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Combination antiretroviral therapy (cART) effectively blocks HIV replication but cannot completely eliminate HIV from the body mainly due to establishment of a viral reservoir. To date, clinical strategies designed to replace cART for life and alternatively to eliminate the HIV reservoir have failed. The reduced expression of viral antigens in the latently infected cells is one of the main reasons behind the failure of the strategies to purge the HIV reservoir. This situation has forced the scientific community to search alternative therapeutic strategies to control HIV infection. In this regard, recent findings have pointed out extracellular vesicles as therapeutic agents with enormous potential to control HIV infection. This review focuses on their role as pro-viral and anti-viral factors, as well as their potential therapeutic applications.
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Introduction

Global HIV statistics indicate that around 37.7 million people are living with HIV infection with 1.5 million people newly infected in 2020 (1). Combination antiretroviral therapy (cART) has successfully decreased the associated mortality and consequently it has improved life expectancy (2). The cART can effectively block viral replication reducing plasma viremia to undetectable levels (3). However, cART is not able to completely restore immunological functions (4) and to reduce immune hyperactivation and persistent chronic systemic inflammation caused by HIV (5) which is associated with higher risk of developing cancer, as well as cardiovascular, metabolic, and bone disorders (6–9).

In addition, the cumulative toxicity of cART regimens remains a concern in people living with HIV (10–13). This toxicity added to the obligation of lifelong treatment prompted the research on different strategies with the aim to replace cART for life. These strategies include: a) the reduction of number of target cells available for the virus by CCR5-deficient bone marrow transplant (14–16); b) cART administration very early after primary (17) or acute (18) HIV infection to achieve post-treatment control after drug interruption; c) immunotherapies to delay HIV reactivation by blocking reactivation events (19); d) therapeutic HIV vaccines generated to boost the magnitude, breadth and functionality of HIV-specific immune response (20, 21). However, these strategies have not achieved the expected success, even for the strategy aimed at reducing available CCR5-cells, which is not feasible for the whole HIV+ population, it was only successful in only two exceptional patients (14, 15). Thus, it is necessary to focus research on alternative solutions. In this regard, EVs and their observed role in HIV restriction at multiples levels (22–29) lead to consider the potential application of these vesicles in the treatment of HIV infection in order to replace cART treatment.

Moreover, cART cannot completely eliminate the virus from the body, and viral load rapidly re-emergences after 2-8 weeks of cART interruption (30, 31). Establishment of a viral reservoir, very early after acute infection, has been proposed as the main reason for viral rebound and consequently as the main obstacle for HIV eradication. Different types of HIV reservoir have been described. First, the cellular HIV reservoir, formed by specific cells, in a latent state, with HIV-DNA integrated into their genome (32), being the virus invisible to the action of the immune system and of the cART. Second, the anatomical reservoirs, which are sites where the cART and/or the effector cells of the immune system cannot access allowing HIV replication for long periods of time (33).

Several therapeutic strategies specifically designed to eliminate HIV reservoir have been developed with limited success to date. Within them, the most widely explored strategy is the shock and kill approach (34). The goal of this strategy is to eliminate the HIV reservoir, either by cART or immune system, after reactivating it by using latency reversal agents -LRAs-. Despite of the promising results, this strategy has not achieved the expected results (35, 36). The “shock” phase fails to completely reactivate the reservoir, with only <1% of proviruses being reactivated after maximum in vitro activation (37). Moreover, this strategy does not discriminate between replication-competent and defective proviruses, and the response to LRAs is widely variable among patients due to the heterogeneous nature of the cellular and anatomical reservoirs and other features such as virus-integration sites and patient-specific aspects (38). Therefore, the search for strategies that can effectively target the HIV reservoir remain open. In this sense, recent findings have pointed out extracellular vesicles (EVs) as potential therapeutic tools to attack HIV infection given their pivotal role in mediating important cell-to-cell communication mechanisms (39).

In this Review, we focus on the understanding how extracellular vesicles mediate intercellular communication in HIV infection, its role as pro-viral and anti-viral factors and its tremendous potential as therapeutic agents to control HIV infection (blocking HIV infectivity and/or reactivating the HIV reservoir).



Intercellular Communication Mediated by EVs in HIV Infection

Exosomes are membranous EVs of around 40-100 nm, released by many types of cells into the extracellular environment, found in several biological fluids such as blood, urine, semen and breast milk. Most studies use the term “exosomes” to refer to circulating vesicles. However, circulating vesicles are composed of exosomes and microvesicles, and the isolation techniques used do not allow a complete discrimination between them (40). Tetraspanins such as CD63, CD9, and CD81 are normally used as EVs-specific markers. Other proteins, such as Alix and Tsg101 are involved in their biogenesis. It is important to note that HIV virions and exosomes/microvesicles share many features including biophysical and molecular properties, biogenesis and uptake mechanisms. Indeed, Alix and Tsg101 proteins play important roles in the budding of HIV from the host cell (41).

Similarities found between HIV virions and exosomes/microvesicles lead to the so-called “Trojan Exosome Hypothesis”, first proposed by Gould et al. (42). According to this hypothesis, HIV and other retroviruses will take advantage of the host cell exosomal biogenesis machinery for their own benefit. This hypothesis has implications for the virus-host interactions at several levels. The most obvious implication is that the hijacking by HIV of exosomal biogenesis machinery will lead to alternative ways for virus spreading and infection of new target cells, different from the classic direct budding from the plasma membrane (42). Also, the similarity between exosomes and viral biogenesis implies that several viral products can be incorporated into exosomes as several studies have reported (43–48). Full-length unspliced HIV RNA (43), several miRNAs such as the trans-activating response (TAR) element (44–46) and different viral proteins (47, 48) have all been found carried by exosomes of different origin. This ability of HIV to package its own products into exosomes has relevant implications not only for viral spreading but also for viral pathogenesis. In this regard, several studies point to Nef protein as especially relevant in different EVs-mediated mechanisms of viral pathogenesis. First, Nef can promote HIV infection by reducing the expression of CD4 in exosomes and thus neutralizing the ability of CD4-bearing exosomas to act as decoys (49). Second, HIV-infected macrophages can transfer Nef to B cells altering the virus-specific Ig-class switching in lymphoid follicles (50). Virus-specific T-cell responses are also affected by Nef through its modulating effect on both TCR-signalling and cytoskeleton reorganization in T cells. This effect of Nef is dependent on the hijacking of endosomal traffic of protein tyrosine kinase Lck (essential for TCR signaling) and the GTPase Rac1 (essential for cytoskeleton reorganization) (51). Lastly, Nef carried by exosomes has also been involved in promoting chronic inflammation through its effect on lipid rafts formation (reducing the activation of the GTPase Cdc42 and increasing the activation of NLRP3 inflammasome) (52).

In contrast, EVs may contribute to an anti-viral response by delivering HIV restriction factors to nearby cells or by presenting viral antigens (53, 54). Moreover, cell-to-cell communication by EVs could play an important role in the reactivation of the latent HIV (55–60), something of utmost relevance in the search for strategies aimed at eliminating the reservoir.



Pro-Viral Effects of EVs in HIV Infection

As has been mentioned, EVs can promote HIV infection (Figure 1). HIV-RNA (43), and the HIV proteins Nef (61), Gag, Tat (62), and Env (63) have been observed into EVs from cell culture supernatants. Nef protein can interact with cellular trafficking pathways and induce lysosomal degradation of MHC-I (64, 65) and CD4 (64, 66), disrupting the viral antigen recognition by immune system (67). Moreover, an inhibitory effect of Nef on the adaptive immune response, by deterring the IgA and IgG production in B lymphocytes, has also been described in EVs derived from macrophages of HIV-infected subjects (50). Tat protein acts activating viral promoter to induce HIV replication (62). Gag (62) and Env (63) proteins participate in infection enhancement. EVs released by HIV-infected cells contain Env protein gp120 suggesting that this protein secreted in EVs may promote the virus to attach and fuse to the target cells and facilitate HIV infection (63).




Figure 1 | Pro-HIV actions of factors carried by extracelular vesicles (EVs). Figure shows Evs produced by different cell sources and released into circulation containing cellular and viral factors that trigger pro-viral effects on target cells: 1) impairing antigen recognition by MHC-I and CD4 lysosomal degradation; 2) deterring IgA and IgG production by B cells; 3) enhancing immunosuppresive T regulatory cells; 4) promoting viral infection by fusing to the target cells with Env protein; 5) facilitating viral tropism modification; 6) activating viral promoter to induce HIV replication; 7) inducing production of pro-inflammatory cytokines.



Some HIV-miRNAs have been also observed in EVs from serum of HIV-infected patients and from infected cells culture (44–46). These miRNAs are involved in cytokine production (44–46) and in apoptosis downregulation (44). In general, it seems that EVs can impair the immune response by enhancing immunosuppressive Foxp3+CD4+CD25+ T regulatory cells (68). Furthermore, EVs can act as inducers of the inflammatory state that contributes to HIV disease pathogenesis. Different studies have reported several molecules associated to development of inflammation into EVs, such as: TNFα (69, 70), IFNg (71), IL-12p40, sIL-6R, sTNF-RI, GRO (69), MCP-1, RANTES (72), IL-1α (70, 71), CXCL10 (70), viral Nef protein (that triggers TNF-α release) (73), viral miRNAs (45, 46), and cellular miRNAs (miR-10a-5p, miR-21-5p, miR-27b-3p, miR-122-5p, miR-146a-5p, miR-423-5p) (74). In addition, EVs derived from plasma of HIV subjects increase activation of monocytes/macrophages eliciting the production of inflammatory cytokines (IL-6, IL1-β and TNF-α) by these cells (75).

Interestingly, in vitro studies with EVs derived from cell lines culture supernatants (76) and from human peripheral blood mononuclear cells (PBMCs) (76) or platelets (77) of healthy donors, have revealed that virus can be able to use EVs to transfer CCR5 and CXCR4 HIV entry co-receptors to cells in order to facilitate the modification of the viral tropism increasing the number of susceptible target cells (76, 77). However, this ability of EVs to transfer HIV coreceptors between cells could be exploited to combat HIV by engineering exosomes carrying defective correceptors with the aim to prevent HIV transmission, as is the case for the natural delta32-deleted version of host CCR5 (78).



Anti-Viral Effects of EVs in HIV Infection

Several anti-HIV effects of EVs have been described, such as the presence of MHC-II molecules as part of EVs cargo, a fact that reveals the potential ability of these vesicles to present viral antigens and induce T cells response (54). Tumne et al. revealed that EVs secreted by CD8 + T cells display a potent non-cytotoxic antiretroviral activity that specifically inhibits HIV transcription (79).

Some studies have assessed the capacity of EVs to transfer known restriction factors that can inhibit HIV infection in target cells (Figure 2). One of these factors is APOBEC3G (A3G - human cytidine deaminase that can cause hypermutation of the viral genome at the retrotranscription step) that has been found into EVs that potently restrict replication of HIV in recipient cells under in vitro conditions (80). Moreover, A3G and Tetherin (an interferon-induced protein whose expression blocks the release of HIV), have also been found into EVs derived from human semen (22). At level of mRNA of cellular restriction factors, Tetherin and A3G expression could be induced by EVs. An in vitro study showed that EVs from intestinal epithelial cells culture transport antiviral factors at mRNA and protein levels to macrophages, increasing the expression of antiviral IFN-stimulated genes (ISGs) and cellular HIV restriction factors, including Tetherin and A3G, that restricts HIV replication in macrophages (23).




Figure 2 | Anti-HIV actions of factors contained in extracelular vesicles (EVs). Figure shows inhibitory actions (red lines) at multiples steps of HIV replicative cycle by IFN-stimulated genes and restriction miRNAs carried by EVs.



The presence of IFN-stimulated genes ISG15, ISG56, MxB, OAS-1, GBP5, and Viperin with anti-HIV activity has also been reported in EVs (23, 24). These genes code for proteins with diverse functions aimed at blocking HIV: ISG15 protein inhibits virions release; ISG56 restricts viral protein translation; MxB reduces viral DNA integration; OAS-1 activates RNAsa-L to degrade viral genome; GBP5 interferes in the Env protein incorporation to generated virions; and Viperin disturbs lipid rafts and impairs viral replication (Figure 2). Moreover, different miRNAs with a protective action against HIV have been found in EVs such as miRNA-17, miRNA-20, miRNA-28, miRNA-29a, miRNA29b and miRNA-125b (23). These anti-HIV miRNAs could regulate HIV expression by directly targeting the virus or by an indirect effect targeting cellular transcription factors. Thus, HIV virus is inhibited at multiple steps of its viral cycle (Figure 2). A very recent study has shown that EVs released from human TLR3-activated cervical epithelial cells contain antiviral factors such as multiple IFN-stimulated genes and HIV restriction miRNAs that were able to restrict HIV replication in macrophages in culture. These results suggest that this antiviral mechanism could participate in the innate immunity against HIV infection, and thus a EVs-based delivery system could be considered as a preventive strategy to protect the female reproductive tract against HIV sexual transmission (25).

Concerning the effect of EVs from body fluids, several studies suggest the presence of inhibitory components in semen-derived EVs that can mitigate HIV replication and sexual transmission. EVs derived from semen of healthy donors contain mRNA of Tetherin and A3G that could inhibit HIV infection of various cell types by potentially impairing reverse transcriptase activity (22). Also, these Evs blocked the spread of HIV from vaginal epithelial cells to other cells by restricting cell-to-cell transmission (26). HIV post-entry inhibitory effect of EVs derived from semen of healthy subjects has been proposed by Welch JL et al., in an in vitro study in which these EVs blocked HIV proviral transcription by repressing NF-kβ, RNA polymerase II, and Tat recruitment to the LTR region, and thus blocking transcription, initiation, and elongation (27). A recent study enrolling HIV-negative, HIV-infected cART-naïve and HIV-infected cART-treated participants observed that EVs derived from semen inhibited HIV replication in vitro independently of donor HIV-infection status (28). In addition, EVs derived from semen of healthy subjects downregulated HIV-induced proinflammatory cytokine production while preserved lymphocyte activation state (81).

EVs from other body fluids have also shown anti-HIV effects. EVs isolated from vaginal fluid could block HIV in vitro at post-entry steps, most likely by halving the reverse transcription and the integration processes (29). In EVs derived from breast milk of healthy donors has been shown an in vitro protective role. These EVs may bind to monocyte-derived dendritic cells via DC-SIGN, a common receptor used by HIV, and consequently, inhibit infection and viral transfer to CD4+ T cells (82).

All this evidence the potential application of these extracellular vesicles in the treatment of HIV infection as a novel and alternative solution to cART for life. EVs can be used as therapeutical agents either by taking advantage of their own natural cargo or by devising ways to engineering their content with different therapeutic agents ranging from anti-HIV drugs to immunomodulating factors. Since EVs function as natural transporters of different molecules between cells and play a pivotal role in intercellular communication, it is expected that they should be the ideal way of delivering different biomolecules to the desired target cells (83). Compared to more traditional approaches of drug delivering including liposome-based or cell-based therapy, EVs offer several advantages such as easier manipulation, long half-life, and higher biocompatibility (84). The feasibility to use EVs as delivery systems has been demonstrated in several studies reporting the use of exosomes as carriers of biomolecules to different types of cells (85, 86). Moreover, recent studies have suggested the potential of EVs as drug delivery systems for treatment of human viral diseases (87, 88). In the setting of HIV infection, the therapeutic potential of EVs is supported by clinical data emerging from other human diseases, especially from the field of cancer (89). Although EVs-based clinical trials for treating HIV have not yet been developed, different approaches have been proposed including the loading of EVs with small molecules with anti-HIV activity (84) and with HIV proteins to generate anti-HIV immune responses (90, 91).



Role of EVs in HIV Reservoir Reactivation

To date, none of clinical trials using LRAs have reached a significant and persistent reduction of the HIV reservoir. Therefore, an alternative strategy is necessary to efficiently reactivate the transcription of latent HIV as a necessary step to purge the reservoir by the combined action of cART, blocking the released virus, and of the host immune system, destroying productively infected cells (Figure 3A). Several studies have found that EVs can reactivate latent HIV infection through different mechanisms (55–60) (Figure 3B) as outlined below:




Figure 3 | Role of Extracellular vesicles in HIV reservoir reactivation (EVs). (A) Potential use of EVs as latency reversing agents (LRAs) to reactivate latently HIV infected cells. Reactivated infected cells produce viral antigens and can be destroyed either by viral cytopathic effects and/or by the host immune system, while released virus can be blocked by combination antiretroviral therapy (cART). (B) Different viral factors carried by EVs released from infected cells (left) and EVs released from uninfected cells (right) that could be involved in the induction of HIV transcription and consequently reactivation of HIV latency. Different molecular pathways involved in induction of HIV transcription are shown. Up-regulating actions are represented by black positive arrows.



i) Viral transcripts are increased in HIV infected cells when these cells are exposed to purified EVs derived from uninfected cells culture (58). Barclay et al, showed that EVs from uninfected cells culture increased the amount of RNA polymerase II loading onto the HIV promoter, and also increased Cdk9 binding to the transcriptional complex in order to enhance RNA polymerase elongation. In a more recent study, it has been observed that EVs from uninfected cells culture contained activated c-Src (proto-oncogene tyrosine-protein kinase Src) that can trigger the PI3K/AKT-1/mTOR signaling cascade, resulting in the activation of the transcription inducer STAT3, promoting the loading of RNA polymerase II onto the HIV promoter and allowing the reactivation of latent HIV (92). As consequence, larger amounts of viral transcripts were available to be packaged into new EVs and to be exported to uninfected cells.

ii) Tat, a known transactivator of viral transcription, has been detected in EVs isolated from urine of HIV infected patients (93). Tang et al. studied the role of EVs-delivered Tat in the reactivation of viral replication in latently-infected cells (55). For this purpose, the authors engineered human cellular EVs expressing activated Tat protein and they found that EVs-delivered Tat increased the potency of a selected LRA by over 30-fold, measured as change in HIV mRNA expression.

iii) EVs derived from infected cells have also been shown to contain HIV miRNAs that regulate viral and host gene expression (44–46). The most frequent miRNA found in serum EVs of HIV-infected patients is the trans-activation response element (TAR), which down-regulates apoptosis and enhances susceptibility to infection (44). A direct role of TAR in cytokine gene expression has been described by Sampey et al. (46), that observed increased levels of IL-6 and TNF-β in co-cultures of macrophages with EVs derived from HIV in vitro infected cells. They suggested that the underlying mechanism by which TAR increases the expression of these cytokines involves the activation of the NF-kβ pathway through the binding of TAR to the TLRs and PKR kinase. Interestingly, NF-kβ regulates the transcriptional activity of the long terminal repeat (LTR) region and therefore, enhances transcription of the HIV genome (94).

iv) Other viral miRNAs such as vmiR88 and vmiR99 have also been observed packaged into EVs derived from serum of HIV-infected patients (45). Bernard et al. found that vmiR88 and vmiR99 could act as ligands for TLR8 signaling that promotes macrophage TNFα release, a cytokine with a pivotal role in the chronic immune activation. TNFα is a pleiotropic protein with several roles in HIV pathogenesis, among them the induction of the nuclear factors binding to the NF-kβ in the LTR, resulting in an increase of HIV RNA expression (95). Interestingly, immature TNFα is converted into its active form by ADAM17, a disintegrin and metalloprotease present in EVs derived from in vitro HIV infected cells culture, with a relevant function in the HIV replication in resting CD4+ T cells (60). The packaging of ADAM17 has been observed only in EVs that also contain viral Nef protein. Arenaccio et al. showed that Nef seems to induce the uploading of active ADAM17 in EVs, highlighting the importance of Nef in the mechanism of latent HIV reactivation (60). Reactivation of latent HIV was not observed when Nef was absent or defective (59). Similarly, HIV reactivation was abolished when an inhibitor of the pro-TNFα-processing ADAM17 enzyme or neutralizing antibodies of TNFα were present (59).

All this highlight the relevant role of extracellular vesicles in the reactivation of the latent HIV and its potential application as an innovative and promising strategy aimed at eliminating the reservoir. Some of the studies mentioned above suggest that EVs could be engineered to carry different molecules to act as latency reversing agents. More specifically, the studies of Tan et al. (55), Arenaccio et al. (59) and Barclay et al. (92) clearly demonstrate in in vitro systems the ability of EVs to induce HIV transcription and thus reservoir reactivation. These studies are a proof of concept of the potential use of EVs in reservoir reactivation and further studies in the near future are warranted to test the feasibility of this approach in the in vivo situation.



Conclusions and Future Perspectives

The study of EVs in HIV pathogenesis is an emerging field with enormous therapeutic potential to achieve HIV remission. In the current scenario, EVs engineering is possible, with the aim of manipulating their cargo in order to deliver selected molecules to the target cells. Use of EVs for HIV therapeutic purposes may range from modulating immune response, through anti-HIV factors delivery to target cells, in order to block HIV infectivity and control infection, to activating the viral reservoir with the aim to its elimination by either viral cytopathic effects and/or by the host immune system. However, further in vivo studies are urgently needed to ascertain the role of EVs in HIV infection and its application at the clinical level.
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Breast cancer has become the most commonly diagnosed cancer globally. The relapse and metastasis of breast cancer remain a great challenge despite advances in chemotherapy, endocrine therapy, and HER2 targeted therapy in the past decades. Innovative therapeutic strategies are still critically in need. Cancer vaccine is an attractive option as it aims to induce a durable immunologic response to eradicate tumor cells. Different types of breast cancer vaccines have been evaluated in clinical trials, but none has led to significant benefits. Despite the disappointing results at present, new promise from the latest study indicates the possibility of applying vaccines in combination with anti-HER2 monoclonal antibodies or immune checkpoint blockade. This review summarizes the principles and mechanisms underlying breast cancer vaccines, recapitulates the type and administration routes of vaccine, reviews the current results of relevant clinical trials, and addresses the potential reasons for the setbacks and future directions to explore.
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1 Introduction

Breast cancer has become the most commonly diagnosed cancer globally, with an estimated burden of 2.3 million new cases in 2020 (1). Breast cancer is heterogeneous and clinically classified into three main subtypes according to the status of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2): luminal subtype that expresses ER and/or PR, HER2-positive subtype that overexpresses HER2, and triple-negative breast cancer (TNBC) (2). Despite advances in endocrine therapy and anti-HER2 therapy in past decades, relapse and metastasis of breast cancer remain a great challenge in clinical practice. Therefore, innovative therapeutic approaches are still critically in need. In recent years, studies have shown that tumor-infiltrating lymphocyte (TIL) is associated with response to treatment and long-term prognosis in patients with breast cancer (3, 4). Coupled with clinical successes of immune checkpoint blockades (ICB) applied in TNBC and other solid tumors (5–7), intensive interest has arisen in immunotherapy for breast cancer (8, 9).

Immune-based treatment strategies can be divided into passive immunotherapy and active immunotherapy. The anti-HER2 targeted intervention via monoclonal antibodies such as trastuzumab and pertuzumab falls under the former category (10, 11). Active immunotherapy mainly refers to cancer vaccines. The cancer vaccine is intended to elicit or boost an anti-tumor immune response by activating autologous immune cells in the patient to induce a therapeutic effect (12, 13). This review summarizes the principles and mechanisms underlying breast cancer vaccines, recapitulates the type and administration routes of vaccine, and reviews the current results of relevant clinical trials. The challenges we face at present and potential directions to explore in the future are discussed in the end.



2 Principles of Breast Cancer Vaccine


2.1 Immunoediting Throughout Tumor Progression

The immune system plays different roles in breast cancer progression during different stage of tumor development. The paradoxical interaction between the tumor and the immune system is referred to as immunoediting, which generally evolves through three phases: elimination, equilibrium, and escape (Figure 1) (14). During the elimination phase, incipient tumor cells can activate innate immunity, including maturation of macrophages, natural killing (NK) cells and dendritic cells (DCs). These cells help prime tumor-specific T cells. Thus the adaptive immune response can cooperate with innate immunity to recognize and eradicate these early transformed tumor cells. The equilibrium phase starts if any tumor subclones survives the selection pressure from the host immunity. Tumor cells can hardly be removed, but meanwhile, their progression is strictly limited or even paused because of the delicate balance between tumor growth and the defense effect of the immune system in this phase. However, tumor subclones with less immunogenicity will eventually arise due to tumor cells’ genetic instability and epigenetic modifications (15). These subclones can evade immune recognition and destruction through multiple solutions such as downregulating antigen-presenting molecules and increasing immune checkpoint receptors on the cell surface (16, 17). Therefore, the evolved tumor cells that succeed in escaping constant immunologic pressure will enter the last phase of immunoediting, where the immune system scarcely restrict their progression (18–20).




Figure 1 | Immunoediting throughout tumorigenesis and progression. Immunoediting generally evolves through three phases: elimination, equilibrium, and escape (14). During the first phase, tumor cells activate anti-tumor immune responses, which mainly performed by CD8+ T cells, CD4+ T cells, and natural killing cells. The equilibrium phase starts if any tumor subclones survive the selection pressure from the host immunity. Tumor cells can hardly be removed, but meanwhile, their progression is strictly limited in this phase. When shifting to the escape phase, tumor cells with less immunogenicity manage to avoid recognition and attack from anti-tumor immune cells through multiple mechanisms. Besides, an immunosuppressive tumor microenvironment will gradually generate to attenuate anti-tumor immunity and favor tumor progression further. MDSC, myeloid-derived suppressor cell; NK, natural killing; TAM, tumor-associated macrophage; Treg cell, regulatory T cell.





2.2 Immune Cells Recognizing Tumor Antigens

To produce an anti-tumor immune response, the effector immune cells need to recognize tumor antigens presented by tumor cells directly or by antigen-presenting cells (APCs) via major histocompatibility complex (MHC) on the cell surface. CD8+ and CD4+ T cells, which play a core role in the immunoediting process, distinguish these non-self-epitopes of tumor cells displayed by MHC class-I and MHC class-II molecules respectively from normal self-antigens (21–24).

Tumor antigens can be divided into tumor-specific antigens (TSAs) and tumor-associated antigens (TAAs) (25). TSAs are expressed only by tumor cells and not by normal cells. TSAs include oncoviral antigens derived from oncogenic tumor viruses and neoantigens derived from somatic mutations in tumor cells. Therefore there is usually no immune tolerance towards TSAs in humans (26).

TAAs are self-proteins commonly expressed in both tumors and normal tissues, while their expression patterns in tumor cells are abnormal (27). This category includes overexpressed antigens such as HER2 and mucin-1 (MUC-1), tissue differentiation antigens such as carcino-embryonic antigen (CEA), and tumor germline antigens like melanoma-associated antigen (28). The majority of tumor antigens that have been studied in breast cancer vaccines so far are the HER2 protein and other HER2-derived peptides (29, 30). In humans, the HER2 protein is generally expressed during fetal development and is weakly detectable in the epithelial cells of many normal tissues in adults (31). Thus immune tolerance to HER2 has usually been established already. In fact, despite the existence of immune tolerance, humoral and cellular immunity against HER2 have been detected in some of breast cancer patients due to the high immunogenicity of the antigen (32, 33). However, the level of the pre-existed anti-HER2 immunity is usually too low to induce an evident therapeutic effect. Therefore, vaccines targeting HER2-related antigens need to overcome the established tolerance to boost an immune response that is strong and durable enough (31). Various strategies, including using novel immunoadjuvants, applying dominant or subdominant epitopes, and altering the natural structure of peptides, have been investigated in breast cancer vaccines to circumvent immune tolerance.



2.3 Tumor Cells Attenuating Anti-Tumor Immunity

To successfully escape immunosurveillance, tumors manage to suppress the host immunity both systemically and locally (34). As mentioned above, when the elimination phase gradually shifts to the escape phase, the immunosuppressive effect will outweigh the antitumoral response in the relatively advanced stage of the disease. During this shift, suppressive immune cells, including regulatory T (Treg) cells, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs), become increasingly prevalent in the tumor microenvironment (TME) and the draining lymph nodes of the tumor and even appear in peripheral blood (35–39). Increased number of these immunosuppressive cells generally correlates to inferior prognosis (38–42). Moreover, the number and the activity of the cytotoxic lymphocytes (CTLs) and NK cells in the TME are reduced so that the antitumoral response will be further undermined (43–46).

In addition to the transformation of immune cell composition in the TME, cytokines are also involved in generating an immunosuppressive microenvironment in favor of tumor progression (47). For instance, upregulation of the DC-derived cytokine TGFβ promotes the proliferation of Treg cells (48), and Treg cells will correspondingly downregulate the co-stimulatory molecules such as CD80 and CD86 on DCs required for CTL priming (45). The cytokine interleukin-2 (IL-2), which is necessary for CTL activation, can bind to Treg cells at a higher affinity, leaving the CTLs in starvation (46). Moreover, adenosine produced by Treg cells has an immune inhibitory effect on the effector T cells (49, 50). The inhibitory cytokine IL-10 and TGFβ secreted by TAMs are also capable of blocking the function of CTLs (51, 52) and suppress the production of anti-tumor cytokine IL-12 (53).

Furthermore, immune checkpoint receptors such as programmed cell death receptor 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4) are found to be upregulated in tumor progression. PD-1 is the counter-receptor of programmed cell death ligand 1 (PD-L1) (54). In patients with different malignant tumors, high levels of PD-1 expression are detected in TILs, including tumor-specific T cells, and PD-L1 is upregulated in tumor cells and APCs simultaneously. Engagement of PD-L1 and PD-1 results in T cell dysfunction and apoptosis so that the tumor cells can avoid destruction from T cells (55, 56). CTLA-4 is found in the intracellular compartment in resting T cells and it will be transported to the cell surface once the T cell is stimulated (57). It can block the co-stimulatory signals, which is essential for T cell activation, through binding the transmitting molecules CD80 and CD86 on DCs and B cells to prevent the immune response from over-amplification (58). ICB blocks the inhibitory receptors such as PD-1/PD-L1 and CTLA-4, allowing effector T cells to attack the tumor (59). The efficacy of ICB for breast cancer has recently been evaluated. Monoclonal antibody atezolizumab targeting PD-L1 successfully prolonged progression-free survival (PFS) among patients with metastatic TNBC in the IMpassion130 trial (7). However, the same drug failed to show a significant improvement in PFS for advanced HER2-positive breast cancer in combination with trastuzumab emtansine in the KATE2 trial (60).

Collectively, the suppressive immune cells, the cytokines, the metabolites, and immune checkpoint molecules together constitute a complex network of immune suppression that facilitates immune escape and attenuates anti-tumor immunity.




3 Approaches of Breast Cancer Vaccine

Strategies of vaccination involve optimization of vaccine regimens and administration routes. Breast cancer vaccines can be divided into different types based on platforms and formulations. Nevertheless, they all need to make the targeted antigen recognized by the autologous immune system to induce a therapeutic effect. Adjuvant of the vaccine plays a vital role as they are able to enhance antigen immunogenicity and regulate the immune response. Additionally, administration routes have different influences on the delivery of targeted antigens to DCs. We will briefly review the types of breast cancer vaccines and introduce the adjuvants and administration routes applied currently.


3.1 Types of Breast Cancer Vaccine

Currently, the most common vaccination approach for breast cancer is to utilize peptides derived from tumor antigens. Vaccination of tumor antigen-related protein and carbohydrate has also been explored for long. Tumor cell-based vaccine is one of the traditional methods, while DNA-based and DC-based vaccines represent novel modalities in this field. A different formulation of vaccines and their mechanisms of action are depicted in Figure 2.




Figure 2 | Different types of breast cancer vaccines and their mechanisms. The studied breast cancer vaccines can be divided into the following types according to their formulations and approaches: peptide vaccine, protein-based vaccine, carbohydrate antigen vaccine, DNA-based vaccine, dendritic cell-based (DC-based) vaccine, and tumor cell vaccine. DC-based vaccines utilize ex vivo generation of DCs loaded with tumor antigens or transfected to express tumor antigens. These cells process the antigens and present them to T cells directly by themselves in order to activate an immune response. Except the dendritic cells, other formulations applied in the vaccines, including peptide, protein, plasmid, carbohydrate and tumor cell, need to stimulate the autologous antigen presenting cells (APCs). Then the autologous APCs will activate the effector immune cells to boost an anti-tumor reaction.




3.1.1 Peptide Vaccine

Delivering MHC class-I restricted peptide epitopes to activate immune responses against the specific tumor antigen is one of the most common strategies applied for breast cancer. The peptide injected will be processed and presented by APCs to prime immune effector cells, which will then seek out and eradicate cancer cells expressing the shared antigen (61). Compared to other formulations, short amino acid peptides are simple and cheap to manufacture and relatively stable when transported, which makes large-scale manufacture and transportation possible (62). However, the individual peptide is usually limited to certain human leukocyte antigen (HLA) subtypes and thus patients who do not express the common HLA types cannot be treated with the vaccine (63). In addition, the usual MHC class-I binding peptides do not have a strong ability to activate CD4+ helper T cells, which may cause limited activation of CD8+ cytotoxic T cells and transience of immune responses (64). This issue might be partly overcome by using synthetic peptides that are long enough to include multiple MHC class-I and class-II epitopes. Such peptides containing 23-45 amino acids might lead to superior T cell stimulation through a more efficient processing and presentation pathway (65).



