, 144, 248), and these virus-specific T-cell response have been shown to be associated with milder disease in COVID-19 patients (126).

mRNA vaccination leads to the development of both humoral and cellular immunity against the Covid-19 spike protein (249, 250) Figure 2. The onset of protection for mRNA vaccines has been observed as early as 10-12 days after the first dose (251) and during this phase T cells and spike-specific antibodies are detectable (250, 252) but neutralizing antibodies do not appear until after the second vaccine dose (253–256). In fact, the presence of anti-S reactive T cells secreting IFN-γ or IL-2 is remarkable as early as three days post-vaccination, but it is not until 14 days after completing the vaccination schedule that they reach their maximum levels (121). The development of humoral responses is gradual and they only consistently reach peak levels after the second vaccination dose (257, 258). In fact, the highest frequencies of spike-binding germinal centre B cells and plasmablasts in draining lymph nodes were reached at twelve weeks after the second immunization (152). However, the natural course of humoral immunity is to decrease over time, with reductions in neutralizing antibody titers (259, 260). At three months post-vaccination, the neutralization capacity was significantly decreased, in agreement with lower S-RBD antibody levels (261) in all variants described to date, from Alpha to Omicron (260). This may, feasibly, be due to the fact that not all vaccine-induced plasmablasts commit or are maintained as long-lived memory plasma cells (123, 262, 263). However, these reductions do not necessarily correspond to proportional reductions in vaccine efficacy over time, and neither do reductions in vaccine efficacy against mild disease necessarily predict reductions in efficacy against severe disease. This may be because protection against severe disease is mediated not only by antibody response, which might be relatively short lived for some vaccines, but also by cell-mediated immunity and memory responses, which are generally longer lived (152). In fact, memory humoral and cellular responses are still detectable in vaccinated individuals who have not undergone COVID-19, and in those who have recovered from COVID-19, eight months after vaccination, despite a progressive decline in antibody levels (230). At six months, although vaccinated individuals show a decreased level of anti-S IgG, all of them present cell-mediated immune responses. The decrease in antibody titers is apparently compensated by an increased neutralization capacity and a robust cellular immune response, which is reflected by a high level of IFN-γ synthesis by the stimulated T-cells (264). In mice, the primary source of serum IFN-γ one day after secondary immunization are CD4+ and CD8+ T cells, which results in improved myeloid cell activation after secondary immunization (211). Given all of the information mentioned above, the assessment of humoral immune response as determined by the measurement of antibodies against the receptor-binding domain of the spike protein after vaccination underestimates the immunogenicity of SARS-CoV-2 vaccines and a combined analysis of humoral and cellular immunity was proposed for the identification of vaccine responders (265).




Figure 2 | Parameters to be assessed regarding humoral and cellular response to SARS-CoV-2 mRNA vaccine. The top and middle figure outline the immunological response achieved after the first and second doses of mRNA vaccines, respectively. The bottom figure summarizes the parameters needed to assess protection against SARS-CoV-2.



The type of response that vaccines should trigger must always be Th1 cell response or balanced T-cell responses, because when the response is Th2 cell, it has been associated with enhanced respiratory disease (266–270). Moreover, we have looked at how T cells also play a critical role in B-cell maturation and therefore the induction of a strong and durable antibody response (150). In most of the current COVID-19 vaccines that have reported clinical trial results, the induction of cellular response in humans has a Th1 bias and/or is characterized by IFN-γ expression and appears to be substantially protective against severe disease in all the major viral variants (271). Thus, in a longitudinal study, Painter M. M. et al. (250) show that mRNA vaccines induce Th1 and Tfh cell responses following the first dose, correlated with post-boost CD8+T cells and neutralizing antibodies, respectively, which is expected since Th1 cells predominantly facilitate CD8+ T cell response, while Tfh cells help promote optimal B cell, germinal center, and antibody responses (150, 272–274). At three months, 87% of vaccinated individuals developed either CD4+ or CD8+ T cell responses (261) but after the first dose, in subjects who had no previous contact with SARS-CoV-2, vaccination induced rapid and robust SARS-CoV-2-specific CD4+ T cell responses compared with CD8+T cell responses, which developed gradually and were variable in magnitude (250). However, other authors observed a robust, stable and fully functional response of Spike-specific CD8 T cells after primary vaccination (275). Differences in cohort or methodology may have affected the discrepancy in these findings, but these observations indicate that SARS-CoV-2-specific CD4+ T cells are largely contributors to the protection observed early after the first vaccine dose (251, 276).

CD4+ T cell responses were detected after immunization with ChAdOx-1 S, Ad26.COV2.S, mRNA-1273 or BNT162b2 vaccines, and did not show significant differences between the different variants of concern, including the Omicron variant (143). One or two doses of vaccine elicited a persistent and robust cellular immune memory response even when vaccinated individuals had been infected previously (277–279), with an homogeneity in the magnitude (264). Although previous infected individuals had similar frequencies of vaccine-induced CD4+ T cells as non-infected individuals, the former produced greater IFN-γ following spike-stimulation (230) In addition, T cell reactivity following vaccination or natural infection proved to be similar across early strains (Alpha, Beta and Gamma) given that 93% and 97% of CD4 and CD8 epitopes are 100% conserved across these variants, potentially reducing the severity of COVID-19 if a progression of infection occurs, even though neutralizing antibodies for emerging variants might be reduced in comparison with the original strain of SARS-CoV-2 (280). The same applies to the latest variants, since SARS-CoV-2 vaccination induces immunological CD4+ and CD8+ T cell memory able to cross-recognize variants from Alpha to Omicron (281). Furthermore, CD4+ and CD8+ SARS-CoV-2 spike-specific T cell responses triggered by prior infection with the original strain or BNT 162b2 vaccination, remain largely intact against the Omicron strain (282). This is due to the fact that the vast majority of T cell epitopes are fully conserved (279–281, 283–286), which suggests that the continued evolution of variants has not been associated with increased viral escape from T cell responses at the population level, and HLA binding of the mutated epitopes has been well conserved for the majority of the epitopes in Alpha to Omicron variants (281). Furthermore, it has been proposed that the phenotype of memory and the helper subset distribution of SARS-CoV-2-specific CD4+ and CD8+ T cells responses elicited by second dose vaccine are similar to the ones detected in individuals who have gone through a natural SARS-CoV-2 infection (250).

The effect of the booster dose (a third vaccination dose) is different in naïve individuals than in recovered COVID-19 individuals. In naïve individuals, this booster significantly increased the levels of spike-specific antibodies and B and CD4+ T cells, while in recovered COVID-19 individuals, the booster dose has minor effects (230), in line with what was observed for the second vaccine dose (249, 250). Moreover, the second vaccine dose in individuals who have undergone symptomatic infection with SARS-CoV-2 is associated with lower neutralizing antibody levels, in addition to T and B cell spike-specific frequencies, which suggests that a vaccine over-boost strategy may lead to anergy and exhaustion (249, 257). It is important to differentiate between the immune response driven by the spike protein vaccine and the response resulting from SARS-CoV-2 infection, where the innate immune response triggers the adaptive immune response, and many more elements come into play in a much more complex process. In addition, the effect of repeated doses on overactivation and the role played in its regulatory mechanisms, as well as the appearance of exhausted cells, merits further study.

Age is an important factor influencing vaccine responses, and there have been studies that report elderly people responding poorly to influenza, Hepatitis A and B, and pneumococcal vaccines as they develop lower antibody levels and weaker cell-mediated responses (287). Immunosenescense is likely to affect the vaccine response to SARS-CoV-2, as spike-specific IFN-γ T cell responses to vaccines were impaired in the age group over 80 years (288, 289) and individuals with a higher number of immunosenescent CD8+ TEMRA cells have lower spike-specific CD4+ T cell responses (261). For example, a study of COVID-19-naïve nursing-home residents found that both humoral and cellular responses declined after four weeks and remained lower than those of healthcare workers after 24 weeks (290). These data emphasize the need for additional measures for the fragile elderly population.

Considering this information, to ensure that responses mediated by antibodies with neutralizing capacity are complemented by T cell responses, an alternative parallel strategy in vaccine generation should involve the inclusion of additional antigens and T cell epitopes. This needs to be taken into account since early functional T cells specific to SARS-CoV-2- have a prognostic value with important implications for vaccine design and immune monitoring (125).



Discussion

SARS-CoV-2, the coronavirus responsible for the last global pandemic, which originated in December 2019, is the causative agent of the disease called COVID-19. The existence of cross-reactivity between the immunity created by the common cold coronaviruses and SARS-CoV-2 has not avoided infection but may have possibly reduced the severity of the disease in some individuals. SARS-CoV-2, like other viruses, has evolved immune evasion mechanisms. In fact, multiple evasion mechanisms have been observed at the level of innate and adaptive humoral immune response; however, the evasion mechanisms involved in cellular response, although existing, require further study.

SARS-CoV-2 infection triggers a potent immune response that directs CD4+ T cellular adaptive response towards Th1 polarization and an activation of CD8+ CTLs, both IFN-γ producers, as well as an antibody-producing humoral response. Different mechanisms cause an imbalance in this response, leading to an overactivation of the innate immune system and resulting in a cytokine storm, together with a hyperactivation of the adaptive immune response that will consequently cause an exhaustion of the latter. The fundamental role played by cellular immunity as the main axis of the immune response against SARS-CoV-2, directing the different components involved, such as the innate response and the humoral response, is evidenced throughout this review.

Many efforts are being made during this pandemic to avoid both primoinfections and reinfections, using massive vaccination strategies. Both natural infection and vaccines produce long-term memory T cells, CD4+ and CD78+, which would protect the population particularly by avoiding severe infections and being associated with a better prognosis. Even so, the immunity provided by vaccination is more limited than the one provided by natural infection. This is because the immune response in vaccination is limited to the spike protein, which affects the variety of the T cell response and, notably, CD8+ T cell memory, which seems to be associated with a better prognosis in the case of non-spike-specific CD8+ T cells. Thus, a future vaccination strategy should include antigens, which are also important for the cellular response, to fill in these gaps.

A successful vaccination strategy requires knowledge of the previous immunity of the individual to SARS-CoV-2 since the cellular immune response to the vaccine is different in naïve individuals and in those who have been previously infected. In the latter, there is a faster and more robust response, which is already detectable with the first vaccine dose. The different studies performed to date make it possible to reach some conclusions concerning the role of cell-mediated immunity in SARS-CoV-2 infection/vaccination (Table 1). Hopefully, in the future, the analysis of cellular immunological memory generated by a previous infection or by vaccination will provide us with the tools required to fight against future variants of SARS-CoV-2 in terms of infection control, as well as future revaccination programs.


Table 1 | Up-to-date key concepts to consider regarding natural infection or vaccination immunity against SARS-CoV-2.
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Joining a function-enhanced Fc-portion of human IgG to the SARS-CoV-2 entry receptor ACE2 produces an antiviral decoy with strain transcending virus neutralizing activity. SARS-CoV-2 neutralization and Fc-effector functions of ACE2-Fc decoy proteins, formatted with or without the ACE2 collectrin domain, were optimized by Fc-modification. The different Fc-modifications resulted in distinct effects on neutralization and effector functions. H429Y, a point mutation outside the binding sites for FcγRs or complement caused non-covalent oligomerization of the ACE2-Fc decoy proteins, abrogated FcγR interaction and enhanced SARS-CoV-2 neutralization. Another Fc mutation, H429F did not improve virus neutralization but resulted in increased C5b-C9 fixation and transformed ACE2-Fc to a potent mediator of complement-dependent cytotoxicity (CDC) against SARS-CoV-2 spike (S) expressing cells. Furthermore, modification of the Fc-glycan enhanced cell activation via FcγRIIIa. These different immune profiles demonstrate the capacity of Fc-based agents to be engineered to optimize different mechanisms of protection for SARS-CoV-2 and potentially other viral pathogens.
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Introduction

Recent history has seen regular deadly zoonotic coronavirus spillover events with the emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002 (1), Middle East respiratory syndrome (MERS) coronavirus in 2012 (2) and SARS-CoV-2 in December 2019 (3). SARS related coronaviruses are found in bats throughout Southeast Asia (4) and the serology of people living in proximity to a Rhinolophus spp bat colony suggests these zoonotic infections are not uncommon (5). Since the publication of the SARS-CoV-2 genome in January 2020 (3) there has been rapid development and deployment of vaccines for SARS-CoV-2 (6) and the clinical development of multiple SARS-CoV-2 spike specific neutralizing monoclonal antibodies (mAbs) from convalescent patients or animals, reviewed in (7).

Evolution of the SARS-COV-2 spike protein has selected for increased transmissibility, for example by increased affinity for host cells (8), with the emergence and then dominance of many new variants of concern (VOC) including Alpha, B.1.1.7; Beta, B.1.351; Gamma, P.1; Delta, B.1.617.2 (9) and most recently, Omicron, B.1.1.529 (WHO) that impact the neutralization efficacy of antibodies generated against the spike antigen of earlier strains (10). This includes profound escape from neutralization by some mAbs (11–15) and significant loss of neutralization activity of convalescent sera (13, 16, 17) and of humoral responses to first generation vaccines (12, 18, 19) reviewed in (10). Reinfection by neutralization-escape variants (20, 21) and break-through infection in vaccinees is now a feature of the pandemic (13, 19). Furthermore, protective antibody responses in humans are largely restricted to specific coronavirus species since few Abs to SARS-CoV-2 receptor binding domain (RBD) cross-neutralize SARS-CoV or MERS-CoV (22) but the recent identification of spike-specific broadly neutralizing mAbs may be a key to future pan-beta-coronavirus pandemic preparedness (23). Overall, despite increased surveillance and biosecurity (24) and the development of SARS-CoV-2 vaccines and mAbs, a critical vulnerability to variants of concern (VOC) and future pandemic novel coronaviruses persists. There is a need for prophylactic and therapeutic approaches that are more broadly effective against Sarbecoviruses.

Decoy proteins, based on the host entry receptor, inhibit viral entry, and achieve cross neutralization of multiple virus species or strains (25–31). Angiotensin-converting enzyme 2 (ACE2), is the principal entry receptor for the major human pathogenic coronaviruses, SARS-CoV and SARS-CoV-2 (32, 33), as well as the human endemic coronavirus NL63 (34). ACE2 is a transmembrane carboxypeptidase (35) with the ectodomain comprised of a catalytic domain, as well as a collectrin domain likely involved in dimerization (36). It normally plays a role in cardiovascular homeostasis by cleaving angiotensin II, the key agonist of the renin–angiotensin–aldosterone system (RAAS) that regulates blood pressure and electrolytes (37, 38). SARS-CoV-2 entry into host cells is blocked by the recombinant soluble ACE2 catalytic ectodomain in its native form (39, 40) or when engineered for higher avidity (31, 41, 42) or affinity (28, 29, 31, 41–45) for the ancestral spike, which has thus far been retained against later VOC (28, 29, 31, 41). Enzyme inactive forms of antiviral ACE2 decoy proteins have also been developed (26, 46, 47). However, ACE2 enzymatic activity, by cleaving angiotensin II, is protective in lung injury models and may therefore be beneficial to retain in an ACE2-based biological for COVID19 (38, 39, 48, 49).

To improve virus neutralization potency or pharmacokinetic properties of SARS-CoV-2 decoys, the ACE2 ectodomain, with or without the collectrin domain, has been fused to the Fc portion of IgG (26, 28, 29, 42–47, 50–55), which results in increased neutralisation potency by bivalency and increased serum half-life (56). In mAb studies using in vivo SARS-CoV-2 challenge models, Fc-dependent immune effector functions, which include antibody-dependent cellular cytotoxicity (ADCC), phagocytosis and clearance of viruses, bolstered protection against infection and pathology above that provided by neutralization alone (57–61). Similarly, ACE-Fc decoys have demonstrated protective activity in human ACE2 transgenic mouse models (29, 49, 62) and in hamsters (28) challenged with SARS-CoV-2.

We report the development of multifunctional antiviral proteins by applying novel mutations of the Fc and glycan modification to manipulate the Fc component of ACE2-Fc which resulted variously in increased virus neutralization, complement directed killing and activation of FcγRIIIa.



Materials and methods


Constructs and proteins

-trACE2 and trACE2-Fc Truncated ACE2 (trACE2) comprised the catalytic portion of the ACE2 ectodomain and a sequence encoding trACE2 (aa 19-615, Accession BAB40370) in pHLsec (63) was a gift from Merlin Thomas (64). This trACE2 sequence was fused to a synthetic DNA for human IgG1 Fc (Accession AXN93652.1) in pcDNA3.4 (ThermoFisher) with an encoded linker sequence D615-GSGSGSG-T223, where D615 is the last residue of ACE2 and T223 (Eu numbering) is the fusion point to IgG1-Fc on the amino terminal side of the Fc core hinge containing the inter-heavy chain disulfides (for full amino acid sequences see Supplementary Text). -flACE2-Fc comprised the full-length ACE2 ectodomain fused to human IgG1-Fc. The incorporation of a synthetic DNA encoding the collectrin domain (GeneArt, ThermoFisher) formed a full length ACE2 ectodomain encoding sequence (aa 19-740) fused to the human IgG1-Fc via a linker with the sequence S740-GGGGS-T223, where S740 is the last residue of ACE2 and T223 is the fusion point to IgG1-Fc. EflACE2-Fc. EflACE2-Fc was equivalent to the flACE2-Fc, except it incorporated the three mutations, T27Y, L79T, N330Y reported as sACE2.v2.4 and having enhanced affinity for SARS-CoV-2 spike RBD (43). The EflACE2-Fc construct was a synthetic DNA (GeneArt) in pcDNA3.4 (ThermoFisher). The mutations H429F, H429Y and E430G in the Fc were introduced using cleavage at a unique Afe I (New England Biolabs) site within codons for E430-L432 and the insertion of appropriate mutagenic oligos with NEBuilder according to the manufacturer’s instructions (NEB).

ACE2-Fc protein expression used transient transfection of Expi293 cells (Thermo Fisher Scientific). The supernatant of Expi293 transiently transfected for the expression of ACE2-Fc was extensively dialysed against 10mM TrisHCl pH 8 and applied to a High-Q column (BioRad Laboratories). Bound proteins were eluted with the indicated gradient to buffer A with 0.4 M NaCl and washed with 1 M NaCl. Fractions were examined by SDS-PAGE, fractions containing ACE2-Fc were pooled and concentrated using a 30 kDa cut-off filtration device (Merck) and separated by SEC using a Superose 6 column (GE Lifesciences). Lamelli native PAGE (150V, 2.5 h, 4°C), was performed according to (65).