3.2.2 Protein-Based Vaccine

The protein-based vaccine is developed with the whole or shortened fragment of tumor antigen protein whose amino acid sequence is much longer than peptides (64). It enables uptake, processing, and presentation of multiple MHC class-I and class-II peptide epitopes and is not HLA restricted. But the presentation process might be less efficient, and the response to this kind of vaccine is hard to measure due to lack of a specific marker (66).



3.1.3 Carbohydrate Antigen Vaccine

Carbohydrate antigens abnormally expressed by tumor cells can also be distinguished by immune cells. Hence, such carbohydrate antigen becomes an ideal candidate to incorporate in a cancer vaccine. For instance, Sialy-Tn (STn), a disaccharide carbohydrate associated with MUC-1, is expressed uniquely on the cell surface of a variety of cancer cells, including breast cancer (67). Immunization with STn demonstrated tumor regression and prolonged survival in animal studies, and the cancer vaccine towards STn was correspondingly developed (68).



3.1.4 Tumor Cell Vaccine

It is one of the earliest approaches of the cancer vaccine to use whole tumor cells or products of tumor cell lysis to stimulate an immune response (64). It is based on a pool of unknown antigens derived from autologous or allogeneic tumor cells, and thus a polyvalent immune response will be triggered. The tumor cells are modified to secret cytokines or express co-stimulatory molecules in order to enhance the antigen-presenting ability in some vaccines (69, 70). The disadvantage of the tumor cell vaccine lies in that these vaccines contain endogenous cellular antigens and may cause an autoimmune reaction. There is also a lack of a standardized method for preparing tumor cell vaccines (63).



3.1.5 DNA-Based Vaccine

The DNA-based breast cancer vaccine uses the DNA sequence encoding tumor antigens, which are usually delivered in the forms of plasmids or vectors. The DNA sequence will be incorporated by APCs and translated into the tumor antigen, which will then be processed for presentation for immune cells to stimulate an antigen-specific immunity (71). DNA-based vaccines are easy to construct in large quantities and store at a low cost. However, the immunogenicity is not strong enough due to low efficiency of plasmids uptake and antigen expression (63, 71).



3.1.6 DC-Based Vaccine

DCs are a heterogeneous population of APCs that efficiently take up antigens and then process and present the antigens to CD4+ and CD8+ T cells after migrating to lymph nodes. NK cells and B cells can also be stimulated by DCs (61). The DC-based vaccines usually utilize ex vivo generation of DCs loaded with tumor antigens or transfected to express tumor antigens. Monocytes and CD34+ progenitor cells have been tested, and antigens including complex tumor lysates and multiple MHC class-I and class-II peptides have been explored in studies (62). Some vaccines require inoculation in lymph nodes and the DCs delivered can activate the immune cells directly. The production of DC-based vaccines can be technically demanding due to the individualized ex vivo process for the maturation of DCs (64). It is therefore difficult to compare trials with a single clinical trial arm and individualized vaccination patterns.



3.1.7 DC-Tumor Cell Fusion Vaccine

One of the efforts to improve the DC-based vaccination strategy is the fusion of DCs with tumor cells. DC-tumor cell hybrids can be created by exposing DCs and tumor cells in polythelene glycol (72). Tumor cells can also be transfected with a viral fusogenic membrane glycoprotein and pelleted with DCs to achieve a DC-tumor hybrid (73). Besides, electrofusion technique has been applied in this strategy (74). Compared with DCs pulsed with single antigens, DC-tumor cell fusion is able to present the entire repertoire of tumor antigens from the parental tumor cell to activate both the MHC class-I and class-II pathways (75). Nevertheless, this kind of vaccine is even harder to produce compared to the DC-based vaccine pulsed with peptides.




3.2 Adjuvants for Breast Cancer Vaccine

Adjuvants are substances that enhance antigen immunogenicity and elicit an immune response when inoculated with antigens (76). Mechanisms of most adjuvants include slowing release of antigens, promoting antigen uptake and presentation of APCs and stimulating proliferation of DCs and macrophages (77–79). In prophylactic vaccines designed for infectious diseases, classical adjuvants, such as alum, mainly induce the type 2 T helper cell-dependent humoral immunity instead of type 1 T helper cell responses that directly destruct tumor cells (80). Different types of adjuvants used in cancer vaccines are listed in Table 1.


Table 1 | Major types of adjuvants for breast cancer vaccine and their functions.



Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a secreted cytokine that has been widely used as an adjuvant in breast cancer vaccines. It has been shown to be capable of triggering the maturation of myeloid cells such as granulocytes and macrophages and promoting the expansion and activation of DCs (81, 82). Several breast cancer vaccines containing GM-CSF induced detectable immune responses in clinical trials (83–87). And in melanoma patients, locally addition of GM-CSF modestly increased the immune response towards the vaccinated antigen (78, 88). However, in other studies, it was also observed that GM-CSF might be associated with a lower degree of T cell responses and induction of inhibitory MDSCs (89, 90). Therefore, the application of GM-CSF as an adjuvant in cancer vaccines still needs further investigation.

Another popular strategy for adjuvants adopted in DNA-based cancer vaccines is utilizing recombinant viral vectors. Recombinant viral vectors, which usually function as a delivery vehicle for the antigen, can boost immune response as well in that they always contain more or less toll-like receptor (TLR) ligands and pattern recognition receptor ligands to activate DCs (91). The TLR agonists are also able to enhance CD8+ T cell activation and prevent T cell from exhausting (92, 93). The main drawback of such an adjuvant is that the vectors also have other sequences capable of competing with the inserted sequence of targeted antigens (94).

Nevertheless, difficulty exists when comparing different adjuvant strategies for cancer vaccines since the effects of adjuvants might vary with vaccine formulations, targeted tumor antigens, immunization schedule, and route of administration. Therefore relevant studies on the optimization of adjuvants for breast cancer vaccines are urgently necessary at present.



3.3 Administration Routes of Breast Cancer Vaccine

Administration routes of cancer vaccines help effectively present the antigens to autologous APCs. Different preferred routes were applied for cancer vaccines of different types (Figure 3). Several peptide vaccines targeting HER2 have adopted intradermal vaccination strategies as there is a dense network of cutaneous DCs (83–85). Studies demonstrated that intradermal inoculation with low doses of the peptide was safe and stimulated antigen-specific T cell responses in the majority of the healthy population (95). The subcutaneous injection was also practiced in a variety of different breast cancer vaccines and achieved immune responses. However, large volumes of antigen delivered subcutaneously with adjuvants might cause severe injection-site reactions with occasional sterile abscess formation (96), which may lead to discontinuation of vaccination procedure or reduction of vaccine doses. In addition, intramuscular administration was often used to deliver vectors or plasmids for some DNA-based vaccines (97–99). By contrast, some DC-based vaccines required intranodal injection in order to prime the T cells existing in the lymph node directly.




Figure 3 | Different administration routes of breast cancer vaccines. Major administration routes of breast cancer vaccines include intradermal, subcutaneous, intramuscular, and intranodal injection. The preferred routes depending on the type of the delivered antigens help effectively present the antigens to autologous antigen-presenting cells (APCs). Then the antigen-loaded APCs transfer to lymph nodes to prime T cells through afferent lymph. Subsequently, activated T cells transport into tumorous tissue with the aid of the bloodstream to eradicate tumor cells.



An important factor to consider is how administration routes of vaccines affect the circulating and homing process of T cells towards the cancer-infiltrated tissues. Recent studies showed that intranasal immunization with DCs from the lung parenchyma was able to trigger homing properties on induced CD8+ T cells to the mucosa (100). Much more work is necessary to establish valid rules regarding the delivery routes of cancer vaccines.




4 Clinical Trials of Breast Cancer Vaccine

Some breast cancer vaccines managed to elicit detectable immune responses and demonstrate good tolerance in early trials. Nevertheless, none of them has demonstrated significant clinical benefits in the following phase 3 trials. The Theratope® (STn) vaccine applied in the metastatic setting and the NeuVax™ [Nelipepimut-S (NPS), or E75] vaccine applied in the adjuvant setting both failed to bring clinical benefits in their phase 3 study despite their early success (101, 102). We summarize the current results of clinical trials evaluating breast cancer vaccines according to the antigen they target in the following paragraphs. Major clinical trials targeting HER2-related antigens and non-HER2-related antigens are listed in Tables 2 and 3, respectively.


Table 2 | Major clinical trials on breast cancer vaccines targeting HER2-related antigens.




Table 3 | Major clinical trials on breast cancer vaccines targeting non-HER2-related antigens.




4.1 Vaccines Targeting HER2-Related Antigens

Breast cancer vaccines deliver HER2 or HER2-related antigens through different approaches and formulations. In this field, several peptide vaccines have been studied extensively in phase 2-3 clinical trials. We will introduce the vaccines targeting HER2-related antigens in the order of their types.


4.1.1 Peptide Vaccine—E75

E75 (Nelipepimut-S) vaccine is one of the most extensively studied breast cancer vaccines against HER2. It consists of HLA-A2/A3-restricted, MHC class-I, extracellular HER2-derived peptide E75 and the immunologic adjuvant GM-CSF. In a phase 1 trial initiated in the adjuvant setting, the E75 vaccine was administered to the disease-free patient with any level of HER2 expression [immunohistochemistry (IHC) 1-3+]. An immune response with good tolerance was demonstrated (83). The monthly intradermal dose of 1000mg E75 and 250mg of GM-CSF for 6 months was determined to be optimal (116). In the following phase 2 adjuvant study, 195 patients were randomly assigned to the vaccination arm or the control arm. At the conclusion of 5-year follow up, the disease-free survival (DFS) rate was 89.7% for vaccinated patients and 80.2% for control patients (P=0.08) (103, 116). Interestingly, vaccinated patients with relatively low expression of HER2 (IHC 1-2+) demonstrated a more robust immune response compared to those with higher levels of HER2 expression (IHC 3+), suggesting the possibility of immunologic tolerance to HER2 in some patients with tumors expressing high levels of HER2 (117).

Based on these promising data, the multicenter double-blinded phase 3 PRESENT trial was undertaken in patients with node-positive breast cancer with IHC 1-2+ HER2 expression in the adjuvant setting (102). In total, 758 disease-free patients were randomized to receive NeuVax™ or placebo. The primary endpoint was 3-year DFS. However, this trial was terminated due to futility when an interim analysis, which was triggered after 70 qualifying DFS events occurred, failed to show a significant difference in DFS with vaccination. There were even more DFS events in the vaccinated group than in the control group. Still, the deaths, second cancers, and clinical recurrences were similar at 16.8 months median follow-up.

When combined with anti-HER2 targeted therapy, the efficacy of E75 vaccine in patients with low expression of HER2 (IHC 1-2+) was evaluated in a recently conducted phase 2 adjuvant trial (104). A total of 275 patients were randomized to receive E75 or placebo after receiving 1-year standard trastuzumab-based anti-HER2 treatment. At a median follow up of 25.7 months, estimated DFS did not significantly differ between the vaccination arm and the control arm (P = 0.18). But significant improved DFS was seen in patients with TNBC (IHC 1-2+ and hormone receptor-negative) in a planned exploratory analysis (P = 0.01). This study reflects that the HER2-derived peptide vaccines might be effective when used in parallel to or combined with trastuzumab-based anti-HER2 targeted therapy.

As for HER2 overexpression (IHC 3+) patients, the efficacy of E75 remains ambiguous in that the majority of the HER2 overexpression patients enrolled in the existing trials did not receive trastuzumab as standard anti-HER2 therapy.



4.1.2 Peptide Vaccine—GP2

Although the results of NeuVax™ are not satisfying, new promise comes from other latest studies. GP2 is another HLA-A2/A3-restricted, MHC class-I, an immunogenic peptide derived from the transmembrane domain of HER2. While GP2 has a lower affinity to HLA-A2 than E75, it is as efficacious in inducing a CD8+ T cell response (118). The GP2 vaccine demonstrated a good safety profile and managed to generate GP2-specific T cell responses and GP2-specific delayed-type hypersensitivity (DTH) responses when administered with GM-CSF in a phase 1 adjuvant trial (84). In the following phase 2 adjuvant trial that enrolled 180 patients with tumors expressing HER2 (IHC 1-3+), no significant benefit in DFS in the vaccination group compared with the control group (88% vs. 81%, P=0.43) after a 34-month median follow-up was observed (105). A subgroup analysis showed that HER2-positive (IHC 3+) patients had no recurrences with a trend towards improved DFS in the vaccinated group as compared to the control group (100% vs. 87.2%, P=0.052) (119). Encouraging results came from the final analysis of this trial, which demonstrated that the GP2 vaccine reduced the recurrence rate to 0% in HER 3+ patients, who have received a standard course of trastuzumab after surgery. The estimated 5-year DFS rate in the 46 HER2 3+ vaccinated patients, if the patient completed the primary immunization series, was 100% versus 89.4% in the 50 placebo patients (p=0.034) (106).



4.1.3 Peptide Vaccine—AE37

In addition to E75 and GP2, AE37 is another HER2-related peptide vaccine used in the adjuvant setting of breast cancer. It is an Ii-Key hybrid of AE36, which is derived from the intracellular domain of HER2. The modification was conducted to improve the binding potency of the epitope (120). Unlike E75 and GP2, AE37 is an MHC class-II epitope that mainly induces CD4+ T cell activation. Low toxicity and favorable immune response were demonstrated in a phase 1 trial (85). Levels of Treg cells were measured and found to decrease after vaccination as AE37 stimulates CD4+ helper T cell response (121). In a phase 2 trial of clinically disease-free patients expressing any degree of HER2 (IHC 1-3+), AE37 plus GM-CSF and GM-CSF alone were randomly administered to 153 and 145 patients, respectively (107). The DFS rate was 87.6% in the vaccine group and 86.2% in the control group (P=0.70) after a median follow-up of 30 months. In planned subset analyses of patients with IHC 1-2+ HER2-expressing tumors, DFS was 86.8% in vaccinated patients and 82.0% in control patients(P=0.21). Interestingly, TNBC patients (IHC 1-2+ and hormone receptor-negative) demonstrated a DFS rate of 84.0% in the vaccine group and 64.0% in the control group (P=0.12), suggesting AE37 vaccination may lead to clinical benefits in patients with low HER2-expressing tumors, specifically TNBC.



4.1.4 Protein-Based Vaccine

As for the protein-based vaccine, in a phase 1 study, 29 patients with stage II-IV HER2-overexpressing breast and ovarian cancer were vaccinated with the intracellular domain of HER2 (amino acids 676-1255) plus GM-CSF (86). As a result, 89% of the patients developed HER2-specific T cell immunity, and HER2-specific antibody immunity was observed in 82% of the patients. Cellular immunity was maintained for 9-12 months after completion of immunization in over half of the patients.

In another phase 1 trial, another recombinant HER2 protein with adjuvant AS15 was administered to 61 trastuzumab-naive patients with stage II-III HER2-overexpressing breast cancer after surgical resection and adjuvant therapy (122). Association was found between the vaccination dose, the immunization schedule, and the prevalence of HER2-specific humoral responses. The HER2-specific immunity was maintained for over 5 years in 6/8 patients who received the highest dose of vaccination. In the metastatic setting, the same vaccine regimen was administered to 40 HER2-overexpressing metastatic breast cancer patients as first or second-line therapy following response to trastuzumab-based treatment as maintenance (109). The vaccine was well-tolerated and clinical activity was observed with 2 objective responses and prolonged stable disease for 10 patients.



4.1.5 Tumor Cell Vaccine

A HER2-positive tumor cell vaccine that was modified to secret GM-CSF has been evaluated in clinical trials. A total of 28 patients with metastatic breast cancer received the vaccine in combination with cyclophosphamide and doxorubicin to test the hypothesis that the two chemotherapy drugs can enhance vaccine-induced immunity (87). HER2-specific DTH and antibody responses were observed with low toxicity in most patients, and the optimal dose of chemotherapy was cyclophosphamide at 200mg/m2 and doxorubicin at 350mg/m2. The vaccine was administered to 20 HER2-positive metastatic breast cancer patients with a low dose of cyclophosphamide (300mg/m2) and weekly trastuzumab in another single-arm clinical trial (108). Augmented HER2-specific immunity was also detected by enhanced DTH and CD8+ T cell responses.



4.1.6 DNA-Based Vaccine

In a pilot phase 1 study, the DNA vaccine encoding a full-length signaling-deficient version of HER2 was injected together with GM-CSF and IL-2 to 8 patients with metastatic HER2-positive breast cancer who were also treated by trastuzumab (97). Treatment for 2 patients was discontinued after one vaccine cycle due to rapid tumor progression or disease-related complications. The vaccine was proven to be safe in the trial. Although no T cell responses towards HER2 were observed immediately after vaccination, a significant increase of MHC class-II restricted T cell responses to HER2 was detected at long-term follow-up.

Another multicenter phase 1 study using a DNA vaccine named V930 involved 33 patients with stage II-IV solid tumors expressing HER2 or CEA (98). V930 contained equal amounts of plasmids expressing the extracellular and transmembrane domains of HER2 and a plasmid expressing CEA fused to the B subunit of Escherichia coli heat-labile toxin. Patients were randomly assigned to receive V930 alone or V930 followed by V932, another adenovirus subtype-6 viral vector vaccine coding for the same antigens. In spite of good tolerance in both approaches, no measurable cell-mediated immune response to CEA or HER2 was either detected.

Currently, ongoing clinical trials (NCT00393783, NCT00436254) are evaluating the safety and immunologic activity of DNA-based vaccines encoding different versions of HER2-derived protein in treating HER2-overexpressing breast cancer.



4.1.7 DC-Based Vaccine

The efficacy of a DC-based vaccine towards HER2 was examined in patients with HER2-overexpressing ductal carcinoma in situ (DCIS) prior to surgical resection (123). The DC vaccine was loaded with HER2 MHC class-I and class-II peptides and activated in vitro with IFN-γ and bacterial lipopolysaccharides to produce cytokine IL-12. The 13 patients enrolled in the study showed high rates of HER2-specific sensitization for both IFN-γ-secreting CD4+ T cells (85%) and CD8+ T cells (80%) and induction of tumor-lytic antibodies. Interestingly, 7 patients demonstrated markedly decreased HER2 expression in surgical tumor specimens, suggesting a possible immunoediting process for HER2-expressing tumor cells. A follow-up trial in the neoadjuvant setting involving 54 HER2-positive patients with DCIS or early invasive breast cancer indicated that clinical and immune responses to the tumor did not vary significantly between different routes (intralesional versus intranodal versus intralesional-plus-intranodal) by which the same DC vaccine is administered (110).

In another clinical study, 7 patients with stage II-IV HER2-overexpressing breast cancer were injected with autologous DCs pulsed with a peptide derived from the intracellular domain of HER2 after surgery and adjuvant therapy (124). HER2-specific antibodies were detected in six patients, and all of the seven participants were disease-free at a median follow-up of 5 years.

Clinical trials involving DC-based vaccines are moving forward currently. These trials use DCs pulsed with HER2-derived peptide E75 plus trastuzumab and vinorelbine (NCT00266110), and DCs pulsed with HER2 peptides 369-377 and 689-697 (NCT00923143).




4.2 Vaccines Targeting Non-HER2-Related Antigens

Besides HER2 or HER2-related peptides, non-HER2-related antigens are also studied in vaccination for breast cancer, indicating opportunities of using cancer vaccines to treat HER2-negative breast cancers. Mucins, human telomerase reverse transcriptase (hTERT), and p53 are some of the studied targets. Next, breast cancer vaccines targeting non-HER2-related antigens will be introduced in the order of their types.


4.2.1 Carbohydrate Antigen Vaccine—Sialyl-Tn

Theratope®, the STn-keyhole limpet hemocyanin (KLH) vaccine, is a synthetic STn conjugated to the KLH carrier protein. A significantly higher antibody level was observed in patients pretreated with a low dose of cyclophosphamide and vaccinated with STn-KLH in a randomized phase 2 trial (111). In the following double-blinded phase 3 study, a total of 1028 metastatic breast cancer patients across 126 centers in 10 countries were randomized to receive the STn-KLH vaccine or only KLH alone. Patients in both arms also received a low dose of cyclophosphamide (300 mg/m2) to increase the immunogenicity of the vaccine. The primary endpoint was time to progression (TTP) and overall survival (OS). Despite the fact that significant antibody titers specific for STn were produced in patients treated with the vaccine, no significant improvement in TTP or OS was observed in the trial (101). The TTP was 3.4 months in the treatment group and 3.0 months in the control group (P=0.353). The median survival time was 23.1 months and 22.3 months (P=0.916), respectively, in the treatment and control groups. Lack of more strict eligibility criteria might be part of the reason for the negative results in that only 30%-40% of the breast cancer express STn, and no detection of STn expression was performed on the patients enrolled in the study (125). A subgroup analysis showed that the vaccinated arm had longer TTP and OS compared with the control arm in patients receiving endocrine therapy, indicating using the STn-KLH vaccine in combination with the endocrine therapy might improve clinical outcomes (126).



4.2.2 Peptide Vaccine—hTERT

The hTERT is nearly universally overexpressed in human cancers, including breast cancer, and it can be recognized by CD8+ T cells. Nineteen patients with metastatic breast cancer received hTERT peptide vaccination, and high hTERT-specific CD8+ T cell responses were induced after vaccination in 9 participants (114). An exploratory analysis revealed that the median OS was significantly longer in the patients who achieved an immune response to hTERT compared with those who did not. Trials evaluating hTERT vaccines are underway in the metastatic setting (NCT00573495 and NCT01660529) and the adjuvant setting (NCT02960594 and NCT00753415).



4.2.3 DNA-Based Vaccine—MUC-1, Mammoglobin-A

PANVAC is a recombinant poxviral-vector cancer vaccine consisting of a priming dose with recombinant vector and subsequent doses with recombinant fowlpox vector. Each vector encodes the transgenes for CEA and MUC-1 and transgenes for 3 human co-stimulatory molecules (B7.1, ICAM-1, and LFA3). In a phase 2 clinical trial, 48 patients with metastatic breast cancer of all subtypes were randomized to receive PANVAC plus docetaxel or docetaxel alone (112). A trend towards improvement in progression-free survival (PFS) was detected. The median PFS in the vaccinated arm was 7.9 months compared with 3.9 months in the control arm (P=0.09) at the median potential follow-up of 42.8 months.

Mammoglobin-A (MAM-A) is another breast cancer-associated antigen overexpressed in 40% to 80% of primary breast cancers (127). A phase I clinical trial of a MAM-A DNA vaccine was initiated to evaluate its safety and efficacy. In this study enrolling 14 patients with stable metastatic breast cancer, significant increase in the frequency of MAM-A specific CD8+ T cells and no severe adverse events were observed after vaccination. Exploratory analysis also suggested an improved 6-month PFS rate in the vaccinated patients compared with those who met all eligibility criteria but were not vaccinated because of HLA phenotype (53% vs. 33%, P=0.011) (99).



4.2.4 DC-Based Vaccine—p53

The efficacy of a DC-based vaccine loaded with wild-type p53-derived peptide and stimulated with IL-4 and GM-CSF has been evaluated. This vaccine was administered in combination with low-dose IL-2 to 26 metastatic breast cancer patients in the study (113). Seven patients discontinued vaccination due to rapid disease progression or death. Eight of nineteen evaluable patients attained stable disease or minor regression while the rest of the patients had progressive disease, indicating the effect of p53-specific immune therapy. Surprisingly, the frequency of Treg cells was found to be almost doubled after vaccination in the analysis (128).



4.2.5 DC-Tumor Cell Fusion Vaccine—Multiple Antigens

A phase I clinical trial evaluated the fusion cell vaccination in patients with metastatic breast cancer and renal cancer (115). A total of 32 breast cancer patients were enrolled in the study and vaccine generation was successful in 16 patients. Among them, 6 patients were withdrawn from the study before receiving the vaccine due to significant disease progression. The rest of the patients were vaccinated with autologous fusion cells. As a result, no significant treatment-related toxicity or autoimmunity was observed. Two patients exhibited disease regression and 1 patient had disease stabilization.





5 Combinational therapy of breast cancer vaccine

ICB has reformed the treatment strategy for some solid tumors, including melanoma and non-small cell lung cancer. As for breast cancer, ICB has already demonstrated its efficacy in treatment for metastatic TNBC (7). However, the addition of ICB to trastuzumab did not show a clinically significant improvement in PFS for HER2-positive metastatic breast cancer and was associated with more adverse events (60). Currently, an area of active investigation is combining the vaccine with ICB to overcome cancer tolerance. As mentioned previously, ICB makes the effector immune cells able to attack the tumor cells by blocking the inhibitory receptors such as PD-1/PD-L1 and CTLA-4 (59). Results of some preclinical studies indicate that tumor vaccines will also upregulate the expression level of inhibitory receptors on the cell surface when activating T cells (129). One underlying mechanism is that increased IFN-γ secreted by tumor-specific T cells can correspondingly upregulate the expression of PD-L1 on tumor cells and APCs, which is set initially to prevent over-amplification of the immune reactions occurring in the body (130). Therefore, the administration of ICB can probably relieve the immunosuppressive effect that attenuates anti-tumor immunity induced by vaccines. The combined use of breast cancer vaccine and ICB represents a promising strategy that may potentially enhance and prolong the duration of the immune response and ultimately lead to significant clinical benefits.

Additionally, applying cancer vaccines in combination with established therapies might also improve efficacy. Growing evidence has shown that some HER2-derived peptide vaccines may work synergistically when combined with anti-HER2 monoclonal antibodies (131). Studies indicates that chemotherapy and radiation therapy are associated with immunogenic cell death (132). Such immune response might help induce durable immune response when the therapies are applid in combination with cancer vaccines. Consistently, the effect of combining cancer vaccination with chemotherapy, targeted therapy, endocrine therapy, and even radiation therapy are also worth exploring (104, 133, 134).



6 Conclusion and Future Perspective

Active vaccination therapy for breast cancer has several theoretical advantages compared to conventional chemotherapy and anti-HER2 immunotherapy via monoclonal antibodies: better tolerance, lower toxicity, and long-lasting immune response with tumor specificity (64). In addition, some vaccines can elicit immunity to tumors without any HER2 expression if the vaccine target is derived from non-HER2-related antigens.

However, clinical trials evaluating breast cancer vaccines have provided limited evidence of clinical benefits despite the successful induction of immune responses. It was demonstrated that the prognosis of patients who received vaccination is usually associated with the degree of immune responses (114). And in the initial E75 Phase 2 trial, immunity was noted to wane with time, and this corresponded with increased recurrences noted in the vaccine arm (103). Therefore a potential explanation for negative results to date is that the effective anti-tumor immunity stimulated by vaccines is not long-lasting enough to produce significant benefits in survival. The reason why the anti-tumor immune response fades so early may be attributed to the following factors: suboptimal vaccine formulations, the immune tolerance developed to specific tumor antigens, and the immune-suppressive microenvironment. Early trials have acknowledged that a HER2-specific MHC class-I peptide epitope vaccine alone elicits only short-lived CD8+ T cell responses (135). In fact, as previously described, pre-existing immunity against HER2 has been detected in some patients. Nevertheless, the natural immune response is not strong enough to cultivate significant benefits due to immune tolerance. The immune tolerance that gradully builds in a long-term process might be a key factor to both the pre-existing immunity and the decreased immunity stimulated by vaccine. Hence, how to suppress immune tolerance for long and how to effectively exploit the natural immune response in the patients remains vital challenges to improve efficacy of breast cancer vaccines. Additionally, throughout the immunoediting process, the immunosuppressive effect will gradually outweigh the anti-tumor immunity as the tumor progresses. Even though the cancer vaccines manage to enhance the ability of the immune system to recognize specific tumor antigens, the effector immune cells such as CTLs might be incapable of efficiently eradicating the tumor cells in an immunosuppressive TME.

To overcome this issue, the optimal immunization dose and schedule, delivery routes, and choices of immunologic boosters need to be investigated. It was demonstrated that booster inoculations could maintain immunity, and those who received scheduled booster inoculations were less likely to recur (136). Moreover, the results of different peptide vaccines indicate that vaccine formulations should be tailored to the features of the tumor being targeted. Tolerance might be avoided by using subdominant epitopes with lower binding affinity against antigens with higher expression levels. For instance, E75, a dominant epitope of HER2, appears most effective in tumors expressing low degrees of HER2, while GP2, a subdominant epitope of HER2, shows more potential in HER2-overexpressing breast cancer in combination with trastuzumab. AE37, the MHC class-II targeted vaccine, shows the greatest efficacy in TNBC and may be helpful in all HLA subtypes (137).

The immune system maintains the delicate balance in our body to effectively remove non-self antigens and prevent autoimmune diseases at the same time. Despite the various obstacles that we encountered in the development of the breast cancer vaccine, the concept behind cancer vaccines that autologous immune systems can be mobilized to fight cancers has never been abandoned. Although the current results of clinical trials evaluating breast cancer vaccines are not satisfying, we believe novel strategies will eventually lead to improved efficacy as our understanding of cancer immunology deepens.
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Diabetes is a metabolic disease that may lead to different life-threatening complications. While insulin constitutes a beneficial treatment, its use may be limited due to increased degradation and an increase in side effects such as weight gain and hypoglycemia. Small molecule inhibitors to insulin-degrading enzyme (IDE) have been previously suggested as a potential treatment for diabetes through their ability to reduce insulin degradation and thus increase insulin activity. Nevertheless, their tendency to bind to the zinc ion in the catalytic site of IDE may affect other important metalloproteases and limit their clinical use. Here, we describe the isolation of an IDE-specific antibody that specifically inhibits insulin degradation by IDE. Using phage display, we generated a human IDE-specific antibody that binds human and mouse IDE with high affinity and specificity and can differentiate between active IDE to a mutated IDE with reduced catalytic activity in the range of 30 nM. We further assessed the ability of that IDE-inhibiting antibody to improve insulin activity in vivo in an STZ-induced diabetes mouse model. Since human antibodies may stimulate the mouse immune response to generate anti-human antibodies, we reformatted our inhibitory antibody to a “reverse chimeric” antibody that maintained the ability to inhibit IDE in vitro, but consisted of mouse constant regions, for reduced immunogenicity. We discovered that one intraperitoneal (IP) administration of the IDE-specific antibody in STZ-induced diabetic mice improved insulin activity in an insulin tolerance test (ITT) assay and reduced blood glucose levels. Our results suggest that antibody-mediated inhibition of IDE may be beneficial on improving insulin activity in a diabetic environment.
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Introduction

Diabetes mellitus (DM) is a metabolic disorder that results in chronic hyperglycemia due to insufficient levels or impaired responses to the hormone insulin that is essential for glucose homeostasis (1, 2). The World Health Organization indicates that one in 10 people has diabetes, reaching more than 422 million people worldwide in 2014 (3). The two most common forms of diabetes are due to either a diminished production of insulin (type I diabetes, T1D) or insufficient response by the body to insulin (type II diabetes, T2D) (4). With the aging population growing in both number and percentage, there is an increase in the importance of developing and studying new methods for alleviating diabetes-related complications such as stroke, cognitive diseases, vascular diseases, and kidney and eye diseases (5–8). Those diseases can affect both the quality of life of the patients and their families and add to the burden on the public healthcare system. About 25% of diabetes patients require administration of insulin (9). The majority of the top diabetes drugs are insulin homologues (10). Nevertheless, the problems with insulin treatment are as follows: maintaining the basal levels, due to degradation (11, 12); reluctance of patients to inject insulin continuously due to side effects (weight gain, hypoglycemia) (13); and continued administration of insulin may lead to enhanced clearance by the immune cells (14).

Insulin-degrading enzyme (IDE, insulysin) is a ~110 kDa zinc metalloprotease and is an enzyme that was reported to be responsible for insulin degradation (15). IDE is highly conserved; human and mouse/rat proteins share 95% amino acid identities and 100% identity of the residues located in the putative catalytic site (15, 16). Structural analysis revealed that human IDE consists of two equally sized (~55 kDa) N- and C-terminal domains. Several proteins were shown to be digested by IDE (17); however, insulin has the highest affinity to IDE (Km ≈ 14 nM) (18). The presence of IDE in multiple cellular compartments has been reported (19), including mitochondria, and secreted to the plasma (20, 21). Studies of IDE inhibition (22–24) have shown that modulating IDE activity could potentially be a new therapeutic strategy for treating diabetes (25). We recently reported that IDE levels are elevated in the serum of prediabetes metabolic syndrome patients in correlation with increase in triglycerides and reduction in HDL levels (26). Nevertheless, the problem with some of the IDE inhibitors is their limited specificity, as in addition to inhibiting IDE, they were shown to inhibit other Zn2+ metalloproteases (27).

Antibodies are known for their high affinity and specificity for a binding partner (ligand or antigen) (28). The antibody engineering field has evolved rapidly in the past decades, much due to novel technologies for the in vitro isolation of antibodies from combinatorial libraries and their functional expression in various systems (29). Antibody-based therapy aims for the production of antibodies that will eliminate or neutralize its target. Thus, in this work, we aimed to develop IDE-specific antibodies and evaluate their potential as a therapeutic approach for DM in a mouse model.



Materials and Methods


Expression and Purification of WT and Mutated IDE Proteins

For the studies described herein, we used recombinant human IDE (rhIDE) that we produced in E. coli essentially as described in (26). We expressed both the WT form of the protein and, in the same manner, a E111Q mutated form of the enzyme, in which a point mutation at the catalytic site markedly reduces the enzyme’s catalytic activity (Figure 1A) (30). The genes encoding the two forms of IDE were cloned into a pET28a+ plasmid backbone, with a His tag at their C-terminus.



Affinity Selection (Bio-Panning) of Human Antibody Phage Display Library for Isolating Binders to IDE

The antibody phage display technique was utilized using the “Ronit 1” human synthetic antibody phage display library as previously described (31). Recombinant IDE, WT, and mutated (catalytically inactive E111Q) were obtained as described in Materials and Methods. The library was subjected to four affinity-selection cycles on 10 µg WT rhIDE-coated plates for 2 h at RT where WT IDE was used as bait. During two of the cycles, depletion of the library phages on IDE E111Q was carried out prior to positive affinity selection on the WT enzyme, with an intention to isolate antibodies that bind with high affinity to the catalytic site of the WT enzyme. At the end of each affinity-selection cycle, the bound phages were eluted with 100 mM TEA pH = 13 and immediately neutralized with 1M Tris–HCl pH = 7.4. Eluted phages were used to infect XL1-blue E. coli and grown to logarithmic phase for clonal amplification. Phage for the next affinity selection cycle were “rescued by” incubation of infected E. coli with 1010 CFU/ml M13KO7 helper phage overnight at 37°C with shaking at 250 rpm. Virions from bacterial growth supernatant were precipitated in 20% polyethylene glycol (PEG)/NaCl and suspended in phosphate-buffered saline (PBS) before being used in the next affinity-selection (panning) cycle. After the fourth cycle of affinity selection, IDE-specific scFv-displaying phages were identified by monoclonal phage ELISA. Binders were verified for specificity by testing their binding to several control antigens. The three validated binders were reformatted for production as soluble antibodies and tested in three formats: MBP-scFv, human IgG1 produced as “Inclonals,” and reverse-chimeric IgGs produced in mammalian cells culture.



Expression and Purification of IDE-Specific “Inclonal” Human IgG

The “Inclonals” expression and refolding protocol were carried out as previously reported (32–34).



Production of Reverses Chimeric Antimouse IDE Antibodies

To convert the antibodies to full-size reverse-chimeric IgGs, they were cloned into pcDNA 3.4 plasmid backbone. These plasmids are based on the CMV promoter-controlled pcDNA3.4 vectors that are provided as the “Antibody Expressing Positive Control Vector” part of the Expi293™ kit for transient transfection-based expression. The kit also provides the Expi293F™ cells (Thermo Fisher, Rockford, IL, USA, #A14635). The cloning antibody variable domains into IgG expression vectors was carried out as previously described (35). Cloning was carried out by PCR amplification of the antibodies heavy and light variable domains followed by cloning into pcDNA 3.4 plasmids already carrying the corresponding constant domains by Gibson assembly (36). Transfection of Expi293F™ cells with the different pcDNA3.4 vectors was performed by ExpiFectamine™ transfection kit (Gibco, #A14524), according to manufacturer recommendations (Life Technologies, Eugene, OR, USA). For each transfection, a total amount of 30 µg plasmid DNA comprised of 3:1 molar ratio of the IgL and IgH, respectively. Transfection, cell growth, and collection of conditioned medium were carried out as recommended by the vendor (Life Technologies Expi293™ kit for transient transfection-based expression). The antibodies-containing conditioned medium was harvested by centrifugation (Sorvall GSA rotor) for 10 min, at 4°C at 8,000 rpm, 6–7 days after transfection. Reverse chimeric mouse IgG1 mAbs were purified on Protein G columns, according to the manufacturer recommendations (GE Healthcare, Chicago, IL, USA). Prior to purification, antibody-containing media were buffered with 20 mM phosphate buffer, pH 7, and filtered. mAbs were eluted in 1 ml fractions, and the pH was neutralized by 0.25 ml of 1.5M Tris–HCl pH 8.8. Buffer exchange to sterile Dulbecco’s PBS (DPBS) (Sigma) was performed on 10-kDa Amicon® Ultra Centrifugal Filters (Millipore Sigma, Burlington, MA, USA) or PD-10 desalting columns (GE Healthcare, Chicago, IL, USA).

The antibodies were collected by centrifugation and concentrated to a final concentration of 1–2 mg/ml using a centrifugal filter concentrator. Purified antibodies were stored at −80°C in small aliquots. Protein concentration was determined by measuring the absorbance of the protein at O.D. 280 nm in the Thermo Scientific NanoDrop™ 2000c spectrophotometer and dividing the absorbance value by the extinction coefficient factor of the protein (extinction coefficient was calculated by http://www.expasy.org/tools/protparam.html).


Evaluation of Antibodies Binding to IDE by ELISA

Ninety-six‐well ELISA plates (Nunc, Roskilde, Denmark) were coated overnight at 4°C with 2.5–5 µg/ml of rhIDE WT (IDE) or ACE1 or ACE2 or PBS in PBS and non-relevant proteins such as bovine serum albumin (BSA), His trap-purified protein (His), and MBP-LacZ. Following three washes with PBS containing 0.05% Tween-20 (PBST), the wells were blocked for 1 h at room temperature (RT) with 3% w/v skim milk (232100, Difco, Sparks, MD, USA) in PBS. Wells were than incubated for 2 h at RT with IDE-specific antibodies in different formats: as phage displayed scFv clones, with serial dilutions, as MBP-scFv, and as hIgG or as rcIgG in different concentrations. Bound phages were detected with mouse anti-M13 antibody (1 h at RT) followed by incubation with horseradish peroxidase (HRP)-conjugated goat antimouse secondary antibody (115-035-003, Jackson ImmunoResearch Laboratories, West Grove, PA, USA, ME; 1:5,000 in PBS) for 1 h at RT. Human IDE-specific IgG antibodies were incubated with HRP-conjugated goat anti-human (109-035-088, Jackson ImmunoResearch Laboratories, ME; 1:5,000 in PBS) or anti-mouse (115-035-062, Jackson ImmunoResearch Laboratories, ME; 1:5,000 in PBS) for 2 h in RT. Following three washes with PBST, 3,3′,5,5′‐tetramethylbenzidine (TMB; eBioscience, San Diego, CA, USA) was added until color appeared. The reaction was stopped by adding 1M H2SO4 and analyzed using a microplate ELISA reader at 450 nm.



Fluorescent Labeling of rcH3-IgG

rcH3-IgG was reconstituted in PBS at pH 7.4 at a concentration of 1 mg/ml. For labeling, the pH of 40 μg of protein solution was adjusted to pH 8.3 using 1M NaHCO3 (Merck, Rehovot, Israel) followed by addition of Alexa Fluor 647 NHS ester (Thermo Fisher) at a molar dye-to-protein ratio of 3:1. Samples were incubated at 4°C overnight, and free dye was removed by using a Pierce 1 ml chromatography cartridge desalting (Thermo, USA) with PBS at pH 7.4 as a buffer.



Affinity Measurements of Binary Equilibrium by Microfluidic Diffusional Sizing

All microfluidic experiments were performed on a Fluidity One-W Serum instrument (Fluidic Analytics, Cambridge, UK) (37). Alexa-647-labeled rcH3-IgG (20 nM) was used, and serial dilution of rhIDE starting at 300 nM was performed. To determine the affinity of IDE binding, Alexa-Fluor-647-labeled rcH3-IgG (20 nM) was mixed with unlabeled IDE at decreasing concentrations (300 nM with 6 additional × 3 dilutions) in PBST and incubated at 4°C for 1 h. To measure complex formation by microfluidic diffusional sizing (MDS), 5 μl of sample was pipetted on a microfluidic chip, and analysis was performed at the 1.5−8.0 nm setting on a Fluidity One-W Serum instrument (center wavelength for excitation is 630 nm with a bandwidth of 38 nm and center wavelength for emission is 694 nm with a bandwidth of 44 nm; Fluidic Analytics, Cambridge, UK). Error bars shown in figures are standard deviations from triplicate measurements. The equilibrium dissociation constant (KD) was determined by nonlinear least-squares (NLSQ) fitting (Prism, GraphPad Software).



Comparing Binding of H3 IgG to Native IDE Compared to Binding Heat-Denatured IDE by ELISA

This was carried out to understand whether H3 IgG binds to a linear or to a conformational epitope of IDE. A solution of 5 μg/ml rhIDE in PBS was prepared and either used directly to coat half of an ELISA plate or denatured by heating at 80°C for 20 min followed by rapid chilling on ice before using it to coat the other half of the ELISA plate. The plate was coated overnight at 4°C with 50 μl/well of either native or denatured rhIDE. On the following day, the plate was washed once with 300 μl/well of PBST and was blocked with 300 μl/well of 3% skim-milk solution in PBS for 1 h at 37°C. Next, the plate was washed three times with 300 μl/well of PBST, and rcH3-IgG at concentrations of 100, 50, 25, 12.5, 6.25, 3.125, and 1.625 nM was applied to the wells of three columns of wells coated with native or with heat-denatured rhIDE. This was followed by washing these wells three times with 300 μl/well of PBST/well followed by adding 50 μl/well of HRP-conjugated goat antihuman IgG diluted × 5,000 in PBST. The plate was left for 1 h at room temperature and then washed three times with 300 μl/well of PBST. Finally, 50 μl/well of the HRP substrate TMB was added until color appeared. The reaction was stopped after 2 min by adding 50 μl/well 1M H2SO4 and analyzed using a BioTek microplate ELISA reader. The optical density was measured at 450-nm wavelength. The results are presented as mean ± SEM (n = 3). To quantify total rhIDE coated onto the wells, the other half of the plate was incubated with HRP-conjugated goat anti-His-tag antibody, diluted 2,000×, 4,000×, 8,000×, 16,000×, 16,000×, 32,000×, 64,000×, and 128,000× in PBST. The plate was left for 1 h at room temperature and then washed three times with 300 μl/well of PBST. Finally, 50 μl/well of the HRP substrate TMB were added until color appeared. The reaction was stopped after 2 min by adding 50 μl/well 1M H2SO4 and analyzed using a microplate ELISA reader. The optical density was measured at 450-nm wavelength. The results are presented as mean ± SEM (n = 3).



IDE Insulin Digestion Assay

Various concentrations of IDE inhibitors were incubated with 1.5 µg/ml rhIDE for 1/2 h at RT. Next, recombinant human insulin (41-975-100, Biological Industries, Kibbutz Beit Haemek, Israel) diluted in Mercodia ultrasensitive mouse insulin ELISA (10-1249-01) calibrator 0 was added to the tubes and incubated for 1 h at 37°C. From each tube, 25 µl were taken and evaluated for residual insulin concentration using the Mercodia ultrasensitive Mouse Insulin ELISA kit. Absorbance at 450 nm was recorded by a Spectrafluor plus microplate reader (Tecan, Männedorf, Switzerland).



Mice

Male C57BL/6 mice were purchased from the Jackson Laboratory; IDE KO mice were kindly received from Prof. Dennis Selkoe’s laboratory (38). All experiments were in accordance with Tel Aviv University guidelines and approved by the Tel Aviv University (TAU) animal care committee for animal research.



Streptozotocin Diabetes Mouse Model

Ten-weeks-old C57BL/6 mice were fasted overnight, after which they were intraperitoneally injected with 150 mg/kg of STZ diluted in 100 nM citrate buffer at pH =4.5. All mice developed hyperglycemia within 2 days from the STZ injection. At day 3 after STZ injection, each mouse was intraperitoneally injected with 10 mg/kg of reverse chimeric mAbs.



Oral Glucose Tolerance Test

Mice were fasted for 2 h after which they received a single i.p. injection of reverse chimeric mAbs (10 mg/kg), followed by additional 4 h of fasting (six in total). At the end of this time period, mice were given glucose orally, using a gavage needle, at a dose of 2 g/kg. Blood glucose was measured prior to glucose administration (time 0) and 15, 30, 60, 90, and 120 min after glucose administration using the Contour blood glucose meter (Bayer, Elkhart, IN, USA).



Testing the Binding Specificity of H3 IgG to Tissue-Expressed IDE by ELISA

C57BL/6 J WT and IDE−/− mice were euthanized under CO2 and were transcardially perfused with 20 ml ice cold PBS. Mice were then quickly dissected to collect the liver, kidney, and spleen. The isolated organs were cut into small pieces using razor blades on a chilled glass stage and were collected into ice-cold IDE extraction buffer. Tissue was homogenized in extraction buffer using mechanical pestle to obtain a clear lysate. The lysate was left on ice for 30 min and was later centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant was used for subsequent ELISA. The ELISA for quantifying IDE in the cell extracts was carried out as described before for measuring IDE levels in sera (26).



Viability Assay of Stress-Induced HepG2 Cell Line

Human hepatocellular carcinoma cells (HepG2) were seeded, 2.5 × 104 cells/well in 96-well plate, containing Dulbecco’s modified Eagle’s medium with 1 g/L D-glucose (low glucose), at 37°C, 5% CO2 for 6 h and later treated with 5 µM Rotenone at 37°C, 5% CO2 for 4 h. Then, the medium containing Rotenone was replaced by fresh medium, and the plate was kept at 37°C, 5% CO2 overnight. Next, the cells were treated with or without different antibodies (as indicated) at a final concentration of 1 µM for 22 h. After incubation, 50 µl/well XTT reagent (Biological industries, Israel) was added according to suppliers’ recommendations at 37°C, 5% CO2 for 2 h. Plate was analyzed with an EMax Plus Microplate Reader at 450 and 630 nm. At all stages, volume was 100 µl/well unless mentioned otherwise.



Insulin Tolerance Test

Mice were fasted for 2 h after which they received a single i.p. injection of reverse chimeric mAbs (10 mg/kg), followed by additional 4 h of fasting (6 h in total). At the end of this time period, the mice were given an i.p. injection of insulin (0.5 U/kg, dissolved in PBS). Blood glucose was measured prior to glucose administration (time 0) and 15, 30, 60, and 90 min after glucose administration. The experiment was repeated 11 days later (with no further injection of antibody). In addition to measuring blood glucose levels, we measured blood insulin concentration at 90 min following insulin injection. Blood glucose levels were measured using the Contour blood glucose meter (Bayer, Elkhart, IN, USA); serum insulin levels were measured using the Mercodia ultrasensitive Mouse Insulin ELISA kit as described above.



Serum Collection

Following the ITT and the injection of reverse chimeric mAbs, mice were bled every 3 days from the facial vein using, a 27-G needle. Blood samples (no more than 120 µl each time) were put in 1.5-ml Eppendorf tubes at RT for 1 h. The blood clots were removed from the tubes using a needle, and the tubes were put on ice for 40 min. Next, the tubes were centrifuged for 10 min at 4°C at 2,300 rpm; the clear supernatant was then taken to a new tube for a further cleaning cycle. The supernatant was taken into a new tube and kept at −20°C.



Detection of Reverse-Chimeric Antibodies in Serum Samples

Ninety-six‐well ELISA plates were coated over night with 50 μl/well of 5 μg/ml of IDE in PBS at 4°C. Following three washes with 300 μl/well of PBST, wells were blocked with 300 μl/well of 5% (w/v) skim milk in PBS, for 1 h in RT. For the detection of the IDE-specific antibody (rcH3-IgG), serum samples were diluted 1:2,700 in PBS, whereas control antibody-injected samples served as a control. Known concentrations of the rcH3-IgG antibody diluted in a 1:2,700-diluted sample of control mice served as a reference for the measurement of IDE concentrations. Samples were incubated for 2 h at RT. Following three washes, wells were incubated with 50 μl/well of HRP-conjugated goat anti-mouse antibody (1:5,000 in PBS) for 1 h at RT. Following three washes with PBST, 50μl/well of TMB was added until color appeared. The reaction was stopped by adding 50 μl/well of 1 M H2SO4 and analyzed using an ELISA reader at 450 nm.



Statistical Analysis

GraphPad software (GraphPad Prism v8) was utilized for all the statistical analyses. Data comparisons were carried out using either an unpaired two-tailed Student’s t-test when two groups were compared or one-way ANOVA (with Bonferroni’s post-hoc test) when three or more groups were analyzed. Each experiment was repeated at least three times. p < 0.05 was considered significant.





Results


Expression and Purification of WT and Mutated IDE Proteins

For the studies described herein, we used the recombinant human IDE that we produced in E. coli as described in (26). The purified rhIDE was used as the antigen for both the screening and for immunization. We expressed both the WT form of the protein and in the same manner a E111Q-mutated form of the enzyme, in which a point mutation at the catalytic site markedly reduces the enzyme’s catalytic activity (30, 39).



Isolation and Characterization of IDE-Specific Antibodies

The purified rhIDE along with the mutated IDE was used as bait in order to isolate specific scFv clones that recognize specific epitopes of WT IDE. Antibody phage display was utilized using the “Ronit 1” human synthetic antibody phage display library (31) as described in Materials and Methods. After four cycles of affinity selection on WT IDE, we identified three IDE-specific scFv-displaying phage clones (two of which are not presented herein), one of which, later proven to be an IDE-neutralizing antibody, was named H3 (see Figure 1B). As shown in Figure 2, serial dilutions of phages displaying the H3 (Figure 2A) bind IDE well and show little to no binding to BSA, a His trap-purified recombinant fusion protein (His), and MBP-LacZ proteins that were used as negative controls.




Figure 1 | Activity of purified rhIDE wild-type and inactive mutant (E111Q) and their utilization in the antibody discovery process. (A) IDE activity assay: incubation of 1.5 µg/L human insulin with PBS (insulin, 1.5 μg/L) or 12 µg/ml rhIDE WT or E111Q for 2 h at 37°C. Residual insulin was later analyzed using Mercodia ultrasensitive mouse insulin ELISA. Results detected on an ELISA plate reader at 450 nm. The results are presented as mean ± SEM (n = 3). **p < 0.01; ***p < 0.001. One-way ANOVA with Bonferroni correction. (B) Scheme of the antibody discovery pipeline that was used to obtain rhIDE-binding antibodies: (i) antibody phage display library 2 × 109 antibody clones used as input for the first panning cycle; (ii) depletion: capture on mutant rhIDE (colored brown); (iii) positive selection: capture depleted phages on WT rhIDE; (iv) washed to remove unbound phages, recovered the phages that bound rhIDE, and amplified them by infecting E. coli and preparing an enriched population of rhIDE binders to be used as input for the subsequent panning cycles. Repeated three times to obtain a phage population dominated by rhIDE binders; (v) identified phages that bind WT rhIDE by monoclonal phage ELISA; (vi) identified the antibody coding sequences by sequencing of the DNA recovered from monoclonal phages that bind WT rhIDE; (vii) cloned the antibody coding sequences from the phages that bind WT rhIDE to an antibody expression vector to produce soluble purified antibodies.






Figure 2 | Binding of IDE by IDE-specific phage displayed antibodies and binding and inhibition of IDE by “Inclonal” human IgGs. (A) Analysis of IDE binding by H3 scFv displaying phages in ELISA. The analyzed scFv displaying phages were added in serial dilutions to ELISA plate wells previously coated with 2.5 µg/ml of rhIDE WT (IDE) and non-relevant proteins: BSA, a His trap-purified protein (His) and MBP-LacZ. Bound phages were detected with mouse anti-M13 antibody followed by HRP-conjugated goat anti-mouse secondary antibody. The results are presented as mean ± SEM (n = 3). (B) Analysis of IDE binding by purified “Inclonal” human IgG in ELISA. The analyzed antibodies were added in serial dilutions to ELISA plate wells coated with 2 µg/ml of IDE WT and BSA. Bound antibodies were detected with a HRP-conjugated goat anti-human secondary antibody. The results are presented as mean ± SEM (n = 4). (C) Evaluation of inhibition of IDE-mediated cleavage of insulin by human H3 IgG by ELISA. IDE (1.2 µg/ml) was incubated with 20, 40, or 60 nM of the antibodies 1/2 h at 25°C, followed by incubation of 1.5 µg/L of human insulin 1 h at 37°C. Residual insulin was later analyzed using Mercodia ultrasensitive mouse insulin ELISA kit. The results are presented as mean ± SEM (n = 3–4). *p < 0.02. *p = 0.0227, **p = 0.0075.



For initial evaluation of full-size IgGs, we first produced the antibodies as “Inclonals”; IgGs expressed in an E. coli expression system (32). The isolated “Inclonal” antibody showed a marked binding to IDE and an EC50 of about 1 nM (Figure 2B). The antibodies showed very little binding to BSA (negative specificity control).

We further examined the ability of human H3 IgG to inhibit IDE activity. We found that it inhibits insulin digestion by IDE in a dose-dependent manner (Figure 2C).

We assessed the binding specificity to human H3 IgG to IDE by assessing its ability to recognize IDE from tissue extracts obtained from WT vs. IDE−/− mice, using ELISA as described before (26). As shown in Figure 3A, the antibody did not show binding to proteins extracted from IDE−/− mouse tissues but did bind to proteins extracted from WT mouse tissues. Together, these results suggest that the human H3 IgG binds IDE with high affinity and specificity.




Figure 3 | Evaluation of binding specificity of human H3 IgG to tissue-expressed IDE and its activity in cell culture and in mice. (A) IDE levels in the liver, kidney, spleen, and brain protein extracts of WT and IDE−/− mice were measured by ELISA. There was no detectable quantity of IDE from any organ in IDE−/− mice. The results are presented as mean ± SEM (n = 4). (B) Anti-IDE human H3 IgG protects HepG2 cells from oxidative stress. HepG2 were treated with 5 μM Rotenone for 4 h. Then, media were discarded, and cells were left to recover overnight with 1 μM antibody treatment as indicated. Twenty-four hours later, cell viability was determined by XTT-based cell proliferation kit. The results are presented as mean ± SD (One way ANOVA; *p = 0.0078; **p = 0.002). (C) Thirty minutes before oGTT, 6-month-old male mice received a single i.p. injection of scFv at concentration of 2 mg/ml (20 mg/kg) or PBS (control). Blood glucose was measured before glucose administration (0) and 15, 30, 60, 90, and 120 min after. The results are presented as mean ± SEM (n = 5). **p < 0.01. One-way ANOVA with Bonferroni correction was performed.



While we expected that H3 IgG will affect only the secreted IDE levels, we assessed potential toxicity to liver cells, which were reported (40) (and as shown in Figure 3A) to express high IDE levels. We tested the hepatocyte cell line HepG2 (40). Herein, cells were subjected to oxidative stress using rotenone, which is known to increase oxidative stress, which may lead to IDE elevation (41). Cells were treated with 5 μM rotenone for 4 h. Then, media were discarded, and cells were left to recover overnight with human H3 IgG, isotype control, or left untreated, and cell viability was determined and normalized to untreated cells. We could not detect any toxicity associated with human H3 IgG treatment and, as shown in Figure 3B, even found a significant increase by ~50% in the survival of cells treated with human H3 IgG compared to the controls. We further tested whether treatment of WT mice with H3 single-chain Fv (scFv) could reduce IDE activity, leading to higher insulin activity and reduced glucose clearance in oGTT. C57/BL6 male mice at the age of 6 months were treated with either H3 scFv (20 mg/kg, n = 5) or PBS (control, n = 5) 30 min prior to glucose administration. Blood glucose was measured prior to oral administration of glucose (0) and 15, 30, 60, 90, and 120 min after. At time intervals 60, 90, and 120, the blood glucose levels of scFv H3-treated mice were significantly lower than the control group and PBS-treated mice (Figure 3C).



Conversion of the IDE-Specific Antibodies to Reverse-Chimeric IgGs

Chimeric antibodies were a critical milestone in the history of therapeutic antibody development. Chimeric antibodies are recombinant IgGs where the variable domains are from a mouse antibody, while the constant domains are human sequences. Compared to mouse monoclonal antibodies (mAbs), chimeric antibodies are far less immunogenic, limiting the elicitation of human-anti-mouse antibodies upon administration to human patients (42). Conversely, reverse-chimeric antibodies are antibodies with human variable domains and murine constant domains (43). In addition to being useful for antibody discovery in transgenic mice, reverse-chimeric antibodies can be very useful for treating mouse models, to avoid eliciting a mouse-anti-human immune response. In order to evaluate the efficacy of our IDE-specific antibody in mouse models, we converted it to a reverse-chimeric IgG (rcIgG) (mouse IgG1 isotype). The rcH3-IgG was purified as described in Materials and Methods to a high level of purity (Supplementary Figure S1A). It was tested for binding to IDE, BSA, and the E111Q IDE mutant (Figure 4A). Antibody rc2E12 that does not bind IDE served as an isotype control. As shown in Figure 4A, rcH3-IgG binds IDE with high affinity (EC50 of 1.62 nM), similar to the human H3 Inclonal reported above. In addition to ELISA, we accurately measured the KD of rhIDE to rcH3-IgG by MDS (Figures 4B). As the IDE concentration was decreased, less of the fluorescently labeled rcH3-IgG was found in the protein complex, and the effective hydrodynamic radius (Rh) decreased accordingly. Based on a 1:1 equilibrium binding model, the KD was determined to be 30 nM, similar to values that we obtained by ELISA (see Figure 4A). It was reported that other IDE inhibitors may bind to the zinc in its catalytic site and may interfere with other important similar zinc metalloprotease enzymes, such as angiotensin-converting enzyme (ACE) (44). As presented in Figure 4C, the rcH3-IgG showed specificity to IDE and did not bind to other zinc metalloproteinase such as ACE1 or ACE2.




Figure 4 | Reverse chimeric H3 IgG binds IDE specifically and in a conformation-dependent manner. (A) Evaluation of binding to WT and to mutant IDE by reverse-chimeric H3 and by the isotype control, reverse-chimeric 2E12 IgGs by ELISA. The results are presented as mean ± SEM (n = 3). (B) Binding affinity of rcH3 to rhIDE measured by MDS. A binding experiment of rhIDE to Alexa-647-labeled rcH3-IgG using diffusional sizing (MDS) (37). Bars show the average of triplicate measurements with the error bars representing the standard deviation. From the fit, the dissociation constant KD = 30 nM could be calculated. (C) Specificity of reverse-chimeric H3 to IDE vs. ACE1 and ACE2 was evaluated by ELISA. (D) rcH3-IgG recognizes a conformational epitope on rhIDE. rcH3-IgG at concentrations of 100, 50, 25, 12.5, 6.25, 3.125, and 1.625 nM was applied to the wells of three columns of wells coated with native or with heat-denatured rhIDE. The ELISA was carried out as described in Materials and Methods.



In order to define whether rcH3-IgG recognized the conformation of active rhIDE, we compared the difference in binding to native compared to heat-denatured rhIDE. As shown in Figure 4D, thermal denaturation of rhIDE resulted in a very significant reduction in the ELISA signal resulting from detection with rcH3-IgG (down to almost negligible signal). We also evaluated how heat denaturation affected coating of the ELISA plate compared to coating with native IDE in the same plate. As shown in Supplementary Figure 1B, we found that thermal denaturation of rhIDE resulted in lowering (but not elimination) of the ELISA signal where rhIDE was detected using serial 2× dilutions of an anti-His-tag antibody (that recognizes a linear epitope), suggesting that denatured rhIDE might also bind less efficiently to the wells of the ELISA plate. Combined, these results suggest that H3 IgG recognizes specifically a conformational epitope of active rhIDE.



IDE-Specific Antibodies Improve Insulin Signaling in a Diabetes Mouse Model

It was previously suggested that inhibition of IDE may improve insulin activity in a diabetes mouse model (22). We further assessed the ability of rcH3-IgG to reduce glucose levels (oGTT) and improve insulin activity (iTT) in STZ-treated mice. We administered i.p. either rcH3-IgG or an isotype control antibody to STZ-treated mice, 1 h prior to testing oGTT and iTT. Following a glucose challenge (oGTT), both control and rcH3-IgG-treated mice exhibited a rise in blood glucose levels. However, rcH3-IgG-treated mice exhibited lower levels of glucose through time, compared to the isotype control-treated mice (p < 0.05). Post-hoc analysis revealed that rcH3-IgG-treated mice had significantly lower glucose levels 90 min after glucose administration compared to the isotype control-treated mice (p < 0.05; Figure 5A). These results suggest that treatment with rcH3-IgG improves glucose levels in a diabetes mouse model. We further assessed the ability of rcH3-IgG to improve insulin activity. We found that while the rcH3-IgG-treated mice exhibited a significant reduction in glucose levels starting from 30 min after the administration of insulin (p < 0.001), the isotype control-treated mice exhibited a significant reduction in glucose levels only after 90 min (p < 0.05; Figure 5B). To assess the long-term effect of rcH3-IgG, we measured glucose 11 days after antibody administration (without additional antibody administration) and found that the blood glucose levels were still significantly lower in the rcH3-IgG-treated mice as compared to the rc2E12-IgG-treated mice (Figure 5C). Furthermore, the rcH3-IgG-treated mice showed significantly improved iTT test results (Figure 5C). In addition, at this point, we measured serum insulin levels and found that they were higher in the rcH3-IgG-treated mice as compared to the rc2E12-IgG-treated mice (Figure 5D). Indeed, we tested the half-life of the rcH3-IgG antibody in the sera of the treated mice and found that it was about 11 days (Figure 5E).




Figure 5 | The reverse-chimeric IDE-specific antibody H3 increases blood insulin levels and reduces blood glucose levels in STZ-induced diabetic mice. (A) Two days after STZ injection, mice were administrated i.p. with IDE-specific antibody or control antibody and were tested by (A) oGTT assay (n = 5–6 mice in each group, #p < 0.01 between groups) or (B) ITT assay (n = 5 mice in each group, *p < 0.05, ***p < 0.001 within group). (C) ITT assay following 11 days of antibody administration in STZ-treated mice (n = 5–6 mice in each group, *p = 0.015, ***p = 0.008). (D) Insulin serum levels following 11 days of antibody administration in STZ-treated mice assessed by Mercodia ultrasensitive mouse insulin ELISA. The results are presented as mean ± SEM. (E) Levels of IDE-specific antibodies at different days following administration (n = 2–4 mice in each group). The results are presented as mean ± SEM.






Discussion

During our studies focused on IDE, we developed IDE-specific antibody (H3) that inhibits IDE activity. Furthermore, we showed its potential to improve insulin activity in a diabetes mouse model.

IDE is a metalloprotease involved in insulin degradation, and mice and human IDE share 95% amino acid identity with an identical catalytic site. Currently, the use of small molecule inhibitors of IDE is limited in clinical trial due to their non-specificity to other zinc metalloproteinase (45). It has been previously suggested that IDE activity is linked to its conformational stage, and changes within the structure may affect its activity (45). We applied a unique approach for isolating antibodies that may affect the enzyme activity. The isolation process of the IDE-specific scFv-displaying phages was subjected to depletion of rhIDE E111Q binders before positive selection for WT IDE binders. The difference between the two rhIDE isoforms is one amino acid in the catalytic site that renders the enzyme catalytically compromised (46). The depletion step probably caused a loss of IDE-specific clones that bind remotely from the catalytic site and improved the chances of recovering antibodies that bind vicinal to the catalytic site. Furthermore, the antibody could detect WT IDE in its native conformation but failed to recognize mutant IDE (Figure 4A) or heat-denatured IDE (Figure 4D), suggesting that its epitope is conformational.

IDE is an essential enzyme for insulin activity. Indeed, IDE knockout causes hyperinsulinemia and hyperglycemia in mice (38). However, this may be due to its cellular role in monitoring the release of insulin from its receptors (47). Furthermore, partial IDE depletion in IDE-heterozygote mice did not lead to any reported pathology. IDE was shown to regulate the levels of serum insulin (38), and polymorphisms in the IDE gene were linked with T2D in rats (48) and humans (49). Recently, we reported an increase in serum IDE concentration in metabolic syndrome patients who are at high risk of developing diabetes (26) Furthermore, inhibition of IDE activity as potential treatment for diabetes was previously suggested (22) and show efficacy without aberrant toxicity (25). H3 antibody shows high specificity to IDE and does not recognize any other tissue proteins isolated from selected tissue such as the liver, kidney, spleen, and brain. Furthermore, while other reports suggest that impairment in IDE activity in liver cells can lead to stress and impaired activity (50), here, we showed that treatment with H3 antibody following oxidative stress in hepatic cell line increase survival. Those results may suggest that targeting the secreted form of IDE by an antibody may prevent interference with essential intercellular IDE activity (50). Of note, H3 antibody did not recognize other essential zinc metalloproteinase such as ACE1 or ACE2, suggesting both its specificity and potential safety.

Due to their large size, unless they bind to a cell-surface internalizing target, antibodies do not penetrate cells. Therefore, under pathological conditions of hypoinsulinemia in diabetes, antibodies inhibiting the secreted form of IDE should increase insulin levels and ameliorate pathological features of the disease. Indeed, we could show that administration of an IDE-specific antibody can improve insulin activity in an environment where there are limited insulin levels such as in STZ-treated mice. We also show that H3 MBP-scFv has efficacy in WT mice. In addition, we could detect the rcIgGs up to 11 days following administration, which is in the normal range for murine IgGs in mice (51). Of note, as shown in iTT assay (without additional antibody administration) and by measurement of serum insulin levels at day 11, we found that the glucose levels were lower and insulin levels were higher in rcH3-treated mice compared to rc2E12 (isotype control)-treated mice.