Recombinant Spike receptor binding domain (RBD; aa328-514, GenBank: MN908947.3) of SARS-CoV-2 Wuhan strain was produced with the N-terminal Fel d 1 leader sequence and C-terminal biotin ligase (BirA) AviTag and a hexahistidine affinity tag (Hartley et al., 2020). Specific mutations were introduced in this construct to generate SARS-CoV-2 variant RBD proteins, representing those from three lineages of concern: B.1.351 (beta; N501Y, E484K, K417N), P.1 (gamma; N501Y, E4848K, K417T) and B.1.167.2 (delta; T478K, L452R). The DNA constructs were codon-optimized for H. sapiens and cloned into a pCR3 expression vector. Plasmid DNA was purified from E. coli by Maxiprep (Zymo Research, Irvine, CA), and 30 μg DNA was transfected into Expi 293F cells using the Expi293 Expression system (Thermo Fisher, Waltham, MA). Supernatants from 25 ml cell cultures were collected 5 days post-transfection and purified by application to a Talon NTA-cobalt affinity column (Takara Bio, Kusatsu, Shiga, Japan) with elution in 200 mM Imidazole. Eluted proteins were then dialyzed against 10 mM Tris for 48 hours at 4°C.


Virus neutralization assays

Antiviral activity was determined using SARS-CoV-2 (CoV/Australia/VIC01/2020) in a microneutralization assay where cytopathic effect was titred to limiting dilution on Vero cells as described previously (64, 66).



Bio-layer interferometry

Measurements of the affinity of ACE2 proteins for S protein RBD (64) were performed on the Octet RED96e (FortéBio). All assays were performed at 25°C using anti-human IgG Fc capture (AHC) biosensor tips (FortéBio) in kinetics buffer (PBS pH 7.4 supplemented with 0.1% (w/v) BSA and 0.05% (v/v) Tween-20). After a 60 second (60s) biosensor baseline step, ACE2-Fc recombinant proteins (20 μg/mL) were loaded onto the AHC sensors by submerging sensor tips for 200s and then washing in kinetics buffer for 60s. For most ACE2-Fc recombinant proteins, association measurements were performed by dipping into a two-fold dilution series of SARS-CoV-2 spike RBD (64) from 16–250 or 500nM for 180s and dissociation was measured in kinetics buffer for 180s. For EflACE2-Fc WT a two-fold dilution series of 2 – 31 or 63nM was used. Sensor tips were regenerated five times using a cycle of 5s in 10 mM glycine pH 1.5 and 5 s in kinetics buffer. Baseline drift was corrected by subtracting the average shift of an ACE2-Fc-loaded sensor not incubated with SARS-CoV-2 spike RBD, and an unloaded sensor incubated with SARS-CoV-2 spike RBD. Curve fitting analysis was performed with Octet Data Analysis 10.0 software using a global fit 1:1 model to determine KD values and kinetic parameters. Curves that could not be fitted were excluded from the analyses.


ACE2-Fc binding ELISA

ELISA plates were coated with 5μg/ml CoV-2 receptor binding domain fused to mIgGFc (RBD-Ig, RBD aa residues 334-527) and blocked with phosphate buffered saline (PBS) containing 0.05% (w/v) Tween-20 and 2% (w/v) bovine serum albumin (BSA). RBD-Ig was reacted with ACE2-Fc proteins diluted in ½ log titrations (1 hour, 25°C) followed by washing 5 times with PBS, 0.05% Tween-20. Bound ACE2-Fc was detected with sequential incubation with mouse anti-human IgG1-biotin (Thermo MH1515, clone HP6070, at 1μg/ml for 1 hour, 25°C), high sensitivity streptavidin-HRP (1/10,000 dil, 1 hour, 25°C, Pierce, Thermo Scientific) and TMB substrate.




ACE2-Fc and dimeric recombinant soluble (rs)FcγR binding by flow cytometry

The ACE2-Fc proteins or the anti-CD20 mAb, Rituximab, at 5µg/ml, or the indicated concentrations were incubated with Ramos cells expressing transfected spike proteins (Ramos-S cells) (67) at 5x106 cells/ml in 25µl in fluorescence activated cell sorting (FACS) buffer- PBS containing 0.5% (w/v) BSA, 1mM glucose (PBS/BSA/G), for 30 min on ice. Cells were washed twice with FACS-buffer, incubated with APC conjugated anti-human IgG-Fc for thirty minutes on ice, washed again and resuspended in 25 µl of FACS-buffer.

Evaluation of the binding of dimeric rsFcγR was performed as described in (68). ACE2-Fc opsonized Ramos-S cells were resuspended in 0.5µg/ml of dimeric rsFcγRIIIa (V158 form) or FACS-buffer and incubated for 30 min on ice followed by 1/500 streptavidin-APC (or anti-hIgG-Fc labelled with fluorescein isothiocyanate for confirmation of ACE2-Fc opsonization) for 20 min on ice. The cells were washed, resuspended in FACS buffer and analyzed on a Canto II flow cytometer (Becton Dickinson).


Complement fixation immunoassay for ACE2-Fc

Ninety-six well flat-bottom MaxiSorp Nunc plates (ThermoFischer Scientific) were coated with 5 μg/ml Avidin in PBS overnight, blocked, and then incubated with either two-fold dilution of biotinylated RBD (69) or 2.5 μg/ml in 0.1% casein for 1 hour at RT. The ACE2-Fc proteins were then added over the indicated concentration range. In experiments to measure C5b-C9 fixation, the plates were incubated with 10% fresh human serum for 30 minutes at RT followed by 1/2000 dilution of rabbit anti-C5b-C9 (Millipore) for 1 hour at RT, washed and then incubated with goat anti-rabbit IgG conjugated to HRP (Millipore) at 1/2000 dilution for 1 hour at RT, followed by TMB substrate for 15-20 minutes at RT (70). Reactivity was stopped using 1 M sulfuric acid and absorbance was measured at 450 nm. Test samples and reagents were prepared in PBS 0.1% (w/v) casein and plates washed thrice between each step using PBS, 0.05% (v/v) Tween 20. Samples were tested in duplicate and corrected for background reactivity using negative control wells from which ACE2-Fc proteins were omitted. The mean and SEM from independent experiments are shown.




Complement dependent cytotoxicity

CDC was measured by opsonizing Ramos-S cells as above (5x106 cells/ml in 25µl in PBS/BSA/G for 30 min on ice) before resuspending in 1/3 diluted normal human serum for 30 min at 37°C. Cells were washed twice with PBS and the dead cells were enumerated by staining with 1/500 Zombie green (BioLegend) before fixing with 2% paraformaldehyde in PBS and analysis on a Canto II flow cytometer.



FcγRIIIa-NF-κB-RE nanoluciferase reporter assay

This assay used IIA1.6/FcR-γ/FcγRIIIa V158 cells expressing a NF-κB response element driven nanoluciferase (NanoLuc, pNL3.2.NF-κB-RE[NlucP/NF-κB-RE/Hygro], Promega N111) and was performed essentially as described previously (67). Briefly, Ramos cells expressing the Spike-IRES-orange2 were used as target cells and were incubated with agonists and the FcγRIIIa/NF-κB-RE reporter cells for 5h before measurement of induced nanoluciferase with Nano-Glo substrate (Promega).



RBD variants and coronavirus S multiplex ACE2-Fc inhibition assay

A custom coronavirus multiplex array (71) was performed using SARS-S1 subunit (S1N-S52H5, Acrobiosystems), SARS-CoV-2 S1 (40591-V08B1) and HCoV NL63 S1 and S2 subunits (40604-V08B, Sino Biological), NL63 S trimer [100788, bpsbioscience], and hexahistidine tagged RBD WT (SARS CoV-2, isolate Wuhan-Hu-1, NCBI Reference Sequence: YP_009724390.1, aa residues 319-541 (72),) and 24 variants identified from the GISAID RBD surveillance repository (71). TrACE2-Fc was biotinylated using EZ-Link® Sulfo-NHS-LC-Biotin (ThermoFisher Scientific) according to the manufacturer’s instructions. Biotinylated trACE2-Fc (70 nM) was incubated with a concentration series, eight two-fold dilutions from 282 nM, of unlabelled trACE2-Fc, flACE2-Fc, EflACE2-Fc fusion proteins or the inhibitory human mAb S35 (AcroBiosystems) and binding to RBD or S proteins coupled to beads was determined using first Streptavidin, R-Phycoerythrin Conjugate (SAPE) (Thermo Fisher) at 4µg/ml (1 h), followed by 10µg/ml of R-Phycoerythrin, Biotin-XX Conjugate (Thermo Fisher) (1 h) and multiplex analysis. Apparent IC50 (nM) values are indicated from curve fits.



Modelling of ACE2-Fc decoy proteins

Alphafold v2.2 (73, 74) was run on the EflACE2-Fc sequence using five models and specifying two homo-oligomers. The output of this recapitulated the observed structure of the ACE2 homodimer (PDB ID: 6M17, ACE2 residues 19-729) with an RMSD of 1.378 Å, however, the IgG1-Fc domains did not pair. The IgG1-Fc plus the G4S linker and collectrin domain of ACE2 (residues 615-729) was therefore run on Alphafold v2.2 specifying two homo-oligomers and an output of five models. Of these, one model showed correctly paired IgG1 Fc domains and a collectrin domain folded as in the full-length ACE2 structure (PDB ID: 6M17) with an RMSD of 0.718 Å. Superimposition of the collectrin domains of the model with the ACE2 homodimer and that with the paired IgG1-Fc allowed reconstruction for the complete EflACE2-Fc sequence. Positioning of the linkers was manually modelled based on the human B12 IgG crystal structure (PDB ID: 1HZH) to allow the correct pairing of the Fc-hinge disulphide residues at positions 749 and 752 (Figures 1A, B). The trACE2-Fc structure was modelled manually on the EflACE2-Fc model, maintaining the relative position of the ACE2 catalytic domains as in the full-length homodimer. Coordinate files are available from the authors on request.




Figure 1 | ACE2-Fc protein modelling and the interaction with SARS-CoV-2. (A-E) SARS-CoV-2 spike RBD binding footprint in white. The flACE2-Fc comprised a full-length ACE2 ectodomain (aa 19-740) fused to human IgG1-Fc. (A, B) EflACE2-Fc, having improved RBD binding is a variant of flACE2-Fc wherein three-point mutations, T27Y, L79T and N330Y, have been incorporated into ACE2 component (43) to enhance binding affinity to SARS-CoV-2 spike RBD. (C, D) The truncated ACE2 ectodomain (aa 19-615) was fused to human IgG1 Fc generating the trACE2-Fc fusion protein. (E) HADDOCK model of SARS-CoV-2 spike RBD binding to EflACE2 SARS-CoV-2 spike RBD shown in cartoon representation in white. (F) EflACE2-Fc shown overlayed on, and aligned by, ACE2 residues 19-614 of the 7VXM cryo-EM complex of SARS-CoV-2 spike and ACE2. (G) trACE2-Fc shown overlayed on, and aligned by, ACE2 residues 19-614 of the 7VXM cryo-EM complex of SARS-CoV-2 Spike and ACE2. In (F, G), Positioning of the ACE2 dimer and Fc disulfides respectively indicate the ACE2-Fc constructs are unlikely to bind multiple RBD on a single spike trimer. (H) ACE2-Fc binding to variant SARS-CoV-2 spike RBD. The flACE2-Fc-WT fusion protein binds to the ancestral Wuhan RBD, and the beta, gamma and delta VOC RBDs with equivalent EC50 values. Plotted values are mean ± SD, n = 3, except for delta RBD n = 2. Agonist versus response curve fitting EC50 ranged from 0.31 to 0.40 nM.



Docking of the SARS-CoV-2 spike RBD to the EflACE2-Fc construct was modelled using HADDOCK v2.4 (75, 76) and the best model from the top scoring cluster was taken, having a HADDOCK score of -151 ± 4.2 and an RMSD from the overall lowest energy structure of 0.7 Å ± 0.5 (Figure 1E). The SARS-CoV-2 spike RBD and ACE2 catalytic domain (residues 19-614) had an overall RMSD of 2.733 Å from the observed SARS-CoV-2 binding to native ACE2 (PDB ID: 6M0J), with the SARS-CoV-2 and ACE2 chains aligning more closely with RMSDs of 0.400 Å and 1.400 Å respectively. A HADDOCK SARS-CoV-2 spike RBD docking model generated using an Alphafold prediction of the native ACE2 structure aligned similarly with the observed structure (PDB ID: 6M0J) with an RMSD of 2.940 Å, and overlayed the EflACE2-Fc structure with an RMSD of 0.573 Å.

Data and Statistical analysis used the Prism software package (GraphPad Software 9.0.2, San Diego, CA). Curve fitting to agonist(inhibitor) response curves for EC50 (IC50) determination and ANOVA with multiple comparisons tests were used as indicated in the Figure legends.





Results

A series of ACE2-Fc fusion proteins (Table 1) were produced and analyzed for improved capacity to neutralize SARS-CoV-2 infection and to enhance or transform Fc-dependent effector functions attributed normally to the mechanisms of action of antibodies. Three versions of the ACE2 ectodomain were fused to the human IgG1 Fc portion. The first ACE2 fusion comprised the full length ACE2 ectodomain (flACE2-Fc, aa 19-740), including both the catalytic and collectrin domains (Figure 1A) and the second, an enhanced full length ACE2 ectodomain, EflACE2-Fc, with enhanced binding to SARS-CoV-2 S protein-RBD resulting from three amino acid mutations in the RBD binding site of the ACE2 protein (T27Y, L79T and N330Y) (43) and the third comprised a truncated ectodomain (trACE2-Fc, aa 19-615) containing the ACE2 catalytic domain but lacking the collectrin domain. Models of the trACE2-Fc (Figures 1C, D) and EflACE2-Fc (Figures 1A, B) decoy proteins were generated using Alphafold 2 (73, 74) and EflACE2-Fc was docked to SARS-CoV-2 spike RBD (Figure 1E). A comparison of the RBD docked to the Alphafold prediction of the EflACE2 and native ACE2 structures aligned similarly with the observed structure (PDB ID: 6M0J) with an RMSD of 2.733 Å and 2.940 Å respectively, and overlayed the RBD-EflACE2-Fc docked structure with an RMSD of 0.573 Å. This indicates that the affinity enhancing mutations do not impact the docking position of the SARS-CoV-2 spike RBD using this modelling approach. To evaluate the interaction with trimeric spike and assess the relative distance between ACE2 catalytic domains and adjacent RBD, the EflACE2-Fc-SARS-CoV-2 spike RBD or the trACE2-Fc-SARS-CoV-2 spike RBD model was overlayed on the RBD of chain A of the observed Spike-ACE2 complex structure (PDB ID: 7VXM) (Figures 1F, G). This showed that the ACE2 dimer in the EflACE2-Fc construct is not able to bind adjacent RBD on a single spike trimer due to distance restraints. Though the two ACE2 catalytic domains in the trACE2-Fc construct are likely not dimeric, through the lack of a collectrin domain (36), restraints imposed by disulphide bonding at the N-terminus of the Fc similarly act to restrict the distance between the ACE2 domains and likely also prevent binding to adjacent RBD for this construct (Figure 1G).


Table 1 | ACE2 proteins used in this study.



The key rationale for the development of a ACE2 decoy antiviral protein as a biosecurity agent against a future pandemic is the presumption it will similarly inhibit SARS-CoV-2 variants and ACE2 tropic coronaviruses generally. Indeed, using an ELISA flACE2-Fc bound near equally to both the ancestral RBD and RBD from the beta, gamma and delta VOCs (Figure 1H).

The activity of ACE2-Fc against SARS-CoV-2 variants was further addressed using a bead array. The inhibition of binding of biotinylated trACE2-Fc to an established array of 24 SARS-CoV-2 spike RBD variants (71) by unlabeled ACE2-Fc decoys was examined. Inhibition of binding to RBD-WT followed the hierarchy trACE2-Fc-WT < flACE2-Fc-WT < EflACE2-Fc-WT (IC50 = 114, 80, 10 nM respectively) with effective inhibition of binding to all the individual RBD variants reached, with IC50 values within two-fold of that observed with the ancestral RBD (Figure 2). Thus, across the array of RBD variants the average IC50 values (110 ± 4; 86 ± 4 nM; 9.5 ± 0.9 nM) simply replicated this hierarchy of increasing neutralization potency over trACE2-Fc-WT as variants with increased affinity for ACE2 have equivalent increased susceptibility to inhibition by ACE2, including the N439K, S477N and E484K RBDs and other variants associated with escape from neutralizing antibodies (11, 54, 77). This contrasted sharply with the neutralizing mAb S35 where binding to the L455F and A475V RBD variants was abrogated. Furthermore, the decoy proteins were also effective inhibitors of binding to the spike proteins of the SARS and NL63 beta-coronaviruses (Figure 2). This illustrates the intrinsic resistance of ACE2 based antiviral decoys to escape by spike mutation and their applicability to other viruses that also use ACE2 for entry.




Figure 2 | Human ACE2-Fc decoy proteins broadly inhibit binding to RBD variants and S from variants and related Sarbecoviruses. Biotinylated trACE2-Fc was incubated with a concentration series of unlabelled trACE2-Fc, flACE2-Fc, EflACE2-Fc fusion proteins or the inhibitory human mAb S35. Binding to RBD or S proteins coupled to beads was determined. Apparent IC50 (nM) values are indicated. NB, no binding.



In addition to fusion to wild-type (WT) IgG1-Fc, these ACE2 formats were also fused to a Fc carrying novel substitutions of histidine 429 (Eu numbering) with phenylalanine (H429F) or tyrosine (H429Y), or in the adjacent residue, a known IgG hexamerising mutation E430G (78, 79). A glycan-modified form of trACE2-Fc was also produced in the presence of the mannosidase inhibitor kifunensine (trACE2-Fc-kif). The recombinant ACE2-Fc fusion proteins were purified first by anion exchange followed by size exclusion chromatography (SEC) and comprised largely a single species by SEC (Figure 3A) except the H429Y mutant Fc proteins which in all formats were resolved by SEC as oligomeric and monomeric species (Figure 3B).




Figure 3 | Characterization of engineered human flACE2-Fc and trACE2–Fc fusion proteins. (A) Size-exclusion chromatography (SEC) of IEX fractions containing flACE2-Fc-WT using a Superose 6 column, with oligomeric, monomeric forms and low mw impurities (†) indicated; and (B) SEC of IEX fractions containing flACE2-Fc H429Y, showing the high proportion of oligomeric species. (C–F) Biolayer interferometry (BLI) analysis of ACE2-Fc proteins which were immobilized on anti-human Fc (BLI) sensors and reacted with the indicated concentrations of RBD. The dissociation constants, KD (nM), are derived from global fitting of the association and dissociation curves to a Langmuir binding model. The ACE2-Fc proteins were, (C) trACE2-Fc WT (D) flACE2-Fc WT, (E) flACE2-Fc H429F and (F) the RBD binding-enhanced triple mutant of ACE2 fused to Fc; EflACE2-Fc WT (representative of n = 2 independent experiments). (G) Native Gel-shift analysis of ACE2-Fc proteins (1 mg, ~ 5 pmol) alone or combined with SARS-CoV-2 spike RBD-Ig (0.5 mg, ~ 5 pmol) and analyzed by native PAGE. The resulting shift in size of the proteins in the mixtures demonstrated the formation of ACE2-Fc: Cov2-RBD complexes. (H) Binding of different formats of ACE2-Fc-WT, and their Fc variants to immobilized RBD-Ig was determined by ELISA. EC50 (nM) values are from agonist versus response curve fits,mean ± SD, n is indicated by individual symbols for each independent experiment. One-way ANOVA with Dunnett’s multiple comparisons test, p > 0.05 (ns), ≤ 0.05 (*), ≤0.01 (**), ≤ 0.0001 (****).