Of note, while small molecules may interfere with intracellular IDE activity, antibodies targeting the cell surface or secreted forms of IDE do not affect the intracellular IDE pool directly, which may be more beneficial for controlling insulin levels. Another advantage may be linked to a reduced clearing of antibodies from the circulation as compared to small molecules. Blocking IDE activity may be beneficial for the maintenance of high circulating insulin levels and other substrates of IDE in pathological conditions such as diabetes. In pathological stages that require exogenous insulin injection, IDE inhibition may serve as a therapeutic intervention, as it will decrease the necessary amounts of administrated insulin and will increase its effective half-life in the serum. Beneficial insulin properties are not limited to glucose regulation but also to the promotion of beta-cell regeneration. Neutralizing antibodies can inhibit IDE-dependent insulin degradation by either directly binding and blocking the active site of IDE or by binding to a site on IDE that affect conformational changes or dimerization. Of note, the H3 antibody preferentially recognizes only the native form of IDE, which suggests that its affect may be linked to the altering active conformational form of the enzyme. Further research needs to be done in order to identify such interactions.

It was suggested that besides IDE, cathepsin may play an important role in the degradation of intracellular insulin (52). Nevertheless, it was reported that fasting serum insulin levels in IDE-KO is higher than those in WT mice (53). While different IDE inhibitors show efficacy in modulating glucose levels, IDE’s exact role in glucose metabolism might be complex and needs further investigation (39).

In conclusion, we present here a new approach that may be potentially used to treat diabetes using an antibody targeting IDE. This approach may have limited potential to toxicity due to its high specificity to IDE. Further research using our approach will increase our understanding regarding the role of IDE in diabetes and may provide novel therapeutic approaches in diabetes and related complications.
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Tuberculosis is one of the deadliest infectious diseases and a huge healthcare burden in many countries. New vaccines, including recombinant BCG-based candidates, are currently under evaluation in clinical trials. Our group previously showed that a recombinant BCG expressing LTAK63 (rBCG-LTAK63), a genetically detoxified subunit A of heat-labile toxin (LT) from Escherichia coli, induces improved protection against Mycobacterium tuberculosis (Mtb) in mouse models. This construct uses a traditional antibiotic resistance marker to enable heterologous expression. In order to avoid the use of these markers, not appropriate for human vaccines, we used CRISPR/Cas9 to generate unmarked mutations in the lysA gene, thus obtaining a lysine auxotrophic BCG strain. A mycobacterial vector carrying lysA and ltak63 gene was used to complement the auxotrophic BCG which co-expressed the LTAK63 antigen (rBCGΔ-LTAK63) at comparable levels to the original construct. The intranasal challenge with Mtb confirmed the superior protection induced by rBCGΔ-LTAK63 compared to wild-type BCG. Furthermore, mice immunized with rBCGΔ-LTAK63 showed improved lung function. In this work we showed the practical application of CRISPR/Cas9 in the tuberculosis vaccine development field.
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Introduction

The Bacillus Calmette-Guérin (BCG), a live attenuated strain of Mycobacterium bovis is the only licensed vaccine against tuberculosis (TB), one of the top 10 causes of mortality (1). BCG is usually administered at birth and is very effective in protecting children against severe forms of the disease. Epidemiological evidence suggests that protection wanes with time and its efficacy in adults against the pulmonary TB is variable (2) contributing to the 10 million new cases and 1.5 million deaths every year (1). Since the development of BCG, a century ago, no new vaccine has been licensed. Therefore, many vaccine candidates are under evaluation as improved vaccines against TB.

Recombinant BCG (rBCG) is an attractive strategy to generate improved TB vaccines. With the development of mycobacterial expression vectors, many strains of rBCG aiming to improve the immune response and protection against TB were generated (3). One of the most advanced vaccine candidates in clinical trials, VPM1002, is based on the rBCG strategy and expresses a pore-forming toxin – cytolysin (4). The expression of toxin derivatives may modulate the immune response and provide improved protection against M. tuberculosis (Mtb) challenge. We have previously developed a rBCG strain expressing the genetically detoxified subunit A of the heat-labile toxin from E. coli, LTAK63, as adjuvant. In comparison to wild-type BCG, immunization of mice with rBCG-LTAK63 increased the Th1 immune response in the lungs (higher IFN-γ, TNF-α, IL-6 and IL-17 production) and long-term immune responses against Mtb. rBCG-LTAK63 also conferred improved protection against Mtb challenge, including the hypervirulent Beijing strain (5).

The expression of LTAK63 was dependent on a vector containing an antibiotic resistance marker. In order to move forward to clinical trials, it is important to obtain stable antigen expression without antibiotic resistance. Complemented auxotrophic strains are an interesting approach to obtain unmarked expression of heterologous antigens. In this strategy, an essential gene of the biosynthesis of an amino acid is functionally knocked-out. The respective gene is then provided by a complementation plasmid which maintenance is essential for survival and at the same time, the plasmid can be used to co-express antigens of interest (6). Another advantage over antibiotic resistance markers is that the in vivo stability of the vector is usually higher (7). We have previously used auxotrophic complementation to obtain an unmarked rBCG strain expressing the genetically detoxified S1 subunit of the pertussis antigen, S1PT, as vaccine against pertussis (8) and bladder cancer immunotherapy (9, 10) as well as presenting increased features of innate immune memory/trained immunity response (11). In that study, the auxotrophic strain was generated using a mycobacteriophage to knock-out the lysA gene, involved in the biosynthesis of lysine. This strategy required the insertion of two selection markers to screen for positive mutants and then an additional counter selection step to remove the markers. Even though this process generates an unmarked deletion it stills leaves a chromosomal “scar” (12).

The CRISPR/Cas technology has emerged as a cutting-edge versatile molecular tool for genome manipulation in several organisms. The technique uses a Cas endonuclease (Cas9), a trans-activating RNA (tracrRNA) and a specific targeting sequence (crRNA). This duplex crRNA:tracrRNA (sgRNA) can bind to Cas9 and drives it to the complementary sequence in the genome. The exchange of the crRNA sequence allows targeting of any sequence of interest, with the only condition of being adjacent to a PAM domain (Protospacer Adjacent Motif) (13). So far, applications of CRISPR/Cas in mycobacteria intended to interfere with gene expression (CRISPRi) in order to analyze gene function (14, 15); or to establish the required conditions to generate gene knock-outs in M. smegmatis, M. marinum and Mtb (16).

In this work, we applied CRISPR/Cas9 to generate an auxotrophic BCG, which was complemented to obtain the stable expression of the LTAK63 adjuvant. The immunization with rBCGΔ-LTAK63 showed superior protection against Mtb challenge and conferred improved lung function.



Materials and Methods


Strains, Media, and Growth Conditions

Escherichia coli DH5α, M. smegmatis mc2 155, M. bovis BCG Danish (American Type Culture Collection, ATCC #35733) and their derivatives were used in the study. E. coli was used for the cloning steps and grown in Luria-Bertani (LB) (5 g/L yeast extract, 10 g/L tryptone and 10 g/L NaCl), (Sigma-Aldrich®, Merck KGaA, St. Louis, MO, USA). M. smegmatis was grown in Middlebrook 7H9 (MB7H9) (Difco, Detroit, MI, USA), supplemented with 0.5% glycerol (Sigma-Aldrich®) and 0.05% Tween 80 (Sigma-Aldrich®) or plated on Middlebrook 7H10 agar (Difco) supplemented with 0.5% glycerol (MB7H10). BCG was grown in Middlebrook 7H9 supplemented with 10% of OADC (oleic acid-albumin-dextrose-catalase; BBL, Cockeysville, MD, USA), 0.5% glycerol and 0.05% Tween 80 (MB7H9-OADC) or plated on Middlebrook 7H10 agar supplemented with 0.5% glycerol and OADC (MB7H10-OADC). Mtb was grown in Middlebrook 7H11 (Difco) supplemented with OADC, glycerol and Tween 80 (MB7H11-OADC). E. coli and M. smegmatis were grown at 37°C. BCG and Mtb were grown at 37°C and 5% CO2. When indicated, kanamycin sulphate (20 µg/mL) (Sigma-Aldrich®), tetracycline hydrochloride (Tc) (200 ng/mL) (Sigma-Aldrich®) and/or L-lysine (40 µg/mL) (Sigma-Aldrich®) were added.



Preparation and Transformation of Competent Cells

Chemically competent E. coli DH5α was prepared according to standard protocols (17). Electrocompetent mycobacteria were prepared as previously described (18). For transformation of mycobacteria, 300-500 ng of plasmid DNA were mixed with competent cells and electroporation performed using a Gene Pulser II device (BioRad, Hercules, CA, UK). Cells were recovered in MB7H9 and plated onto MB7H10 agar until the appearance of visible colonies. Kanamycin, tetracycline, or/and lysine were added to the media, as described above, when required.



Construction of the Mycobacterial CRISPR/Cas9 All-In-One Vectors

Codon-optimized cas9 expression cassette, the Tet regulator (tetR) cassette and the tracrRNA sequences (Genscript, Piscataway, NJ, USA) were sequentially cloned into pJH152 (a kind gift from Dr. Stewart Cole, EPFL, Lausanne, France) using the restriction enzymes NotI/ClaI, HpaI and NheI (New England Biolabs, Ipswich, MA, USA), respectively, originating pKLM-CRISPR (Figure 1). Selection of crRNA was made using the Cas-Designer tool at R-GENOME website (http://www.rgenome.net/cas-designer/). Each crRNAs sequence was inserted using BbsI (New England Biolabs) upstream of tracrRNA in pKLM-CRISPR, generating the sgRNA sequences. The expression of Cas9 and sgRNA are both controlled by tetracycline-inducible promoters (pUV15tetO). The T4g32 transcriptional terminator was added to each cassette end (T). Orientation of the cloned fragments according to Figure 1 were confirmed by Sanger sequencing. Vectors including crRNA aiming to knock-out lysA were named pKLM-CRISPR-lysA(x), where (x) represents different crRNA sequences. The list of plasmids and oligonucleotides used are shown in Supplementary Tables S1, S2. Alignment of lysA from BCG and M. smegmatis as well as the relative position of sgRNA targets are represented in Supplementary Figure 1.




Figure 1 | Schematic representation of the pKLM-CRISPR vector. The pKLM-CRISPR vector, contains the expression cassette for codon optimized cas9 gene and a cassette for expression of sgRNA, both under regulation of pUV15tetO, a tetracycline-inducible promoter. The repressor tetR is expressed constitutively by the pimyc promoter. Transcriptional terminators (T) were introduced after each expression cassette. The restriction sites used for cloning are also indicated. The two BbsI sites were introduced to facilitate the cloning of the crRNA sequences upstream of tracrRNA. The vectors also contain a kanamycin resistance marker (KanR); origin of replication in E. coli (oriC) and mycobacteria (oriM).





Construction of Complementation Vectors Expressing LysA and LTAK63

The pAN71-ltak63 vector containing pAN promoter and driving low expression of the LTAK63 adjuvant was previously constructed by our group (5). A PCR-amplified lysA gene (containing a Shine-Dalgarno, SD), or a lysA expression cassette digested from pJH152 were used. The pAN71-ltak63 vector was digested with NotI/PvuII (New England Biolabs) and the lysA fragment inserted in tandem with ltak63 under the same pAN promoter, generating pAN71-ltak63-lysA(t) (Figure 2A). In this construct, the kanamycin resistance marker was removed by digestion with NsiI (New England Biolabs) and self-ligated. The pAN71-ltak63 vector was also digested with NotI/ClaI (New England Biolabs) to clone the lysA expression cassette, generating pAN71-ltak63-lysA(c) (Figure 2B). The kanamycin resistance marker was removed by digestion with ClaI (New England Biolabs) and self-ligated. Both vectors were electroporated into M. smegmatis mc2 1493 (lysine auxotroph) (19) and transformants plated onto MB7H10. Transformants were then grown in MB7H9 with and without kanamycin to confirm construction of the unmarked pAN71-ltak63-lysA vectors. Plasmid extraction from M. smegmatis was performed using Wizard Plus SV Minipreps DNA Purification kit (Promega, Madison, WI, USA) and the extracted plasmids were used to transform the lysine auxotrophic BCG (BCGΔlysA).




Figure 2 | Vectors pAN71-ltak63-lysA(t) and pAN71-ltak63-lysA(c) used for the complementation of lysine auxotrophic strains. (A) In pAN71-ltak63-lysA(t) the lysA gene is in tandem with ltak63, including a Shine-Dalgarno sequence (SD) between the genes. (B) In pAN71-ltak63-lysA(c) the lysA gene is under the control of the pGrOEL promoter. The KanR site was truncated by restriction digestion with NsiI or ClaI, respectively and self- ligated. Both plasmids share the same features such as oriM and oriC, the pAN promoter and the ltak63 sequence.





Induction of Cas9 Expression in Mycobacteria

After transformation of M. smegmatis and BCG with pKLM-CRISPR-lysA(x), kanamycin-resistant colonies were recovered and cultured in 5 mL of MB7H9 and MB7H9-OADC, respectively. These cultures were used as pre-inoculum in a fresh culture starting at OD600 0.1. After 2 h (M. smegmatis) or 24 h (BCG) of incubation, tetracycline was added to induce expression of Cas9, and the culture was maintained at 37°C for 4-24 h (M. smegmatis) or 24-120 h (BCG). After the induction, bacteria were lysed by sonication using an ultrasonic processor GE100 (GE Healthcare, Chicago, IL, USA) and protein extracts separated by SDS-PAGE (BioRad, Hercules, CA, UK), transferred to PVDF membranes (GE Healthcare) and blocked with 5% non-fat dry milk at 4°C for 16 h. The membrane was probed using monoclonal anti-Cas9 antibodies (7A9-3A3, 1:1,000) (Santa Cruz Biotechnology, Dallas, TX, USA) incubated for 90 min and anti-mouse IgG conjugated with peroxidase (A6782, 1:1,000) (Sigma-Aldrich®) for 60 min. E. coli DH5α transformed with pCas (20) was used as positive control for Cas9 expression. Chemiluminescent signal was developed using ECL Prime Western Blotting System (GE Healthcare) and images acquired with the LAS4000 digital imaging system (GE Healthcare).



Screening and Characterization of Knock-Out Mutants

After tetracycline induction the cultures were plated onto MB7H10 or MB7H10-OADC, both supplemented with lysine and kanamycin and incubated at 37°C until the appearance of visible colonies. Single colonies were then transferred to mirror plates either containing or not lysine, both in presence of kanamycin. Growth only in the lysine-containing plate revealed positive knock-out clones (Lysine-KO). The Lysine-KO clones were used as template for PCR amplification of the lysA region and sequencing. The lysA sequences from the Lysine-KO clones were compared with the reference sequences in UNIPROT database (M. smegmatis-Q9X5M1 and BCG-P9WIU7).



In Vitro Stability of BCG Functional KO

To assess reversion to the wild-type phenotype during in vitro culturing, rBCGΔlysA strains were serially passaged weekly for up to 8 passages when the cells were plated on MB7H10-OADC containing or not lysine. Additionally, the curing of pKLM-CRISPR-lysA(x) was assessed by plating rBCGΔlysA onto mirror plates containing or not kanamycin. Growth only in the plate lacking kanamycin indicated plasmid loss.



Complementation of Auxotrophic Strains

Competent BCGΔlysA were prepared as previously described and transformed with pAN71-ltak63-lysA(t) and pAN71-ltak63-lysA(c), generating rBCGΔ-LTAK63(t or c), respectively. Selected clones were grown in MB7H9-OADC until an OD600 1.0, when bacteria were recovered, and protein extracts used to detect the expression of LTAK63 by Western blot (20). Detection of LTAK63 was performed using anti-serum of mice previously immunized with rLTK63 (1:1,000) incubated for 60 min and an anti-mouse IgG antibody conjugated with peroxidase (A6782, 1:3,000 Sigma-Aldrich®) incubated for 60 min. Additionally, growth curves of complemented auxotrophs were compared to wild-type BCG to determine whether rBCGΔ-LTAK63(t or c) would show altered in vitro growth.



Animals and Immunization

All animal experiments were performed according to Brazilian and international guidelines on animal experimentation and approved by the Ethics Committee of Instituto Butantan, São Paulo-SP (CEUAIB), (Permit number 8591010817). Five to eight-week-old female BALB/c mice were obtained from the Central Animal Facility of the Instituto Butantan, SP, Brazil. BALB/c were immunized through the subcutaneous route (s.c.) with a single dose of BCG or rBCGΔ-LTAK63(t) (1x106 CFU/100 µL), or saline and challenged after 90 days via the intranasal route (i.n.) with M. tuberculosis H37Rv (500 CFU/50 µL). Thirty days after challenge, the lungs were collected, homogenized, and 20 µL of serial dilutions (10-1, 10-2 and 10-3) were plated on MB7H11-OADC at 37°C and 5% CO2 for CFU counting.



Histopathology and Quantification of the Lung Inflammation

Thirty days after Mtb challenge, lung tissue samples were collected, preserved in 10% neutral buffered formalin, embedded in paraffin, cut into 5-6 μm sections, and stained with hematoxylin and eosin (H&E). The severity of inflammation in the mouse lungs was assessed according to (21). In summary, H&E-stained lung sections were photographed at 40 x magnification using a microscope (Nikon Eclipse Ti-S) coupled to a digital camera (DS-Fi1c, Nikon). Image analysis software (ImageJ, National Institutes of Health, USA) was used to determine the pulmonary area affected. The inflammatory area was measured according to (21) and the functional lung area is represented by the intra-alveolar regions in the lung tissue determined using morphometric analysis according to (22). Briefly, five images at 40 x magnification per lung lobule, totaling 25 images per treatment, were randomly selected, and analyzed for the qualitative evaluation of the cell infiltrate and intra-alveolar regions. To measure the areas of interest the images were transformed into 8-bit and treated with threshold and percentage of the measured area. For leukocyte counting, the Color Deconvolution 2 plugin were used to visualize and separate nuclei from the cytoplasm. For cell counting, the Cell Counter plugin was used. This analysis is used to facilitate the differential counting of segmented and mononuclear nuclei.



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism (GraphPad Software, Inc.). The significance of differences among groups was calculated by unpaired parametric two-way Student’s t-test as described in the figure legends. Differences between mean values were considered significant when p < 0.05.




Results


Inducible Expression of Cas9 in Mycobacteria

Transformation of M. smegmatis and BCG with pKLM-CRISPR showed that both were able to express Cas9, as determined by the Western blot (~160 kDa). In M. smegmatis, the highest expression of Cas9 was observed at 8 h after the induction in a concentration of 200 ng/mL of tetracycline (Supplementary Figure 2 and Figure 3A). In BCG, the highest expression of Cas9 was between 24-48 h after the induction, with decreasing levels being observed from that time until 120 h (Figure 3B). Attempts to express the wild-type S. pyogenes Cas9 in mycobacteria were unsuccessful (data not shown).




Figure 3 | Inducible expression of Cas9 in M. smegmatis and BCG. E. coli transformed with pCas9 was used as positive control (C+). Total protein extracts of wild-type mycobacterial strains were used as negative controls (C-). (A) Western blot of total protein extracts of M. smegmatis transformed with pKLM-CRISPR vector with either Cas9 expression induced (+) or not induced (-) with tetracycline. (B) Western blot of the expression of Cas9 in BCG induced with tetracycline over time (24, 48, 72, 96 or 120 h). The Western blots were probed with monoclonal anti-Cas9 antibody (1:1,000). Molecular weight markers (MW) are indicated in the left and the expected molecular weight of Cas9 indicated by an arrow (~160 kDa).





Phenotypic Screening and Characterization of SmegΔlysA and BCGΔlysA

Mycobacteria were transformed with the gene editing vectors (pKLM-CRISPR containing the specific crRNAs to target lysA (n=3 for M. smegmatis and n=2 for BCG) (Supplementary Table 2), and the expression of Cas9 was induced by tetracycline. After induction, the culture was plated on solid media containing kanamycin to obtain isolated colonies. These were transferred to mirror plates with and without lysine to detect the functional knock-out of LysA. The transformation of M. smegmatis with the vector containing crRNA-lysA820-Smeg, resulted in 2 out of 8 colonies (25%) that did not grow in the absence of lysine (SmegΔlysA) (Figure 4A). The induction with crRNA-lysA394-Smeg did not generate any functional knock-out (0/5), while crRNA-lysA123-Smeg did not produce any transformant. In BCG transformed with the vectors containing crRNA-lysA88-BCG, 2 out of 50 colonies (4%) did not grow without the supplementation of lysine (BCGΔlysA) (Figure 4B). No functional knock-outs were obtained using the vector containing crRNA-lysA20-BCG. In the genotypic analysis of M. smegmatis, we observed the addition of a single nucleotide (lysA_2b) and the deletion of two nucleotides (lysA_2c) next to the PAM site (Figure 4C). In BCG, we performed an additional round of induction (independent experiment), obtaining a total of five functional knock-outs. Sequencing analysis of BCGΔlysA demonstrated the deletion of two nucleotides (lysA_7 and lysA_9), deletion of larger fragments (lysA_10 and lysA_39), 83 and 107 bp (Figure 4D and Supplementary Figure 3), and a single nucleotide deletion (lysA_43). The in-silico translation of these sequences revealed that the mutations results in the early interruption of translation or frameshifts impairing the correct translation of LysA (Supplementary Figure 4). The possibility of reversion from the auxotrophic phenotype was evaluated by subculturing BCGΔlysA and observation of growth without supplementation of lysine. Even after 8 passages, without the supplementation of lysine, no prototrophic colony was observed (Supplementary Figure 5).




Figure 4 | Phenotypic screening and genotypic characterization of SmegΔlysA and BCGΔlysA. After the induction of Cas9, the cultures were seeded on lysine-supplemented plates to recover all viable bacteria. The colonies of (A) M. smegmatis, and (B) BCG were then seeded on mirror plates with and without lysine. The colonies that did not grow on plates without lysine (white arrows) indicate a positive knock-out. The lysA genes from (C) SmegΔlysA, and (D) BCGΔlysA were sequenced and compared to the wild-type sequence. The sgRNA used to target lysA is highlighted (grey box); the deleted nucleotides are represented by the dashed line; the inserted nucleotide is pointed out with a black arrow and the PAM site (NGG) is indicated with a line above. Numbering and asterisks represent the nucleotide positions regarding the full lysA gene sequence.





LTAK63 Adjuvant Expression in Auxotrophic Mycobacteria

Once reversion to the wild-type phenotype was excluded, the BCGΔlysA lysA_39 (mutant containing the deletion of 107 bp) was selected to be complemented. Before the complementation, the pKLM-CRISPR plasmid was cured. In a single incubation without kanamycin, 35% of the colonies showed plasmid loss (Supplementary Figure 6). A single colony was selected and prepared as competent cells. The BCGΔlysA was then transformed with the complementation vectors, pAN71-ltak63-lysA(t) and pAN71-ltak63-lysA(c) and protein extracts used to detect the expression of LTAK63 (Figure 5). More importantly, either when driven by the vectors with lysA in tandem or as an expression cassette, the level of LTAK63 expression was comparable to that observed in BCG transformed with the pAN71-ltak63 vector.




Figure 5 | Expression of LTAK63 in complemented auxotrophic BCG. Western blot of total protein extracts of wild-type BCG (C-); rBCG-LTAK63 (C+) and complemented auxotrophic strains obtained by transformation of BCGΔlysA with pAN71-ltak63-lysA either in the tandem construct (t) or cassette (c). Western blots were probed with mouse anti-serum raised against rLTAK63 (1:1,000). Molecular weight markers (MW) are indicated and the expected molecular weight of LTAK63 is indicated by an arrow (~31 kDa).





In Vitro Growth of Complemented Auxotrophic BCG

We investigated whether the complemented auxotrophic BCG would show distinct in vitro growth in comparison to wild-type mycobacteria. It can be observed that both recombinant BCG strains showed growth comparable to the wild-type (Supplementary Figure 7). The rBCGΔ-LTAK63(t) was selected for the in vivo experiments, hereafter, named rBCGΔ-LTAK63.



Protection of Immunized Mice Against Intranasal Challenge With Mtb

BALB/c mice were immunized with BCG, rBCGΔ-LTAK63 or not immunized and were challenged with Mtb 90 days after. The group immunized with rBCGΔ-LTAK63 showed a 1.5 log CFU reduction in the lungs when compared to the control group and 0.5 log reduction when compared to the BCG group (Figure 6A). Histopathological findings typical in a Mtb infection in the mouse model showed a granulomatous inflammatory process spread across the infected lungs. Immunization with rBCGΔ-LTAK63 showed increased protection of the lung tissue compared to BCG as evaluated by the functional lung area (Figure 6B). The effect of rBCGΔ-LTAK63 on leukocyte migration differs from that of BCG, displaying a reduction in the inflammatory score (Figure 6C). The improvement of the histopathological lesions is shown in the representative lung sections. Mice immunized with rBCGΔ-LTAK63 showed fewer lesions consisting of perivascular and peribronchiolar inflammatory infiltrates when compared with BCG-immunized mice (Figure 6D). Characterization of the cellular infiltrate showed the presence of mononuclear cells, neutrophils, and alveolar macrophages in the perivascular and peribronchiolar infiltrates; a general decrease in the total number of these cell types in the lungs of the groups immunized with BCG or rBCGΔ-LTAK63 indicates improved protection against lung pathology upon vaccination (Figure 7).




Figure 6 | Protection against Mtb challenge induced by immunization. Groups of BALB/c mice (n=10/group) immunized s.c. with BCG (WT-BCG), rBCGΔ-LTAK63, or not immunized (Control) were challenged i.n. with 500 CFU of Mtb. Thirty days after challenge, the lung was recovered to evaluate CFU (A), functional lung area, represented by the intra-alveolar space (B) and inflammatory area (C), represented by the inflammatory infiltrate of lung sections stained with H&E. Functional area and lung inflammation scores are presented as the mean percentage of inflammation for each mouse and the infiltrate is presented as cell counts per mm². **p < 0.01, ***p < 0.001 and ****p < 0.0001. Representative histopathology of lungs from naïve mice (Saline), infected only (Control), or immunized and challenged (BCG and rBCGΔ-LTAK63). Lung sections were stained with H&E (bar, 100 µm) (D). Challenge experiments were performed twice.






Figure 7 | Characterization of the cellular infiltrate in the lungs. Total number of mononuclear cells, neutrophils, and alveolar macrophages in the perivascular and peribronchiolar infiltrates in the lungs of BALB/c mice infected only (Control), or immunized and challenged (BCG and rBCGΔ-LTAK63) represented as cell counts per mm². **p < 0.01 and ****p < 0.0001 (A) and the actual cell numbers, percentage and total cell count in each group (B). Five images at 40 x magnification per lung lobule, totaling 25 images per treatment, were randomly selected. For cell counting, ImageJ software and the Color Deconvolution 2 plugin were used to visualize and separate nuclei from the cytoplasm. Representative histopathology of lungs sections stained with H&E (bar, 20 µm) (C). Challenge experiments were performed twice.






Discussion

BCG is the only licensed vaccine against tuberculosis. It is especially important for children to prevent the development of severe forms of TB. However, its efficacy wanes over time and adults are less protected. In order to develop improved vaccines against tuberculosis, thousands of potential candidates are in the discovery phase, hundreds have undergone preclinical trials in animal models, but only few candidates passed to clinical studies in humans (23). Among the most promising vaccine candidates are the live attenuated VPM1002 and MTBVAC. Interestingly, both vaccines required the generation of genomic mutations. While in VPM1002 it was necessary to disrupt the ureC gene – to provide an optimal environment for the cytolysin’s activity. The insertion of lysteriolysin gene at the ureC locus demanded the use of a hygromycin marker for selection, which removal “was technically extremely challenging” (24). On the other hand, MTBVAC was obtained by deletion of two independent genes, fadD26 and phoP (25). To achieve such mutations, a stepwise insertion/deletion process, comprising 4 different steps, was necessary (26). All these time-consuming and labor-intensive procedures could be avoided with the use of CRISPR/Cas9.

In our approach, we constructed an all-in-one vector containing the CRISPR/Cas9 elements required for the generation of the gene knock-outs in one step. To enable better control over the expression of Cas9 and sgRNA, we chose to use tetracycline-inducible promoters for both. The peak of Cas9 expression was observed at 8 h in M. smegmatis and 24-48 h for BCG. Lower levels of Cas9 expression were observed with prolonged incubation. Other studies have also observed that longer incubations are not necessary to induce Cas9 or other nucleases (13). The use and characterization of inducible promoters in CRISPR/Cas systems are important since continuous induction could lead to undesired mutations at unknown genomic loci.

To obtain the disruption of lysA, three sgRNA for M. smegmatis and two for BCG were designed. In M. smegmatis, the transformation with one of the selected sgRNA constructs did not produce any transformants. Between the two that did generate transformants, functional knock-outs were observed in only one. In BCG, the two constructs produced transformants, but knock-outs were observed in only one. Interestingly, plasmid constructs that induced the functional knock-out of lysA contained sgRNAs targeting the positive strand. It should be noted that we used a phenotypic screening to evaluate knock-outs and therefore silent mutations e.g. those maintaining the original reading frame, were not detected by this approach. All the mutations induced by CRISPR/Cas9 were characterized by the removal of nucleotides which indicates the action of non-homologous end-joining (NHEJ) DNA repair mechanisms in these cases. In M. smegmatis, one of the knock-outs had an extra nucleotide near the PAM site which is also a possibility in this particular strain (16). While most bacteria employ homologous recombination (HR) to repair double-strand breaks (DBS) in their DNA, mycobacteria have developed additional repair mechanisms. Besides HR, NHEJ and SSA (single-strand annealing) are functional and described as not redundant but rather defined as distinct DSB repair pathways (27). As CRISPR/Cas9 exploits the DNA repair mechanisms to generate the mutations in the host genomes, further studies to understand the interplay between these repair systems are necessary. For instance, it may be possible to favor the HR repair and the consequently knock-in of sequences by disrupting key gene proteins (such as ku and ligD) to abolish NHEJ-mediated repair, or by inducing the overexpression of HR-related proteins (27).

We applied CRISPR/Cas9 to obtain an unmarked and scarless gene editing, thus resulting in a lysine auxotrophic BCG strain which was later complemented to stably express the LTAK63 adjuvant. The use of auxotrophic complementation is an interesting approach to obtain unmarked heterologous expression and increase the stability of the construct. On the other hand, it can also result in impaired growth since the level of LysA expressed can be different from that of the original wild-type strain. Here, we evaluated two different constructs using lysA complementation either in tandem with ltak63 [pAN71-ltak63-lysA(t)] or each gene with its own expression cassette [pAN71-ltak63-lysA(c)]. The construct in tandem is driven by the pAN promoter, which is considered a weak mycobacterial promoter (28). If the expression of LysA is too low, then it could also affect BCG’s fitness and the protection induced against Mtb. Alternatively, the pAN71-ltak63-lysA(c) construct includes another promoter for the expression of lysA, the pGrOEL. The addition of another expression cassette may decrease plasmid stability and compromise the expression of LTAK63. Our data show that whichever strategy used for the expression of LTAK63 and LysA, the growth of recombinant BCG strains is comparable to the wild-type strain. More importantly, the complemented strains generated here were able to express the LTAK63 antigen at levels comparable to the original rBCG-LTAK63 construct, which is imperative in order to obtain improved protection against Mtb (5).

Immunization of mice with the complemented auxotrophic BCG expressing LTAK63 (rBCGΔ-LTAK63) confirmed its superior protection against Mtb challenge. Previews reports demonstrated that mice immunized with rBCG-LTAK63 and challenged intratracheally with Mtb displayed a 1-2 log reduction of CFU in the lungs in comparison to wild-type BCG. Here, we observed that mice immunized with rBCGΔ-LTAK63 and challenged with Mtb exhibit a 0.5 log reduction in comparison to wild-type BCG. This difference may be explained by the distinct routes and bacterial loads involved in the challenge (intratracheal, 1x105 CFU, and intranasal, 500 CFU) (5). The intranasal route has the advantage of being less invasive and better mimics the natural Mtb infection (29). Accordingly, the protective effects on lung tissue during the clinical course of the infection was clear in the groups of mice immunized with BCG or rBCGΔ-LTAK63. However, it is notorious that immunization with rBCGΔ-LTAK63 intensified the protective effects evaluated as functional lung area and modulated the leukocyte response in comparison to BCG. The reduction in the cellular infiltrate after the Mtb challenge may, in fact, be associated with a faster and improved resolution of the infection induced by the immunization of rBCGΔ-LTAK63.

In this work we produced lysine-deficient mutants using a one-step induction of CRISPR/Cas9; furthermore, we demonstrated the efficient complementation with lysA-containing vectors also expressing LTAK63 adjuvant. Immunization with rBCGΔ-LTAK63 induced better protection against Mtb challenge. The data presented here shows the practical application of CRISPR/Cas9 towards the generation of new and improved TB vaccines.
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Background

Antibiotic-driven dysbiosis may impair immune function and reduce vaccine-induced antibody titers.