Fc modification did not affect the intrinsic affinity for the SARS-CoV-2 spike RBD (e.g. trACE2-Fc-WT, KD = 28.6nM; flACE2-Fc-WT, 25.2 nM; flACE2-Fc-H429F, KD = 23.2 nM, Figures 3C-E) which was comparable with that of the reported affinity 22nM for the flACE2 (43). As expected, the EflACE2-Fc WT protein with the enhanced RBD-binding mutant ACE2 domain showed a ~30-fold increase in affinity to KD = 0.7 nM (Figure 3F) (43) compared to the flACE2-Fc.

Native PAGE (N-PAGE) analysis showed that ACE2-Fc WT fusion proteins migrate as a single species, at ~ 260 kDa for trACE2-Fc and at > 260 kDa for the flACE2-Fc and EflACE2-Fc fusion proteins, reflecting the additional presence of the collectrin domain (Figure 3G). Notably the ACE2-Fc-H429Y variants (e.g. trACE2-Fc-H429Y Fc, Figure 3G, 5th trACE2-Fc lane “Y”) migrated in N-PAGE as several distinct higher molecular weight oligomer species, that were not apparent in denaturing SDS-PAGE, i.e. these comprise non-covalent oligomers. N-PAGE shift analysis showed that the normal and enhanced ACE2 (e.g. trACE2-Fc and EflACE2-Fc) proteins, and the Fc mutants, had high-specific binding activity for SARS-CoV-2 spike RBD, visualized by their shift to high molecular weight complexes following interaction with SARS-CoV-2 spike RBD-Ig (RBD-Ig “+” lanes, Figure 3G). When quantified by ELISA the ACE2-Fc proteins bound the bivalent ligand RBD-Ig with subnanomolar avidity and were unaffected by mutation of the Fc, excepting the oligomer forming H429Y Fc mutants which exhibited weaker binding (Figure 3H).

The antiviral activities of the ACE2-Fc fusion proteins were determined in a microneutralization assay using SARS-CoV-2 infection of Vero cells (64) where the EC50 endpoint corresponds to neutralization of ~99% of the inoculum virions (66). The SARS-CoV-2 neutralization endpoint (EC50 2.70 µM) of the unfused truncated ectodomain (trACE2 alone) was improved ~10-fold by its fusion with the unmodified wildtype Fc region of IgG1 (trACE2-Fc-WT, EC50 283 nM), consistent with its improved binding avidity (Figure 4A). In accord with its increased intrinsic affinity for the RBD (Figure 3F), the EflACE2-Fc-WT (EC50 11 nM) was a further ~11 and 25-fold more inhibitory than the unmodified flACE2-Fc-WT (EC50 124 nM) and trACE2-Fc-WT respectively (Figures 4A–C). Thus overall, EflACE2-Fc-WT (Figure 4C) was ~240-fold more active in virus neutralization than trACE2 alone (Figure 4A).




Figure 4 | (A-C) SARS-CoV-2 neutralization potency of ACE2-Fc fusion proteins is increased by both the ACE2 scaffold and the H429Y Fc mutation. Neutralization potencies of the ACE2 enzymatic ectodomain polypeptide (trACE2) and the three formats of ACE2-Fc-WT fusion and variant proteins were determined by titration of the cytopathic effect to endpoint in a micro-neutralization assay. The fusion proteins were (A) trACE2-Fc-WT, (B) flACE2-Fc-WT and (C) EflACE2-Fc-WT, incorporating triple mutation of ACE2 engineered (43) for enhanced affinity to RBD and their Fc variants (Eu numbering), E430G, G; H429F, F; H429Y oligomers on SEC, Yog; and H429Y monomers on SEC, Ymn. A further variant trACE2-Fc fusion protein is the glycan-modified trACE2-Fc-kif produced in the presence of kifunensine. Mean ± SEM, one-way ANOVA with Dunnett’s multiple comparisons test, p > 0.05 (ns), ≤ 0.05 (*), ≤ 0.01 (**), independent experiments (n) are indicated as individual symbols.



Of the five Fc modifications, the oligomeric (og) form of the H429Y Fc mutants fused with any ACE2 format, consistently displayed superior neutralization activity within its ACE2 format class. Thus, the oligomeric trACE2-Fc-H429Yog, isolated by SEC, had a neutralization activity (EC50 21.9 nM) that was 13-fold improved over the monomeric trACE2-Fc-WT (EC50 283nM, Figure 4A). Similarly, flACE2-Fc-H429Yog (EC50 10.0 nM) showed greater potency than flACE2-Fc-WT (EC50 124 nM) (Figure 4B). Indeed, it was equivalent in neutralization activity to the EflACE2-Fc WT neutralization (EC50 10.6 nM). Finally, the most potent inhibitor, EflACE2-Fc-H429Yog (EC50 4.23 nM) (Figure 4C), was ~ 600-fold more active than the monovalent trACE2 (Figure 4A). This improved neutralization by the H429Y decoy contrasted with the H429F and the E430G modifications which did not significantly alter SARS-CoV-2 neutralization activity in any ACE2-Fc format (Figures 4A-C). As a comparator the laboratory equivalent of the therapeutic mAb REGN 10933 (casirivimab) had an EC50 of 3.6 nM, (n = 2).

The Fc receptors of leukocytes and serum complement provide the two major effector systems harnessed normally by the Fc portion of antibodies. FcγR functions, which may include ADCC, phagocytosis and clearance of opsonized viruses are important antiviral effector mechanisms and are increasingly found to play a protective role during SARS-CoV-2 infection (57, 58, 60, 61, 80, 81). The interaction of FcγRIIIa with the ACE2-Fc fusion proteins was evaluated by flow cytometry using Ramos cells expressing SARS-CoV-2 spike protein (Ramos-S cells) opsonized with the different formats of ACE2-Fc. Dimeric recombinant soluble FcγRIIIa (68) bound the Fc-WT and H429F and E430G mutant fusion proteins within each ACE2 format class near equivalently. However, the H429Y mutation of the Fc largely ablated FcγR binding in all the ACE2-Fc formats (Supplementary Figure S1A). The loss of FcγRIIIa binding was not due to lack of opsonization of the Ramos-S cells by the H429Y variants as all ACE2-Fc proteins showed similar binding of the SARS-CoV-2 spike protein on the cell surface (Table 2).


Table 2 | Flow cytometric analysis of Ramos-S cells by opsonized ACE2-Fc proteins*.



Next, FcγRIIIa activation by ACE2-Fc fusion proteins was evaluated as a validated surrogate of ADCC (67). FcγRIIIa was activated by Ramos-S cells opsonized with a Fc-WT fusion of any ACE2 format (Figure 5A). The flACE2-Fc-WT induced FcγRIIIa-mediated activation of the reporter cell at 2.7-fold lower concentration than the trACE2-Fc-WT (EC50 1.7 nM) (Figure 4A, p < 0.0001, Supplementary Figures S1B, C), indicating that inclusion of the ACE2 collectrin domain, improved FcγRIIIa activation. Notably, the increased affinity of the EflACE2-Fc WT for SARS-CoV-2 spike protein, did not increase FcγRIIIa activation above that of flACE2-Fc WT (Figure 5A).




Figure 5 | FcγR and complement dependent effector functions of the ACE2-Fc decoy proteins. (A) Activation of FcγRIIIa by ACE2-Fc proteins. ACE2-Fc proteins activated FcγRIIIa, except for the Fc H429Y mutants which failed to stimulate in any ACE2 format either as oligomeric or monomeric forms. Ramos-S target cells were opsonized with trACE2-Fc, flACE2-Fc and EflACE2-Fc, WT and Fc variants, including H429F, F; H429Y, Y; E430G, G or trACE2-Fc-kif, produced from trACE2-Fc WT in 293Expi cells in the presence of the mannosidase inhibitor kifunensine. In some experiments Ramos-S target cells were separately opsonized with Rituximab, RIT. These opsonized targets were incubated with FcγRIIIa/NF-κB-RE nanoluciferase reporter cells and FcγRIIIa activation measured by the induction of nanoluciferase (RLU). Activation data (Supplementary Figures S1B, C) were fitted to agonist response curves to estimate EC50(nM); nd, not determined as there was insufficient activity for the data to be fitted. EC50 values from the curve fits are shown. Mean ± SEM, n is indicated by individual symbols for each independent experiment, one-way ANOVA with Dunnett’s multiple comparisons test, comparing to trACE2-Fc WT. p > 0.05 (ns), ≤ 0.05 (*), ≤ 0.01 (**), ≤ 0.001 (***), ≤ 0.0001 (****). (B) H429F, and E430G Fc mutant ACE2-Fc proteins are potent mediators of complement lysis of SARS-CoV-2 S expressing cells. Flow cytometric analysis of complement-dependent cytotoxicity (CDC) of opsonized Ramos-S cells was determined in the presence of a 1/3 dilution of a pool of normal human serum (from >5 individuals) as a source of complement. Plots are mean ± SEM, n = 3 independent experiments. Two-way ANOVA with Dunnett’s multiple comparisons test comparing to trACE2-Fc-WT for main column effect, p > 0.05 (ns), ≤ 0.01 (**), ≤ 0.0001 (****). EC50 (nM) values are mean ± SEM each from 3 curve fits.



However, the most potent FcγRIIIa activation was achieved following glycan-modification by kifunensine (82) during the production of the trACE2-Fc. Thus, despite the lower activity of the trACE2-Fc format, FcγRIIIa activation by trACE2-Fc-kif exceeded that of the flACE2-Fc and EflACE2-Fc and approached that of the therapeutic anti-CD20 mAb rituximab used as a comparator on the CD20+ Ramos-S cells (Figure 5A; Supplementary Figure S1B). Thus, the hierarchy of FcγRIII activation by the proteins was trACE2-Fc-kif > EflACE2-Fc WT ~ flACE2-Fc- WT > trACE2-Fc-WT.

In accord with the FcγRIIIa binding data (Supplementary Figure S1A), modification of ACE2-Fc decoys by the H429F or E430G mutation had only modest effects on FcγRIIIa activation (Figure 5A; Supplementary Figures S1B, C). In contrast, the H429Y mutation in all ACE2-Fc formats ablated FcγRIIIa activation of cells which is consistent with their abrogated binding to FcγRIIIa (Supplementary Figure S1A). Thus, while enhancing virus neutralization, the H429Y modified Fc in trACE2-Fc, flACE2-Fc and EflACE2-Fc formats were largely inactive in FcγR binding and consequently unable to activate cells via FcγRIIIa (Figure 5A).

The second major Fc-dependent effector system is the classical complement pathway. The activation of complement by the ACE2-Fc proteins was tested initially by ELISA for the capacity to fix complement components C5b-9 and then to mediate complement-dependent killing of cells expressing SARS-CoV-2 spike protein. The fixing of C5b-9 (Supplementary Figure S1D) which forms the membrane attack complex, was achieved by all Fc fusions but was enhanced by both the H429F Fc mutation and the hexamerising E430G mutation of trACE2-Fc compared to unmodified Fc-WT. Despite the H429Y mutated Fc preforming oligomers, which might be anticipated to confer superior complement fixation, this was not apparent and the trACE2-Fc-H429Y oligomer form, showed similar C5b-9 fixation as the trACE2-Fc-WT and glycomodifed trACE2-Fc-kif, (Supplementary Figure S1D).

Despite the ELISA showing that the trACE2-Fc-WT fusions with an unmodified Fc fix C5b-9, analysis of cell killing showed that the unmodified Fc-WT fusion proteins of any ACE2 format failed to mediate significant CDC (Figure 5B). In stark contrast to this CDC inactivity, both the H429F and the hexamerising E430G Fc mutants of trACE2-Fc fusion proteins were remarkably active in mediating complement lysis of Ramos-S cells (Figure 5B). The monomeric form of trACE2-Fc-H429Ymn was active, although substantially less potent than the H429F mutant. H429 in the Fc is thus a site for modification that remarkably potentiates the Fc’s capacity for stimulating complement-mediated target lysis.



Discussion

In this study we examined different antiviral functions of ACE2-Fc virus decoy proteins. As in IgG antibodies, the Fc-region drives the effector responses mediated by the IgG-Fc fusion proteins. In vivo SARS-CoV-2 challenge models (57–61) have found Fc immune functions of antibodies decreased virus load, spread from nasal tissue to major organ systems, cytokine storm and inflammation, and mortality. In contrast, ablating Fc function resulted in increased disease severity or mortality (58–60, 83). Recently a non-neutralizing human mAb with Fc-enhanced ADCC activity conferred partial protection in a SARS-CoV-2 infection model and contributed to complete protection in combination with a neutralizing mAb (80). Indeed, ADCC potency is an indicator of humoral responses that protect against severe disease in humans (81). While complement activation features in the pathophysiology of severe COVID-19 it is likely to be initially protective (84) and is an identified function of anti-SARS-CoV-2 therapeutic antibodies (85). The Fc portion is thus an important element to optimize for the development of ACE2-Fc as an anti-SARS-CoV-2 antiviral molecule and for viral entry receptors fused to Fc more generally.

Hence, we have manipulated three major antiviral activities of ACE2-Fc by modifying its Fc portion to enhance the existing decoy (neutralization) action of the ACE2 component, complement mediated killing and activation of FcγR. Firstly, the H429Y mutation, in the Fc CH3 domain outside the Fcγ receptor or complement contact sites of the CH2 domain, resulted in the formation of oligomers of the decoy protein which resulted in improved neutralization potency. The improved neutralization activity and oligomeric nature of the H429Y Fc mutant decoys mimic the polymeric antibody classes, IgA (86) and IgM (87) where avidity contributes to the efficacy of SARS-CoV-2 neutralization. Fc : Fc interactions are a recognized property of IgG antibodies (88) and their stabilization by mutation can lead to the formation of in solution oligomers (89). In contrast, the E430G modification of IgG is known to promote “on-target” oligomerization (hexamerization) of IgG (79), but did not significantly alter SARS-CoV-2 neutralization activity in any ACE2-Fc format. In contrast, the H429Y Fc mutation enhanced neutralization potency of all formats of the ACE2-Fc decoy proteins. H429Y Fc mutation in combination with the inclusion of the collectrin domain and the triple ACE2 mutations enhancing affinity for S (43), (i.e. EflACE2-Fc-H429Y) resulted in an overall 600-fold increased SARS-CoV-2 neutralization potency over that of the monomeric truncated ACE2 domain. The neutralization potency of EflACE2-Fc-H429Y (4.2 nM) was comparable to that of the laboratory equivalent of the therapeutic mAb REGN 10933 (casirivimab, 3.6 nM). A feature of the H429Y mutation was the loss of binding by FcγRIIIa. Mutations at the CH2/CH3 interface can affect low affinity FcγR binding to the Fc (90), suggesting these sites, though distant, can affect each other (91).

Secondly, the phenylalanine substitution of histidine 429 (H429F) of the ACE2-Fc proteins did not enhance neutralization but did transform CDC against S expressing targets. This improved CDC activity was like that of E430G mutated ACE2-Fc, a known “on-target” Fc-hexamerising mutation, a format optimal for C1 binding and activation (78, 79). Lastly, FcγR potency of trACE2-Fc was improved by modifying the Fc glycan (82) to enhance FcγRIII binding (92). It is likely that similar treatment of flACE2-Fc WT and EflACE2-Fc WT, or alternatively, amino acid substitution to increase affinity for FcγRIIIa (93), would similarly further improve their FcγRIII activating potency. Notably, FcγRIII activation was a little reduced for the decoy lacking the collection domain, indicating the formatting of Fc-fusion proteins can impact Fc-mediated activity.

We have demonstrated ACE2-Fc to be a potent agent against SARS-CoV-2, not only for neutralization but also for the harnessing of Fc-mediated effector functions. The exemplar Fc modifications demonstrated herein illustrate the potential for the tuning of Fc function to optimize virus neutralization, FcγR interaction and complement activation. This selection of desired functional profiles could aid the deployment of broadly effective ACE2-Fc, mAbs and other Fc therapeutics. There has been a rapid progression of multiple different SARS-CoV-2 mAbs to clinical use that is likely to herald increased deployment of mAbs clinically for infectious diseases. The optimization of Fc functions will make a significant difference to their clinical success. Furthermore, the world remains susceptible to new pandemics and vaccine escape variants. Thus, an antiviral decoy comprising optimized Fc fusion to a viral entry receptor such as ACE2-Fc, is an important option for deploying a rapid first line of defense to contain new zoonotic viral threats while vaccines, mAbs and antiviral drugs are being developed.
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Supplementary Figure 1 | Human ACE2-Fc proteins activate FcγRIIIa and Complement. (A) FcγRIIIa binding. The ACE2-Fc WT fusion proteins and their variants (5 µg/ml) were reacted with Ramos-S cells (Ramos cells expressing spike protein) and Fc receptor binding evaluated by flow cytometry using biotinylated dimeric rsFcγRIIIa, followed by streptavidin-APC. (mean of 3 replicates). (B, C) Activation of FcγRIIIa. ACE2-Fc proteins are potent activators of FcγRIIIa apart from the Fc H429Y mutants which fail to stimulate FcγRIIIa in any ACE2 format. Ramos-S target cells were opsonized with (B) trACE2-Fc and (C) flACE2-Fc, WT and separately with Fc variants, including H429F, F; H429Y unfractionated, Y; H429Y oligomers, Yog; H429Y monomer, Ymn; E430G, G or trACE2-Fc kif produced from trACE2-Fc WT in 293Expi cells in the presence of the mannosidase inhibitor kifunensine. Ramos-S target cells were separately opsonized with Rituximab, RIT. These opsonized targets were incubated with FcγRIIIa-NF-κB-RE nanoluciferase reporter cells and FcγRIIIa activation measured by the induction of nanoluciferase (RLU). Representative activation data showing fitting to agonist response curves to determine each EC50 (nM) data point shown  in Figure 5A. (D) ACE2-Fc fusion proteins comprising Fc regions with either of the H429F and E430G mutations, strongly fix complement C5b-9. In ELISA analysis the indicated concentration series of trACE2-Fc or its Fc variants, was bound to SARS-CoV-2 spike RBD-biotin (2.5 μg/ml) captured by plate bound avidin (2 μg/ml). Following incubation with human serum the formation of C5b-9 was determined, (mean ± SD); two independent experiments.



References

1. Zhong, NS, Zheng, BJ, Li, YM, Poon, ZH, Chan, KH, Li, PH, et al. Guan: Epidemiology and cause of severe acute respiratory syndrome (SARS) in guangdong, people’s republic of China, in February, 2003. Lancet (2003) 362(9393):1353–8. doi: 10.1016/s0140-6736(03)14630-2

2. Zaki, AM, van Boheemen, S, Bestebroer, TM, Osterhaus, AD, and Fouchier, RA. Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N Engl J Med (2012) 367(19):1814–20. doi: 10.1056/NEJMoa1211721

3. Zhu, N, Zhang, D, Wang, W, Li, X, Yang, B, Song, J, et al. A novel coronavirus from patients with pneumonia in China, 2019. N Engl J Med (2020) 382(8):727–33. doi: 10.1056/NEJMoa2001017

4. Wacharapluesadee, S, Tan, CW, Maneeorn, P, Duengkae, P, Zhu, F, Joyjinda, Y, et al. Evidence for SARS-CoV-2 related coronaviruses circulating in bats and pangolins in southeast Asia. Nat Commun (2021) 12(1):972. doi: 10.1038/s41467-021-21240-1

5. Wang, N, Li, SY, Yang, XL, Huang, HM, Zhang, YJ, Guo, H, et al. Serological evidence of bat SARS-related coronavirus infection in humans, China. Virol Sin (2018) 33(1):104–7. doi: 10.1007/s12250-018-0012-7

6. Heinz, FX, and Stiasny, K. Distinguishing features of current COVID-19 vaccines: knowns and unknowns of antigen presentation and modes of action. NPJ Vaccines (2021) 6(1):104. doi: 10.1038/s41541-021-00369-6

7. Corti, D, Purcell, LA, Snell, G, and Veesler, D. Tackling COVID-19 with neutralizing monoclonal antibodies. Cell (2021) 184(12):3086–108. doi: 10.1016/j.cell.2021.05.005

8. Tragni, V, Preziusi, F, Laera, L, Onofrio, A, Mercurio, I, Todisco, S, et al. Modeling SARS-CoV-2 spike/ACE2 protein-protein interactions for predicting the binding affinity of new spike variants for ACE2, and novel ACE2 structurally related human protein targets, for COVID-19 handling in the 3PM context. EPMA J (2022) 13(1):149–75. doi: 10.1007/s13167-021-00267-w

9. Tegally, H, Wilkinson, E, Giovanetti, M, Iranzadeh, A, Fonseca, V, Giandhari, J, et al. Detection of a SARS-CoV-2 variant of concern in south Africa. Nature (2021) 592(7854):438–43. doi: 10.1038/s41586-021-03402-9

10. Harvey, WT, Carabelli, AM, Jackson, B, Gupta, RK, Thomson, EC, Harrison, EM, et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev Microbiol (2021) 19(7):409–24. doi: 10.1038/s41579-021-00573-0

11. Yuan, M, Huang, D, Lee, CD, Wu, NC, Jackson, AM, Zhu, X, et al. Structural and functional ramifications of antigenic drift in recent SARS-CoV-2 variants. Science (2021) 373(6556):818–23. doi: 10.1126/science.abh1139

12. Collier, DA, De Marco, A, Ferreira, I, Meng, B, Datir, RP, Walls, AC, et al. Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited antibodies. Nature (2021) 593(7857):136–41. doi: 10.1038/s41586-021-03412-7

13. Wang, P, Nair, MS, Liu, L, Iketani, S, Luo, Y, Guo, Y, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature (2021) 593(7857):130–5. doi: 10.1038/s41586-021-03398-2

14. Chen, RE, Winkler, ES, Case, JB, Aziati, ID, Bricker, TL, Joshi, A, et al. In vivo monoclonal antibody efficacy against SARS-CoV-2 variant strains. Nature (2021) 596(7870):103–8. doi: 10.1038/s41586-021-03720-y

15. Liu, H, Wei, P, Zhang, Q, Chen, Z, Aviszus, K, Downing, W, et al. 501Y.V2 and 501Y.V3 variants of SARS-CoV-2 lose binding to bamlanivimab in vitro. MAbs (2021) 13(1):1919285. doi: 10.1080/19420862.2021.1919285

16. Cele, S, Gazy, I, Jackson, L, Hwa, SH, Tegally, H, Lustig, G, et al. Escape of SARS-CoV-2 501Y.V2 from neutralization by convalescent plasma. Nature (2021) 593(7857):142–6. doi: 10.1038/s41586-021-03471-w

17. Wibmer, CK, Ayres, F, Hermanus, T, Madzivhandila, M, Kgagudi, P, Oosthuysen, B, et al. SARS-CoV-2 501Y.V2 escapes neutralization by south African COVID-19 donor plasma. Nat Med (2021) 27(4):622–5. doi: 10.1038/s41591-021-01285-x

18. 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

19. Kustin, T, Harel, N, Finkel, U, Perchik, S, Harari, S, Tahor, M, et al. Evidence for increased breakthrough rates of SARS-CoV-2 variants of concern in BNT162b2-mRNA-vaccinated individuals. Nat Med (2021) 27(8):1379–84. doi: 10.1038/s41591-021-01413-7

20. Sabino, EC, Buss, LF, Carvalho, MPS, Prete, CA Jr., Crispim, MAE, Fraiji, NA, et al. Resurgence of COVID-19 in manaus, Brazil, despite high seroprevalence. Lancet (2021) 397(10273):452–5. doi: 10.1016/S0140-6736(21)00183-5

21. Pulliam, JRC, van Schalkwyk, C, Govender, N, von Gottberg, A, Cohen, C, Groome, MJ, et al. Increased risk of SARS-CoV-2 reinfection associated with emergence of Omicron in South Africa. Science (2022) 76(6593):eabn4947. doi: 10.1126/science.abn4947

22. Ju, B, Zhang, Q, Ge, J, Wang, R, Sun, J, Ge, X, et al. Human neutralizing antibodies elicited by SARS-CoV-2 infection. Nature (2020) 584(7819):115–9. doi: 10.1038/s41586-020-2380-z

23. Zhou P Fau - Yuan, M, Yuan, G, Auid, M, Song, G, Beutler, N, Shaabani, N, et al. A human antibody reveals a conserved site on beta-coronavirus spike proteins and confers protection against SARS-CoV-2 infection. Sci Transl Med (2022) 14(637):eabi9215. doi: 10.1126/scitranslmed.abi9215

24. Daszak, P, Olival, KJ, and Li, H. A strategy to prevent future epidemics similar to the 2019-nCoV outbreak. Biosaf Health (2020) 2(1):6–8. doi: 10.1016/j.bsheal.2020.01.003

25. Stegmann, C, Hochdorfer, D, Lieber, D, Subramanian, N, Stohr, D, Laib Sampaio, K, et al. A derivative of platelet-derived growth factor receptor alpha binds to the trimer of human cytomegalovirus and inhibits entry into fibroblasts and endothelial cells. PloS Pathog (2017) 13(4):e1006273. doi: 10.1371/journal.ppat.1006273

26. Zhang, Z, Zeng, E, Zhang, L, Wang, W, Jin, Y, Sun, J, et al. Potent prophylactic and therapeutic efficacy of recombinant human ACE2-Fc against SARS-CoV-2 infection in vivo. Cell Discovery (2021) 7(1):65. doi: 10.1038/s41421-021-00302-0

27. Zhang, L, Narayanan, KK, Cooper, L, Chan, KK, Devlin, CA, Aguhob, A, et al. An engineered ACE2 decoy receptor can be administered by inhalation and potently targets the BA.1 and BA.2 omicron variants of SARS-CoV-2. bioRxiv (2022) 2022:3.28.486075. doi: 10.1101/2022.03.28.486075

28. Higuchi, Y, Suzuki, T, Arimori, T, Ikemura, N, Mihara, E, Kirita, Y, et al. Engineered ACE2 receptor therapy overcomes mutational escape of SARS-CoV-2. Nat Commun (2021) 12(1):3802. doi: 10.1038/s41467-021-24013-y

29. Sims, JJ, Greig, JA, Michalson, KT, Lian, S, Martino, RA, Meggersee, R, et al. Intranasal gene therapy to prevent infection by SARS-CoV-2 variants. PloS Pathog (2021) 17(7):e1009544. doi: 10.1371/journal.ppat.1009544

30. Ikemura, N, Taminishi, S, Inaba, T, Arimori, T, Motooka, D, Katoh, K, et al. Engineered ACE2 counteracts vaccine-evading SARS-CoV-2 omicron variant. bioRxiv (2022) 2021:12.22.473804. doi: 10.1101/2021.12.22.473804

31. Tanaka, S, Nelson, G, Olson, CA, Buzko, O, Higashide, W, Shin, A, et al. An ACE2 triple decoy that neutralizes SARS-CoV-2 shows enhanced affinity for virus variants. Sci Rep (2021) 11(1):12740. doi: 10.1038/s41598-021-91809-9

32. Walls, AC, Park, YJ, Tortorici, MA, Wall, A, McGuire, AT, and Veesler, D. Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell (2020) 183(6):1735. doi: 10.1016/j.cell.2020.11.032

33. Zhou, P, Yang, XL, Wang, XG, Hu, B, Zhang, L, Zhang, W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature (2020) 579(7798):270–3. doi: 10.1038/s41586-020-2012-7

34. Devarakonda, CKV, Meredith, E, Ghosh, M, and Shapiro, LH. Coronavirus receptors as immune modulators. J Immunol (2021) 206(5):923–9. doi: 10.4049/jimmunol.2001062

35. Obukhov, AG, Stevens, BR, Prasad, R, Li Calzi, S, Boulton, ME, Raizada, MK, et al. SARS-CoV-2 infections and ACE2: Clinical outcomes linked with increased morbidity and mortality in individuals with diabetes. Diabetes (2020) 69(9):1875–86. doi: 10.2337/dbi20-0019

36. Yan, R, Zhang, Y, Li, Y, Xia, L, Guo, Y, and Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2. Science (2020) 367(6485):1444–8. doi: 10.1126/science.abb2762

37. Bourgonje, AR, Abdulle, AE, Timens, W, Hillebrands, JL, Navis, GJ, Gordijn, SJ, et al. Angiotensin-converting enzyme 2 (ACE2), SARS-CoV-2 and the pathophysiology of coronavirus disease 2019 (COVID-19). J Pathol (2020) 251(3):228–48. doi: 10.1002/path.5471

38. Liu, P, Wysocki, J, Souma, T, Ye, M, Ramirez, V, Zhou, B, et al. Novel ACE2-Fc chimeric fusion provides long-lasting hypertension control and organ protection in mouse models of systemic renin angiotensin system activation. Kidney Int (2018) 94(1):114–25. doi: 10.1016/j.kint.2018.01.029

39. Zoufaly, A, Poglitsch, M, Aberle, JH, Hoepler, W, Seitz, T, Traugott, M, et al. Human recombinant soluble ACE2 in severe COVID-19. Lancet Respir Med (2020) 8(11):1154–8. doi: 10.1016/S2213-2600(20)30418-5

40. Monteil, V, Kwon, H, Prado, P, Hagelkruys, A, Wimmer, RA, Stahl, M, et al. Inhibition of SARS-CoV-2 infections in engineered human tissues using clinical-grade soluble human ACE2. Cell (2020) 181(4):905–913 e7. doi: 10.1016/j.cell.2020.04.004

41. Xiao, T, Lu, J, Zhang, J, Johnson, RI, McKay, LGA, Storm, N, et al. A trimeric human angiotensin-converting enzyme 2 as an anti-SARS-CoV-2 agent. Nat Struct Mol Biol (2021) 28(2):202–9. doi: 10.1038/s41594-020-00549-3

42. Li, Y, Wang, H, Tang, X, Fang, S, Ma, D, Du, C, et al. SARS-CoV-2 and three related coronaviruses utilize multiple ACE2 orthologs and are potently blocked by an improved ACE2-ig. J Virol (2020) 94(22):e01283–20. doi: 10.1128/JVI.01283-20

43. Chan, KK, Dorosky, D, Sharma, P, Abbasi, SA, Dye, JM, Kranz, DM, et al. Engineering human ACE2 to optimize binding to the spike protein of SARS coronavirus 2. Science (2020) 369(6508):1261–5. doi: 10.1126/science.abc0870

44. Glasgow, A, Glasgow, J, Limonta, D, Solomon, P, Lui, I, Zhang, Y, et al. Engineered ACE2 receptor traps potently neutralize SARS-CoV-2. Proc Natl Acad Sci U.S.A. (2020) 117(45):28046–55. doi: 10.1073/pnas.2016093117

45. Cohen-Dvashi, H, Weinstein, J, Katz, M, Eilon, M, Mor, Y, Shimon, A, et al. Coronacept – a potent immunoadhesin against SARS-CoV-2. bioRxiv (2020) 2020:8.12.247940. doi: 10.1101/2020.08.12.247940

46. Lei, C, Qian, K, Li, T, Zhang, S, Fu, W, Ding, M, et al. Neutralization of SARS-CoV-2 spike pseudotyped virus by recombinant ACE2-ig. Nat Commun (2020) 11(1):2070. doi: 10.1038/s41467-020-16048-4

47. Liu, P, Xie, X, Gao, L, and Jin, J. Designed variants of ACE2-Fc that decouple anti-SARS-CoV-2 activities from unwanted cardiovascular effects. Int J Biol Macromol (2020) 165(Pt B):1626–33. doi: 10.1016/j.ijbiomac.2020.10.120

48. Abd El-Aziz, TM, Al-Sabi, A, and Stockand, JD. Human recombinant soluble ACE2 (hrsACE2) shows promise for treating severe COVID-19. Signal Transduct Target Ther (2020) 5(1):258. doi: 10.1038/s41392-020-00374-6

49. Zhang, L, Dutta, S, Xiong, S, Chan, M, Chan, KK, Fan, TM, et al. Engineered ACE2 decoy mitigates lung injury and death induced by SARS-CoV-2 variants. Nat Chem Biol (2022) 18(3):342–51. doi: 10.1038/s41589-021-00965-6

50. Iwanaga, N, Cooper, L, Rong, L, Maness, NJ, Beddingfield, B, Qin, Z, et al. ACE2-IgG1 fusions with improved in vitro and in vivo activity against SARS-CoV-2. iScience (2022) 25(1):103670. doi: 10.1016/j.isci.2021.103670

51. Tada, T, Fan, C, Chen, JS, Kaur, R, Stapleford, KA, Gristick, H, et al. An ACE2 microbody containing a single immunoglobulin Fc domain is a potent inhibitor of SARS-CoV-2. Cell Rep (2020) 33(12):108528. doi: 10.1016/j.celrep.2020.108528

52. Huang, KY, Lin, MS, Kuo, TC, Chen, CL, Lin, CC, Chou, YC, et al. Humanized COVID-19 decoy antibody effectively blocks viral entry and prevents SARS-CoV-2 infection. EMBO Mol Med (2020) 13(1):e12828. doi: 10.15252/emmm.202012828

53. Svilenov, HL, Sacherl, J, Reiter, A, Wolff, LS, Cheng, CC, Stern, M, et al. Picomolar inhibition of SARS-CoV-2 variants of concern by an engineered ACE2-IgG4-Fc fusion protein. Antiviral Res (2021) 196:105197. doi: 10.1016/j.antiviral.2021.105197

54. Liu, Z, VanBlargan, LA, Bloyet, LM, Rothlauf, PW, Chen, RE, Stumpf, S, et al. Identification of SARS-CoV-2 spike mutations that attenuate monoclonal and serum antibody neutralization. Cell Host Microbe (2021) 29(3):477–488 e4. doi: 10.1016/j.chom.2021.01.014

55. Jing, W, and Procko, E. ACE2-based decoy receptors for SARS coronavirus 2. Proteins (2021) 89(9):1065–78. doi: 10.1002/prot.26140

56. Stapleton, NM, Einarsdottir, HK, Stemerding, AM, and Vidarsson, G. The multiple facets of FcRn in immunity. Immunol Rev (2015) 268(1):253–68. doi: 10.1111/imr.12331

57. Schafer, A, Muecksch, F, Lorenzi, JCC, Leist, SR, Cipolla, M, Bournazos, S, et al. Antibody potency, effector function, and combinations in protection and therapy for SARS-CoV-2 infection in vivo. J Exp Med (2021) 218(3):e20201993. doi: 10.1084/jem.20201993

58. Ullah, I, Prevost, J, Ladinsky, MS, Stone, H, Lu, M, Anand, SP, et al. Live imaging of SARS-CoV-2 infection in mice reveals that neutralizing antibodies require Fc function for optimal efficacy. Immunity (2021) 54(9):2143–2158 e15. doi: 10.1016/j.immuni.2021.08.015

59. Suryadevara, N, Shrihari, S, Gilchuk, P, VanBlargan, LA, Binshtein, E, Zost, SJ, et al. Neutralizing and protective human monoclonal antibodies recognizing the n-terminal domain of the SARS-CoV-2 spike protein. Cell (2021) 184(9):2316–2331 e15. doi: 10.1016/j.cell.2021.03.029

60. Yamin, R, Jones, AT, Hoffmann, HH, Schafer, A, Kao, KS, Francis, RL, et al. Fc-engineered antibody therapeutics with improved anti-SARS-CoV-2 efficacy. Nature (2021) 599(7885):465–70. doi: 10.1038/s41586-021-04017-w

61. Li, D, Edwards, RJ, Manne, K, Martinez, DR, Schafer, A, Alam, SM, et al. In vitro and in vivo functions of SARS-CoV-2 infection-enhancing and neutralizing antibodies. Cell (2021) 184(16):4203–4219 e32. doi: 10.1016/j.cell.2021.06.021

62. Chen, Y, Sun, L, Ullah, I, Beaudoin-Bussières, G, Anand, SP, Hederman, AP, et al. Engineered ACE2-Fc counters murine lethal SARS-CoV-2 infection through direct neutralization and Fc-effector activities. bioRxiv (2021) 2021:11.24.469776. doi: 10.1101/2021.11.24.469776

63. Aricescu, AR, Lu, W, and Jones, EY. A time- and cost-efficient system for high-level protein production in mammalian cells. Acta Crystallogr D Biol Crystallogr (2006) 62(Pt 10):1243–50. doi: 10.1107/S0907444906029799

64. Juno, JA, Tan, HX, Lee, WS, Reynaldi, A, Kelly, HG, Wragg, K, et al. Humoral and circulating follicular helper T cell responses in recovered patients with COVID-19. Nat Med (2020) 26(9):1428–34. doi: 10.1038/s41591-020-0995-0

65. Wines, BD, Hulett, MD, Jamieson, GP, Trist, HM, Spratt, JM, and Hogarth, PM. Identification of residues in the first domain of human Fc alpha receptor essential for interaction with IgA. J Immunol (1999) 162(4):2146–53.