Objectives

This study aims to investigate the impacts of early-life antibiotic exposure on subsequent varicella and breakthrough infections.



Methods

This is a nationwide matched cohort study. From Taiwan’s National Health Insurance Research Database, we initially enrolled 187,921 children born from 1997 to 2010. Since 2003, the Taiwan government has implemented a one-dose universal varicella vaccination program for children aged 1 year. We identified 82,716 children born during the period 1997 to 2003 (pre-vaccination era) and 48,254 children born from July 1, 2004, to 2009 (vaccination era). In the pre-vaccination era, 4,246 children exposed to antibiotics for at least 7 days within the first 2 years of life (Unvaccinated A-cohort) were compared with reference children not exposed to antibiotics (Unvaccinated R-cohort), with 1:1 matching for gender, propensity score, and non-antibiotic microbiota-altering medications. Using the same process, 9,531 children in the Vaccinated A-cohort and Vaccinated R-cohort were enrolled from the vaccination era and compared. The primary outcome was varicella. In each era, demographic characteristics were compared, and cumulative incidences of varicella were calculated. Cox proportional hazards model was used to examine associations.



Results

In the pre-vaccination era, the 5-year cumulative incidence of varicella in the Unvaccinated A-cohort (23.45%, 95% CI 22.20% to 24.70%) was significantly higher than in the Unvaccinated R-cohort (16.72%, 95% CI 15.62% to 17.82%) (p<.001). In the vaccination era, a significantly higher 5-year cumulative incidence of varicella was observed in the Vaccinated A-cohort (1.63%, 95% 1.32% to 1.93%) than in the Vaccinated R-cohort (1.19%, 95% CI 0.90% to 0.45%) (p=0.006). On multivariate analyses, early-life antibiotic exposure was an independent risk factor for varicella occurrence in the pre-vaccination (adjusted hazard ratio [aHR] 1.92, 95% CI 1.74 to 2.12) and vaccination eras (aHR 1.66, 95% CI 1.24 to 2.23). The use of penicillins, cephalosporins, macrolides, or sulfonamides in infancy was all positively associated with childhood varicella regardless of vaccine administration.



Conclusions

Antibiotic exposure in early life is associated with varicella occurrence and breakthrough infections.
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Introduction

The early-life microbiome has a fundamental role in human immunity. Indigenous microbiota provides crucial signals for maturation and modulation of the immune system (1, 2). In contrast, dysbiosis in infancy might cause stunting and dysregulation of immunity (3, 4). The composition of gut microbiota also correlates with vaccine immunogenicity (5). Evidence has suggested the association between early-life microbial colonization and sustainable vaccine-specific memory T-cells and antibody responses (6).

Exposure to medications, particularly antibiotics, is a common cause of dysbiosis (7, 8). Even short-term or low-dose antibiotics can disturb the delicate ecosystem of the infant microbiome (9, 10). Early-life antibiotic exposure has been linked to a higher risk of various conditions, including inflammatory bowel disease, type 2 diabetes, and atopic disorders (11–13). However, little is known about the effect of infantile antibiotic exposure on susceptibility to later-life infections. In addition, although antibiotic-driven dysbiosis has been found to impair vaccine responses (10, 14, 15), limitations are that most studies were conducted with a small sample size and in animal models or adults. Whether early-life antibiotic exposures decrease vaccine efficacy or increase the risk of breakthrough infections in the pediatric population remains to be elucidated.

Varicella was once associated with a significant impact on public health in Taiwan (16). Since the implementation of universal varicella vaccination (UVV) in 2003, disease transmission has been successfully controlled (17). However, varicella outbreaks among schoolchildren still occurred occasionally (18), and breakthrough infections continue to be reported despite high rates of national vaccination coverage (19). The present study was aimed to investigate the effect of early-life antibiotic exposure on childhood varicella risk and breakthrough infections.



Materials and Methods


Data Source

We conducted a nationwide cohort study using Taiwan’s National Health Insurance Research Database (NHIRD) from 1997 to 2013. The NHIRD contains detailed healthcare information from more than 99% of Taiwan’s population of 25 million people. Diagnoses are documented in the NHIRD using codes based on the International Classification of Diseases, Revision 9, Clinical Modification (ICD-9-CM). The accuracy of diagnosis in the NHIRD has been validated (20, 21), and the data have been used extensively in clinical epidemiology and health service research (22, 23). Personal information, including body weight, height, lifestyle, occupation, and cluster history, is unavailable from the database. This study has been approved by the ethical review board of Taichung Veterans General Hospital (No. CE20224B).



Vaccination

The live attenuated varicella vaccine was approved for use in Taiwan in 1997. Two brands of OKA-strain varicella vaccines, Varivax (Merck) and Varilrix (GlaxoSmithKline) are available in Taiwan. The vaccines have been first provided free to children aged 1 year in Taipei City and Taichung City since 1998 and 1999, respectively. In 2003, the Taiwan government implemented the UVV program, targeting 1-year-old children. The self-paid second-dose booster has been recommended for children aged 4 to 6 years. Despite unavailable 2-dose vaccination rates, the cumulative coverage rate of at least one dose of varicella vaccine among children born after July 1, 2004, has reached more than 94% to date (24).



Study Design and Population

From the NHIRD, children born from 1997 to 2010 were eligible for enrollment. Children born from 1997 to 2003 and living in regions other than Taipei City and Taichung City were considered unvaccinated (pre-vaccination era). Children born during July 1, 2004, and 2009 were deemed vaccinated (vaccination era). We excluded children with a follow-up period of less than one year, death registration, malignancy, immunodeficiency disorders, white blood cell disorders, transplantation, chemotherapy, or immunotherapy before varicella development. The diagnostic codes for these comorbidities are presented in Supplemental Table 1.

Early life, especially from conception to 2 years of age, is a critical window for microbiota development and immune maturation (25, 26). In the vaccination era, children who received antibiotics for at least 7 days within the first 2 years of life were included in the antibiotic cohort (Vaccinated A-cohort). The reference cohort (Vaccinated R-cohort) comprised children who had not received antibiotics. We identified the Unvaccinated A-cohort and the Unvaccinated R-cohort in the pre-vaccination era using the same process.

The index date was defined as the first day of the third year of life. All sampled children were followed up from age 2 years to the development of outcome of interest or death. Each child was followed up for a maximum of 5 years.

In each era, 1:1 matching of children in both cohorts was carried out for gender, propensity score, and non-antibiotic microbiota-altering medications. The propensity score was calculated via logistic regression model (27) that included infectious diseases, non-bacterial gastroenteritis, and constipation (Supplemental Table 1). These have been common pediatric comorbidities that promote intestinal dysbiosis. Histamine type-2 receptor antagonists (H2RAs), proton pump inhibitors (PPIs), and laxatives have been found to cause perturbation of gut microbiota (28). Non-antibiotic microbiota-altering medication exposure was defined as using any of these drugs for at least 7 days within the first 2 years of life.



Outcome Measurement

The primary outcome was varicella with diagnostic code (ICD-9-CM code 052) in the NHIRD. Children with varicella before the index date were still censored during the follow-up. However, to evaluate the association between early-life antibiotic exposure and subsequent varicella, only varicella that occurred in children after 2 years of age was identified.

Breakthrough varicella has been defined as varicella occurring over 6 weeks after at least one dose of vaccination (17, 19). Since the age at varicella vaccination in Taiwan was previously reported to be 1 to 1.97 years (17), the identified varicella cases in the vaccination era were considered breakthrough events.



Covariate Assessment

Demographic factors such as gender, comorbidities, and medication were considered potential confounders. Comorbidities were defined as diseases based on diagnostic codes (Supplemental Table 1) after the index date. Exposure to drugs related to dysbiosis, including H2RAs, PPIs, or laxatives, was defined as the use of such medications for at least 7 days within the first 2 years of life. Exposure to immunomodulatory drugs, such as systemic corticosteroids and disease-modifying antirheumatic drugs, was defined as using these drugs for more than 30 days per year on average. The aforementioned medication is listed in Supplemental Table 2.



Statistical Analysis

We first analyzed the demographic data, comorbidities, and medications. The categorical variables and prevalence rates of varicella in the study cohorts of each era were compared using the chi-square test. The cumulative incidences of varicella were calculated using the Kaplan-Meier method. The differences in the full time-to-event distributions between the two cohorts of each era were tested via the 2-tailed log-rank test.

We next performed multivariate analyses with modified Cox proportional hazard models to determine whether antibiotic exposure is an independent risk factor for subsequent varicella. The adjusted variables were gender, hospital visit number during the follow-up period, and well-known factors for dysbiosis, including antibiotic exposure, use of non-antibiotic microbiota-altering medications, infectious diseases, non-bacterial gastroenteritis, and constipation. We also conducted sub-analyses to examine the risk of exposure to different antibiotics in early life on varicella development.

All data were managed via SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) and the “cmprsk” package of R. The results are expressed as an estimated number with 95% confidence interval (CI).




Results


Demographic Characteristics of the Study Cohorts

We initially enrolled 187,921 children born from 1997 to 2010 from Taiwan’s NHIRD. Among them, 82,716 children not living in Taipei City or Taichung City were born from 1997 to 2003, and 48,254 children were born from July 1, 2004, to 2009. A total of 8,293 children with a follow-up period of less than 1 year or with comorbidities or therapy that may increase the risk of infections before the occurrence of varicella were excluded. Finally, 81,596 children were included in the pre-vaccination era group and 47,533 were included in the vaccination era group (Figure 1). The baseline characteristics of the children in both groups are presented in Supplemental Table 3.




Figure 1 | Flow chart of the patient selection process. NHIRD, National Health Insurance Research Database; A-cohort, antibiotic cohort; R-cohort, reference cohort.



In the pre-vaccination era, 69,430 children exposed to antibiotics for at least 7 days within the first 2 years were included in the Unvaccinated A-cohort, and 4,975 children in the reference group not exposed to antibiotics within the first 2 years of life were included in the Unvaccinated R-cohort. The baseline characteristics of children in both cohorts are shown in Supplemental Table 4. After matching for gender, propensity score, and non-antibiotic microbiota-altering medications at a ratio of 1:1, there were 4,246 children in each cohort (Figure 1). Using the same process, we selected subjects from the vaccination era, with 9,531 children each in the Vaccinated A-cohort and the Vaccinated R-cohort (Figure 1).

Demographic characteristics and comorbidities were comparable between the cohorts in each era, except higher numbers of hospital visits in both A-cohorts compared to the respective R-cohorts (median 72 vs. 59 in pre-vaccination era, and 77 vs.71 in vaccination era) (Table 1). In the Unvaccinated A-cohort, penicillins (59.6%) were most common, followed by cephalosporins (33.4%), macrolides (32.0%), and sulfonamides (22.7%). In the Vaccinated A-cohort, penicillins (61.1%) and cephalosporins (15.4%) were most common (Supplemental Table 5). Ages at varicella occurrence and hospitalization for varicella were comparable between the cohorts in each era.


Table 1 | Demographic characteristics and outcomes of matched study subjects in antibiotic and reference cohorts in the pre-vaccination and vaccination eras.





Cumulative Incidences of Varicella

A significantly higher 5-year cumulative incidence of varicella was observed in the pre-vaccination era group (22.22%, 95% confidence interval [CI] 21.94-22.51%) than in the vaccination era group (1.40%, 95% CI 1.27-1.53%) (p<.001) (Supplemental Figure 1).

In the pre-vaccination era, the 5-year cumulative incidence of varicella in the Unvaccinated A-cohort (23.45%, 95% CI 22.20-24.70%) was significantly higher than in the Unvaccinated R-cohort (16.72%, 95% CI 15.62-17.82%) (p<.001) (Figure 2A). In the vaccination era, a significantly higher 5-year cumulative incidence of varicella was observed in the Vaccinated A-cohort (1.63%, 95% 1.32-1.93%) than in the Vaccinated R-cohort (1.19%, 95% CI 0.90-1.45%) (p=0.006) (Figure 2B).




Figure 2 | Cumulative incidences of varicella in patients exposed to antibiotics within the first 2 years of life and matched controls. The differences between the two study cohorts in the (A) pre-vaccination era and (B) vaccination era were determined by log-rank test.





Multivariate Analyses

In the pre-vaccination era, antibiotic exposure for at least 7 days within the first 2 years of life was independently associated with varicella occurrence (adjusted hazard ratio [aHR] 1.92, 95% CI 1.74-2.12). This risk was weaker but still significant among children born in the vaccination era (aHR 1.66, 95% CI 1.24-2.23) (Table 2).


Table 2 | Multivariate analyses of antibiotic effects for varicella in the pre- vaccination and vaccination eras.



Further analyses demonstrated that exposure to a specific type of the commonly-used antibiotics, including penicillins (aHR 1.47, 95% CI 1.31-1.66), cephalosporins (aHR 1.19, 95% CI 1.04-1.36), macrolides (aHR 1.46, 95% CI 1.28-1.67), and sulfonamides (aHR 1.27, 95% CI 1.09-1.48), were also independent risk factors for varicella occurrence in the pre-vaccination era. However, exposure to these antibiotics in the vaccination era was positively associated with subsequent varicella but without statistical significance (Table 2).




Discussion

This nationwide cohort study suggests that antibiotic exposure early in life is an independent risk factor for childhood varicella. Even though herd immunity has been reached in the vaccination era, a significantly higher incidence of breakthrough varicella is observed in children exposed to antibiotics in early life. The present study adds to the mounting evidence that antibiotic-driven dysbiosis during infancy may cause sequelae linked with immune dysfunction, including increased susceptibility to infections.

Commensal-pathogen interactions involve the direct microbiota-related colonization resistance and the indirect microbiome-mediated immune modulation (29). Commensal microbiota can limit colonization of the invading pathogen through upregulating epithelial barrier function, competition for specific resources, and bactericidal or bacteriostatic effects (29, 30). Eubiotic microbiota also supports healthy immune development, shaping optimal innate and acquired immune responses against infective challenges (1, 2).

Evidence has demonstrated that a decrease in bacterial taxa, vacant nutrient niches, and metabolic environment changes after antibiotic administration predispose individuals to certain infections (31, 32), whereas the commensals may progressively return to baseline following antibiotic cessation (33). On the other hand, antibiotic-driven dysbiosis, especially in early life, might result in enduring immune alterations and long-lasting health impacts (3, 4). Animal studies have demonstrated that infant mice exposed to antibiotics had reduced and dysfunctional interferon-γ-producing CD8 T cells, resulting in subsequent increased mortality from vaccinia virus infection (34). In humans, children exposed to early-life antibiotics have been found to exhibit lower infection-induced cytokines, including interleukin 1β, interferon α, interferon γ, tumor necrosis factor α, and IP10 protein (35). Our results align with these immunological findings and support the microbiome-immune-infection axis theory. Early-life antibiotic exposure is associated with dysbiosis and impaired anti-infectious immunity and increases susceptibility to future varicella infections.

The role of the microbiome in the modulation of vaccine immunogenicity has recently been addressed (5). Several observational studies have documented the correlation between microbiota composition, such as the abundance of Bifidobacterium and Bacteroides species, and vaccine responses (6, 36, 37). Immunomodulatory molecules derived from microbiota, such as flagellin, peptidoglycan, and lipopolysaccharides, regulate T cell priming and immunoglobulin production in response to antigenic stimulation (36, 38, 39). Increasing data also suggests that epitopes encoded by the microbiota can cross-reactive with pathogen-encoded epitopes, presumably with vaccine-encoded epitopes (40, 41).

Despite the association between microbiome and vaccine responses, controversy exists over the influence of microbial perturbation on immunization. Antibiotic-driven dysbiosis impairs vaccine immunogenicity in infant mice but not in adult mice (14). From human research, adults with low pre-existing immunity have been found to present markedly reduced post-vaccination antibody titers after experiencing antibiotic treatment (10). Nevertheless, antibiotic exposure in early life has not significantly affected immunogenicity induced by routine infant vaccines, while sample sizes of these studies were modest (42, 43). Additionally, effects of prebiotics or probiotics on vaccine response are variable, depending on the antigens, probiotic strains, and population (44–46). To date, none of these microbiota-targeted interventions have been transferred from research into clinical practice. Our study assessed incidence of breakthrough varicella among children exposed to early-life antibiotics. Although the UVV program has provided robust protection, infantile antibiotic exposure was still an independent risk factor for childhood breakthrough varicella. Such risk might result from increased varicella pathogenicity following antibiotic exposure overwhelming the vaccine protective efficacy or alteration of vaccine responses induced by antibiotic-driven dysbiosis. Further studies are needed to clarify the effects of early-life antibiotic exposure on immunization and vaccine efficacy.

The microbiota changes related to antibiotics depend on the type of antibiotic used. Previous studies have suggested that almost all types of antibiotics affect gut microbiota. The penicillin family of antibiotics, such as amoxicillin, piperacillin, and ticarcillin, may increase the abundance of Enterococcus spp. and decrease the abundance of anaerobes (47). Cephalosporins, quinolones, and sulfonamides have been associated with abundant Enterobacteriaceae except for Escherichia coli (47). Macrolide treatment has been linked to long-term gut microbiota perturbations among pre-school children, including depletion of Actinobacteria and increases in Bacteroidetes and Proteobacteria (48). The antimicrobial spectrum also influences the impact of antibiotics on the immune response to vaccination. An adult study has demonstrated that the proportion of vaccinees with a more than 2-fold anti-rotavirus antibody titer by 7 days post-vaccination was significantly higher among subjects treated with vancomycin only than those treated with broad-spectrum antibiotics (15). In the present study, early-life exposure to penicillins, cephalosporins, macrolides, or sulfonamides were all independent risk factors for childhood varicella in the pre-vaccination era. The risk of breakthrough varicella due to exposure to these antibiotics in the vaccination era was also observed, although without statistical significance owing to the small number of cases. Relationship between the risk and antimicrobial spectrum of the administered antibiotic remains to be elucidated, since we only examined the effects of using different types of antibiotics rather than the specific antibiotic on varicella occurrence. Overall, caution is warranted in prescribing any type of antibiotic to infants despite their benefits. It should also be taken into account the effects on the human microbiome when administering antibiotic therapy.

Our study has several strengths. The population-based cohort study design enabled us to assess the association between antibiotic exposure and varicella infections. By utilizing the nationwide NHIRD, we enrolled a large sample size, which prevented selection bias, allowing us to identify relatively rare conditions such as post-vaccination infection, and provide reliability in terms of statistics with a smaller margin of error.

Despite these strengths, there are several limitations. First, as this was an observational study, we could only report an association between antibiotic exposure and subsequent varicella but could not infer causality. Second, patient-specific information such as lifestyle, contact history, seeking healthcare in private practice, and over-the-counter medication use was unavailable from the NHIRD. To minimize biases, cohorts possessed comparable characteristics after matching gender, propensity score, and non-antibiotic microbiota-altering medications. We also performed multivariable analyses to adjust for potential confounders. Third, the specific date of vaccination, the total number of varicella vaccines administered, whether concomitant vaccinations were used or not, and the interval from antibiotic exposure to vaccination were not recorded in the dataset. Therefore, it is difficult to assess the effects of antibiotic exposure on immunization. Instead, we reported the association between antibiotic therapy in infancy and varicella during childhood regardless of herd immunity. Finally, as our study focused on varicella, the generalizability of our results may be limited. Nevertheless, it provided valuable information on the microbiome-immune-infection axis theory.



Conclusions

In conclusion, children exposed to antibiotics in infancy are associated with varicella later in life. Antibiotic exposure is an independent risk factor for varicella occurrence, even though herd immunity has been reached. These findings suggest caution when administering antibiotics in early life to prevent increased infection susceptibility and poor vaccine efficacy.
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As the new year of 2020 approaches, an acute respiratory disease quietly caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), also known as coronavirus disease 2019 (COVID-19) was reported in Wuhan, China. Subsequently, COVID-19 broke out on a global scale and formed a global public health emergency. To date, the destruction that has lasted for more than two years has not stopped and has caused the virus to continuously evolve new mutant strains. SARS-CoV-2 infection has been shown to cause multiple complications and lead to severe disability and death, which has dealt a heavy blow to global development, not only in the medical field but also in social security, economic development, global cooperation and communication. To date, studies on the epidemiology, pathogenic mechanism and pathological characteristics of SARS-CoV-2-induced COVID-19, as well as target confirmation, drug screening, and clinical intervention have achieved remarkable effects. With the continuous efforts of the WHO, governments of various countries, and scientific research and medical personnel, the public’s awareness of COVID-19 is gradually deepening, a variety of prevention methods and detection methods have been implemented, and multiple vaccines and drugs have been developed and urgently marketed. However, these do not appear to have completely stopped the pandemic and ravages of this virus. Meanwhile, research on SARS-CoV-2-induced COVID-19 has also seen some twists and controversies, such as potential drugs and the role of vaccines. In view of the fact that research on SARS-CoV-2 and COVID-19 has been extensive and in depth, this review will systematically update the current understanding of the epidemiology, transmission mechanism, pathological features, potential targets, promising drugs and ongoing clinical trials, which will provide important references and new directions for SARS-CoV-2 and COVID-19 research.
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Introduction

To date, the 2019 coronavirus disease (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected 440 million people and caused approximately 5.97 million deaths, and these data are still growing rapidly (https://coronavirus.jhu.edu/map.html). This terrible disease not only causes a large number of casualties, but also seriously affects the world economy and peaceful development (1). Therefore, elucidating the possible mechanisms and potential targets of the disease and exploring effective therapeutic drugs and strategies are the most urgent efforts worldwide.

Studies have confirmed that SARS-CoV-2 is a single-stranded RNA-positive Sarbecovirus subgenus β-coronavirus (2). Homology analysis found that the genome sequence of SARS-CoV-2 is approximately 79% homologous with that of the previous SARS-CoV, and more than 50% homologous with that of MERS-CoV, which provides a certain basis and direction for its research (3). However, due to the extremely unstable genetic material of SARS-CoV-2, it is prone to mutations, producing mutant strains or promoting rapid virus evolution (Table 1), promoting the continued progress of COVID-19 and a wave of turbulence. This once again threatens the prevention and research of COVID-19 (39). Therefore, the need for targeted drugs and promising treatment strategies is urgent.


Table 1 | Characteristics of the current concerned SARS-CoV-2 variant strains.



In view of this, this article will comprehensively analyze the epidemiological and pathological characteristics of SARS-CoV-2 to promote further research on COVID-19. In-depth discussion of promising therapeutic targets and possible pathogenesis during SARS-CoV-2 infection will accelerate the development of promising drugs, including small molecule drugs, vaccines and biological products, traditional Chinese medicines (TCMs) and symptomatic drugs, and the exploration of effective treatment strategies will eventually promote their clinical applications to overcome SARS-CoV-2-induced COVID-19.



Structural Information, Epidemiology and Pathology Features of SARS-CoV-2

According to statistics, there are currently two types (highly pathogenic and minimally pathogenic) of six coronaviruses (CoVs) that can cause human diseases. Among them, highly pathogenic CoVs, including SARS-CoV (Guangdong, China, 2002), Middle East respiratory syndrome coronavirus (MERS-CoV, Saudi Arabia, 2012) and the existing SARS-CoV-2 can cause severe human lung infections and multiple organ dysfunctions (40). The specific development trend of these CoVs is included in Figure 1. With the help of the latest omics, structural biology and other technologies, researchers have initially mastered the genome and structural information of SARS-CoV-2 (41). Specifically, the structure of SARS-CoV-2 is composed of the nucleocapsid (N) protein wrapped with RNA as genetic material located in the core region, accompanied by spike (S) protein, envelope (E) protein and membrane (M) protein scattered in the peripheral area, and the genome structure is mainly composed of multiple open reading frames (ORFs) (42). According to the current gene bank annotation (NC_045512.2), 2 functional ORFs (ORF1a and ORF1b) are translated into replicase complexes, and 4 functional ORFs encode S, E, M and N proteins in the 5’-3’ direction, while the remaining ORFs are distributed in the abovementioned functional genes, encoding multiple accessory proteins, including 3a/3b, 6, 7a/7b, 8a/8b and 9b (43). Further research found that the ORF1a- and ORF1b-translated viral replicase/transcriptase protein complex is cleaved to form up to 16 kinds of nonstructural proteins (nsps) by the virus/host proteolytic enzymes, including 3C-like main protease (3CLpro or Mpro) and papain-like protease (PLpro) (44). During this process, PLpro cuts the N-terminus of the polyprotein to form nsp1, nsp2 and nsp3, which are required for SARS-CoV-2 replication, while 3CLpro cleaves and separates the polyprotein pp1ab to generate nsp4-16 to form multiple active proteins, including RdRp and helicases, which are essential requirements for the life cycle of SARS-CoV-2 in host cells (45). The useful information shown in Figure 2 will help scientists better discover potential targets that interfere with the replication, spread, and pathogenicity of SARS-CoV-2 and develop promising vaccines, small molecule drugs and TCMs that can be used in the clinic.




Figure 1 | Timeline of key events for coronavirus discovery and research. Coronavirus was first isolated from chickens in 1937. With the passage of time and changes in the environment, in the past 84 years, a variety of different species and subgroups of coronaviruses have been discovered, identified, named, and researched. In December 2019, Wuhan, China, reported a novel coronavirus case for the first time. In a short period of time, the COVID-19 epidemic caused by SARS-CoV-2 spread to the world and caused major disasters and epidemics. In the past two years, there have been more than 440 million confirmed cases worldwide, causing approximately 5.97 million deaths, which has caused great social upheavals and dangers.






Figure 2 | The structural features, potential functions and transmission process of SARS-CoV-2. Structurally, the outer side of SARS-CoV-2 is surrounded by a capsid, which is mainly composed of spike (S), membrane (M), and envelope (E) proteins, while the nucleocapsid (N) protein is accompanied by the genome. The genomic structure of SARS-CoV-2 is based on a single-stranded positive-stranded RNA, which contains a 5’-methylated cap and a 3’-polyadenylic acid tail, arranged in the following order: 5’-end; nonstructural protein (nsp) coding region [open reading frame (ORF1a/b)]; structure and accessory protein coding regions such as S, E, M, N and 3a, 3b, 6, 7a, 7b, 8a, 8b, 9b. Among them, the open reading frame (ORF) 1a/b is responsible for encoding a variety of nonstructural proteins, mainly RNA-dependent RNA polymerase (RdRP), papain-like protease (PLpro) and 3C-like protease (3CLpro). The putative functions of these proteins are mentioned in the figure. During the infection process, SARS-CoV-2 recognizes and interacts with host cell surface receptors and enters the host cell through membrane fusion and endocytosis. After entering the host cell, SARS-CoV-2 releases its genome and translates a large number of nsps, including RdRP, PLpro and 3CLpro. Under the action of these enzymes, it synthesizes the new RNA genome and assembles to form virus particles, which are then released into the extracellular space through exocytosis. Uncontrolled replication promotes SARS-CoV-2 infection, leading to immune disorders and inflammatory cytokine storms and ultimately leading to damage to multiple organs, especially the lungs.



Meanwhile, the initial epidemiological research results indicate that SARS-CoV-2 spreads from person to person mainly through the respiratory tract, droplets or aerosols (46). However, based on multiple studies, it can be seen that SARS-CoV-2 can be spread not only through the abovementioned channels but also through other means, which is mainly manifested as follows: 1. There have been cases showing that SARS-CoV-2 can spread by the placenta, but vertical transmission rarely occurs. 2. According to existing research, the virus can spread among minks and can infect humans. Meanwhile, cats and ferrets have been confirmed to be able to transmit to each other, but there are no reported cases of transmission to humans. 3. There have been studies speculating that this virus can also be spread by direct contact and pollutants, but this may be just an unusual route of transmission. 4. Although live virus has been isolated from saliva and feces, viral RNA has also been detected in semen and blood transfusions (47). There are currently no reports of sexual or blood transmission and only one report of possible fecal-respiratory transmission (48), which will provide us with important guidance for all-round protection.

Researchers conducted a systematic analysis of SARS-CoV-2-infected patients and found that almost all patients had frosted glass shadows on both sides of their lungs (49). The initial symptoms of the patient mainly included fever, cough and sputum, hemoptysis, headache and myalgia or fatigue, diarrhea, dyspnea, etc. As the disease progresses, symptoms such as inflammation, fibrosis and edema appear in the lungs, which gradually develop into acute respiratory distress syndrome (ARDS) and cause lung failure (50). Meanwhile, SARS-CoV-2 infection also causes damage to multiple organ functions, including digestive system injury, such as liver degeneration and spot necrosis, and the epithelium of the esophagus, stomach and intestine mucosa show varying degrees of degeneration, necrosis and exfoliation; brain and nervous system damage, such as cerebral congestion and edema, some neuronal degeneration and ischemic changes; cardiovascular system damage, such as increased blood pressure and arrhythmia, increases the probability of myocardial infarction, causes myocardial ischemia, necrosis, thrombosis and cardiac insufficiency; genitourinary system damage, including glomerular congestion, segmental hyperplasia or necrosis, protein exudation in the glomerular capsule, and acute kidney injury (Figure 3); and some patients still die after treatment (51). Based on this, being familiar with the pathological changes caused by SARS-CoV-2 will lay the foundation for clinical diagnosis and targeted therapy.




Figure 3 | Details of multiple organ injury caused by SARS-CoV-2. In addition to varying degrees of pulmonary inflammation, embolism, and acute respiratory distress syndrome, COVID-19 caused by SARS-CoV-2 infection can also cause various organ dysfunctions and damages, including but not limited to encephalitis, Gillan-Barre syndrome, muscle weakness and other nervous system dysfunction; increased blood pressure, arrhythmia, myocardial ischemia, cardiac insufficiency, rupture and other cardio/cerebrovascular system damage; urogenital system damage, such as glomerular congestion and acute kidney injury; digestive system damage, such as diarrhea, increased transaminase/serum bilirubin, decreased albumin/prothrombin activity, acute or chronic acute liver failure, and skin and circulatory diseases, such as skin rash, urticaria, pernio-like lesions, inflammation, cytokine storm, coagulopathy and thrombosis.



At present, new cases of COVID-19 are caused by multiple SARS-CoV-2 variants in many countries (52). Currently, a number of major variants are rapidly growing and causing concern, including alpha (B.1.1.7), beta (B.1.351), gamma (B.1.1.28.1), delta (B.1.617.2) and omicron (B.1.1.529), and the characteristics of these variants are shown in Table 1. Meanwhile, different mutant strains have different characteristics. For example, the gamma variants increase toxicity and increase the risk of hospitalization and death, while Delta strains are highly infectious and spread quickly, especially the shortened incubation period or passage interval, which increases the risk of global epidemics (10, 53). Authoritative research shows that SARS-CoV-2 has evolved more than 800 different subtypes or branches, and its variants may have exceeded 1,000 (54). In general, the direction of the mutation and evolution of the new coronavirus is mainly to break through immunity, avoid vaccines, increase exponential replication, and be highly infectious (37). Although the mutant strains are terrible, their diversity, transmission, epidemic, and pathogenic characteristics will provide important clues for the in-depth study of virus mutation mechanisms, exploration of novel potential targets, and development of effective vaccines, drugs, and therapeutic strategies.



Potential Therapeutic Targets of SARS-CoV-2

Combining the research experience of SARS- and MERS-CoV to explore the potential therapeutic targets of SARS-CoV-2, the following aspects should be considered: enzymes and functional proteins that affect RNA synthesis and viral replication; structural proteins that affect virus entry and the self-assembly process; virulence factors that affect the host immune regulation; and host cell surface proteins and receptors (Figure 4). Correspondingly, therapeutic strategies are also divided into targeting SARS-CoV-2 and targeting host cells and the body’s immune system (55). Authoritative research shows that SARS‐CoV‐2 can encode a variety of proteins, including nsps, structural proteins, and several virulence factors (56). Moreover, multiple specific host cell surface receptors, coreceptors, and auxiliary proteases, including angiotensin converting enzyme 2 (ACE2), transmembrane protease serine 2 (TMPRSS2), cluster of differentiation 147 (CD147) tyrosine-protein kinase receptor UFO (AXL) and nonmuscle myosin heavy chain IIA (MYH9) (38, 57, 58), have been identified. Obviously, these targets will be the most promising targets for fighting the COVID-19 outbreak caused by SARS-CoV-2.




Figure 4 | Potential targets and targeted therapeutic strategies for combating SARS-CoV-2-induced COVID-19. Scheme of the potential targets, intervention strategies and types of therapeutic drugs in the cycle of SARS-CoV-2 infection, replication, and transmission. During the infection stage, SARS-CoV-2 recognizes and interacts with host cell surface receptors through the spike (S) protein or transmembrane glycoprotein CD147 and enters the host cell through membrane fusion and endocytosis. After the virus enters the host cell, SARS-CoV-2 releases its nucleocapsid and genome into the cytoplasm and translates a large number of nonstructural proteins (nsps) including coding RNA-dependent RNA polymerase (RdRP), papain-like protease (PLpro) and 3C-like protease (3CLpro). Under the action of these enzymes, a full-length negative antisense genome template is synthesized to produce the new RNA genome and assembled to form virus particles, which are then released into the extracellular space through exocytosis. Uncontrolled replication promotes SARS-CoV-2 infection, leading to immune disorders and inflammatory cytokine storms and ultimately leading to damage to multiple organs, especially the lungs. The whole process exposed multiple potential targets, providing important guidance for research on anti-SARS-CoV-2 targets, drugs and treatment strategies.