66. Khoury, DS, Wheatley, AK, Ramuta, MD, Reynaldi, A, Cromer, D, Subbarao, K, et al. Measuring immunity to SARS-CoV-2 infection: comparing assays and animal models. Nat Rev Immunol (2020) 20(12):727–38. doi: 10.1038/s41577-020-00471-1

67. Lee, WS, Selva, KJ, Davis, SK, Wines, BD, Reynaldi, A, Esterbauer, R, et al. Decay of Fc-dependent antibody functions after mild to moderate COVID-19. Cell Rep Med (2021) 2(6):100296. doi: 10.1016/j.xcrm.2021.100296

68. Wines, BD, Vanderven, HA, Esparon, SE, Kristensen, AB, Kent, SJ, and Hogarth, PM. Dimeric FcgammaR ectodomains as probes of the Fc receptor function of anti-influenza virus IgG. J Immunol (2016) 197(4):1507–16. doi: 10.4049/jimmunol.1502551

69. 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(54):eabf8891. doi: 10.1126/sciimmunol.abf8891

70. Kurtovic, L, Agius, PA, Feng, G, Drew, DR, Ubillos, I, Sacarlal, J, et al. Induction and decay of functional complement-fixing antibodies by the RTS,S malaria vaccine in children, and a negative impact of malaria exposure. BMC Med (2019) 17(1):45. doi: 10.1186/s12916-019-1277-x

71. Lopez, E, Haycroft, ER, Adair, A, Mordant, FL, O’Neill, MT, Pymm, P, et al. Simultaneous evaluation of antibodies that inhibit SARS-CoV-2 variants via multiplex assay. JCI Insight (2021) 6(16):e150012. doi: 10.1172/jci.insight.150012

72. Amanat, F, Stadlbauer, D, Strohmeier, S, Nguyen, THO, Chromikova, V, McMahon, M, et al. A serological assay to detect SARS-CoV-2 seroconversion in humans. Nat Med (2020) 26(7):1033–6. doi: 10.1038/s41591-020-0913-5

73. Jumper, J, Evans, R, Pritzel, A, Green, T, Figurnov, M, Ronneberger, O, et al. Highly accurate protein structure prediction with AlphaFold. Nature (2021) 596(7873):583–9. doi: 10.1038/s41586-021-03819-2

74. Varadi, M, Anyango, S, Deshpande, M, Nair, S, Natassia, C, Yordanova, G, et al. AlphaFold protein structure database: massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res (2022) 50(D1):D439–44. doi: 10.1093/nar/gkab1061

75. Honorato, RV, Koukos, PI, Jimenez-Garcia, B, Tsaregorodtsev, A, Verlato, M, Giachetti, A, et al. Structural biology in the clouds: The WeNMR-EOSC ecosystem. Front Mol Biosci (2021) 8:729513. doi: 10.3389/fmolb.2021.729513

76. van Zundert, GCP, Rodrigues, J, Trellet, M, Schmitz, C, Kastritis, PL, Karaca, E, et al. The HADDOCK2.2 web server: User-friendly integrative modeling of biomolecular complexes. J Mol Biol (2016) 428(4):720–5. doi: 10.1016/j.jmb.2015.09.014

77. Prevost, J, and Finzi, A. The great escape? SARS-CoV-2 variants evading neutralizing responses. Cell Host Microbe (2021) 29(3):322–4. doi: 10.1016/j.chom.2021.02.010

78. Diebolder, CA, Beurskens, FJ, de Jong, RN, Koning, RI, Strumane, K, Lindorfer, MA, et al. Complement is activated by IgG hexamers assembled at the cell surface. Science (2014) 343(6176):1260–3. doi: 10.1126/science.1248943

79. Strasser, J, de Jong, RN, Beurskens, FJ, Wang, G, Heck, AJR, Schuurman, J, et al. Unraveling the macromolecular pathways of IgG oligomerization and complement activation on antigenic surfaces. Nano Lett (2019) 19(7):4787–96. doi: 10.1021/acs.nanolett.9b02220

80. Beaudoin-Bussières, G, Chen, Y, Ullah, I, Prévost, J, Tolbert, WD, Symmes, K, et al. A Fc-enhanced NTD-binding non-neutralizing antibody delays virus spread and synergizes with a nAb to protect mice from lethal SARS-CoV-2 infection. Cell Rep (2022) 38(7):110368. doi: 10.1016/j.celrep.2022.110368

81. Zohar, T, Loos, C, Fischinger, S, Atyeo, C, Wang, C, Slein, MD, et al. Compromised humoral functional evolution tracks with SARS-CoV-2 mortality. Cell (2020) 183(6):1508–1519 e12. doi: 10.1016/j.cell.2020.10.052

82. van Berkel, PH, Gerritsen, J, van Voskuilen, E, Perdok, G, Vink, T, van de Winkel, JG, et al. Rapid production of recombinant human IgG with improved ADCC effector function in a transient expression system. Biotechnol Bioeng (2010) 105(2):350–7. doi: 10.1002/bit.22535

83. Winkler, ES, Gilchuk, P, Yu, J, Bailey, AL, Chen, RE, Chong, Z, et al. Human neutralizing antibodies against SARS-CoV-2 require intact Fc effector functions for optimal therapeutic protection. Cell (2021) 184(7):1804–1820 e16. doi: 10.1016/j.cell.2021.02.026

84. Afzali, B, Noris, M, Lambrecht, BN, and Kemper, C. The state of complement in COVID-19. Nat Rev Immunol (2022) 22(2):77–84. doi: 10.1038/s41577-021-00665-1

85. Yu, J, Tostanoski, LH, Peter, L, Mercado, NB, McMahan, K, Mahrokhian, SH, et al. DNA Vaccine protection against SARS-CoV-2 in rhesus macaques. Science (2020) 369(6505):806–11. doi: 10.1126/science.abc6284

86. Wang, Z, Lorenzi, JCC, Muecksch, F, Finkin, S, Viant, C, Gaebler, C, et al. Enhanced SARS-CoV-2 neutralization by dimeric IgA. Sci Transl Med (2021) 13(577):eabf1555. doi: 10.1126/scitranslmed.abf1555

87. Gasser, R, Cloutier, M, Prevost, J, Fink, C, Ducas, E, Ding, S, et al. Major role of IgM in the neutralizing activity of convalescent plasma against SARS-CoV-2. Cell Rep (2021) 34(9):108790. doi: 10.1016/j.celrep.2021.108790

88. Moller, NP. Fc-mediated immune precipitation. i. a new role of the Fc-portion of IgG. Immunology (1979) 38(3):631–40.

89. de Jong, RN, Beurskens, FJ, Verploegen, S, Strumane, K, van Kampen, MD, Voorhorst, M, et al. A novel platform for the potentiation of therapeutic antibodies based on antigen-dependent formation of IgG hexamers at the cell surface. PloS Biol (2016) 14(1):e1002344. doi: 10.1371/journal.pbio.1002344

90. Shields, RL, Namenuk, AK, Hong, K, Meng, YG, Rae, J, Briggs, J, et al. High resolution mapping of the binding site on human IgG1 for Fc gamma RI, Fc gamma RII, Fc gamma RIII, and FcRn and design of IgG1 variants with improved binding to the Fc gamma R. J Biol Chem (2001) 276(9):6591–604. doi: 10.1074/jbc.M009483200

91. Orlandi, C, Deredge, D, Ray, K, Gohain, N, Tolbert, W, DeVico, AL, et al. Antigen-induced allosteric changes in a human IgG1 Fc increase low-affinity Fcgamma receptor binding. Structure (2020) 28(5):516–527 e5. doi: 10.1016/j.str.2020.03.001

92. Shinkawa, T, Nakamura, K, Yamane, N, Shoji-Hosaka, E, Kanda, Y, Sakurada, M, et al. The absence of fucose but not the presence of galactose or bisecting n-acetylglucosamine of human IgG1 complex-type oligosaccharides shows the critical role of enhancing antibody-dependent cellular cytotoxicity. J Biol Chem (2003) 278(5):3466–73. doi: 10.1074/jbc.M210665200

93. Wang, X, Mathieu, M, and Brezski, RJ. IgG Fc engineering to modulate antibody effector functions. Protein Cell (2018) 9(1):63–73. doi: 10.1007/s13238-017-0473-8



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 Wines, Kurtovic, Trist, Esparon, Lopez, Chappin, Chan, Mordant, Lee, Gherardin, Patel, Hartley, Pymm, Cooney, Beeson, Godfrey, Burrell, van Zelm, Wheatley, Chung, Tham, Subbarao, Kent and Hogarth. 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.




[image: image]


OPS/images/fimmu.2022.889372/table2.jpg
H429F H429Y E430G
trACE2-Fc 15455 (1.001) 16268 (1.05) 11586 (0.75) 16730 (1.08)
fIACE2-Fc 17246 (1.00) 16887 (0.98) 12496 (0.72) 17286 (1.00)
EfIACE2-Fc 19576 (1.00) 20472 (1.05) 15065 (0.77) 20961 (1.07)

*ACE2-Fc and Fc variant fusion proteins (5 ug/ml) were reacted with Ramos-S cells and binding determined by flow cytometry.
tMedian fluorescence intensity value (normalized to WT). ND, not determined.

kif

16382 (1.06)
ND
ND





OPS/images/fimmu.2022.889372/fimmu-13-889372-g005.jpg
A

FcyRIII

nd
TTTTT

S rod
anti-  trACE2-
CD20 Fc¢

nd
T TT

L«to
fIACE2-
Fc

nd

S«to
EfIACE2-
Fc

1041

B

CDC (% killing)

©
=3

2]
(=]

S
o

N
=3

o

CDC

*kkk

*%

ns

1x108

agonist (M)

2x10-8 3x%10°8

agonist EC50 (nM)
trACE2-Fc & F 3.7%15
" & Yo, 5122
" * G 2710

" - WT nd
N O kif nd
fIACE2-Fc -» WT nd
EflIACE2-Fc-= WT nd





OPS/images/fimmu.2022.889372/table1.jpg
Protein name

trACE2

trACE2-Fc WT

trACE2-Fc-H429F

trACE2-Fc-H429Y

trACE2-Fc-E430G

trACE2-Fc-kif

fIACE2-Fc-WT

fIACE2-Fc-H429F

fIACE2-Fc-H429Y

fIACE2-Fc-E430G

EflACE2-Fc-WT

EflACE2-Fc-H429F

EflACE2-Fc-H429Y

EflACE2-Fc-E430G

ACE2 ectodomain form(amino acid sequence)

Truncated ACE2

(aa 19-615)
Truncated ACE2

(aa 19-615)
Truncated ACE2

(aa 19-615)
Truncated ACE2

(aa 19-615)
Truncated ACE2

(aa 19-615)
Truncated ACE2

(aa 19-615)

Full length ACE2
(amino acids 19-740)
Full length ACE2
(amino acids 19-740)
Full length ACE2
(amino acids 19-740)

Full length ACE2
(amino acids 19-740)

Full length ACE2
(amino acids 19-740)

Full length ACE2
(amino acids 19-740)

Full length ACE2
(amino acids 19-740)

Full length ACE2
(amino acids 19-740)

*N/A, not applicable as no Fc present i.e truncated ACE2 ectodomain only.

ACE2 modification

Not modified

Not modified

Not modified

Not modified

Not modified

Modified glycans

Not modified

Not modified

Not modified

Not modified

Thr 27 Tyr
Leu 79 Thr
Asn 330 Tyr

Thr 27 Tyr
Leu 79 Thr
Asn 330 Tyr
Thr 27 Tyr
Leu 79 Thr
Asn 330 Tyr
Thr 27 Tyr
Leu 79 Thr
Asn 330 Tyr

Fc modification (IgG1l EU numbering)
N/A*

Not modified

His 429 Phe

His 429 Tyr

Glu 430 Gly

Modified glycan at Asn 297
Not modified

His 429 Phe

His 429 Tyr

Glu 430 Gly

Not modified

His 429 Phe

His 429 Tyr

Glu 430 Gly





OPS/images/fimmu.2021.830527/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.830527/fimmu-12-830527-g001.jpg





OPS/images/fimmu.2021.830527/fimmu-12-830527-g002.jpg





OPS/images/fimmu.2021.816745/fimmu-12-816745-g004.jpg
< 2 0

g fus
T 3 fs i 4 4
e FTe o} [vs -
B Jn SR ;
“§Tb taw » vE 8 5 5
| Tk s o
. N
£ v N —R |2
¢ e [OH a — <4 S —
&) (ol
o« oN -~
onel — —
o el MNZO-8a0/aINZD-8A0 - |
—f  +—I3
B
” —F -
s
o
% I 5
8 3 2
~
N 2
(O} e O ey 2 :
| o =4
3 I 5
o . 5 o & g
N &) o
g il KT e o
@ 2 —t T+ 3 5
5 S — t .
o Yo} o [Te) o nW_.
m ~ 0 N 3
w (%) s||0 papuedxa Ajjeuojo ul m
uol
- 1oey) |18
< ) -
[~ =
s 2
5 _ G ]
o
] Qa
o o -
L
+ L
14 %]
: : ©bo 605,
@ 7]
c
5
i<}
= x
oho rs
o
od o FS
@ o
- >
e o
g ¢ 1%
o o 2
ja o
—r r T© T T
N © B S ™

[(e] o0 L |
onel gdnoligy/L.dnoi
w b o

Xapul-uouueys





OPS/images/fimmu.2021.816745/fimmu-12-816745-g005.jpg
(=) UMAP_2

[

Group1/Group? ratio

UMAP_2

UMAP_1

Y N
) S
T

Cell fraction (%)

[
>

CD4-CCR6 CD4-ICOS CD4-GATA3 CD4-GZMB
-, 20 ww . 2 * 401 ——
T B S P
¥ &

197711 “lanaeasege T g ks
CD4-GZMK CD4-naive Treg-CTLA4 it Treg-SELL
é.% aﬁ 75‘% —a B o -

& 10-“;‘ 5 'g é
~| 507 g é' EE 3 ? %, - &
T " T N T
Q3ITILE3HE  9ILILEF6E Q3ITILEFHE  03333E35E
E
CD4-GZMB CD4-GZMK

Cell fraction

{8

n =z >

Acthe Proglress Re(;overy

TCR sharing clustering

UMAP_1
Clone size
Q 1 » ©

38 3
e

c

7

5

c6

c

£

]

w
o

Group1

10

11

13

B s
4

s

3 1
8

il

9

6 0.5
7

2

5

Ac'ute Proglress Reclovery

Group2

o

Group1






OPS/images/fimmu.2021.816745/fimmu-12-816745-g006.jpg
HC AA AP
. e, B
: i
e : 07
:
MA MP MR
o ‘. ‘..
& o ©
v OB 4 ¢
, ;
- ;
- g
SA SP SR
: '
e
i 5
o 5 o 5 -0 5 o6 5 -0 5 0o 5
UMAP_1

B
ASC B-memory B-naive
. i
N -
- = | 60
£20 40 |
S 40
B
g 10 20 0
©
3 Lol
0 Ii'li - m 0 0
D¥RELESGS 3EELEGE  Q3%ELESGS
MP MR SA sP SR
Not detected
. Unique
I B cona
- " A RS
€ L AL LA LAL L AL L@
3 ?@%6‘0/&\ v{oe&o/&\ @0@0/&\ ?‘?0&0/(@ ?‘:oq)&o/\@\
B R R B R
& <& & & & G
E x -
[0] 8 e °
o 74 [ E; ¥+ .
c
T 15 [: 3 F!q 8 & &
564 ° g e
£ °
859
(2] T T T T T T T T
E HC AA AP MA MP MR SA SP SR
50 -
He i Ao mP sa [l s? H
40 ‘ AA MA MR sP
30 3
: h‘ i ii hih i o
10
L Bl M e . i
1gA1 1gA2 19D 1961 1962 1953 19G4 1gM s
e . g
s 40 ok
= 40q
g 2 , is
>l TR
o i onilille il Dl meaia L
1gA1 1gA2 19D 19G1 1062 19G3 19G4 IgM
100
i
754
@
50 2
= H # 1
»
ol o AW - i
19A1 1gA2 19D 1961 1962 1963 1954 1gM

Total IgG (COI)

%5 £
Days post-symptom onset

75

== Asymptomatic
- Mild
= Severe





OPS/images/fimmu.2021.816745/M1.jpg





OPS/images/fimmu.2021.816745/fimmu-12-816745-g001.jpg
Participant no.

Healthy @1 6
Sample size

Asymploma!icw s @® O
Mildw - ® © © H
—

Blood
Severe T

PBMC

ScRNA-seq & scTCR-seq

___

S .
Cytokine profile

1

Bioinformatic analysis

Y
48 )

Multiplex Assays
i

Severe

© Onset
- Hospitalization

@ Sampling
© Mild symptoms

* Severe symptoms

S00000000
bt

5

T

33T

88 8

CRP (mglL)
B8 288 8

B8 288 888 3

> 8

wos

CMa—r———oe ® Discharge
Eng——e— o Death e
5 oAl
Ere——ee - pracs
LA g ——— -
! —— ; - —

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 sHyE s
E CD8 (%) ALB (g/L) T#*

K=-07,p=0.00014 = -0.63,p=32e-06 R=-0.64, p=0.00067

30 10000- 1500

8000

6000,

4000

2000

1000

500

Be-TR (umol/L)
R=071,p=1 39705.