RNA Synthesis and Replication Protease Targets

Nsps have proven to be widely involved in SARS-CoV-2 recognition, entry, inheritance, replication, and infection. Together with their key biological functions and relatively clear structure and active site, the main nsps, including PLpro, 3CLpro, RNA-dependent RNA polymerase (RdRP) and helicase, have become the first batch of targets to be considered for the development of small molecular inhibitors (Figure 4) (59).

3CLpro, the aforementioned nsp5, was found to cut 11 sites on the polyprotein body encoded by ORF1ab and then release mature nsp4-nsp16, which is crucial to the life cycle of SARS-CoV-2 (60). Structural analysis showed that the protease monomer mainly contains a domain I (residues 8-101) and a long loop connected domain II (residues 102-184) and a domain III (residues 185-200), and the active site is located in the gap between domains I and II (61). Mature research on the function, structure and active site of 3CLpro makes it a powerful target for anti-SARS-CoV-2 drugs such as small molecules and peptide inhibitors.

Unlike 3CLpro, PLpro mainly cuts from the N-terminus of the polyprotein to release nsp1, 2 and 3, which will affect the accuracy of SARS-CoV-2 replication. Research on MERS-/SARS-CoV suggests that it has a powerful role in antihost innate immunity (62). Moreover, homology analysis found that SARS-CoV-2 and SARS-CoV PLpro share approximately 83% of the sequence at the protein level. Combined with its indispensable role in virus replication and infection, PLpro should be a valuable target for SARS-CoV-2 inhibitor research. Meanwhile, the use of X-ray crystallography and other techniques to analyze the structure of PLpro will further facilitate the study of PLpro inhibitors against SARS-CoV-2 (63, 64).

In the RNA replication of CoVs, RdRP promotes their evolution by affecting the fidelity of replication and mutation rates to help them adapt to the environment or host cells (65). Homology analysis found that SARS-CoV and SARS-CoV-2 share approximately 82% of the homologous sequence at the genome level, while RdRP shares a sequence of more than an astonishing 96% at the protein level (66). These findings remind us that RdRP will become one of the most promising targets for the study and treatment of SARS-CoV-2. High-resolution structural analysis revealed that the functional domain of SARS-CoV-2 RdRP is located at the C-terminus of the protein, where there is a conserved Ser-Asp-Asp motif. At the RNA level, nsp8 can control the de novo synthesis of up to 6 nucleotides, which will provide primers for nsp12/RdRP RNA synthesis. Meanwhile, the nsp7-nsp8 complex can increase the activity of RdRP, which in turn affects its binding to RNA (67). All these studies provide valuable references and directions for research on anti-SARS-CoV-2 targeting RdRP.

SARS-CoV-2 helicase (nsp13) is a multifunctional nucleoside triphosphate (NTP)-dependent protein. Structural analysis revealed that helicase contains a metal binding domain (MBD) composed of 26 cysteine residues at the N-terminus and a helicase domain (Hel) consisting of a conserved motif at the C-terminus (68). Functional studies found that, helicase can unwind double-stranded (ds) DNA and RNA in an NTP-dependent manner along the 5’-3’ direction during (69). It was found that the sequence of the helicase of SARS-CoV-2 is conserved and indispensable and is an essential component of virus replication. Based on these studies, helicase is expected to become a viable target against SARS-CoV-2 infection.



Structural Protein Targets

Based on the current research results, the spike protein is one of the most critical structural proteins of SARS-CoV-2, which forms a special flower crown structure on the outer surface of the virus in the form of a trimer. Meanwhile, studies have found that the spike protein can directly affect the recognition, receptor binding, interaction, and virus entry between SARS-CoV-2 and host cells to determine the tissue or host preference in the initial stage of infection (70). In the spike (S)-mediated infection process, certain proteases in the host cell, such as TMPRSS2, can cleave the spike protein into two subtypes, the S1 subunit and the S2 subunit. The responsibility of the S1 subunit is to recognize and bind to host cell surface receptors, while the main task of the S2 subunit is to mediate the virus-cell and cell membrane fusion process (71). From the perspective of the mechanism, the structural integrity, cleavage and activation of the S protein perform crucial roles during host cell invasion and virulence. Therefore, it will have far-reaching significance to develop drugs and vaccines that affect the viral spike protein or specific receptors on the host cell surface to prevent SARS-CoV-2 from entering and infecting. Except for the outermost spike protein, the N protein is a highly immunogenic phosphoprotein and also a core and highly conserved component of SARS-CoV-2 (72). In the process of virion assembly, N protein combines with viral genomic RNA to produce a spiral nucleocapsid and is related to viral genome replication and regulation of cell signaling pathways. During this process, the N-terminal domain (NTD) and C-terminal domain (CTD) are necessary structures for effective binding to viral RNA (73). Meanwhile, studies have pointed out that the E protein mainly affects the structural integrity and virulence of SARS-CoV-2 (74). In addition, these proteins also exhibit the interferon (IFN) antagonistic properties. In particular, the M protein can prevent the formation of the MAVS-traf3-tbk1 complex and antagonize the production of IFN-I by interacting with MAVS (74, 75). Based on the above research, S (S1 and S2 subunit), N (NTD and CTD domain), E and M proteins are all have great potential to become targets for the development of anti-SARS-CoV-2 drugs and vaccines (Figure 4).



Virulence Factor Targets

Virulence factors (VFs) are molecules with virulence properties such as invasiveness and toxins produced by the metabolism of viruses and bacteria, which mainly inhibit or evade the host’s immune response when infecting the host and obtain nutrients from the host for self-proliferation (76). At present, little is known about the virulence factors of SARS-CoV-2, and there are three virulence factors, namely nsp1, nsp3c and ORF7a, which are considered to be most likely involved in interfering with the innate immunity of the host to assist in immune escape of the virus (77–79). Specifically, nsp1 induces the degradation of mRNA and inhibits the production of IFN-I by interacting with host cell 40S ribosomal subunits, while nsp3c combines with host cell ADP-ribose to resist innate immunity (77, 80). In addition, ORF7a of SARS-CoV-2 directly binds to bone marrow stromal antigen 2 (BST-2), which reduces its activity by blocking the glycosylation of BST-2 and ultimately inhibits the release of the assembled virus (79). In view of the high feasibility of virulence factors as potential targets for SARS-CoV-2 research, the development of drugs that affect the production and effects of virulence factors will be another important clue to explore the fight against SARS-CoV-2-induced COVID-19.



Hose Specific Receptor or Enzyme Targets

Authoritative studies have confirmed that host cell ACE2 is the specific receptor to which the SARS-CoV S protein receptor binding domain (RBD) binds. The latest research has found that the host receptors of SARS-CoV-2 and SARS-CoV have a high degree of consistency, which indicates that there is also an important interaction between the spike RBD of SARS-CoV-2 and ACE2 (81). During the infection stage, the RBD of the S protein S1 subunit recognizes and binds to the cell surface ACE2 receptor, which promotes the weakening or disappearance of the interaction between S1 and the S2 subunit, thereby exposing the S2 subunit (82). Subsequently, the S2 subunit changes conformation by inserting the fusion peptide (FP) into the host cell membrane, resulting in the formation of a six-helix bundle (6HB) between HR1 and HR2, which ultimately promotes fusion of the viral membrane with the host cell membrane (83). According to the receptor binding motif (RBM) analysis, a large number of amino acid residues necessary for binding to ACE2 are completely retained in the S protein of SARS-CoV-2, which is consistent with the previous discovery that the virus uses ACE2 to enter the host cell (84). Based on a number of authoritative studies, ACE2 will be the most valuable host cell target in preventing the entry and infection of SARS-CoV-2.

In addition, TMPRSS2 can cut off the spike to trigger SARS- and MERS-CoV infection. In a study of SARS-CoV-2, it was found that the virus uses TMPRSS2 instead of cathepsin B and L (CatB/L) to activate the S protein, and the spreading process may also be closely related to the activity of TMPRSS2 (85). Another study found that TMPRSS2 inhibitors can significantly inhibit the SARS-CoV-2 spike protein from entering a cell line expressing TMPRSS2, while promoting the expression of TMPRSS2 can cancel this inhibitory effect, which indicates that the initiation of the SARS-CoV-2 spike protein is dependent on TMPRSS2 (86). Furthermore, an in vitro study showed that camostat mesylate, a serine protease inhibitor, can potently stop the virus from entering Caco-2 (TMPRSS2+) cells rather than 293T (TMPRSS2-) cells by inhibiting the activity of TMPRSS2 (87). The above results suggest that inhibiting TMPRSS2 to treat patients with SARS-CoV-2 infection will be a promising and valuable therapeutic strategy.

CD147 is a highly glycosylated single-pass transmembrane glycoprotein that has been found to play an indelible role in tumor development, plasmodium invasion, virus infection and other processes (88). During SARS-CoV invasion of host cells, CD147 molecules can interact with cyclophilin A (CyPA) to mediate a similar mechanism of action in HIV-1 invasion, while the CD147 antagonist peptide (AP)-9 can strongly bind to HEK293 cells and exert its anti-SARS-CoV effect (89). In view of the high similarity between SARS-CoV and SARS-CoV-2, some studies have attempted to explore the possible role of CD147 in host cell invasion by SARS-CoV-2 (90). The results show that blocking host cell CD147 can significantly inhibit SARS-CoV-2 infection, suggesting that CD147 is likely to be another potential surface receptor independent of ACE2 (91). A study used the humanized anti-CD147 monoclonal antibody called meplazeumab (60 μg/ml), which can prevent virus invasion and the subsequent inflammation caused by SARS-CoV-2 and its variants, including variants α, β, γ and δ, with inhibition rates of 68.7, 75.7, 52.1, 52.1 and 62.3%, respectively (92). Furthermore, CD147 genetically modified mice are more sensitive to SARS-CoV-2 and variants such as α and β, causing the same pathological changes as COVID-19 (93). In addition, surface plasmon resonance analysis confirmed that there is an interaction between CD147 and the S protein (90). This evidence indicates that SARS-CoV-2 can also enter host cells by binding to the CD147 receptor. However, the question of whether CD147 is a coreceptor, a secondary receptor or a completely independent new receptor still needs more research to be verified. However, CD147 is a novel potential therapeutic target with further exploration value in research on fighting SARS-CoV-2 infection. While researchers have multiplied their hopes for discovering this new infection mechanism, several studies have suggested that there is no direct interaction between RBD and CD147, raising doubts about its role as a coreceptor and potential as a therapeutic target (94, 95). Science has always been developed through constant questioning. The conflicting results do not discourage us but instead provide us with new research clues. In any case, more research needs to be done to strengthen the reliability of this finding.

SARS-CoV-2 infection mainly relies on the interaction of the viral surface S protein and the well-known host cell surface receptor ACE2. However, the low expression of ACE2 in the respiratory system makes it difficult to fully explain why SARS-CoV-2 mainly infects the human respiratory system. Along with the continuous deepening of exploration, researchers proved that the AXL protein on lung cells can bind to the spike protein and show a relatively obvious colocalization phenomenon on the cell membrane through large-scale screening and a series of biochemical cellular experiments (96). Interestingly, AXL does not bind to the RBD of the S protein but instead binds to the NTD region at the N-terminus. Meanwhile, a study also found that AXL has significant retention in almost all types of airway cells, including type I/II lung epithelial cells, fibroblasts, basal cells, endothelial cells, smooth muscle cells and myeloid cells. In addition, overexpression of AXL can effectively promote the invasion of SARS-CoV-2, while knocking out AXL in human lung epithelial cells significantly reduces SARS-CoV-2 infection (97). At the same time, clinical data from patients with SARS-CoV-2 also show that the expression level of AXL is highly correlated with severe infections (98). The use of soluble AXL protein can effectively antagonize SARS-CoV-2 infection of lung cells, suggesting that AXL is another potential target during SARS-CoV-2 infection, and targeted or AXL-based drugs may be used for future clinical interventions against SARS-CoV-2 infection.




Potential Therapeutic Strategies and Promising Anti-SARS-CoV-2 Drugs


Small Molecule Inhibitors

Drawing lessons from the research and development experience of SARS-CoV and MERS therapeutic drugs and the current authoritative research about SARS-CoV-2, we need to explore small molecule inhibitors that can prevent the novel coronavirus and its epidemic from two directions (99): 1. This type of inhibitor targets viral proteins, such as the S protein, viral enzymes (PLpro, 3CLpro, RdRP and helicase) and some important structural proteins; 2. This type of inhibitor interacts with host cell surface proteins, such as receptor (ACE2 or AXL) or coreceptor (heparin sulfate), serine protease TMPRSS2, etc., to block virus invasion and some signal regulators of the human immune system, as shown in Figure 4. At the same time, the corresponding development strategies are mainly divided into three categories: 1. Virtual screening: High-throughput screening is carried out to identify possible lead compounds from existing compound databases, such as ZINC, DrugBank, or ChemDiv, on the basis of structural biology and homology modeling analysis of protein structure. 2. Experimental high-throughput screening (HTS): Identify small molecules in the active compound library, including approved drugs, clinical trial candidates, and even internal compound databases. 3. Reposition the application of clinical and preclinical drugs (100, 101). That is the so-called “new use of old medicine”. In addition, the computer-aided design and fragment-based drug exploration are also important strategies.

Under the guidance of these strategies, a variety of small molecule inhibitors targeting different stages of the SARS-CoV-2 life cycle have been discovered. When trying to block SARS-CoV-2 entry by targeting the S protein, the researchers found that Arbidol, Bictegravir, Dolutegravir, and Tizoxanide all have such a conformation that they can bind to the key sites of the S protein with a very high binding energy (102). Arbidol mainly binds to the S1 and S2 subunits of SARS-CoV-2 to promote tight subunit binding, which not only prevents the S1 subunit from falling off, but also impedes the membrane fusion function of the S2 subunit, eventually preventing virus entry. In vitro experiments showed that Arbidol has satisfactory activity against SARS-CoV-2 with IC50 and 50% cytotoxic concentration (CC50) values of 4.11 and 31.79 μmol/L, respectively, and the selectivity index (SI) was 7.73 (103). Bictegravir and Dolutegravir combine between the RBD and NTD of two adjacent S1 monomers, which can prevent SARS-CoV-2 entry by restricting the interaction between the spike RBD and ACE2 receptor (104). In addition, Tizoxanide not only affects the stability of the S1 subunit through hydrogen bonds and van der Waals forces to prevent the RBD in the metastable conformation of the S1 subunit from binding to ACE2 but also affects the membrane fusion of the S2 subunit and host cell (105). Importantly, structural optimization of these molecules produces 9 new small molecules with better anti-SARS-CoV-2 activity, which provides important references for the discovery, development and optimization of small molecule inhibitors targeting the S protein (102). According to the research experience of SARS/MERS-CoV, the design of viral fusion interference peptides based on the properties of heptad repeat 1 (HR1) and heptad repeat 2 (HR2) of the S2 subunit is also an important strategy for the research of small molecule inhibitors of SARS-CoV-2. A pancoronavirus fusion inhibitor peptide, EK1, was designed to inhibit a variety of CoVs and inhibit SARS-CoV-2 S protein-mediated membrane fusion and pseudovirus infection in a dose-dependent manner. Subsequently, its improved version, lipopeptide EK1C4 was designed to have the same inhibitory effect at IC50 values of 1.3 and 15.8 nmol/L, and these two results were 241- and 149-fold those of the former, respectively (106). In addition, another lipopeptide, IPB02, designed based on the HR2 sequence also showed a similar effect (107). Furthermore, SARS-CoV-2-HR2P, a peptide directly based on the amino acid sequence of SARS-CoV-2 HR2, showed a potent membrane fusion inhibition with an IC50 of 0.18 mmol/L (106). Unlike SARS-CoV-2-HRP2, which is designed on a single amino acid, [SARSHRC-PEG4]2-chol, as a dimeric lipopeptide has better membrane fusion inhibition and lower cytotoxicity against SARS-CoV-2 entry (108). After that, one study designed a peptide SBP1 composed of 23-mer peptides to prevent the virus from entering the host cell by disrupting the combination of SARS-CoV-2-RBD and ACE2 (109). To inhibit the combination of viral S protein and ACE2, a study designed two types of peptide inhibitors, AHB1/2 and LCB1/3, by two de novo synthesis approaches around the ACE2 helix structure and RBD motif, which have a strong SARS-CoV-2 neutralization effect with IC50 values of 35/15.5 nmol/L and 23.54/48.1 pmol/L, respectively (110). A study identified a fibronectin-derived anticancer peptide ATN-161 from existing peptides that can prevent the binding of the S protein to ACE2, thereby reducing SARS-CoV-2 infection with an IC50 of 3.16 mmol/L (111). In light of this, the design of small molecule inhibitors for the S protein should focus on the protein structure, amino acid sequence and motif characteristics of the RBD, S1 and S2 subunits. When targeting the host cell ACE2 receptor, it has recently been suggested that ACE2 inhibitors, such as captopril and enalapril, may be effective for those who have experienced SARS-CoV-2-induced pneumonia (112). Nicotinamide analogs, such as nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN), are an important class of natural vitamin derivatives. A relevant study found that it can effectively inhibit ACE2, so it is considered a potential inhibitor for the treatment of COVID-19 (113). However, these are only theoretical speculations and almost no basic or clinical research verification. It is possible that such suggestions will gradually fade out of people’s field of vision. At present, the development of anti-SARS-CoV-2 drugs targeting ACE2 is mainly focused on peptides, antibodies and other biochemical products, including ACE2 antibody, ACE2-scFv, ACE2 nanobody, and ACE2-Fc (114, 115). Although TMPRSS2 is the gateway for SARS-CoV-2 host cells to enter, there have not been many breakthroughs in the research of small molecule inhibitors against this target. The known TMPRSS2 inhibitor camostat in a clinical trial against COVID-19 shows excellent abilities to reduce the death risk and hospital stay (87). Recently, a study demonstrated that the camostat-like drug nafamostat mesylate can prevent the SARS-CoV-2 membrane fusion caused by TMPRSS2 at a concentration of its less than one tenth, suggesting that nafamostat mesylate may be a promising inhibitor against SARS-CoV-2 infection by targeting TMPRSS2 (116). Other studies identified a variety of serine protease experimental inhibitors (DB03782, DB03213, and DB04107) and potential molecules (Z126202570, Z46489368, and Z422255982) through homology modeling and molecular docking/dynamic simulation and embraced binding free energy calculations that may effectively inhibit the TMPRSS2, which all contain a positively charged warhead similar to nafamostat and camostat (117). However, these molecules need to be determined by in-depth mechanistic research. A recent study discovered a covalent small molecule ketobenzothiazole (kbt) serine protease inhibitor, MM3122, whose structure is completely different from camostat and nafamostat and is said to be effective (86). All these results indicate that the study of small molecule inhibitors targeting TMPRSS2 for SARS-CoV-2 will be a good choice. In addition to the ACE2-mediated virus entry pathway, CD147-mediated viral entry is likely to become the second pathway of SARS-CoV-2 invasion. Although still controversial, this does not affect the research of drugs targeting CD147 in the prevention of SARS-CoV-2 infection (90). At present, the drugs targeting CD147 are mainly monoclonal antibodies, and research on small molecule compounds is rarely involved, which will be a breakthrough in future research. The latest research suggests that AXL is a candidate receptor for SARS-CoV-2, which can promote the infection of lung and bronchial epithelial cells (97). As a receptor tyrosine kinase (RTK), there is currently no report on the use of small molecule compounds targeting AXL for the treatment of SARS-CoV-2 infection, but we can refer to the research of RTK small molecule inhibitors in tumors to discover potential small molecule inhibitors of AXL for preventing the entry of SARS-CoV-2.

When considering inhibiting SARS-CoV-2 replication, the study found a variety of promising small molecule inhibitors. 3CLpro (nsp5) is one of the most ideal targets for discovering inhibitors of SARS-CoV-2. The study found that the amino Cys145 residue in the catalytic pocket of 3CLpro is an effective target for exploring small molecular covalent inhibitors of SARS-CoV-2 and other coronaviruses (118). A fluorescence resonance energy transfer study found that the 8-aminoquinoline antimalarial drug tafenoquine can induce the transformation of 3CLpro to expose the hydrophobic pocket and promote the protein aggregation, ultimately reducing the activity of 3CLpro and repressing SARS-CoV-2 RNA replication with an IC50 near 2.5 μmol/L, which is appropriately 1/4 that of hydroxychloroquine (119). Although Lopinavir-Ritonavir (Kaletra) was initially used in the treatment of SARS-CoV-2 because of its ability to block the replication of SARS-CoV and MERS by inhibiting 3CLpro, the latest research results do not support its use in the treatment of COVID-19 (120). A study screened FDA-approved drug libraries and found that the anticoagulant dipyridamole (DIP) may bind to 3CLpro to inhibit more than 50% of SARS-CoV-2 replication in Vero E6 cells at 100 nmol/L. After 2 weeks of DIP treatment, 8 critically ill patients improved significantly (121). With the continuous understanding of the structure of the 3CLpro protein, more small molecule inhibitors have been discovered, and some of them have been in clinical trials. Compounds 11a and 11b have been screened and confirmed to have a strong inhibitory effect on SARS-CoV-2 3CLpro, with IC50 values of 0.053 μmol/L and 0.040 μmol/L, respectively; EC50 values of 0.53 μmol/L and 0.72 μmol/L, respectively; and have good pharmacokinetic properties (122). At present, 11a (DC402234) has submitted a clinical application registration declaration and has obtained FDA conditional clinical trial approval (Phase I: NCT04766931). After screening, the in vivo antiviral test results of the small molecule compounds MI-09 and MI-30 showed that oral or intraperitoneal injection of these compounds can significantly reduce the lung viral load and lung pathological damage in a SARS-CoV-2-infected transgenic mouse model (123). Although various research results and different inhibitors of 3CLpro have been shown in front of people one after another, the clinical entry is extremely limited; only the four inhibitors (PF-07304814 [phase III: NCT04501978] and PF-07321332 [phase III: NCT05047601] developed by Pfizer, USA; the aforementioned 11a (DC402234 made by Frontiers, China [phase I: NCT04766931]; and the code-named S-217622 produced by Shionogi Inc., Japan [phase II/III: jRCT2031210350) are in clinical trial (124). PLpro (nsp3) has also received much attention due to its important role in the replication and invasion of SARS-CoV-2. Some noncovalent small molecule inhibitors (rac3j, rac3k and rac5c) that have been effective against SARS-CoV can target SARS-CoV-2 PLpro to prevent the self-processing of nsp3 in cells, thus reducing viral-induced CPE at high concentrations (33 μmol/L) (125). Based on the crystal structure of SARS-CoV-2 PLpro, researchers obtained useful data from the FDA-approved drug database and identified 147 potential inhibitors of SARS-CoV-2 PLpro. In Vero E6 cells, dronedarone, an ion channel modifier, has good antiviral activity against SARS-CoV-2-induced CPE with an IC50 of 4.5 μmol/L (CC50 of 12.1 μmol/L) (126). The naphthalene-based inhibitor, GRL-0617, can effectively inhibit the activity of SARS-CoV-2 PLpro with an IC50 of 2.2 μmol/L, and its mechanism is not limited to occupying the substrate pocket but expands to seal the substrate binding entrance cleft, thereby preventing the binding of the substrate (62). At present, the crystal structure of PLpro has been completely resolved (PDB code: 6W9C), and more small molecule compounds will be discovered as the crystal structure is fully analyzed. To date, no small molecule inhibitors against PLpro have entered clinical studies, which suggests that there is still a long way to go in the development of PLpro-targeted small molecule inhibitors against SARS-CoV-2. RdRP (nsp 12) has become an important target for the development of anti-SARS-CoV-2 drugs because it participates in the virus replication process as a key enzyme that catalyzes the synthesis of the SARS-CoV-2 genome. A research group from Shanghai, China, successfully analyzed the three-dimensional structure of the RdRP-nsp7-nsp8 complex at near-atomic resolution (with an overall resolution of 2.9 Å) using cryo-electron microscopy, which lays a solid foundation for the design of antiviral inhibitors based on the RdRP structure (127). As research on SARS-CoV-2 RdRP continues, multiple potential drugs have been discovered and confirmed. Remdesivir [GS-5734], a nucleotide analog originally used to fight Ebola virus, was first proposed for the treatment of COVID-19 patients because it can be used as a substrate for the RdRP. In Vero E6 cells at a SARS-CoV-2 MOI of 0.05, remdesivir shows an ideal potential to fight SARS-CoV-2 with IC50 = 0.77 μmol/L, CC50 > 100 μmol/L and SI > 129.87, which also quickly promotes the quick access of RdRP small molecule inhibitors to global phase III clinical trials and their direct use in some regions (128). However, things are always dramatic. The latest clinical trial results published by the WHO do not seem to be optimistic about this small molecule inhibitor (129). As far as COVID-19 hospitalized patients are concerned, it has little or no impact on indicators such as overall mortality and duration of hospital stay. Regardless of the outcome, the emergence of remdesivir has provided an important reference and motivation for the research of small molecule inhibitors targeting RdRP. A subsequent study screened a century-old classic drug, suramin, and a variety of derivatives, which exhibited a more than 20-fold ability to fight SARS-CoV-2 infection with remdesivir by targeting RdRP (66). Another small-molecule inhibitor called favipiravir (T-705) targets RdRP to mildly resist SARS-CoV-2 infection with an IC50 of 61.88 μmol/L, CC50 > 400 μmol/L and SI > 6.46 (130). Several clinical trials (ChiCTR2000029600/200030254, etc.) have shown that favipiravir may accelerate virus clearance and alleviate the progression of COVID-19, which lays a solid foundation for its clinical application and provides a structural basis and strong evidence for the development of broad-spectrum antiviral drugs based on the strategy of “old drugs and new use”. A study reported that the oral broad-spectrum ribonucleoside analog β-D-N4-hydroxycytidine [EIDD-1931] showed good anti-SARS-CoV-2 activity in Vero cells with an IC50 of 0.3 μmol/L (131). In addition, the oral EIDD-1931 prodrug molnupiravir (MK-4482, EIDD-2801, Merck Sharp & Dohme Corp, USA), due to its ideal anti-coronavirus effect, has ended phase III clinical trials (NCT04575584, NCT04575597 and NCT04939428) ahead of schedule and is expected to be launched in the United States soon (131). The oral purine nucleotide prodrug AT-527 developed by Roche is expected to have a good phase III clinical trial (NCT04889040) result (132). These studies provide hopes and directions for the development of small molecule inhibitors targeting RdRP during SARS-CoV-2 infection. At present, there are already several small molecule inhibitors that target helicases, such as bananins, 5-hydroxychromone derivatives, and SSYA10-001, which are expected to be used in SARS-CoV-2-related experiments (133). In addition, authoritative studies suggest that the classic old drug clofazimine has the ability to inhibit the helicase activity of SARS-CoV-2, suggesting that it may play a role in controlling the current COVID-19 pandemic and the emergence of CoVs in the future (134). Although there has been hope, the greatest challenge is the relatively low selectivity of small molecule inhibitors targeting helicase, and there is no drug targeting helicase that exceeds preclinical development. However, the development of small molecule helicase inhibitors may provide another effective treatment option for the COVID-19 pandemic.

Studies are also concerned that several small molecule inhibitors can fight SARS-CoV-2 via immunoregulatory and inflammatory functions, and the specific details are introduced in the “Significant Symptomatic Therapeutic Agents” section.

At present, the continuous rapid screening of small molecule databases based on SARS-CoV-2 potential targets has found some effective lead compounds or candidate drugs, which will promote the continuation of basic research and clinical trials of small molecule inhibitors for COVID-19 (Table 2). In addition, computer-based drug design is icing on the cake for accelerating the screening and development of small molecule inhibitors, but it is conservatively estimated that new targeted interventions will still take some time. Considering the current spread of the novel coronavirus disease and the continuing case fatality rate, rapid screening of FDA-approved and clinical trial drugs is a more practical method because “old drugs and new use” may reduce development costs and shorten development time (232). To date, a large number of small molecule inhibitors against SARS-CoV-2 infection have been screened; however, many of these studies have not been fully implemented (233). Meanwhile, the safety of some confirmed promising anti-SARS-CoV-2 small molecule inhibitors or drugs is also unknown, especially reproductive toxicity, which imposes more difficulties on the clinical translation of small molecule inhibitors. Therefore, adequate research needs to be carried out to maximize safety and avoid false positive effects. The mutation of the virus and the SARS-CoV-2 epidemic have made the discovery of vaccines and drugs more uncertain. In the long run, there is still much work to be done in the screening, validation, clinical research and clinical application of specific or broad-spectrum small molecule inhibitors for SARS-CoV-2 virus entry, replication, or prevention.


Table 2 | List of drugs that may be effective in the preclinical and clinical phases for COVID-19.





Vaccines

The main therapeutic strategies for infectious diseases include controlling the source of infection, blocking the route of transmission and protecting the susceptible. Among them, vaccines, as an effective means to protect susceptible persons and block transmission, have always been the main weapon for humans to fight infectious diseases (234). Given that the current effective treatments against the new coronavirus are not fully recognized, the development of vaccines against SARS-CoV-2 is particularly important. At present, a variety of vaccine platforms against SARS-CoV-2 are rapidly being established and developed, including inactivated vaccines and live attenuated vaccines and viral vector vaccines and nucleic acid vaccines (DNA and mRNA) (Figure 5) (235). With the joint efforts of scientists from all over the world, more than 322 candidate vaccines have been developed, which are in the preclinical, Phase I, Phase II through to Phase III efficacy studies and include Phase IV registered as interventional studies (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines) (Table 2). The rapid development of vaccine research has brought dawn to the control of the epidemic, but there are many shortcomings that need to be considered and improved.




Figure 5 | The design and development model of SARS-CoV-2/COVID-19 vaccines. One of the most important intervention strategies for COVID-19 is vaccine control. To date, six major types of vaccine candidates (live attenuated vaccines, recombinant protein/peptide vaccines, inactivated vaccines, viral vector vaccines, nucleic acid vaccines and other types of vaccines) are under development, clinical trials, authorized emergency use, and routine preventive use. These six types of candidate vaccines represent the direction of SARS-CoV-2 and even the entire coronavirus vaccine research.



Regarding inactivated vaccines, there are preliminary statistics of 15 such vaccines that have entered different clinical trials, including BBIBP-CorV, CoronaVac, WIBP vaccines, and Covaxin, which have entered Phase III (236). CoronaVac (Sinovac Biotech, China) can produce a wide range of neutralizing antibodies against 10 different virus strains in a variety of animals with a titer of over 90, and it has complete protection against SARS-CoV-2 infection after three immunizations (6 μg/dose) in macaques (151). Currently, CoronaVac is undergoing Phase III clinical trials in Brazil, of which 90,000 healthy participants are or will be registered. Another inactivated vaccine, covaxin, developed by an Indian Pharmaceutical company, has shown good safety and effectiveness in phase 1/2 clinical trials. At present, Covaxin is also undergoing phase III clinical trials, of which 26,000 volunteers participated (237). Other candidate inactivated vaccines are being rapidly developed in China and have been confirmed to have higher antibody titers and better safety in phase 1/2 clinical trials. Just now, a Phase III clinical trial with 15,000 participants has been launched in the United Arab Emirates (238). The development of inactivated vaccines gives us confidence in the development of vaccines against SARS-CoV-2. However, we must also recognize some of the shortcomings of inactivated vaccines and improve them. For example, the inoculation dose is large, the protection time is short, the need for multiple vaccinations, and the formation of antibody-dependent enhancement effects may aggravate viral infections.

The development of live attenuated vaccines against SARS-CoV-2 has been slow, mainly due to the limitations of the longer transformation or screening time of attenuated strains, heavy workload, and high biosafety protection standards. At present, only one attenuated influenza virus vector vaccine developed by China has entered a phase I clinical trial (ChiCTR2000037782), and three live attenuated vaccines developed by India and Turkey are undergoing preclinical evaluation (239). However, we should also realize that live attenuated vaccines can retain the complete structure of the virus and have good immunogenicity; they can simulate the natural infection process to induce humoral and cellular immunity and can produce long-lasting protection; no adjuvant is required (240). If the transformation time of attenuated strains can be optimized and biosafety is ensured, live attenuated vaccines can be an alternative direction.

At present, approximately 20 SARS-CoV-2 vaccines are being developed around the world that use the viral vector method. These vector vaccines are mainly divided into two categories: nonreplicating vector vaccines based on adenovirus and lentivirus and replicating vector vaccines based on measles, influenza, etc. The most concerning adenovirus vectors include ChAdOx1 nCoV-19/AZD1222 (Oxford University & AstraZeneca, etc., UK; D8110C00001) (241) and Ad26.COV2.S (Johnson & Johnson, USA; NCT04505722) (242), Ad5-nCoV (Academy of Military Medical Sciences & CanSino Biologics Inc, China; NCT04526990) (160) and Gam-COVID-Vac (Gamaleya, Russia; NCT04656613) (162). In addition, the 2019-nCOV candidate (Academy of Military Medical Sciences, China; ChiCTR2000031781) and defective simian adenovirus vector GRAd-COV2 (ReiThera, Italy; NCT04791423) are in phase II, with two vaccines: VXA-CoV2-1 (Vaxart, USA; NCT04563702) and hAd5-S-Fusion+N-ETSD (ImmunityBio, Inc., USA; NCT04710303) are in phase I. Lentiviral vector-based vaccines under development include LV-SMENP-DC currently in phase I/II and pathogen-specific aAPC vaccine in phase I (Shenzhen Geno-Immune Medical Institute, China; NCT04299724/NCT04276896). Phase II of the clinical trial was the intranasal influenza virus vector DelNS1-2019-nCoV-RBD-OPT1 (Beijing Wantai Biological Pharmacy, China; ChiCTR2000039715), and phase I/II of the clinical trial was the replication VSV vector rVSV-SARS-CoV-2-S/IIBR-100 vaccine (Israel Institute of Biology, Israel; NCT04608305) and three replication virus vector vaccines in Phase I: the intranasal influenza virus vector the measles vector TMV-083/V-591 (Institut Pasteur & Themis Bioscience, Austria; NCT04497298) and the VSV vector V590-001 (MSD Corp., USA; NCT04569786) and modified Ankara vector MVA-SARS-2-S (Universitätsklinikum Hamburg-Eppendorf, Germany; NCT04569383). Relying on the characteristics of few adverse reactions, good safety, and a mature production system, this type of vaccine has been developed rapidly. However, neutralizing antibodies of the vector may exist in the body, which will cause the vector to be attacked, thereby reducing the vaccine effect. Therefore, improving the effectiveness will be an important direction for the improvement of these vector vaccines.

The SARS-CoV-2 nucleic acid vaccine has quickly become the focus of vaccine research and development due to its simple development and operation, low production cost, short development and production cycle, and rapid response (243). At present, the research of such vaccines is divided into two major directions, namely, DNA vaccines and mRNA vaccines. Currently, there are 27 DNA vaccines under research in the world, 11 of which have entered the clinical trial stage, and this number will slowly increase as the technology continues to mature. ZyCoV-D is a new type of DNA vaccine candidate mainly composed of plasmid DNA loaded with the viral spike gene and signal peptide coding gene (171). The results of clinical trials (CTRI/2020/07/026352) have verified a good safety profile and induced cellular and humoral responses, which will support its further development to prevent COVID-19-related infection and death in the global population. Meanwhile, the emergency use of the ZyCoV-D vaccine in India has brought more possibilities and hopes for the development of DNA vaccines. INO-4800 is a DNA vaccine expressing S protein particles developed by Inovio Pharmaceuticals (174). Clinical trial (NCT04336410) data prove that the INO-4800 vaccine maintains one or both cells and humoral arms of the immune response for the emerging SARS-CoV-2 variant, which may be the key factor affecting the ongoing COVID-19 pandemic. Taking into account the advantages of DNA vaccines, the results of phase I clinical trials of INO-4800 (NCT04447781) and the status of entering phase II/III clinical trials (NCT04642638) once again brought great encouragement to the development of DNA vaccines. Although we have seen great hopes for DNA vaccines against the new coronavirus, we should also clearly recognize that the challenge for DNA vaccines is that they need to reach the nucleus all the way, which forces us to do more research to improve and develop a delivery system to meet the delivery efficiency of DNA vaccines (244). In addition to DNA vaccines, the development of mRNA vaccines is also in full swing. mRNA vaccines can express intracellular antigens similar to DNA vaccines, but they solve the problem of low immunogenicity of DNA vaccines and generate nonspecific immunity against the vector and delivery efficiency, so they have received more attention from researchers. Currently, two mRNA vaccines have been approved for marketing, namely BNT162b2 developed by BioNTech & Pfizer and mRNA-1273 produced by Moderna (175, 177). The results of clinical trials (NCT04368728/NCT04470427) show that the effectiveness, safety and immunogenicity of the two mRNA vaccines meet the ideal requirements. With further in-depth research on SARS-CoV-2, more mRNA vaccines have entered clinical trials, such as CVnCoV (CureVac AG; Phase II: NCT04515047), ARCT-021 (Arcturus Therapeutics, Inc.; Phase I/II: NCT04480957), LNP-nCoVsaRNA (Imperial College London; Phase I: ISRCTN17072692) and ARCoV (Academy of Military Medical Sciences; Phase I: ChiCTR2000034112), etc., and preclinical research (more than 19 candidate mRNA vaccines). Evidence from clinical trials thus far shows that mRNA vaccines are very likely to become a new platform that is fast, safe and efficient. However, to become a viable clinical alternative to traditional vaccines, mRNA vaccines must overcome two major problems related to the immunogenicity and stability of mRNA vaccines (245).

In addition to the above vaccine development strategies, recombinant protein and peptide vaccines such as human recombinant soluble ACE2 (hrsACE2), recombinant S protein nanoparticle vaccine (NVX-CoV2373), recombinant RBD protein vaccine (RBD219-N1), HR2P polypeptide and EK1C4 vaccine, etc. It can effectively induce humoral and cellular immunity to produce a wider cross-reaction, which is also an important choice for the development of SARS-CoV-2 vaccines. Each vaccine development strategy has many advantages, while at the same time, there are more or fewer shortcomings (246). The current main goal is to develop a safe and effective vaccine to curb the pandemic of SARS-CoV-2. However, we should be clearly aware that while avoiding the risks of existing vaccines, the ultimate goal of vaccine development is to develop single or mixed general vaccines for different CoVs or to establish a research and development and production platform. Only in this way can we withstand the current and future virus damage.



Traditional Chinese Medicine

Traditional Chinese medicine (TCM) has played an important role in the prevention and treatment of infectious diseases, and its theories and methods have been traced in many classic Chinese medical works (247). Meanwhile, these TCMs achieved good results in fighting against SARS-CoV infection in 2003. Moreover, in the 74187 confirmed cases of SARS-CoV-2 infection reported in China, the effective rate of receiving TCM treatment was more than 90%, and its main effect was to significantly improve and shorten the course of disease, delay disease progression, and reduce mortality (248). At the same time, traditional Chinese medicine has also been confirmed to have a low incidence of adverse reactions and often self-healing in the treatment of COVID-19 patients (249). Given that, TCM is a valuable resource for combating the epidemic of SARS-CoV-2.

Among the abundant resources of TCM, some representative drugs have shown good anti-SARS-CoV-2 activity in terms of direct anti-virus, regulation of inflammatory immunity, and organ protection, as shown in Figure 4. Analysis of cytopathic effects and plaque reduction showed that the active ingredients of Lianhua Qingwen capsule significantly inhibited the replication of SARS-CoV-2 in a dose-dependent manner through Akt signaling (194). In Vero E6 cells infected with 100 TCID50 SARS-CoV-2, the IC50 value was 411.2 μg/mL (250). In addition, Qingfei Paidu Decoction has the effect of directly inhibiting the invasion and replication of SARS-CoV-2 by acting on the host cell ACE2 and 3CLpro, respectively (251). In addition, the ingredients of Huoxiang Zhengqi capsule and Xuebijing injection are reported as potential 3CLpro inhibitors, which could inhibit SARS-CoV-2 replication by targeting PIK3CG and E2F1 through the PI3K/Akt pathway. Moreover, network pharmacology and molecular docking studies found that the active ingredients of multiple TCMs, including Jinhua Qinggan granules, Tanreqing injection and Huashi Baidu Decoction, can all act on replicating enzymes or host cell receptor proteins to inhibit the replication and invasion of SARS-CoV-2 (252). In addition to directly blocking the replication and invasion of SARS-CoV-2, several active ingredients in Qingfei Baidu Decoction, Xuanfei Baidu Decoction, Huashi Baidu Decoction, Jinhua Qinggan Granules, Huoxiang Zhengqi Capsules, Lianhua Qingwen Capsules, Shufeng Jiedu Capsules, Xuebi Jing injection, Reduning injection, Tanreqing injection and Shenmai injection have been proven to not only reduce inflammation and inflammatory storms but also regulate cytokines and immune dysfunction by regulating multiple signal pathway abnormalities in patients, thus alleviating SARS-CoV-2-induced COVID-19 (253). In the process of studying the damage of SARS-CoV-2 to organ function, clinical analysis found that Qingfei Paidu Decoction, Jinhua Qinggan Granules, Lianhua Qingwen Capsules, and Shufeng Jiedu Capsules may play a protective role in organ damage through the effects of expectorant, anti-inflammatory, antioxidant, and antifibrosis (248, 252).

The mechanisms of TCMs for anti-SARS-CoV-2 and organs protection are quite complicated. On this basis, it will be a great deal for the TCM treatment of SARS-CoV-2 if the specific active ingredients can be clarified. In this context, based on the TCM system pharmacology database and analysis platform (TCMSP) and literature, researchers have discovered that quercetin, kaempferol, luteolin, isorhamnetin, baicalein, naringenin, and wogonin (the latter three are in the same ranking) are the most promising important ingredients for anti-SARS-CoV-2 by comprehensive analysis using network pharmacology, bioinformation analysis, molecular docking, animal experiments, and clinical trials (252). In addition, as many as 401 compounds were found to have antiviral activity, and many ingredients have shown good therapeutic effects in experiments. A recent study found that salvianolic acid C, an active hydrophilic compound of Danshen, can effectively inhibit SARS-CoV-2 infection and block the formation of the S protein 6-HB core, with an IC50 value of 3.41 μmol/L (224). In a cell-based system, baicalin and baicalein, as the key active components of Scutellaria B., show strong antiviral ability by significantly inhibiting 3CLpro activity, with IC50 values of 10.27 and 1.69 μmol/L, respectively (254). The above findings suggest that TCM resources are very abundant, and many ingredients or compounds can be considered as lead compounds for the development of anti-SARS-CoV-2 drugs (Table 2). Perhaps the active ingredients of TCM can form a more promising small molecule inhibitor library in the future. Therefore, we should pay attention to and devote certain resources to screening, discovering and developing promising TCM compounds and extracts for the treatment of SARS-CoV-2.

We know that TCM prescriptions are produced in long-term exploration and practice, and their compatibility, toxicity, safety and other issues can be guaranteed. However, the abovementioned problems exist when the active ingredients and monomers of TCM are used (249, 255). We hope that TCM can be more widely used in the treatment of COVID-19, but at the same time, safety issues such as compatibility, toxicity, and adverse reactions of active ingredients and monomers of TCM should also be more studied and explored (256).



Significant Symptomatic Therapeutic Strategy

During COVID-19, aggressive inflammation and dysfunctional immune responses are the most basic, common and important pathological features that trigger cytokine storms and mediate multiple organ system damage (257). If not well controlled, the situation will worsen and even lead to death. In severe cases, most patients experience severe lung inflammation and thrombosis (258). Therefore, anti-inflammatory and anticoagulant drugs have been proposed and implemented, including the application of low molecular weight heparin to hospitalized patients as one of the standard symptomatic therapeutic strategies (Figure 4). In the serum of most COVID-19 patients, the levels of proinflammatory cytokines, including IL-1β, IL-2, IL-6, IL-8, IL-17, G/GM-CSF, MCP1, CCL3 and TNF, are significantly elevated, which is considered a cytokine storm (259). Among these cytokines, IL-6 has become a stable indicator of poor prognosis and has been used in the neutralization treatment of several inflammatory diseases. Therefore, targeting serum IL-6 levels to reduce inflammation may become an important symptomatic treatment strategy (260). One clinical study (ChiCTR2000029765) showed that tocilizumab, an IL-6 receptor-targeted monoclonal antibody, could reduce the risk of severe SARS-CoV-2 infection in patients with invasive mechanical ventilation or death (261). A randomized double-blind phase III clinical trial (NCT04320615) showed that tocilizumab (8 mg/kg, intravenous injection) can significantly shorten the intensive care unit by 5.8 days (9.8 days of standard care) and shorten the discharge time by 8 days (20 days of standard care) (262). Currently, tocilizumab has registered more than 70 SARS-CoV-2-related clinical trials. CVL218 was originally discovered through a data-driven drug reuse framework that can effectively inhibit the replication of SARS-CoV-2 with an EC50 of 5.12 μM. In-depth studies have shown that CVL218 (1 and 3 μM) treatment for 12 h can significantly reduce the production of IL-6 by 50% and 73% in peripheral blood mononuclear cells induced by CpG (microbial DNA sequence containing unmethylated CpG dinucleotides), respectively. In vivo studies have shown that CVL218 is mainly distributed in lung tissues and has no obvious toxicity (263). The above results suggest that CVL218 has a significant anti-inflammatory cytokine effect on SARS-CoV-2-induced immunopathological symptoms. Based on this, we think that targeted intervention of inflammatory cytokines is an important SARS-CoV-2 treatment strategy that can be studied in depth.

Multiple studies suggest that excessive inflammatory production of proinflammatory cytokines such as IL-6 and TNF-α may trigger ARDS, which will accelerate disease progression and increase the risk of death in COVID-19 patients (264, 265). Therefore, controlling the development of ARDS may also be a feasible treatment strategy for COVID-19. At present, a number of clinical studies (NCT04244591/NCT04327401/NCT04476992/NCT04306393…) are using strategies such as glucocorticoids, small molecule drugs, recombinant interferon and NO inhalation to explore the effectiveness of intervening in ARDS to affect COVID-19 (266, 267). Perhaps this strategy will provide more evidence for the safety and efficacy of treating COVID-19.

Immunomodulators are an important class of substances that affect the function of the immune system. Among them, pegylated interferon-α, which is approved for the treatment of hepatitis B/C viruses (HBV/HCV), can be used to stimulate the innate antiviral response of patients infected with SARS-CoV-2 (ChiCTR2000029387) (268). A retrospective study showed that pegylated interferon-α aerosol (5 million IU, bid) and arbidol (600 mg/day) treatment can significantly reduce the upper respiratory tract viral load and shorten the time for the inflammatory response indicators (IL-6 and CRP) in blood to return to normal with no obvious adverse reaction (269). Meanwhile, some clinical trials evaluated the therapeutic effect of glucocorticoids and found that they can significantly reduce the cytokine storm and relieve the corresponding tissue damage, which is beneficial to the treatment of severe COVID-19 (reduced 1/3 of mortality rate in patients using ventilators) and may affect the clearance of the virus in mild patients (270). The above results indicate that the use of immunomodulators to affect immune function will be a symptomatic treatment strategy for COVID-19 that can be considered. Although it is not given priority, the indications, dosage and course of treatment can be strictly controlled in consideration of the patient’s situation to ensure the maximum benefit of the patient.

The use of antibodies contained in the plasma of convalescent patients to suppress viremia for passive immunotherapy is considered to be a promising option for anti-SARS-CoV-2 infection. Currently, there have been clinical trials to test the effectiveness of plasma in recovering patients, and a study showed that the mortality rate of patients receiving convalescent plasma therapy is significantly lower than that of patients not receiving plasma therapy (271). In vitro experiments showed that antibodies in the serum of SARS-CoV-2-infected patients can effectively neutralize SARS-CoV-2. Moreover, clinical trials of administering convalescent plasma to 5,000 COVID-19 hospitalized patients in the early stages have also proven to be safe because the incidence of serious adverse events is very low (272). Therefore, convalescent plasma seems to be a good symptomatic treatment strategy in the case of solving the problems of ionomer safety and whether it needs a different storage method from ordinary plasma.

In addition, blood purification, NK-cell therapy, MSC transplantation therapy and Treg cell therapy have also been mentioned and are being studied. These therapies mainly alleviate and eliminate the pathological symptoms of patients, including inflammation, immune dysfunction, organ failure, etc., by adjusting immune function, removing inflammatory cytokines from the body, and directly killing SARS-CoV-2 infections (186). Changes such as lymphopenia and increased inflammatory cytokines in COVID-19 patients can induce symptoms of inflammation, immune function, and organ system dysfunction, which can be considered potential biomarkers and intervention targets for disease progression (273). Therefore, symptomatic treatments such as improving lymphopenia, reducing inflammation, and regulating immunity will become promising treatment strategies.




Perspectives and Conclusions

The continuous outbreak of SARS-CoV-2 and the endless emergence of new mutant strains once again emphasize the urgency of continuing to explore, screen, and prevent COVID-19 globally. All this urgently requires precise target determination and mechanism elucidation in order to develop specific or broad-spectrum drugs for SARS-CoV-2 virus entry, replication, pathological changes or prevention.

While exploring and determining the effective targets for fighting against SARS-CoV-2, we should highly combine the experience of the three CoV pandemics, clarify the SARS-CoV-2 genome and structural information, and lay the foundation for screening targets; comprehensively consider the pathophysiological characteristics and mechanisms of viral entry, replication, assembly, infection and pathogenic processes to accurately analyze the crystal structure of related enzymes and proteins, and provide direct evidence for the target; and combine omics, bioinformatics, computer virtual screening and artificial intelligence and other technologies to explore, screen and confirm targets with maximum efficiency.

Furthermore, the development of vaccines and drugs needs to be carried out at multiple levels. Specifically, considering the lethality and disability of COVID-19, short-term research focuses on “old drugs and new use”, rapid screening of FDA-approved drugs and clinical trials, and cooperation with other medication considerations to speed up the treatment of patients. After multichannel experience accumulation, developing innovative drugs targeted at different populations with good activity and selectivity against viruses through virtual screening and computer drug design, candidate drug preclinical research, and corresponding protective measures are key to future prevention and treatment. Moreover, it is necessary to minimize the occurrence and impact of drug resistance to maintain the efficacy of these innovative drugs; from a long-term perspective, broad-spectrum anti-CoV drugs should be developed to provide sufficient R&D experience and test platforms for possible future outbreaks.

Currently, there are only a few clinically approved drugs, vaccines and corresponding therapeutic strategies for COVID-19, and we cannot control the long-term consequences. Therefore, through the existing vaccination prevention, contact tracing, isolation of infected persons, and effective supportive treatment of SARS-CoV-2-infected persons, the diagnosis of symptomatic and asymptomatic persons and their close contacts as soon as possible is still the key means to prevent the further spread and control the disease. Furthermore, we should also realize that focusing on international cooperation and sharing anti-epidemic experiences will provide new impetus for the dissemination and confirmation of treatment strategies.
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The rapid evolution of highly infectious pathogens is a major threat to global public health. In the front line of defense against bacteria, fungi, and viruses, antimicrobial peptides (AMPs) are naturally produced by all living organisms and offer new possibilities for next-generation antibiotic development. However, the low yields and difficulties in the extraction and purification of AMPs have hindered their industry and scientific research applications. To overcome these barriers, we enabled high expression of bomidin, a commercial recombinant AMP based upon bovine myeloid antimicrobial peptide-27. This novel AMP, which can be expressed in Escherichia coli by adding methionine to the bomidin sequence, can be produced in bulk and is more biologically active than chemically synthesized AMPs. We verified the function of bomidin against a variety of bacteria and enveloped viruses, including severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), herpes simplex virus (HSV), dengue virus (DENV), and chikungunya virus (CHIKV). Furthermore, based on the molecular modeling of bomidin and membrane lipids, we elucidated the possible mechanism by which bomidin disrupts bacterial and viral membranes. Thus, we obtained a novel AMP with an optimized, efficient heterologous expression system for potential therapeutic application against a wide range of life-threatening pathogens.
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Introduction

The Coronavirus disease 2019 (COVID-19) pandemic has led to high mortality and new infections in many countries (1). Recently, the emergence or re-emergence of multiple viruses (severe acute respiratory syndrome coronavirus-2 [SARS-CoV-2], herpes simplex virus [HSV], Dengue virus [DENV], chikungunya virus [CHIKV], etc.), as well as drug-resistant pathogenic strains, has constantly threatened the lives of humans and animals (2). To overcome the immediate threat posed by constantly evolving pathogens and prevent future epidemics (3), broad-spectrum antimicrobial agents and novel drugs against drug-resistant strains are urgently needed (4). Antimicrobial peptides (AMPs) are amphiphilic peptides that selectively target and eliminate various microbial pathogens at low micromolar concentrations (5, 6), with little or no induction of drug resistance (7) (8). AMPs are classified into synthetic peptides and natural antibiotics. In mammals, cathelicidins and defensins constitute two prominent AMP families (9). Notably, AMPs potentially possess antiviral abilities through physical interactions with membrane or fusion proteins (10), alternation of virion morphology (11), and inducing virion aggregations (11). For example, LL-37, protegrin-1, and indolizidine have been reported to inhibit HIV infections (12). Furthermore, AMPs have attracted considerable attention as therapeutics against infectious viral pathogens such as HSV (13), DENV, Zika virus (ZIKV), Ebola virus (EBOV) (14), CHIKV (15), and, recently, SARS-CoV-2 (16–18).

Primary HSV infection usually causes a self-limited oral labia infection (HSV-1) or genital infection and subsequent persistence of latent HSV in nerve root ganglia (HSV-2) (19). Moreover, the outbreak of HSV infection may be spontaneous or induced by external stimuli such as emotional stress, ultraviolet radiation, or immunosuppression. HSV-2 infections affect more than one-half of the world’s population and can persist in sacral ganglia or trigeminal nerves with intermittent reappearance (20). Dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) are caused by DENV-1, DENV-2, DENV-3, and DENV-4 (21). DENV-2 is the predominant cause of outbreaks (22). CHIKV is a re-emerging human arthropod-transmitted virus that may also lead to global outbreaks. It has become a serious health problem due to the lack of an antiviral treatment/vaccine. In addition, CHIKV can cause self-healing febrile diseases with joint pain. Extensive studies have been conducted to target different proteins in CHIKV to curb the spread of the virus (15).

More than 60 approved peptide drugs are currently available for sale in the United States, Europe, Japan, and Asian countries. In addition, peptide-based antiviral therapies have been approved for HIV, influenza virus, and Hepatitis virus (B and C) (23). In this new generation of compounds, AMP has antiviral activity, and its mechanism and biological properties have attracted people’s attention. The current antimicrobial peptides (APD) database is dedicated to natural antimicrobial peptides, with 190 peptides annotated as antiviral. Among these AVPs, there are 138 animals, 30 plants, 2 fungi, 1 protozoa, 14 bacteria, and 5 synthetic peptides. In addition, four famous AVP families are isolated from different natural sources-antimicrobial peptides, cecropin, cyclopeptides, and defensins (24). Applying AH-D antiviral peptides in early pregnancy can prevent Zika virus replication and offspring death (25). In addition, the peptide crossed the blood-brain barrier to reduce viral loads and damage caused by ZIKV (26). In studying the membrane binding of HCV non-structural 5A (NS5A) protein, the development of 27-polymer AH peptide preferentially ruptures lipid vesicles less than ~ 100nm in diameter. In addition to the AH peptide, the 18-mer amphiphilic α-helix C5A peptide was initially identified when screening a peptide library from HCV polyproteins and effectively inhibited various envelope viruses in vitro, including HCV, HIV, DENV, West Nile virus, HSV, RSV, and MV. These characteristics led to the design of C5A variants with improved antiviral selectivity and applicability for nanoparticles (27).

Because of its broad-spectrum mechanism and huge potential sequence diversity, peptides that inhibit viral entry may potentially meet the demand for new antiviral therapy; however, to optimize or evolve sequence design to combat a wide range of viral diseases, their mechanisms need to be better understood (28). Notably, the low yields and difficulties in the extraction and purification of AMPs have hindered their industry and scientific research applications. To our knowledge, only polylysine and nisin (29) can be produced industrially (29). Therefore, we developed an optimized heterologous expression system to increase AMP yields significantly, achieve efficient purification and structural AMP optimization, and improve AMP therapeutic activity (30).

The amphiphilic nature of most AMPs determines their structural flexibility. Based on their secondary structures, AMPs are usually classified into four categories: linear α-helical peptides, β-sheet peptides, β-hairpin, or loop peptides (29). Notably, the helical peptide shows an unstructured conformation in an aqueous solution, but when the peptide contacts a biological membrane, it becomes an amphiphilic spiral structure (29). BMAP-27 is a well-known peptide derived from bovine sources with a cationic NH2 terminus that forms an amphipathic α-helix (31). BMAP-18 is a truncated form of BMAP-27. Its toxicity in mammalian and insect cells is reduced, but it is still directly toxic to parasites in vitro (32). Bomidin is BMAP-18 with a methionine added to the N-terminus of the primary sequence, which enables its expression in E. coli.

Bomidin (CAS#: 2374916-29-5) is a biologically extracted polypeptide containing 19 L-amino acids and with a molecular weight of 2474 Da. In the current study, we optimized the codon of the bomidin gene, induced the expression of bomidin in Escherichia coli BL21(DE3), and ultimately extracted and purified bomidin with purity ≥95% by ion-exchange chromatography and reversed-phase chromatography. Bomidin has shown a significant antibacterial effect against Vibrio parahaemolyticus and, therefore, has recognized therapeutic potential against Macrobrachium rosenbergii in aquaculture applications (33). To investigate the possibility of bomidin as a novel antibacterial and antiviral agent, we characterized the ability of bomidin to inhibit multiple bacterial strains and enveloped viruses (SARS-CoV-2, HSV-2, DENV-2, and CHIKV). In addition, we demonstrated the mechanism by which bomidin destroys bacterial and viral membrane structures. Our results suggest that bomidin can be further developed as a safe and efficient peptide-based therapy for treating and preventing a wide range of infections.



Methods


Cells, Viruses, and AMPs

Vero-E6 (African green monkey kidney cell line) and Huh7 (hepatocellular carcinoma cell line) were cultured in DMEM (Thermo Fisher Scientific, Waltham, USA) containing 10% fetal bovine serum in a 5% CO2 incubator at 37°C. DENV-2, HSV-2, and HTNV were kept in our lab and propagated in Huh7 and Vero-E6 cells. The SARS-CoV-2 virus (PubMed No: MT627325) was isolated, processed, and maintained in the ABSL-3 laboratory. In addition, CHIKV and SARS-CoV-2 were gifts from the Second Military Medical University and propagated in Vero-E6 cells. Detection of virus titers was performed using plaque-formation assays (SARS-CoV-2, HSV-2, and CHIKV), fluorescent focus assays (DENV2), and ELISAs (HTNV). Bomidin: MGRFKRFRKKFKKLFKKLS (CAS#: 2374916-29-5) was provided by Genloci Biotech with purity > 95%. (Nanjing, China). In addition, BMAP-18 (GRFKRFRKKFKKLFKKIS) (34) and RI-10 (RIVQRIKDFL) (14) control peptides were synthesized by GenScript (Genscript Biotech Corporation China). All peptide AMPs were dissolved in ddH2O at a dose of 1 mM and diluted in the medium as required before the assay.



Character Determination of Bomidin

The molecular weight of Bomidin was obtained using an ultra-extreme mass spectrometer (Bruker Daltonik GmbH, Leipzig, Germany). The data are collected for a mass range from m/z 500–3000 Da in positive reflection mode. At a laser frequency of 1000 Hz, 1000 excitations are obtained at each point.



Cytotoxicity Measurement

The cell suspension (2×104 cells/well) was inoculated in a 96-well culture plate and grown overnight to 90% confluence at 37°C. The cells were treated with different concentrations of AMPs for 1 hour, and the same concentration of PBS was used as a control. After 48 hours of cell culture, 10% CCK8 solution was added to each well and incubated at 37°C for 1 hour. The absorbance was measured at 450 nm using a microplate reader. The CC50 represents the drug concentration required for the uninfected cells’ 50% cell killing (cytotoxicity).



In Vitro Antibacterial Assays

The test strain’s minimal inhibitory concentration (MIC) was determined by the microbroth dilution method recommended by the Clinical and Laboratory Standards Institute (CLSI) M07-A11. The MIC of compounds to fungi was determined by the micro liquid-based dilution method recommended by [Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeast; Approved Standard-third Edition (Vol, 28, No. l4); M27-A3]. The MIC assay was performed according to the method described in the Supplementary Materials.



Fluorescent Focus Assay

Huh, 7 cells were seeded in 12-well plates and incubated under 5% CO2 at 37°C overnight. Viruses were mixed with different concentrations of Bomidin (0 μM, 10 μM, 20 μM, 40 μM, and 80 μM) for 30 min and infected the cells for 2 hours. After adsorption, an overlay of DMEM, 5% FBS, and 0.8% carboxymethylcellulose (CMC, ICN Biomedicals, Aurora, OH) was added. The infected monolayer cells were cultured in a 5% CO2 incubator at 37°C. The covering solution of the culture medium infected for 2 days was removed, and cold phosphate-buffered saline (PBS) was added. After incubating for 5 minutes, the PBS was discarded, and the cells were fixed with cold absolute methanol (Sigma–Aldrich Co., St. Louis, MO) for 10 minutes and then washed with PBS. Next, the cells were incubated with an antibody diluted with PBS for 1 hour at 37°C, washed three times, and then stained with a secondary antibody. The fluorescent foci of infection were observed and counted by fluorescence microscopy.



Immunofluorescence Assay

Different viruses were mixed with antimicrobial peptides for 10 min, infected cells for 1 h, and cultured with DMEM containing 10% serum for 48 h. After discarding the supernatant and washing it three times with PBS, it was permeated with PBS containing 0.2% Triton X-100 (containing 0.1% BSA) at room temperature for 30 minutes. Then, the cells were mixed with an antiviral antibody at 4°C overnight. After washing with PBS three times, the cells were incubated with fluorescence-conjugated secondary antibodies at room temperature for 1 hour. Cell nuclei were stained using 4’,6’-diamidino-2-phenylindole (DAPI) in the dark for 5 min, and images were obtained by Fluorescence microscope.



Plaque Forming Assay

The cells were cultured overnight in a 6-well plate (1×106 cells/well). Two hours after adding viruses to the wells, the cells were further incubated with a maintenance medium containing 2% methylcellulose (Sigma, Saint Louis, USA) for 48 hours at 37°C. After incubation, the maintenance medium was removed, and the cells were washed with phosphate-buffered saline (PBS) and stained with methylene blue.



Quantitative Real-Time PCR Assay

Cellular RNA was isolated using a standard protocol, and qRT–PCR analysis was performed using SYBR Green (BIO-RAD, California, USA) according to the manufacturer’s protocol. Viral RNA expression was calculated using the 2-delta delta C.T. (cycle threshold) method normalized to GAPDH expression. qPCR primers sequences are as follows: SARS-CoV-2: Fwd-5’GGGGAACTTCTCCTGCTAGAAT 3’, Rev 5’CAGACATTTTGCTCTCAAGCTG 3’ | HSV-2: Fwd-5’ AATGTGGTTTAGCTCCCGCA-3’, Rev-5’ CCAGTTGGCGTGTCTGTTTC-3’ | DENV-2: Fwd-5’ GGTTTTGGGAGCTGGTTGAC, Rev-5’ ACTCTAAGAAGCGTGCTCCA |CHIKV:Fwd-5’TCTATAACATGGACTACCCGCCC, Rev-5’ AGCCAGATGGTGCCTGAGAGT



Western Blotting

The cells were washed twice with DPBS, lysed with 1×SDS protein loading buffer at 4°C for 30 minutes, and harvested. The supernatant was collected by centrifugation (13,000 rpm) at 4°C for 30 minutes. Next, the same amount of protein was boiled at 95°C for 10 minutes, separated by SDS–PAGE with different concentrations, and then transferred to a polyvinylidene fluoride membrane by electrophoresis. After blocking with 5% skim milk in 1×TBS, the membrane was incubated with primary antibody (Abs), and then the secondary Abs were labeled with infrared dye. The Odyssey infrared imaging system (LI-COR Biosciences) was used to visualize the signal on the polyvinylidene fluoride film and then the whole W.B. program.



Transmission Electron Microscopy

After predehydration with graded ethanol, the bacteria were transferred to anhydrous acetone for 20 minutes. At room temperature, the sample was placed in a 1:1 mixture of absolute acetone and final Spoor resin mixture for 1 hour and then transferred to a 1:3 mixture of absolute acetone and final resin mixture for 3 hours. The final Spoor resin mixture was incubated overnight. Next, the sample was placed in an Eppendorf tube containing Spoor resin and heated at 70°C for more than 9 hours. Samples were sliced in a Leica EMUC7 ultramome, and the slices were stained with uranyl acetate and essential lead citrate for 5 to 10 minutes and observed with a Hitachi H-7650TEM.

Virus-infected cells were collected by centrifugation to prepare cell particles, fixed in cacodylate sodium buffer containing 1% glutaraldehyde (0.2 M, pH 7.2), and fixed in 1% osmium tetroxide. Then, the fixed sample was dehydrated by acetone solution and embedded in epoxy resin. Finally, the sample was polymerized at 60°C for 3 days. The resin block was used to prepare ultrathin slices (50-70 nm thick). These sections were supported by copper mesh, negatively stained with uranyl acetate and lead citrate (electron microscopy) and observed with a JEM100SX transmission electron microscope (JEOL, Tokyo, Japan).



Molecular Dynamics Simulations

The all-atom M.D. simulations were performed on Gromacs 2019.6 with CHARMM36 force field (35, 36). The initial model of the bomidin peptide and various lipids, along with 150 mM NaCl and explicit water molecules, were constructed by CHARMM-GUI and equilibrated as an NPT ensemble at 303.15 K (37, 38). The simulations were carried out with LINCS constraints on H-bonds and a time step of 2 fs. The nonbonded interaction cutoff for electrostatic calculations was set as 10 Å, and the particle mesh Ewald (PME) method was used to calculate long-range electrostatic interactions.