IL6 (pg/mL)
R=064,p=0.00037

200

100,

LOH (U1
R=061,p=9.1e-05 015

| 750

010
500

005
250

000

ic#
R=0.6,p=3.9e-05 %

> d
PN | P |
3 H
— _ | E———— N
= =

ceeas — PO
g 5
A
A
¢ “‘M»—k‘*_. F

[ . .
% 0

-0.6

-04

3
Days

» Sampiing






OPS/images/fimmu.2021.816745/fimmu-12-816745-g002.jpg
UMAP_2

D

35.5% in PC1
100% in PC2

100% in PC1
none in PC2

77.6% in PC1
63.3% in PC2

MT-CO3
RPS2

S100A8
S100A9
S100A12
TAOK1
VCAN

IFI27
IFI35
1SG15
MX1
IRF7
TNFSF10

B Cycling Monocyte NK C
15
404 * . -
100 . 40— -
10 . = —
20 20 .
¢l 54 . 50 é @
stlomal) | o | ] seanet e Rivede
Fo i g lesReFelTs [t ¥ o E. ¢ @
< PC T mDC pbDC _
S 4 I3
B » * . &
(e x . * 2 o
% 20 801 — T o e _ 8
o 2 1 el B

¥ & Pl
Foes ® 2.8
That. ¥30. i
o] . %’ 04 8 : @ - 2.5
ogorson ogoxrson
PILISLHGE  RILSEERGE
E F
type | interferon signaling pathway g
response to interferon-gamma &5 0.6
neutrophil mediated immunity &
positive regulation of interleukin-6 production 4 El G
Mean 0 20 40 © 04
2 neutrophil degranulation % 8
response to lipopolysaccharide 5> @
1 humoral immune response a »
0 positive regulation of inflammatory response - s s Qo2
; o511 2
neutrophil mediated immunity - EE———— ;
-2 antigen processing and presentation - s ] 0.0
cell redox homeostasis - - ]
tumor necrosis factor production g
PCtExp 0 1020 30 407 Acute  Progress Recovery
+25 H -log(p.adjust)  —e- Asymptomatc -e- Mild e Severe
* 50 s
Sy % - L 6. rmr
g E o =
E i E’ % P -- Acute
?.; - = - ;“- o - Progress
£ g 8
. Lo e BN ¥
H A M S H M

-10

o
i

PC1 (13.3%)

HC

AP
MA
MP
MR

sP
SR

HC

DAY 25-48






OPS/images/fimmu.2021.816745/fimmu-12-816745-g003.jpg
UMAP_2

@

Mean MHC Il score

B
CD14+ CD14+CD16+ CD16+
- = - =] 20 P -
204 —= N o
Asoﬁé @QQ ?:e Ty, mQEﬁs 8
S 104 ‘ﬁ @ni & ®
§ 604 i S —
1 agor<an
g DC1 DC2 8}<§§§$ %
£ 2] * 20 *x .
5 ’ . .
o -
14 10-‘
.
- ETINEY e
G LTS I MChid T
Lgor<an ogox<an
PILSEERHE  2ILSEERGE
UMAP_1
RIPK2
E Wi
HC DAY 0-24 DAY 25-48 NEBE
. = NEke>
§ 3 N
o Z ITGAX
0 & 18
g § 1
O & g3
= CXCl2
= CXCLT6
. < s e
” & 2 [leitx ]
° o © o . oS | = [erein]
° o ol &
et E;é S
=
=)
s oo be coo| T
T S e e ——T—— =
HC A B C D E A B C D E ;_3)
°
10 H
@ (2]
212
05 a
£
810
0.0 g_ BST2 5 S100A1210 0 - -
3 APOBEC3A =
©os 8
-05 5 3
= I
Achte Progress Rem’zvery Achte Prog'ress Rect;very
—e— Asymptomatic ~ -e— Mild —e— Severe
sRC__——— 5
sP = El
SA E—- §
MR + °
L] I :
MA =] - |F §
AP = | 2
M —
HC + E
0 -1 i

Monocyte composite scores

SRy =

sp L —rt——
sa [T —r—"a—
MR =

mP{ [ F

LN I

=

S

He { R

CD14+/CD16+ ratio

F  CD14 sub-cluster

MHC Il score

Mean
PctExp. »
o Alarmin score
1 e 925 .
® 950
0 e@uws
-1 @ 1000






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Host-microbe interaction in SARS-CoV-2 infection: Mechanism and intervention



		Editorial: Host-microbe interaction in SARS-CoV-2 infection: mechanism and intervention



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Spike-Dependent Opsonization Indicates Both Dose-Dependent Inhibition of Phagocytosis and That Non-Neutralizing Antibodies Can Confer Protection to SARS-CoV-2



		Introduction



		Results



		Convalescent Patient Plasma Reduces Spike-Monocyte Interaction



		Generation of Spike-Reactive Human Monoclonal Antibodies



		Epitope Mapping and Structural Mass Spectrometry Identify Antibody Binding Sites



		Neutralization Assays Identify One Monoclonal Which Blocks the ACE2-Spike Protein Interaction



		High Levels of Human Monoclonal Antibodies Reduce Spike-Monocyte Interaction



		Non-Neutralizing Antibodies Can Protect Against SARS-CoV-2 Infection









		Discussion



		Materials And Methods



		Cell Culture, Transfection, and Protein Production



		Antibody Phage Selections



		COVID19 Patient Samples and B Cell Isolation



		10X Genomics Sequencing and Data Analysis



		Antibody Reactivity Screening



		Spike-THP-1 Association Assays



		Pseudotyped Virus Neutralization Assays



		Bead-Based Neutralization Assay



		Animal Experiments



		BAL Fluid qPCR Analysis



		Determination of IgG-Antigen Interaction Kinetics



		Competition ELISA to Define Relative Epitope Location



		Surface Plasmon Resonance Studies to Assess IgG-Specificity



		Crosslinking of Antibodies to Spike Protein



		Sample Preparation for MS



		Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)



		Computational Modeling









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Transient IFN Response and the Delay of Adaptive Immunity Feature the Severity of COVID-19



		Introduction



		Results



		Clinical Characteristics in a Closely Monitored Cohort of Patients With COVID-19 With Varying Severity



		Characterizing the Perturbed Peripheral Immune Cell Landscape in Different Subset of COVID-19 Patients



		Remodeling of Myeloid Cell Compartments and Transcriptomes Correlate With the Development of Severe COVID-19



		Two Groups of CD8+ T Cells With Different Phenotypes and TCR Expansion Associate With Different COVID-19 Severity



		Peripheral CD4+ T Cell Compartments and the Development of Severe or Non-Severe COVID-19



		Characterization of B Cell Subsets in COVID-19 Patients









		Discussion



		Materials and Methods



		Patients



		Blood Samples Process



		Cytokines Measurement by MSD



		Detection of Plasma Antibodies



		ScRNA-Seq Library Construction



		Single Cell Filtering, Clustering, Dimension Reduction, and Visualization



		Integrated Analysis of Peripheral Myeloid, CD4+ T, CD8+ T, Innate T and B Cells



		Differentially Expressed Gene and Gene Enrichment Analysis



		Principal Component Analysis of All Samples



		Calculation of Immune Signature Scores



		Estimation of Cell Composition in Bulk RNA-Seq Data



		Single-Cell TCR and BCR Analysis



		RT-qPCR



		Statistics









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Omicron: A Heavily Mutated SARS-CoV-2 Variant Exhibits Stronger Binding to ACE2 and Potently Escapes Approved COVID-19 Therapeutic Antibodies



		Introduction



		Results



		Mutations in the Omicron RBD Strengthen the Spike–ACE2 Interaction



		Mutations in the RBDOmic Deteriorate the Binding of Therapeutic Antibodies and Garble Their Epitopes on RBD









		Discussion



		Methods



		Model Construction and Optimization



		Molecular Dynamics Simulation



		Binding Free Energy Calculation



		Computational Tools Used in This Project









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Fight Against Severe COVID-19: Can Parasitic Worms Contribute?



		Introduction



		Immunomodulatory Therapy of Severe COVID-19



		Helminth Co-Infection and Severity of COVID-19



		Helminth-Derived Products Can Attenuate the Severity of Sepsis



		Discussion



		Author Contributions



		Funding



		References









		Circulating Type I Interferon Levels in the Early Phase of COVID-19 Are Associated With the Development of Respiratory Failure



		Background



		Objectives



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Study Design



		Study Participants and Protocol



		Blood Samples



		Cytokine Measurement



		RT-qPCR



		Statistical Analysis









		Results



		Study Participants



		IFN-α and IFN-β Level Analysis



		Association Between Serum IFN-I Levels and SARS-CoV-2 Viral Load in the Blood/Nasal Swab



		Immunoinflammatory Biomarker Level Analysis



		Correlations Among Immunoinflammatory Biomarker Levels









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Cannabidiol and Terpene Formulation Reducing SARS-CoV-2 Infectivity Tackling a Therapeutic Strategy



		Conclusions and Impact



		1 Introduction



		1.1 Cannabis, Origanum, and Thymus Species as a Source of Biobased Formulations for Limiting SARS-CoV-2 Infectivity



		1.2 Why Does a Trade of Two Make Sense for Opposing One Single Agent? The Rationale for the Formulations









		2 Materials and Methods



		2.1 Formulation Development and Analysis



		2.2 In Vitro Virucide Assays



		2.2.1 Cell Culture



		2.2.2 SARS-CoV-2 Expansion



		2.2.3 Determination of the SARS-CoV-2 Titer



		2.2.4 Cytotoxicity Evaluation of Formulations



		2.2.5 Formulation Effect in SARS-CoV-2 Titer









		2.3 Gene Expression Under SARS-CoV-2 Infection



		2.3.1 Primer and Probe Design



		2.3.2 Gene Relative Quantification With the ΔCT Method Using a Reference Gene by One-Step RT-qPCR









		2.4 Statistical Analysis









		3 Results and Discussion



		3.1 The Rationale for Data Analysis



		3.2 Analysis by Cell Line and per Formulation



		3.2.1 Caco-2



		3.2.2 A549



		3.2.3 HaCaT



		3.2.4 Hek293T















		4 Conclusions and Impact



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Multiple SARS-CoV-2 Variants Exhibit Variable Target Cell Infectivity and Ability to Evade Antibody Neutralization



		Introduction



		Results



		Construction of Pseudoviruses With the Major Circulating SARS-CoV-2 Variants



		Altered Infectivity of the Major Circulating SARS-CoV-2 Variants



		Binding of SARS-CoV-2 Variant S to Recombinant hACE2



		Immune Escape of SARS-CoV-2 Variants to Neutralizing Monoclonal Antibodies



		Altered Reactivity of SARS-CoV-2 Variants to Inactivated Virus Vaccine Sera



		Effects of Cathepsin Inhibitor and Endocytosis Inhibitors on SARS-CoV-2 Entry









		Discussion



		Methods



		Serum Samples



		Monoclonal Antibodies



		Cell Lines



		Construction of SARS-CoV-2 Variant S Protein Expression Plasmids



		Production of SARS-CoV-2 S Protein Pseudoviruses



		Pseudovirus Infection Assay



		Detection of SARS-CoV-2 Variant S Protein



		Enzyme-Linked Immunosorbent Assay



		Flow Cytometric Assessment of S Proteins Expression and the Binding of Monoclonal Antibodies to Cell Surface-Expressed SARS-CoV-2 S Proteins



		Pseudovirus Neutralization Assays



		Effects of Protease and Endocytosis Inhibitors on Pseudovirus Entry



		Statistical Analysis









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Antigenic Cross-Reactivity Between SARS-CoV-2 S1-RBD and Its Receptor ACE2



		Introduction



		Materials and Methods



		Recombinant Proteins, Peptides, and Patient Serum



		Immunization and mAb Generation



		Enzyme-Linked Immunosorbent Assays



		Serum Preadsorption Assay



		Western Blotting



		Immunofluorescent Assay



		Biacore Surface Plasmon Resonance



		Hydrogen Deuterium Exchange Mass Spectrometry Analysis and Peptide Identification



		Negative-Stain Transmission Electron Microscopy Analysis for mAb 127 and ACE2-hFc Image Analysis by 2D Class Averaging



		Structural Prediction and Docking of the Antigen-Binding Fragment of mAb 127 and Antigens



		Statistical Analysis









		Results



		Antibodies Against SARS-CoV-2 S1-RBD in Sera From Patients with COVID-19 Cross-React With ACE2



		SARS-CoV-2 S1-RBD Immunization Induces Antibody Binding to ACE2



		mAbs 127 and 150 Specifically Recognize SARS-CoV-2 S1-RBD but not Other Coronavirus S1 Proteins



		Characterization of the Binding Properties of mAbs 127 and 150 to ACE2



		Epitope Mapping of mAbs 127 and 150 on SARS-CoV-2 S1-RBD



		Footprints of mAb 127 on S1-RBD and ACE2









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Time-Dependent Increase in Susceptibility and Severity of Secondary Bacterial Infections During SARS-CoV-2



		Introduction



		Results



		Time-Dependent Increases in Lethality During SARS-CoV-2-Pneumococcal Coinfection



		SARS-CoV-2 Coinfection Increased Bacterial Loads but Not Viral Loads



		Select Changes in Pulmonary Immune Responses After SARS-CoV-2-Pneumococcal Coinfection



		Pneumococcal Coinfection Resulted in Sustained Increases in Pulmonary Immune Responses After Recovery



		Bacterial Coinfection Did Not Enhance Lung Pathology









		Discussion



		Materials and Methods



		Mice



		Infection Experiments



		Harvest and Processing of Lungs and Blood



		Flow Cytometric Analysis



		Cytokine and Chemokine Quantification



		Histology



		Statistical Analysis









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Therapy Targets SARS-CoV-2 Infection-Induced Cell Death



		Introduction



		Multiple Cell Death Pathways Were Induced in SARS-CoV-2 Infection



		SARS-CoV-2 S Induced Cell–Cell Fusion and Syncytia Death



		SARS-CoV-2 E Proteins Form Cation Channels to Trigger Cell Death



		Discussion and Perspectives



		Author Contributions



		Funding



		References









		SARS-CoV-2 Omicron Variants Reduce Antibody Neutralization and Acquire Usage of Mouse ACE2



		Introduction



		Results



		Substantial Reduction in Antibody Neutralization of Omicron BA.1, BA.1.1 and BA.2



		Substantial Reduction in Antibody Binding to Omicron BA.1, BA.1.1, and BA.2



		BRII Combo Protects K18-hACE2 Mice From Infection With Authentic SARS-CoV-2 Omicron



		Substantial Reduction in Neutralizing Activity of Convalescent Plasma to Omicron BA.1, BA.1.1 and BA.2



		Omicron Variant Acquires Usage of Mouse ACE2 for Viral Entry









		Discussion



		Materials and Methods



		Study Approval



		Human Blood Samples



		Cell Lines



		Production of Antibodies



		Production of Pseudoviruses Carrying Wildtype and Mutant Spike Protein



		HeLa Cell Lines Expressing ACE2 From Diverse Host Origin



		Antibody and Plasma Neutralization Using Pseudoviruses



		Binding of Antibodies and Convalescent Plasma to Cell Surface-Expressed Wildtype and Omicron Spike Proteins



		Antibody Protection in hACE2 Transgenic Mice



		Structural Modeling of Mouse ACE2 Binding to RBD



		Statistical Analysis









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Robustness of Cellular Immunity Determines the Fate of SARS-CoV-2 Infection



		Highlights



		Introduction



		Viral Infections and T Cell Immune Responses



		Coronaviruses and Immunity: Previous Knowledge



		Pre-Existing Immune Reactivity









		SARS-CoV-2 Immune Evasion



		Innate Immune System Evasion



		Adaptive Immune System Evasion



		Humoral



		Cellular















		Natural Infection With SARS-CoV-2 (COVID-19)



		Relation of Cellular Components With Disease Severity









		Balance Between Innate and Adaptive Immunity



		Immune Memory



		Immune Memory Phenotypes









		Vaccination



		Discussion



		Author Contributions



		Funding



		References









		Fc engineered ACE2-Fc is a potent multifunctional agent targeting SARS-CoV2



		Introduction



		Materials and methods



		Constructs and proteins



		Virus neutralization assays



		Bio-layer interferometry



		ACE2-Fc binding ELISA









		ACE2-Fc and dimeric recombinant soluble (rs)FcγR binding by flow cytometry



		Complement fixation immunoassay for ACE2-Fc









		Complement dependent cytotoxicity



		FcγRIIIa-NF-κB-RE nanoluciferase reporter assay



		RBD variants and coronavirus S multiplex ACE2-Fc inhibition assay



		Modelling of ACE2-Fc decoy proteins















		Results



		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References























OPS/images/fimmu.2021.808932/fimmu-12-808932-g002.jpg
A Monoclonal generation from patient B cells

SARS-CoV-2
Spike protein t
.y heavy chain
> o oo
light chain
o Y
0 7o’ .
i Sort reactive Synthesize
P B cell
Convalescent unpy.B eals B cells variable regions

patients ( n=7)
/’ﬁ ﬁ light
chain
heam
IgG purification <@ — L/ \J chain

Transfect 293T cells Build human
for IgG production 1gG plasmids

Ab7 Ab11

B ELISA
P Cee

Y/) \ monoclonal ab
Spike

Ab57 Ab59 Ab66 Ab71

Ab77 Ab81

¢ Antibody binding

APC

Secondary fab
Fchry

N_  Serumor

Ab11 Ab36
70.7 23.1

4 monoclonal ab

Spike bead
APC

APC

Ab94) Abg5
441 90.3

FITC FITC FITC FITC FITC

FITC






OPS/images/fimmu.2022.854952/fimmu-13-854952-g004.jpg
W

WEFFITT I IR TP






OPS/images/fimmu.2021.808932/fimmu-12-808932-g003.jpg
A Antibody Spike domain binding

1000000
( ° °, g Hl Spike RBD
[ =
* g B Spike RBD L452R-T478K
* )
7\ * & 5 100000 B Spike NTD
\ monoclonal 5 g
3 10000
®
[+
biotin-Spike domain o
£ 10004 nd nd nd

streptavidin

B scFv-based antibody epitope mapping
RBD-ACE interaction

oo ;
(‘ e 150 Non-blocking scFv
a | W g - Cozerz
N 2 100 = HO1_H10
y/ g = FO3_A12
- \ monoclonal Y monoclonal Y % mm HO03_C12
i " 3
epitope X epitope Y epitope Y .% =0
biotin Spke or biotinRED i & Blocking scFv
: 8 == A03_D03
suspriw i AbS9  Ab66  Ab77  Absl  Apgs o E01.CO09
C MS crosslinking 4
z
“a 3
sample : p1 X
>
2
~ " %,
~n H 2
= =
intra XLs jo ” x Q .g ‘F
" —_— N — 21
3 trypsin ” LC-M: a
! miz (7]
0
A NOA S HANAN
P FEESSE S
D TX-MS Ab66 ACE?2 binding E TX-MS Ab%4
Ab%4

RBD . RBD
Ab66 closed-form \ closed-form






OPS/images/fimmu.2022.854952/fimmu-13-854952-g005.jpg
[ieta umanaGE2
NoweAcEE
[ieta Doocace

T
e e EmEn mEEEED
e o ) T EA S
s SRR =
o BT B R E T BRI ST E T
e e T E A BT BT BT BT S B T E A T
G
omicron BA1 Omicron BA1
100- 3
8
e g, g
£, 3
3 i — covzane.
o H v
H o oo
® % A
H oot
] 2
LI T I T
Aoty contaraton (og orm) LogtcsonHota ouse Az

J— P Omieron BA1 B0 P





OPS/images/fimmu.2021.808932/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.808932/fimmu-12-808932-g001.jpg
A Phagocytosis

Cells associated

with beads

Spike bead
APC

129%

Monocyte

1 0.1 0.01
plasma concentration (%)

Aok dokkk  dkkk ns dkk  dkkk  kkokok ns skkk  dkkkk  kkokk  skkkk kokokk %k skekokk  okokdkok  skkokok ns Kkkk  skkokok ns

407 oo nononono o n o mn "mn ’f7° Tl

30

20

o

Cells with associated beads (%)

RO MRS T RT RT RT T R W WM N NS WM WS e

1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20 cntr
Patient

B Antibody binding

* Secondary fab
FITC

4 Spike beads Beads associated Spike beads
§ with cells
7z Serum ab ) « .

Splkfpgead .. Freebeads -

1 0.1 0.01
plasma concentration (%)

30000 —pxkkk  okkk  dokkk  dkekk okkk okkkk kokkok ns dekolok  dolkk cekkok dolokk cklekok kol skekdlok dokokk skkkok ns dkdok  dokkok ns

n-noo oo oo o mn - n mn mnm Mn mnmnMmn ’ml

A N R Y WO WO SRR N WO W W SR O SO Y W WO W YO WO WO WS
1 2 3 4 5 6 7 8 9 0 N 12 13 14 15 16 17 18 19 20 cntr
Patient

T
=
T 20000
c
(=]
®
2
3 10000
2
€
<
0






OPS/images/fimmu.2021.808932/fimmu-12-808932-g006.jpg
10° PFU 40
SARS-CoV-2 ant\-SARS-Cf)Yimf\b ©
p °
N ) S
/ \ 7]
{ ) <l
= ) £ 30+
\\ﬁ Y4 weigth loss -
N — monitoring %
>
r B ——— eutanization _:;
y  Twes at >20% loss 5 20
=
-
f t a ind P4
o
Day o 1 7
y 10
>
\$®
B

110

100

[{e]
o

Relative Body Weight (%
3

Untreated

~
o

+
Neutralizing ab Non-neutralizing ab

0123456 0123456 0123456 0123456 0123456

=@ Untreated

-O- Ab59 100 ug
-@- Ab59 500 ug
=0- Ab94 100 ug
=@~ Ab94 250 ug

Day
Equivalent dose related to Ab59
Ab59 x1 (calculated effective dose)
Ab59 x5

~Ab59 x0.4
~Ab59 x1 (affinity-compensated dose)

+ euthanized





OPS/images/fimmu.2022.854952/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.816745/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.854952/fimmu-13-854952-g001.jpg
4 LZ !4‘ﬁ






OPS/images/fimmu.2021.808932/fimmu-12-808932-g004.jpg
A
5 .
o
oo
=1
Z .
< .
B
200
(0]
(=]
£ 150
8
g
2400
Q
S
5
E 50
o
=
0

Ab36

Ab57

Ab59

Neutralization of Spike bead to ACE2+ cells

Ti;:me (s)

Neutralization of Spike-RBD binding to ACE2 protein

~€ ¢ )

Ti:ﬁe (s)

—

3

¢ Neutralization of pseudovirus infection to ACE2+ cells

S

Neutralization (%)

Ti:1e (s)

COVID =g

100

10

1 0.1 0.01
Concentration (ug/ml)

0.001

o 7
o 1
- 36
—— 57
— 59
o 66
o 77
s 81
v 94
+ 95





OPS/images/fimmu.2022.854952/fimmu-13-854952-g002.jpg





OPS/images/fimmu.2021.808932/fimmu-12-808932-g005.jpg
A Phagocytosis

Spike bead

100 0.01 10 0.01 0
antibody concentration (ug/ml) plasma concentration (%) Monocyte
~1000 ~0.1
antibody concentration (ug/ml)
20 ns Akkk kKK ns Ak ns *k Ak Aekokok Aokokk * ns
1 M M 1 (| ! 1 M M M [l M
- 15
o
8 10
7]
©
(J
lIlll Tl I-n I |I||I I II- Is I Nis I i "I
\°°'~° N \ \ O \Q; Q SO N ';Q\ @Q\Q e \@,@ N \ \ SO \;Q\ \@\Q N \ \ SN \Q'; Q SO \Q'; O N \Q\s\ S \Q'; Q ) "g%,b"
Ab7 Ab11 Ab36 Ab57 Ab59 Ab66 Ab77 Ab81 Ab9%4 Ab95 COVID19 Normal
plasma  plasma
s Antibody binding
% Secondary fab
S— serumimonocional ab
r um/monoclional a
100 0.01 10 0.01
antibody concentration (ug/ml)  plasma concentration (%) Spike bead
~1000 ~0.1
antibody concentration (ug/ml)
3000 ns ns SRk Aok SRk * ns sk * ns kR *
M ! M ! M ! M ! M M I I

Antibody signal (MFI)

e \Q;@ e \';0" e "Q;Q" e \Q';s\ e N ;Q\ O AN SO AN e

X RS oRs oy RS oy S RSO SE LR
Ab7 Ab11 Ab36 Ab57 Ab59 Ab66 Ab77 Ab81 Ab9%4 Ab95 COVID19 Normal

plasma  plasma





OPS/images/fimmu.2022.854952/fimmu-13-854952-g003.jpg
10410 mghkg 710 PFY
‘,ﬁ BRIl combo, 1P B1.1520

Untreated

IN chal

KIB-hACEZmouse  Day -1 Day0
c






OPS/images/fimmu.2022.894534/fimmu-13-894534-g005.jpg
N W B O,

Endothelial hypertrophy

3 4 6 17

Alveolar inflammation

Peribronchiolar/perivascular

lymphoid cells

N W b

3 4 6 17

Alveolar involvement

N W A~ O

N W~ O

N W A~ O

Interstitial inflammation
/septal thickening

3 4 6 17

Consolidation






OPS/images/fimmu.2022.870216/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.870216/fimmu-13-870216-g001.jpg
T T T
T T T T T
0 5,000 10,000 15,000 20,000 25,000 29,903

accessory factors
3b b 9b
5UTR ORFla ORF1b i T TRU

3a 67a89% 10

non-structural proteins structural proteins

@ Spike protein () @ Membrane protein(M)

< Envelope protein(E) O Nucleocapsid protein(N) C

Y Angiotensin-converting enzyme 2 (ACE2)

Y ®
4008000000000





OPS/images/fimmu.2022.870216/fimmu-13-870216-g002.jpg
BE-30~33, Ferroptosis
( Proanthocyanidins

do
A
Ferrostatin-1, . &~

Liproxstatin-1

U\
g -AKTI — MK-2206
* |
y . .
ROS inhibitors m }— Niclosamide

|
- —MHY 1485 (BN

N\ /

autophagy

f\ }— NP1-NP6 , MP3
]
|

|

—
. P ppig
GSDMDl—M o M GSDME pore
(T S Wl === 0 Syncytium

b— Disulfiram —-—-—-"=—"=¢ .
‘ NETosis

i

| e —

* Pyroptosis NETosis inhibitor
GSDMD pore

MCC950

Ac-YVAD-cmk

<—





OPS/images/fimmu.2023.1198868/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.889372/fimmu-13-889372-g004.jpg
-
=)
&

¥

-
o
&

neutralization
endpoint (M)

10 — T T T T T
trACE2  WT F Yoq Y, G kif WT F Yo Ypo G WT F Yo Yo G

trACE2-Fc fIACE?2-Fc EfIACE2-Fc





OPS/images/fimmu.2022.889372/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.889372/fimmu-13-889372-g001.jpg
A ; . B " (o] : .
EfIACE2-Fc Side View EfIACE2-Fc Top View trACE2-Fc Side View
SARS-CoV-2 binding site SARS-CoV-2 binding site

T27Y
Catalytic
domain
Catalytic
Collectrin domain
domain
1gG1-Fc
IgG1-Fc

T27Y

D

trACE2-Fc Top View ® EfIACE2-Fc-RBD Model " EfIACE2-Fc-Spike Overlay

SARS-CoV-2
binding site-B

o} EAACE2-Fc

L79T

SARS-CoV-2
binding site-A

@ trACE2-Fc-Spike Overlay

H
—
E 4
c
23 RBD
<t -# Wuhan
$ 2 -+ beta
g’ —* gamma
:a 1 -6~ delta
[= —— nil
o

0
102 101" 1071 10 108 107

fIACE2-hFc1 (M)






OPS/images/fimmu.2022.889372/fimmu-13-889372-g002.jpg
VIRAL LIGAND INHIBITOR IC50 (nMM)

tACEZ-Fc] FIACE2-Fc | ERACEZ-Fc] mAb 535

_R403K | 1008 | 846 | 97
91.5
115.8
115.1
113.7
125.5
66.2 11.3
7

K444R
V445|

G446V
S477
L455F
A475
G476S
T478I
V483A
V483F
V483I
E484
E484D
E484
E484

Z

130.6
122.7
1154

<

122.6
106.4

1/

CoV-2 RBD

m
I
©
=
- >

100.7
101.6
124.2 13.6
124.1 7.5
112.0
101.0

}!o

A

o

’I

-
=
o

13
101.8
92.8 1
1153 | 90.0 |
84.5 23.3
94.8 6
140.7
. 7

F490S
Q493
S494P
N501Y
VS03F

r

SARS-1
111.8
112.9

100.1 1

0 25.0 50.0
125.0 150.0

{

3.4
7/
2

3.2






OPS/images/fimmu.2022.889372/fimmu-13-889372-g003.jpg
monomer,(mn)

oligomer t
o
o0
o~
<
Fraction #
- trACE2-Fc WT
s o4 28.6 nM
£
Q
(%]
{ cx
o
o
7]
QO
(14
0 90 180 270 360
time (s)
= o4 fIACE2-Fc H429F
% : 23.2nM
~ 03 e
[0 — 63nM
2 02 —31nM
o g ~=16nM
& 04
@ o
T oo
0 90 180 270 360
time (s)
N\
trACE2-Fc = <
<<Q

WTF Y G WT’
RBD-g - +- +- +- +- +

<28 NETikhi
kDa @ :
26 —dnlis lo o 1@
198 — ¢
132 — ¢

D
=
=
£
o)
(2]
c
o
Q.
n
o)
o
F
=
=
=
£
o
n
c
o)
o
(%]
o)
14
H
E 1x10°%
£
o
8 o
3]
w

]
WT F Yo G if

trACE2-Fc

oligomer
monomer
t
o
]
o~
<
Fraction #
04 fJACE2-Fc WT — f;g nm
25.2nM —tom
0.3 =31 nM

~=16nM

0 90 180 270 360
time (s)
04 EfIACE2-Fc WT

: 0.7 nM — 31nM
~=16nM

0.3 ~ 8nM

== 4nM

-2nM

\
360

RBD-Ig Binding

1x10°,

R

0
WT F YoYoo G

EfIACE2-Fc

o ey
WT F Yog Vo G

fIACE2-Fc





OPS/images/fimmu.2022.904686/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.904686/fimmu-13-904686-g001.jpg
Mild disease

Germinal
center

& CD4+ T cell

\

Long-lived
Plasma cell ¥_

CTle
IFN-y

granules
Th1
Th2
~' Lo v S
v . \ b
Q
CD8+ memory CD4+ memory

T cells T cells

Severe disease

Extrafollicular /

focus/—>

@0 )\ % « Short-lived
\ 3 A+ Plasma cell

CD8+ T cell

Naive B *
cell

Bcl 6

XCD4+ T cell

Th17

Long-lived
Plasma ceII

CD4+ memory
T cells T cells

CD8+ memory





OPS/images/fimmu.2022.904686/fimmu-13-904686-g002.jpg
g
i Second dose%}k
&

(S First dase %

~10-12 days

~14 days

B cells

T cells

B cells

T cells

———— > Anti-Spike antibodies

_

*

e Th1
e« CTL
e Tfh

} production of IFN-y

Anti-Spike antibodies (maximum levels)
+

Neutralizing antibodies

* Th1 1 production
Maximum levels of * CTL f of IFN-y

* Tth

Determinations needed to assess the level of protection against SARS-CoV-2.

e
>
\;’

Humoral immunity

Anti-SARS-CoV-2 antibody levels >

Neutralizing antibody levels

Neutralizing capacity

Cellular immunity

IFN-y release assays (release of IFN-y
after SARS-CoV-2-antigen exposure)

J \





OPS/images/fimmu.2022.904686/table1.jpg
KEY CONCEPTS

+ The presence of cross-reactivity, either humoral or cellular, between common cold hCoV and SARS-CoV-2 does not prevent infection but may be associated with
less severe COVID-19.

+ The presence of SARS-CoV-2-specific CD4+ Th1 IFN-y-producing cells and CD8+ CTLs cells were associated with reduced disease severity.

+ T lymphocyte recruitment to infected lung tissues and T lymphocyte apoptosis/necrosis caused by the cytokine storm might be crucial determinants of CD4+ and
CD8+ T-cell ymphopenia in severe COVID-19 cases.

»  Severe /fatal disease presents with excessive hyperactivation of immune function with increased Tregs and Th2 and/or Th17 cell-biased phenotype, leading to T cell
exhaustion and subsequently to a state of anergy.

»  Functional memory B and T cells to SARS-CoV-2 have been detected 12 months after natural infection. SARS-CoV-2-specific T cell memory may be long lasting
given that COVID-19 convalescent patients develop SARS-CoV-2-specific TSCM cells that display a non-exhausted phenotype.

+  The immunogenicity of SARS-CoV-2 vaccines involves the humoral response (number of spike-specific antibodies, neutralizing antibodies, and antibody
neutralization capacity) and the cellular response (IFN-y-producing CD4+ and CD8+ T cells). Therefore, a combined analysis of humoral and cellular immunity is
necessary for the identification of vaccine responders and the immune protection evolution.
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Caco-2 [F1TC10[1.PT] [F2TC 10/1].PT [F2T 100] [F1T100] [F2TC20|1] [F1TC20|1] [F3T 20]

Viral reduction [ 2860 | 2660 [ 2060 | 1600 | 1750 0
RdRp expression « 38,4 204 A 281,0 36,9 AN 206,1 M 3349 Mh464,0
Spike expression  «/ 44,10 /42,90 M 222,70 /63,40 M 176,20 A 255,90 M 360,0

A549 [F2TC 20]1] [F1TC10/1] | [F3TC 50]

Viral reduction m I__| 23,00 E
RdRp expression «70,5 60,9 61,0
Spike expression /73,9 /66,1 /60,0

HaCaT [F2T 20] [F1T 20] [F1TC2011] [F2TC10/1]  [F3T 50]

Viral reduction 0 7,70 l__j 8,60 E
RdRp expression /2,2 <04 0,0 /0,2 85
Spike expression /4,2 36 0,0 6,5 9,1

Hek293T [F1T 20] [F2T 20] [F1TC 201].PT [F1TC20[1] [F2TC 10/1] | [F3TC 10/1]

Viral reduction 40 [ 1920 [ 430 |[ 1810 | 1220 [ 2300 |
RdRp expression 59,3 59,1 /93,6 A119,5 M116,9 M 140,0
Spike expression 70,1 56,9 91,2 M1128 /99,2 M124,0

V—downregulation, 1—upregulation. PT—pretreatment. The bars indicate the percentage of viral reduction. For Caco-2 and A549, the combination of terpenes with CBD was the most

offective treatment.
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ACE2

Lys417
Gly446
Glu484
Asn487
GIn493
Gly496
GIn498
Thr500
Gly502
Tyr505

CT-p59

Arg403
Tyr449
Asn450
Tyrd53
Glu4s4
Phe486
GIn493
Ser494
Tyr505

Sotrovimab

Asn334
Leu335
Glu340
Asn343
Thr345
Arg346
Lys356

Etesevimab

Arg403
Lys417
Asp420
Tyrd21

Leu455
Asn460
Tyrd73

Alad75

Asn487
GIn493

Bold residues are shared by ACE2 and mAbs on the RBD interface.

Bamlanivimab

Tyr449
Gly482
Glu484
Gly485
Phe486
GIn493
Ser494
Tyrd95

AZD1061

Arg346
Lys444
Tyrd49

Asn450
Glu484

AZD8895

Lys417
Alad75
Gly476
Ser477
Thr478
Asn487
Tyrd89
GIn493

Casirivimab

Lys417
Tyrd53
Ser477
Glu484
Phe486
Tyr489
Leud92

Imdevimab

Arg346
Asn440
Lys444
Tyrd49

GIn498
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Sponsor mAbs VDW ELE GB SA Total
AbCellera and Eli Lilly Etesevimab -131.41 -179.48 243.28 -17.15 -84.76
Omic-Ete -147.42 65.04 19.31 -18.16 -81.24
Bamlanivimab -95.81 -13.97 33.7 -13.01 -89.1
Omic-Bam -108.74 602.59 -532.27 -13.12 -51.54
AstraZeneca AZD8895 -84.37 -30.35 .27 -10.46 -53.92
Omic-Az95 -96.77 76.73 -24.25 -11.62 -55.91
AZD1061 -94.96 —-204.24 238.04 -11.49 -72.64
Omic-Az61 -98.83 -112.35 149.92 -12.29 -73.55
Regeneron Imdevimab -76.1 -27.36 74.73 -9.67 -38.4
Omic-Imd -81.32 -5.84 64.23 -10.15 -33.08
Casirivimab -103.52 -174.81 228.04 -14.66 -64.94
Omic-Cas -113.25 -566.14 119.9 -14.42 -62.91
Celltrion CT-p59 -105.66 -7.38 49.61 -13.75 -77.18
Omic-CT-p59 -114.85 352.19 -278.48 -14.27 -556.4

mAbs, monoclonal antibodies; VDW, Van der Waals potentials; ELE, electrostatic potentials; GB, polar solvation potentials (generalized born model);

solvation free energy calculated by an empirical model.

SA, non-polar contribution to the
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Treatment Cell type Results

Normal treatment Caco-2 F(1,12)=0.424; p=0.528
A549 F (1,12) = 3.773; p = 0.038
HaCaT F (1,12) = 1.246; p = 0.306
HEK293T F(1,12) =1,988; p = 0,159
Pretreatment Caco-2 F (1,12) =8.181; p = 0.014
A549 F (1, 12) = 7.406; p = 0.020
HaCaT F (1, 12) = 7,146; p = 0,020
HEK293T F (1,12) = 3,026; p = 0,108

There was a statistically significant interaction (represented in bold) between the normal
treatment and the A549 cell line and between the pretreatment and Caco-2 and HaCaT.
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Gene Primer forward Primer reverse Probe

Spike AAATGATCTCTGCTTTACTAATGTCTATGC GCAGCCTGTAAAATCATCTGGTAAT Cy5 -
AAGTCAGACAAATCGCTCCAGGGCAAA —
BHQ-3

RdRp GCGGTATGTGGAAAGGTTATGG AACGATTGTGCATCAGCTGACT JOE - TTGTGATCAACTCCGCGAACCCATG

(RNA-dependent RNA - TAMRA

polymerase)

ACE2 GTGGGAGATGAAGCGAGAGATAG TGAGTAATCATTAGAAACATGGAACAGA JOE -

(angiotensin converting CATGATGAAACATACTGTGACCCCGCA —

enzyme 2) TAMRA

TMPRSS2 CGGACCAAACTTCATCCTTCA TCCAGTCGTCTTGGCACACA Cy5 -

(transmembrane serine TGTACTCATCTCAGAGGAAGTCCTGGCACC

protease 2) -BHQ-3

GAPDH TCAAGATCATCAGCAATGCC TGAGTCCTTCCACGATACC Cy5 - CCTGCACCACCAACTGCTTAGCAC -

(glyceraldehyde-3-phosphate
dehydrogenase)

BHQ-3






OPS/images/fimmu.2022.841459/table2.jpg
Caco-2

Control

NT 100.0 + 5.2%

0.0£0.0%

100.0 + 4.0%
100.0 £ 1.0%
100.0 £ 50%

100.0 + 1.2%

PT 100 +4.3%
0.0 +0.0%
100.0 £ 0.5%
1000+ 2.1%

100.0 + 02%
100.0 + 2.8%

Control
NT 100.0 + 54%

0.0+0.0%
100.0 + 7.0%

100.0 + 50%

100.0 + 3.2%
100.0 + 4.4%
PT 1000 +9.4%
0.00.0%
100.0 + 8.0%
100.0 +
11.1%
100.0 + 2.0%
100.0 + 2.4%

Control
NT 100.0 + 4.7%

0.0£0.0%
100.0 + 2.0%

100.0 £ 1.0%

1000 + 7.3%
100.0 + 5.8%
PT 100.0 + 9.3%

0.0 +0.0%
100.0 + 0.3%

100.0 + 8.2%
100.0 £ 1.2%

100.0 + 2.3%

Control
NT 100.0 +
18.2%
00 = 0.0%
100.0 + 9.5%

100.0 £ 3.2%

100.0 + 4.0%

100.0 £ 5.1%

PT 100.0+6.7%
00+ 0.0%

100.0 + 2.0%

100.0 £ 7.0%

100.0 + 5.2%
100.0 £ 3.7%

[F1T.20]

1125 £ 12.0%

66+1.1%
107.0 + 8.0%
85.3 +9.3%
285.1 £2.9%

226.4 + 3.6%

95.9 + 10.3%
0.0 +0.0%
113.7 £ 4.3%
86.50.5%

34.4+1.6%
78.8+£3.2%

[F1T.20]
940+ 7.6%

3.4+05%
853+ 1.7%

101.2 +3.8%

63.1 £2.9%
59.8 +0.2%
105.0 + 11.6%
0.0+0.0%
106.3 +3.7~%
121.3£57%

1162 +6.8%
788+33%
[F1T20]

90.4 +4.1%

26.1 £0.6%
136.1 £ 0.9%

1762+ 7.8%
0.4+0.1%
3.6+24%

109.0 + 10.0%

0.0 +0.0%
87.4 +26%

1182+ 0.8%
213+0.7%

582 +18%
[F1T.20)
167.7 + 36.4%

324 +31%
69.3+1.7%

47.7 £ 0.3%
59.3+0.7%
701 £1.9%
94.9  13.4%
0.0 +0.0%
83.1+0.1%
56.2 + 0.8%

889+3.1%
97.5+1.5%

[F1T.100]
1001 £4.1%

296 £3.3%
116.0+0.0%
91.3+0.3%
36.9£0.1%

63.4 +2.6%

108.0 + 4.5%
19.2 + 5.0%
126.4 £ 1.4%
108.5 + 1.5%

25.4 £ 0.4%
37.8+0.8%

[F1T.100]
76.1 £3.0%

68.0 +4.8%
83.6 +0.6%

83.3+4.3%

797 £2.7%
761 £6.1%
846 +2.6%
0.0+0.0%

112.0 + 3.0%
124.5+7.5%

119.6 + 1.6%
37.8+0.8%

[F1T.100]
105.8 +2.6%

31.9+0.5%
134.4 = 1.4%

140.6 + 7.6%

02+02%
129.5 + 4.5%
130.3 + 9.6%

0.0 £0.0%
94.4 +1.4%

138.8 + 4.8%
22+18%

16.5 +0.5%

[F1T.100]
95.1£3.1%

0.0 £0.0%
101.4 £ 2.4%

107.2 £+5.2%
1633 £ 0.7%
1135+ 1.5%

1039 +
16.7%
0.0 £0.0%
86.5 + 0.5%
797 £2.7%
717 £1.3%
705 +2.5%

[F1TC.10/1]
971 £ 47%

0.0 +0.0%
1154 + 8.6%
776+74%
365.8
12.2%
2838 +7.2%

94.8 +7.9%
286 +3.8%
1160 + 5.0%
976 + 4.4%

38.4 + 06%
441 £51%

[F1TC.10]1]
121+
19.0%

280+ 09%

816+ 4.4%

73.1 £09%

60.9 +0.1%
66.1 + 0.9%
95.7 +17.6%
0.0+ 0.0%
103.1 £ 3.9%
1131 £59%

1207 £ 1.3%
441 £ 51%

[FITC.10[1]
1181 ¢
14.1%
197 £ 37%
168.1 £ 7.9%

1742 £ 0.2%

8.3+ 1.7%
521+ 0.9%
1453 + 4.0%

0.0 +0.0%
108.6 + 4.4%

103.8 + 5.2%
285.7 + 4.3%

2176+
10.4%

[FITC.10[1]
141.9 £ 6.8%

0.0 +0.0%
104.7 £ 2.3%

1169+ 5.1%
1142+ 4.8%
88.9+4.1%

1312+

22.1%
0.0+0.0%
90.2 +2.8%
84.6+ 1.4%
70.7 £ 1.3%
72.7£23%

[F1TC.20/1]

98.1 +2.9%

17.5+ 5.0%
1161 £59%
803+ 7.7%
334.9 + 6.9%

2569 + 7.9%

108.6 + 8.8%
0.0 +0.0%
141.2 £ 0.8%
80.9+0.1%

106.7 + 4.3%
771£71%

[F1TC.20]1]
116.8 + 6.0%

224 £06%
109.1 £0.1%

100.6 + 4.4%

456 + 0.4%
449 + 0.9%
60.7 £1.1%
0.0 +0.0%
114.4 £ 3.6%
1283 +0.7%

130.4 + 0.6%
771£71%

[FITC.20[1)
1053 +9.0%

37.7 +1.9%
1432 £ 6.8%

158.7 + 5.3%

0.0 £0.0%
0.0 £0.0%
103.9 + 8.4%

0.0 +0.0%
100.9 + 3.1%

133.8 £ 6.2%
10.4 + 0.4%

44.6 + 0.6%

[F1TC.20/1]
1562 +
24.5%

18.1£7.3%

922+38%

889+4.1%
119.6 £ 4.5%
112.8 £0.2%
108.0 + 5.3%
43.1 +5.0%
87.6 +3.4%
76.1 £3.9%

93.6 +2.6%
91.2+1.2%

[F21.20]
1165 +6.7%

21.9£4.7%
107.4 £ 0.3%
84.6 + 5.6%
97.5+1.5%

110.8 +5.2%

95.4 +2.2%
0.0 +0.0%
124.7 £ 4.3%
83.6 +9.6%

189£0.1%
531 +5.9%

[F2T.20]
1079+
20.1%

0.0+0.0%

73.7 £4.3%

69.1+0.1%

48.1 +3.1%
51.6 + 3.6%
77.4+41%
21.9+1.4%
105.4 + 5.6%
125.0 + 8.0%

135.6 £ 9.4%
53.1+59%

[F2T.20]
109.4 £ 4.7%

30.0 +3.6%
139.0 £ 0.0%

168.4 £2.4%

22+1.3%
42 +13%
124.4 £3.3%

0.0 +0.0%
102.8 £ 3.2%

109.8 £2.2%
50.2 + 0.8%

69.7 +1.3%

[F2T.20]
1796+
28.7%
19.2+23%
61.2+22%

38.2+0.2%
59.1 +1.9%
569+ 1.1%

1326 +
18.0%
0.0 +0.0%
92.2+0.2%
100.8 + 1.2%
92.6 +3.4%
83.5+0.5%

[F2T.100]

107.2
14.4%
49.0 £ 1.9%
111.1£01%
926 +£54%
2810«
15.0%
2227+
10.7%
812+04%
23.0+3.9%
109.9 £ 4.1%
793 +1.3%

38.1£0.9%
731 £59%

A549
[F2T.100]
120.6+80.5%

134 £47%
84.6+3.4%

82.8+2.2%

278+1.2%
33.1+£01%
802 +4.2%
0.0+ 0.0%?
104.0 + 6.0%
1158+ 3.2%

1135+ 3.5%
731 £59%

HaCaT
[F2T.100]
925 +26%

46.1 £ 4.8%
160.0 + 4.0%

161.6 + 1.4%

0.0 £0.0%
0.0+0.0%
1379+
14.7%
0.0+0.0%
90.0 £0.0%

80.8+2.2%
780+ 4.0%

81.5+45%

Hek293T
[F2T.100]
1558+ 3.0%

0.0£0.0%
105.8 + 4.2%

108.4 £ 3.6%
58.1£3.1%
66.3 £0.3%

1103+
15.9%
27+01%
80.3+3.7%
559+0.1%
86.2+0.2%
87.1+£4.1%

[F2TC.10[1]

104.6 + 1.0%

0.0 £0.0%

0.0 £0.0%

69.9 +0.1%
414.0 £ 4.0%

318.8 +9.2%

84.5 +8.6%
26.6 +1.0%
1259 +3.1%
99.1 £2.9%

204 £ 0.6%
429£81%

[F2TC.10[1)
1009 £ 5.1%

122+08%
1089+ 7.1%

106.0 + 3.0%

73.8+3.2%
75.7 £ 0.3%
89.8+11.5%
0.0+0.0%
97.5 £ 3.5%
109.1 + 5.9%

131.6 +6.4%
429 +8.1%

[F2TC.10/1]
124.6 + 7.6%

18.6 + 2.8%
124.1 £ 4.9%

115.0 £ 5.0%

02+0.1%
6.5 +4.5%
1416+
24.2%
0.0 +£0.0%
106.3 + 4.7%

100.7 + 4.3%
227.5 + 4.5%

206.8 + 5.2%

[F2TC.10]1)
1705 +
13.2%

122£1.1%

745 +1.5%

66.6 £ 1.4%
1169+ 1.1%
99.2 +3.8%

1772
10.7%
0.0 £0.0%
78.0+20
65.6 £ 1.4%
76.5 £ 3.5%
78.0 £ 0.0%

[F2TC.20/1]
98.3+4.8%

169 £2.2%
127 £6.7%
923+11.7%
206.1 + 3.9%

176.2 + 1.8%

98.9 + 4.3%
0.0 +0.0%
136.8 + 3.2%
95.6 + 0.6%

26.0 +1.0%
41.4+4.6%

[F2TC.20/1]
1178+ 9.7%

98.7 + 5.0%
88.2+0.8%

80.4 +1.4%

70.5 £ 4.5%
739+1.1%
63.7 £5.7%
0.0+0.0%
98.5 + 1.5%
118.8 +8.2%

104.8 £2.2%
41.4 + 4.6%

[F2TC.20[1)
1028 +7.7%

235 + 4.4%
0.0 +0.0%

1333 £2.7%

2.7 +0.9%
09+0.1%
136.8 +
10.6%
0.0 +0.0%
0.0 +0.0%

91.0 + 2.0%
326.1 +0.1%

2480+
12.0%

[F2TC.20[1]
165.6 + 6.5%

73+12%
92.3 + 0.3%

96.1 +0.1%
121.8+1.2%
929+4.1%
97.5 + 11.3%
17.5 + 3.8%
93.7 +2.3%
94.7 £2.3%

99.2 + 0.8%
91.7 £ 0.3%

[F3T.20]
919+ 129%

35.1+£0.0%
0.0+0.0%
737 £2.7%
464.1 =
19.1%
360.3 + 5.3%

9.9+0.4%
0.0 £0.0%
0.0£0.0%
105.0 £ 1.0%

157.10.1%
94.1£6.1

[F3T.20]
224 +0.2%

0.0+0.0%
17 £4.7%

725+ 0.5%

302 +0.2%
248 +0.8%
6.0+03%
0.0+0.0%
105.8 +5.2%
121.4 £ 4.4%

112.4+14%
94.1£6.1%
[F3T.20]

80+0.1%

438 +1.0%
151.9+3.9%

780+ 8.0%
0.0 £0.0%

0.0+ 0.0%

61.0 10.8%

0.0+ 0.0%
109.3 + 0.3%

61.0+1.0%
0.8x0.1%

318+02%
[FaT.20)
40.0+24.7%

21.9+1.0%
90.7 £3.7%

94.9 +1.9%
194.2 + 6.2%
167.3 £ 4.3%
20.0+0.9%
6.0+26%

777 £37%
70.8 £2.8%

103.1 £ 0.9%
1069 +3.1%

[FT.50]

63.1+29%

423£1.7%
0.0 £0.0%
89.3 £4.3%
375.1 =
1.9%
288.1 +
0.1%
9.7 +0.0%
4.0 £3.4%
0.0 £0.0%
859 %
11.1%
87.1£0.1%
60.1£1.1%

[F3T.50]
243 +1.1%

25.1 £ 0.6%
1065+
0.5%
1829+
6.1%
283+ 1.7%
39.1£1.9%
6.6+0.3%
0.0+0.0%
741 £0.1%
741 £3.9%

76.7 £ 1.3%
60.1+1.1%

[F3T50]
83+06%

54.9 +3.0%
1205 +
3.5%
92,0 £2.0%

8.5+6.5%
9.1 +£6.9%
19.4 + 0.3%

0.0 £0.0%
104.9 +
5.1%
88.7 +2.3%
2265 =
8.5%
1796 +
4.4%

[FaT.50]
220+0.8%

192 +0.7%
1109+
3.1%
1099+
21%
166.1 +
0.1%
1440 =
7.0%
18.6 + 0.0%

79+ 0.5%
84.6 +3.4%
786 £ 0.4%
51£0.1%
9.4 +0.6%

[F3TC.10]1]

6.4+0.8%

0.0 £0.0%
130.1 £ 0.9%
824 £26%

2619+
11.1%
201.2 + 3.8%

11.5 + 0.0%
175+ 2.3%
0.0 £0.0%
96.3+27%

1511 £0.1%
150.1 + 3.9%

[F3TC.10/1]
22.7 + 0.4%

96.5 + 3.0%
90.6 + 1.4%

86.0 £2.0%

61.2+0.8%
60.2 £ 1.2%
24.0+3.3%
0.0+0.0%

104.8 + 3.2%
110.9£2.1%

1269 +8.1%
150.1 + 3.9%

[F3TC.10[1]
89:02%

30.5 +4.5%
0.0 £0.0%

172.2 + 5.8%

0.0 +0.0%
3.0+ 14%
54.4+52%

0.0 +0.0%
0.0 £0.0%

99.0+0.1%
190.3 + 3.7%

181.3+3.7%

[F3TC.10/1]
1194 +
7.3%?

230+25%

103.2 £ 0.8%

1133+ 1.7%
1409 + 4.1%
1243+ 5.7%
1181 £2.5%
0.0 +0.0%

87.3+1.7%
79.4 £ 0.6%

67.7 £ 0.3%
67.4 £ 2.6%

[F3TC-20/1]

4.7 £0.3%

53+51%
0.0 +0.0%
744 £1.6%
3320+
8.0%
2533 +
37%
11.1 £ 0.3%
13.4 + 3.4%
0.0 +0.0%
713+£1.3%

736 £3.4%
1105+
5.5%

[F3TC-20[1)
222:07%

45.0+22%
80.4 +3.6%

704 +£2.6%

31.8+1.2%
436 +1.4%
54+01%
0.0 £0.0%
95.0 + 5.0%
996 + 6.4%

95.4 +1.6%
1105+
5.5%

[F3TC-20[1]
87+02%

54.0 + 4.4%
0.0 +0.0%

106.8 +
3.2%
1.6+0.2%
14.0 + 4.0%
21.1+£0.9%

0.0 +0.0%
0.0 +0.0%

91.8+2.2%
408.2 =
18%
3113+
7.7%

[FaTC-20]1]
37.2+9.2%

286 £0.6%
88.4 +0.3%

97.6 + 4.4%

166.2 +
0.8%
1853 +
0.7%
19.3 £ 0.3%

0.0 +0.0%
84.3 +3.7%
81.8+22%
489+2.1%
51.2+0.8%
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CV, cell viabilty; formulation effect in SARS-CoV-2 fiter— VR, vira rediuction; and gene relative quantiication with the ACT method—Ae, ACE expression; Te, TMPRSS2 expression; Re, RiRp expression; Se, Spike expression; NT, nomal
treatment; PT, pretreatment; F1T, F2T, F3T, terpene formulations comprising a specific group of 7, 8, and 9 terpenes, respectively, in concentrations of 20, 100, or 50 uM; F1TC, F2TC, FTC, temene formuiations added with CBD to a
concentration of 1 pa/ml In this case, the terpene concentration i 10 or 20 uM.
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Components [Cell line

Caco-2

A549

HaCaT

Hek293T

T0.01%/M0.1%/D0.1%
T0.001%/M0.1%/D0.1%
T0.01%/M0.01%/D0.1%
T0.001%/MO0.01%/D0.1%

63.9 £ 4.2%
1165 £7.0%

51.7 £19.1%
100.3 + 9.0%

56.5 £ 10.6%
137.8 +2.5%

73.1+7.6%

1802 +7.1%

1191 £16.1%
1084 + 15.2%
1129 + 12.9%
1056.3 + 11.6%

85.7 £ 1.9%
88.5+5.1%
788+ 5.4%
68.9 +7.6%

T. Tween 80: M, MCT: D, DMSO.
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Total (n=50) Pneumonia Developed hypoxemia required oxygen therapy

Positive negative Positive Negative

(n=35) (n=15) (n=17) (n=33)
Age, years 50.0 [34-57] 51 [40-66]" 33 [23-50] 58 [53-69] ' 39 [26-51]
Sex; male/female 33/17 26/9 7/8 14/3 19/14
Underlying disease
None 26 (52) 14 (40)" 12 (80) 591 21 (64)
Hypertension 12 (24) 12 (34)* 0(0) 87t 4(12)
Diabetes melitus 5(10) 5 (14) 0(0) 441 13
Respiratory disease 2 (4) 1) 1(7) 000 2(6)
Body mass index 23.0 [21-26] 24.0 [22-26] * 21.0 [20-23] 247 [22-27) 22.5 [21-25]
Febrile period (days) 45 [2-6] 5 [3-6] ** 2 [2-4] 6[6-7] 1 3[2-5]
Treatment
Remdesivir 18 (36) 18 (61) 0(0) 17 (100) 1)
Dexamethasone 19 (38) 19 (54) 0(0) 17 (100) 2(6)
Heparin 19 (38) 19 (54) 0(0) 17 (100) 2 (6)
Nasal High Flow 2(4) 26 0(0) 2(12) 0(0)
30 days-mortality 0(0) 0(0) 0(0) 000 000

Continuous variables are reported as median [interquartile range (IQR) 25-75]. Categorical variables are reported as number (percentages). *; p<0.05, **; p<0.001 vs patients without
pneumonia. 1: p<0.05, 11 p<0.001 vs patients without developing hypoxemia.
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