Statistical Analysis

Statistical analysis was performed by GraphPad Prism software (version 9.0, GraphPad Software Inc.). Data are expressed as the means ± S.D. Unpaired Student’s t tests determined statistical significance between the two groups. One-way ANOVA determined the significance of the variability between different groups. p < 0.05 was considered statistically significant, and p > 0.05 was considered statistically nonsignificant (*p < 0.05; **p < 0.01; ***p < 0.001; NS, no significance).




Results


Peptide Prediction and Characterization

We simulated the structure, hydrophilicity, and hydrophobicity of bomidin, which is an αα-helical peptide (Figure 1A), with positively charged lysine and arginine residues scattered among the hydrophobic parts on both sides (Figure 1B). In a dissolved state, bomidin has a charge number related to the pH of the solution. The mass spectrum in Figure 1C shows the multiple charge states (from +7 to +3) of the bomidin ion detected. Considering that as many as 10 in the bomidin sequence as a primary amino acid, we speculate that Bomidin may also have ions of various valence states in a neutral solution (Figure 1C). The mass of bomidin was 2474 Da.




Figure 1 | The structural characteristics of bomidin. (A) The α-helix of bomidin. (B) Total solvent accessibility of bomidin; blue, hydrophobic; red, hydrophilic regions. (C) Mass analysis of bomidin. (D) Cytotoxic effects of bomidin in cells. The cytotoxicity induced by bomidin in Vero E6 and Huh7 cells was determined by CCK-8 assay 48 h after treatment. CC50 is the bomidin concentration required to reduce cell viability by 50%.





Bomidin Inhibits 12 Bacterial Species and 2 Fungal Strains

AMPs featured high specificity against bacteria and relatively low cytotoxicity toward mammalian cells. Therefore, we first examined the impact of bomidin on cell viability. The 50% cytotoxicity (CC50) value in virus-susceptible cells was 169.6 ± 1.1 μM in Vero cell lines and 95.8 ± 1.1 μM in Hu7 cell lines (Figure 1D). We then established that bomidin inhibited 12 bacterial species, including 41 strains. To assess the effects of bomidin on common bacteria, we measured the minimum inhibitory concentration (MIC) using the microbroth dilution method (39). We determined the effects of bomidin on other bacterial strains, including 8 gram-positive and 4 gram-negative bacteria species (Table 1). The MICs were in the range of 1-4 μM in common. For the more tolerant gram-positive bacterium Enterococcus faecalis and the fungus Candida albicans, the MIC value ranged from 8 to 32 μM. (Table 1).


Table 1 | MICs of Bomidin against various bacteria and fungi.



Specifically, we characterized the antimicrobial effects of bomidin on 5 common pathogenic drug-resistant strains from hospitals. These drug-resistant strains (extended-spectrum β-lactamase (ESBL)-producing E. coli, vancomycin-resistant Staphylococcus aureus, multidrug-resistant Acinetobacter baumannii, Klebsiella and Pseudomonas aeruginosa) were cultured on blood agar plates with complete hemolytic rings (β-hemolytic phenotype). Treatment with bomidin significantly reduced the populations of these pathogens. At a 100 μM dose, bomidin abolished the growth of Klebsiella and P. aeruginosa within 30 minutes, while its effects on the cultures of S. aureus, A. baumannii, and ESBL-producing E. coli were evident within 24 h (Figure 2A and Supplementary Figure 1).




Figure 2 | Assessment of bomidin as an inhibitor of bacterial growth. (A) The 25 μM and 100 μM doses of bomidin treatment significantly reduced bacterial populations within 30 min while abolishing the growth of ESBL-producing Escherichia coli and Staphylococcus aureus within 24 h. (B) After 30 min or 1 h of bomidin treatment, the number and size of bacteria (B. subtilis, E coli, and S. aureus) decreased. Perforations, vesicular structures, and some flocculent material aggregates were observed on the membranes, and some bacteria ruptured into fragmented, unclear structures.



We then used a scanning electron microscope to directly observe the bomidin-treated bacterial samples. The morphology of the untreated cells was intact (Figure 2B, left column). In contrast, the membrane surface of the bomidin-treated cells was swollen, the cell surface was rough, and the morphology showed changes (Figure 2B). After 10 min or 30 min of bomidin treatment, the number of bacteria (B. subtilis, E. coli, and S. aureus) decreased, and their size also reduced. In addition, perforations, vesicular structures, and flocculent material aggregates were observed on the membranes, and some bacteria had ruptured, presenting fragmented, unclear structures (Figure 2B). Hence, bomidin disrupted the integrity of the bacterial membranes.



Bomidin Inhibits a Broad Range of Enveloped Viruses at the mRNA and Protein Levels

As enveloped viruses (SARS-CoV-2, HSV-2, CHIKV, DENV-2, etc.) contain viral membranes, we were interested in testing the antiviral effects of bomidin on these representative viruses. After incubating bomidin and the viruses for 10 minutes, we infected these susceptible cells with SARS-CoV-2, HSV-2, CHIKV, or DENV-2. We quantified the replication ability of the remaining viruses at the protein level using immunofluorescence (live SARS-CoV-2 and DENV-2) or GFP reporter genes (for pseudotyped CHIKV) (Figures 3A, B). Bomidin inhibited the infectability of each virus in a dose-responsive manner. Specifically, 10 μM bomidin was enough to reduce the population of DENV-2 or HSV by 50%, while 80 μM bomidin significantly inhibited SARS-CoV-2 growth. We also corroborated the inhibitory effects at the mRNA level. Consistent with the measurements of GFP signals, the DENV-2 and HSV mRNA levels were susceptible to increased bomidin concentrations (Figure 3C).




Figure 3 | Broad spectrum antiviral activity of bomidin against viral infection in cells. (A) The dose-dependent inhibitory effect of bomidin at different concentrations (0 μM, 10 μM, 20 μM, 40 μM and 80 μM) was determined by an immunofluorescence assay (SARS-CoV-2, DENV-2 and CHIKV) and a plaque forming assay (HSV-2) 48 h postinfection. Cell nuclei were stained with DAPI (blue). The viral proteins are indicated in green. (B) Fluorescence quantification. (C) Bomidin inhibition of virus RNA formation at different concentrations (0 μM, 10 μM, 20 μM, 40 μM and 80 μM) was determined by quantitative real-time PCR 48 h postinfection, and GAPDH was used as the housekeeping gene for normalization. The data are shown as the means ± S.D.; n = 3 cell cultures per experiment. *p < 0.05; **p < 0.01; ****p < 0.0001.





Electron Microscopy Revealed That the Number of Viral Particles Decreased Significantly After Bomidin Treatment

We directly compared viral particles in cells with or without bomidin treatment using electron microscopy. In cells without bomidin, dark-colored viral particles of SARS-CoV-2, HSV-2, CHIKV, or DENV-2 were apparent. With 20µM, 40 µM or 80 µM bomidin pretreatment, no viral particles were observed, suggesting an antiviral inhibition percentage greater than 90% (Figures 4A–D, a-c). Bomidin did not affect the integrity of the mammalian cell membrane (Figures 4A–D, d).




Figure 4 | The antiviral activity of bomidin against viral infection was determined by transmission electron microscopy (TEM). The different viruses were mixed with the respective concentrations of bomidin-treated cells for 2 hours and detected by TEM 48 h postinfection. (A) SARS-CoV-2, (B) DENV-2, (C) CHIKV, (D) HSV-2. (a) Virus-infected cells; (b, c) Bomidin-treated viral cultures for 10-30 min at 37°C with infected cells; red arrows: viral particles. (d) Bomidin control.





Compared With Other Reported Antibacterial Peptides, Including BMAP-18, Bomidin Shows a More Significant Inhibitory Effect on Virus Infection

We compared the antiviral activities of the mammalian cathelicidins BMAP-18 and bomidin and the control peptide RI-10 (RIVQRIKDFL) (14). As shown in spot tests, immunofluorescence assays, and plaque tests, the ability of bomidin to inhibit infection (DENV-2, CHIKV, and HSV-2) was significantly higher than that of the other two peptides (Figures 5A–C).




Figure 5 | Bomidin shows better antiviral activity than the antimicrobial peptide BMAP-18.2. Comparison of the antiviral effects of the antimicrobial peptides bomidin and BMAP-18 on different viruses. The viruses were mixed with varying concentrations of the antimicrobial peptide to infect cells for 2 h. The effects were detected by various methods (A) fluorescence focus assay; (B) immunofluorescence assay; (C) plaque-forming assay) 48 h postinfection. RI-10: nonantimicrobial control peptide; BMAP-18: antimicrobial control peptide; bomidin: BMAP18-derived antimicrobial peptide.





Bomidin Can Pass Through Bacterial and Viral Membranes in Simulated Systems But Does Not Damage Eukaryotic Cell Membranes

To evaluate the impacts of the bomidin peptide on different components of cellular or viral membranes, we computationally modeled systems containing bomidin and common membrane lipids (Figure 6 and Supplementary Table 1) (phosphatidylserine, P.S.; phosphatidylinositol, P.I.; phosphatidylcholine, P.C.; phosphatidylethanolamine, P.E.; cholesterol, Chol; and sphingomyelin, S.M.). In current study, the components of viral membrane were adapted from shared lipidome of DENV (40), SARS-CoV-2 (41), HSV-2 (42), E. Coli and mammalian cell membranes (43) were used as the model system. Notably, the mammalian cell plasma membrane contains significant amounts (~ 20%) of cholesterol, while a majority of viral membranes are composed of P.C. (~60%), P.E. (~20%), and P.I. (~10%) lipids. When embedded inside the bilayers of a viral or bacterial membrane model, bomidin disrupted the surrounding lipid molecules and emerged from one side of the membrane bilayer (Figure 6A and Supplementary Video 1), possibly leading to the perforations or vesicular structures observed in the electron microscopy images. In contrast, bomidin resides in the plasma membrane without disturbing its overall integrity, likely because the enriched components of cholesterol reduced the fluidity of human plasma membranes. We postulated that the efficacy of bomidin was sensitive to the chemical nature of lipids it interacted. As control simulations, we also evaluated the effects of several known AMPs with varying lengths/conformations (Supplementary Video 2, two antibacterial peptides and one anti-HCV peptide). The results of our control simulations indicated that the bilayer system we constructed for molecular dynamics simulations reflected the antimicrobial activities; all three peptides caused membrane permeation and disruption.




Figure 6 | Molecular dynamics simulations of the Bomidin–membrane interactions. (A) Snapshots of the Bomidin and bilayer membrane dynamic systems throughout the 400 ns trajectories. Bomidin interacted strongly with anionic phospholipid bilayers with a preference for fluid layers. Membrane penetrations or disruptions were observed for viral/bacterial membrane models (left/middle panel). The elevated cholesterol-to-phospholipid molar ratio (commonly seen in mammalian plasma membranes) and decrease in membrane fluidity can shield the membrane from the action of the peptide (right panel). (B) Lateral view of the overall simulated system with a bilayer of lipids (dark gray) immersed in water (blue/white spheres) and ions (purple/green spheres). Conformations sampled by Bomidin (yellow) are shown.






Discussion

Collectively, our results demonstrated the potential of bomidin as a broad-spectrum inhibitor of bacteria and multiple enveloped viral infections. As a family of cationic peptides, the antimicrobial or antiviral activity is usually associated with its ability to adsorb on bacterial/viral surfaces or with interactions with innate immune system components to enhance nucleic acid-sensing (44). Specifically, AMP membrane-targeting mechanisms can be described through pore models or carpet models (45). AMPs vertically embedded in the cell membrane accumulate and then bend to form a circular hole with a 1–2 nm diameter (also known as the toroidal pore or wormhole model, Figure 6B) (45). Interestingly, our data indicated that Bomidin disrupted flavivirus membranes but did not affect the integrity of Hantaan virus (HTNV) membranes (Supplementary Figure 3) or eukaryotic cell membranes. Previous studies have suggested that flavivirus membranes are derived from internal endoplasmic reticulum membranes of infected cells (46). Hence, we postulated that the function of bomidin as an antiviral peptide depended on the lipid composition and chemical properties of the membranes with which it interacts. Indeed, molecular modeling showed that bomidin readily disrupted viral membranes (with components similar to those in the endoplasmic reticulum) and bacterial membranes but did not alter the overall structures of the cell membranes, corroborating our experimental observations.

The recent trend of virus epidemics shows that enveloped viruses are the main threat to global health. Therefore, it will be beneficial to formulate a widely applicable anti-virus strategy for a wide range of enveloped viruses. The phospholipid membrane, including the viral envelope, is a suitable target, especially if the strategy based on nanotechnology can be further optimized to target the viral membrane selectively (47). Previous studies suggested the lipid composition of the virion envelope reflects that of the membrane where budding took place (48). The Lipid Envelope Antiviral Disruption (LEAD) molecules (such as CLR01) were shown to broadly inhibit mosquito-borne viruses (such as DENV and ZIKV) and other lipid membrane-enveloped viruses (49). It disrupts the lipid envelope surrounding virions, abrogates viral infectivity, and reduces viral load (49).

We observed broad-spectrum inhibitory activities against over forty different bacteria and four enveloped viruses, suggesting that the bomidin peptide could target lipid components shared among the bacteria and viruses. Furthermore, based on recently published lipidome experiments of viruses, specifically DENV (40), SARS-CoV-2 (41), HSV (42), and studies of E. Coli and mammalian cell membranes (43). We constructed model systems of commonly shared lipid components from a consensus of lipidomic measurements to investigate the role of bomidin on the model membrane (48). Hence, we further divided our membrane models into those resembling the endoplasmic reticulum/Golgi or those resembling the plasma membrane. A notable difference between these two is the enrichment of cholesterol esters and sphingomyelin (50). Using these models, we could explain why bomidin readily inhibited viruses budding from the E.R./Golgi (such as Dengue and SARS-CoV-2) but was not as effective against HSV-1 (high amount of sphingomyelin) or HTNV (budding from the plasma membrane) (Supplementary Figure 3). The lipid components of E. Coli inner membrane and human cell plasma membrane were used as positive controls and negative controls, respectively, in our simulations (43). An emerging paradigm for broad-spectrum antimicrobial molecules focused on the lipids of the virus and bacteria (51), and our results reinforced that interfacial activity of AMPs correlated with their broad-spectrum antimicrobial activities (11).

More than 400 peptide drugs are currently in clinical trials, and the FDA has approved approximately 60 kinds of peptide drugs (23). In sharp contrast, few peptides have been approved for use in antiviral treatment. Therefore, strategies are being developed to improve drug properties, such as permeability, oral bioavailability, and blood and cell stability (29). Despite a few potential limitations (such as limited mass production), peptides exhibit advantages over small-molecule drugs (organics), including superior binding affinity and fewer side effects (14, 23, 52). Furthermore, the backbone and side chains of natural AMPs can be conveniently adapted to carry a circular structure consisting of D-amino acids (53), which significantly increases the stability of the peptides and improves their drug properties in the presence of peptidases (29).

In summary, the protective effects of bomidin reported here suggest further expansion of the antiviral arsenal. Furthermore, our rational engineering of bomidin has enabled its mass production. It generates new opportunities for future manufacturing and applications, such as loaded bomidin acting as nanocarriers to achieve sustained drug release, external medicines, nasally administered mist sprays, or wound dressings. Overall, we expect that the systemic administration and development of bomidin into antibiotics and broad-spectrum antiviral drugs will contribute to our constant fight against drug-resistant bacterial infections and viruses and stall the spread of worldwide pandemic-causing pathogens.
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Concerted efforts to fight malaria have caused significant reductions in global malaria cases and mortality. Sustaining this will be critical to avoid rebound and outbreaks of seasonal malaria. Identifying predictive attributes that define clinical malaria will be key to guide development of second-generation tools to fight malaria. Broadly reactive antibodies against variable surface antigens that are expressed on the surface of infected erythrocytes and merozoites stage antigens are targets of naturally acquired immunity and prime candidates for anti-malaria therapeutics and vaccines. However, predicting the relationship between the antigen-specific antibodies and protection from clinical malaria remains unresolved. Here, we used new datasets and multiple approaches combined with re-analysis of our previous data to assess the multi-dimensional and complex relationship between antibody responses and clinical malaria outcomes. We observed 22 antigens (17 PfEMP1 domains, 3 RIFIN family members, merozoite surface protein 3 (PF3D7_1035400), and merozoites-associated armadillo repeats protein (PF3D7_1035900) that were selected across three different clinical malaria definitions (1,000/2,500/5,000 parasites/µl plus fever). In addition, Principal Components Analysis (PCA) indicated that the first three components (Dim1, Dim2 and Dim3 with eigenvalues of 306, 48, and 29, respectively) accounted for 66.1% of the total variations seen. Specifically, the Dim1, Dim2 and Dim3 explained 52.8%, 8.2% and 5% of variability, respectively. We further observed a significant relationship between the first component scores and age with antibodies to PfEMP1 domains being the key contributing variables. This is consistent with a recent proposal suggesting that there is an ordered acquisition of antibodies targeting PfEMP1 proteins. Thus, although limited, and further work on the significance of the selected antigens will be required, these approaches may provide insights for identification of drivers of naturally acquired protective immunity as well as guide development of additional tools for malaria elimination and eradication.
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Introduction

There is a common agreement that sustainable elimination of malaria will require multiple approaches (1). The need to develop efficacious vaccines remains an integral component of this fight, supported by strong evidence showing that naturally acquired protective immunity against Plasmodium falciparum is acquired among individuals living in malaria-endemic regions (2, 3). Specifically, antibody-mediated immunity against P. falciparum malaria is acquired with age and repeated exposure (2). This immunity mainly targets antigens of the parasite asexual blood-stages; however, the complete repertoire of the specific targets has not been unequivocally defined. Based on this understanding, several approaches are being applied to select the most appropriate vaccine candidates.

Focused and unbiased immuno-epidemiology studies have reported, identified, or characterized most of the leading candidate vaccines in the developmental pipeline. Most recently, high-throughput immunoscreening to simultaneously investigate proteins as potential vaccine candidates or as immune correlates of protection has been a major strategy (4–7) with antigens such as PfRh5, CelTOS, MSP3, and GLURP (7–9) being identified. These antigens are in the vaccine development pipeline. However, most data, to date has limited our ability to prioritize antigens, enrich the pool of vaccine candidates, and link immunological data with clinical outcomes.

Over the years, we have developed and optimized a robust and high-throughput eukaryotic wheat germ cell-free protein synthesis system (WGCFS) coupled with a homogeneous high-throughput AlphaScreen platform for antibody profiling and mechanistic characterization of proteins that have a role in merozoites invasion of erythrocytes, or induction of protective immunity in malaria naturally exposed individuals (9–11). Leveraging this approach, we have prioritized, from hundreds of parasite proteins expressed in multiple parasite stages, several P. falciparum antigens for inclusion in the vaccine development pipeline. Recently, a total of 1,827 recombinant proteins drawn from different P. falciparum stages (sporozoites, merozoites, trophozoites, schizonts, and gametocytes) were used to probe individual serum samples obtained from residents of a malaria endemic region in Uganda. Protein immunoreactivity was observed at 54% with 128 antigens inducing antibody responses that significantly associated with reduced risk to clinical malaria episodes (defined as fever ≥37.5 ˚C and asexual parasitemia of ≥2,500/µl of blood) during a 12-months follow-up period. Of these antigens, 53 were down-selected as the most viable vaccine candidates by virtue of having a signal peptide (SP) and/or transmembrane domain (TM) (4, 5, 7) suggesting their putative expression on the surface of merozoites and/or sporozoites, or on the infected erythrocytes. Similarly, by focusing on parasite protein families that are exported to the surface of infected red blood cells such as erythrocyte membrane protein 1 (PfEMP1), repetitive interspersed family (RIFIN) proteins, subtelomeric variable open reading frame (STEVOR), and surface-associated interspersed gene family (SURFIN) (12), we observed that more than 95% of the antigens were reactive with serum samples obtained from Uganda (11, 13). These studies demonstrated that the repertoire of potentially protective antigens that correlated with protective immunity against clinical malaria is wider than thought and offers multiple options for the identification of malaria vaccine candidates, aside from those that are currently under clinical or pre-clinical evaluation (9).

Previous studies with our follow-up cohort in Uganda (14) and similar immunoepidemiology studies (4, 7, 15) have largely focused on a single definition of clinical malaria based on the incidence within a specified geographic area. However, ongoing field trials/studies further strengthen the argument that clinical definitions of malaria are also influenced by factors that are related to host immunity (age, transmission, co-infections, etc), and parasitaemia accompanied by symptoms do not necessarily imply clinical malaria especially in endemic areas (16–19). Moreover, malaria transmission heterogeneity (ranging from high, stable, and declining), as well as absence of robust correlates of protection highlights the complexity involved in evaluating new and future interventions. In this study, to obtain a wider picture, and considering the declining malaria transmission in endemic areas, we sought to re-evaluate the previously published data together with new data sets generated against merozoites stage antigens that are considered potential targets of protective immunity, to assess the relationship between antibody responses and clinical malaria outcomes categorized by different clinical malaria definitions. Further, using the Principal Component Analysis (PCA) for the antibody responses we highlight antigens that are robustly identified by different protein based global immunological screens.



Materials and Methods


Study Setting and Ethical Statement

Serum samples used in this study were obtained from residents of Lira Municipality, Northern Uganda, that were taking part in a prospective study of 66 non-vaccinated participants aged 6–20 years. The region was characterized by high malaria transmission (14, 20–23). Study protocols and permission to use the samples were approved by the Institutional Research and Ethics Committee of Lacor Hospital (LHIREC 023/09/13), Uganda National Council for Science and Technology (HS1403) in Uganda; and Ethics Committees of the Research Institute for Microbial Diseases, Osaka University, and Ehime University, Japan. Written informed consents were obtained from all participants and/or their parents or guardians before the study. Aside from parental consent, assent was obtained from children aged 8-17 years. The study was conducted in compliance with the International Conference on Harmonisation Good Clinical Practices guidelines and the Declaration of Helsinki.



Production of a P. falciparum Parasite Protein Library

The comprehensive protein library consisted of 579 proteins representing the asexual erythrocytic stages of P. falciparum (Table S1). Newly synthesized asexual blood-stage proteins (BSP: n = 46) selected from our previous study based on their significant immunoreactivities (9) were asssessd together with data from previously published libraries of proteins derived from cysteine-rich interdomain regions of P. falciparum erythrocyte membrane protein 1 (PfEMP1) (CIDR: n = 108), Duffy binding–like domains of PfEMP1 (DBL: n = 163) (11), repetitive interspersed family proteins (RIFIN: n = 176), subtelomeric variable open reading frame proteins (STEVOR: n = 53), and surface-associated interspersed gene family proteins (SURFIN: n = 33) (13). All proteins were synthesized using the optimized WGCFS protocol and assayed alongside biotinylated rabbit IgG standard for plate-to-plate and day-to-day normalization (11).

All the proteins were expressed from sequences derived from the P. falciparum 3D7 reference strain. Briefly, the DNA sequences representing the ectodomains while excluding the SP and/or TM domains were amplified by using high fidelity PrimeSTAR Max DNA polymerase (Takara Bio, Kusatsu, Japan) and cloned into the WGCFS dedicated pEU plasmid vector (CellFree Sciences, Matsuyama, Japan) using the In-Fusion HD Cloning Kit (Takara Bio). A semi-automated GenDecoder1000 robotic protein synthesizer (CellFree Sciences) was used for in vitro transcription and mono-biotinylated recombinant protein synthesis with WGCFS.



Human Antibodies Quantification by AlphaScreen

We used the AlphaScreen platform to assess serum antibodies in malaria exposed individuals as described (9, 24). The system exploits the existence of mono-biotinylation on each recombinant P. falciparum protein. Specifically, the proteins were dispensed into a 384-well OptiPlate using a JANUS Automated Workstation dispenser (PerkinElmer, Waltham, MA) and mixed with 10 μl of 4000-fold diluted sera in reaction buffer (100 mM Tris-HCl [pH 8.0], 0.01% [v/v] Tween-20, and 0.1% [w/v] bovine serum albumin). After 30 min incubation at 26°C, 10 μl of detection mixture containing streptavidin-coated donor beads (PerkinElmer) and protein G (Thermo Scientific, Waltham, MA) conjugated acceptor beads (PerkinElmer) were added, to make a final concentration of 12 μg/ml for both beads. The plate was then incubated in the dark for 1 hr at 26°C to allow optimal binding of the donor and acceptor beads to the biotinylated protein and human antibody, respectively. Luminescence emitted by acceptor beads upon excitation of the donor beads was detected using an EnVision plate reader (PerkinElmer) and captured as AlphaScreen Counts (ASC). To account for day-to-day and plate-to-plate assay variability, serially diluted biotinylated rabbit IgG (PerkinElmer) was included in each plate, and subsequently used to generate a 5-parameter logistic standardization curve. The assays were randomized to minimize experimental bias.



Statistical Analysis

All data analyses were performed using R software (Version 4.0.1, R Foundation for Statistical Computing). As previously described, protein seropositivity cut off point to human sera was set at half the lowest non-negative ASC value from that of the assayed samples (25), and a protein was considered immunoreactive if more than 10% of the volunteers had ASC levels above the seropositivity cut-off.

For survival analysis, the time-to-first clinical malaria episode from baseline (defined as the time from first sampling when all enrolled individuals were blood-smear negative) was used as the endpoint (14). For detailed analyses, three different definitions for clinical malaria were used: fever ≥37.5°C and asexual parasitemia of (i) ≥1,000/μl, (ii) ≥2,500/μl, and (iii) ≥5,000/μl blood, with no sign(s) of complicated disease. Although some children may have multiple parasitic or febrile malaria episodes as defined above, only the first febrile episode was considered in the analysis. To assess whether the presence of antigen-specific antibodies was associated with overall survival, Cox proportional hazards model was used to calculate hazard ratios (HR) and 95% confidence intervals (CIs) between ‘High Responders’ (individuals with an ASC value above the population median for that antigen) or ‘Low Responders’ (7, 9, 26, 27). Potential protective efficacy (PPE) relative to different definitions of malaria was computed as 1- hazard ratio (PPE% = (1- HR) × 100%). For multivariate survival analysis, data was adjusted for bednet use and age as a categorical variable (6-10 years, 11-15 years, and 16-20 years).

To simultaneously evaluate antibodies developed in response to different proteins among patients with and without clinical malaria, we used Principal Component Analysis (PCA). PCA essentially reduces the dimensionality of antibody responses by generating fewer composite variables to capture as much variance in that dataset. The model then assesses and compares the relationship between the scores obtained for each of these components per subject. To generate the global antigen derived principal components, all immunoreactive antigens were used without prespecified groupings (BSP, PfEMP1-CIDR, PfEMP1-DBL, RIFIN, STEVOR, and SURFIN) to determine group-based variance. To identify PCA derived clusters of antibody responses that were involved in protection against clinical malaria, we selected principal components where at least three variables were loaded, and the eigenvalue was greater than 2 or the proportion of variance explained was >5% (28). Individuals displaying outlier PCA coordinates were excluded. Individual contributions to the PCA were assessed in association with age, gender, and clinical malaria outcome.




Results


Seroprevalence of Antibodies to Different P. falciparum Proteins

We assessed the human antibody reactivities to the protein library (Table S1) obtained from the samples (n = 66) taken at the beginning of the study, prior to the rainy season. All the blood-stage proteins (BSP) were newly measured in this study and they were all immunoreactive with seroprevalence above the threshold cut-off point of 10%. Seroprevalence of the other protein groups was reported previously (11, 13). Briefly, 99% immunoreactivity was observed for PfEMP1 (CIDR and DBL), RIFIN, STEVORs, and SURFINs (11, 13) (Figure 1). The seroprevalence varied widely among the protein groups/families: BSP (16-100%), CIDR domains (22-92%), DBL domains (12-100%), RIFIN (10-93%), STEVORs (12-83%) and SURFINs (21-100%) (Kruskal-Wallis Test, p = 0.001) with STEVORs having significantly lower median levels, and SURFINs the highest compared to other groups. Although this may represent cross-reactivity within the assessed families (12), a strong Spearman’s rank correlation between antibody levels measured in the samples and across different groups, as shown by the correlation matrix (Figure S1) suggests that antibodies to different antigens are co-acquired in this population.




Figure 1 | Seroprevalence of antibodies to different P. falciparum proteins. Antibodies immunoreactive to BSP (blood-stage proteins), CIDR (cysteine-rich interdomain regions of PfEMP1), DBL (Duffy binding–like domains of PfEMP1), RIFIN (repetitive interspersed family proteins), STEVOR (subtelomeric variable open reading frame proteins), and SURFIN (surface-associated interspersed gene family proteins) are shown. Box plots illustrate medians with 25th and 75th and whiskers for 10th and 90th percentiles with the horizontal line in each group denoting the overall median per group. The dashed red horizontal line indicates 10% seroprevalence that was set as protein immunoreactivity cut-off point. The data in BSP were newly measured in this study. The data in other protein groups, CIDR and DBL from PfEMP1, RIFIN, STEVOR and SURFIN were reported previously (11, 13).





Relationship Between Antibodies and Incidence of Febrile Malaria

To gain further insight into the relationship between individual protein reactivity and clinical malaria outcomes, we determined the hazard ratios based on time-to-event using three parasite thresholds for clinical malaria in univariate analysis. Based on the lower threshold of 1,000 parasites/µl blood, antigen-specific antibodies to 43 proteins associated with protection. This changed to 26 and 32 proteins when assessed at 2,500 parasites/µl blood and a higher threshold of 5,000 parasites/µl blood, respectively (Figure 2A). In the multivariable-adjusted survival analysis, the correlation between antibodies and the risk of febrile malaria was generally reduced. Twenty-two antigens were selected across the three definitions (Table 1) by the unadjusted analysis. The 22 antigens included 17 PfEMP1 domains, 3 RIFIN family members, merozoite surface protein 3 (PF3D7_1035400), and merozoite-associated armadillo repeats protein (PF3D7_1035900). The number of antigens that remained significantly associated with reduced risk of clinical malaria after adjusting for age (24) and bed-net use was 2 for 1,000 parasites/µl blood, 1 for 2,500 parasites/µl blood, and 2 antigens for 5,000 parasites/µl blood (summarized in Figure 2B).




Figure 2 | Associations between antibody levels and risk of P. falciparum febrile malaria. Complete list of the data for potential protective efficacy (PPE), and 95% confidence interval, is provided in Table 1. (A) Unadjusted association between antibody levels and risk of P. falciparum febrile malaria for each of the antigens tested in the cohort. The top-50 antigens are ranked - top to bottom - by the strength of their PPE. PPE for each antigen was derived from the hazard ratio (HR) calculated by the unadjusted Cox-regression hazard model analysis (comparing children with high vs. low antibody responses). Black dots indicate the percentage protection, and error bars indicate the 95% confidence interval. The red vertical line represents a PPE of 0% (i.e. HR = 1). The 22 cross-selected antigens are labeled in bold. (B) The bars represent the number of antigens that associated with protection to clinical malaria in univariate and multivariate analysis. Red bar: Adjusted, Blue bar: Unadjusted.




Table 1 | Associations between antibody levels and risk of P. falciparum clinical malaria.





Principal Component Analysis of the Antibody Responses

Since the antibody responses and the corresponding semi-protective immunity involve numerous antibodies acting simultaneously but targeting different proteins (26, 29), we performed PCA with all the proteins assayed and with different protein families to capture the effects of all antibodies in a single analysis and extract important associations. The analysis indicated that the first three components (with eigenvalues of 306, 48, and 29, respectively) accounted for 66.1% of the total variation in these data (Figure 3A). The analysis showed that the participants who did not experience clinical malaria were more dispersed while those with malaria episodes clustered together (Figures 3B–D). The first component (Dim1) explained 52.8% of variability and gave the greatest weights to antibodies against PfEMP1 domains [PF3D7_1240300_DBLβ8 (contributing 0.3), PF3D7_0632500_DBLe2 (0.3), PF3D7_0200100_CIDRα2.2 (0.29), PF3D7_1000300 (0.29) and PF3D7_1373500_CIDRβ6 (0.28)] (Table 2; Figure S2), while principal component 2 (Dim2) was mainly reflective of anti-PF3D7_1372800 (0.78), PF3D7_0401400 (0.77), PF3D7_0632100 (0.74), PF3D7_0500400 (0.72), and PF3D7_0425900 (0.67) and accounted for 8.2% of the variation. The third component (Dim3), which explained slightly above 5.0% of data variability, gave the strongest weight to antibodies against PF3D7_1200100_DBLα0.9 (2.44), PF3D7_1150400_CIDRγ2 (2.33), PF3D7_0712300_CIDRα0.1 (2.21), PF3D7_0400400_DBLδ1 (2.07), and PF3D7_1200400_DBLγ14 (1.86) (Table 2; Figure S2). These findings suggest that PfEMP1 domains are major determinants of the variability observed in individuals experiencing clinical malaria and are consistent with the findings of the Cox analysis model (Figure 2A). Specifically, the PF3D7_0425800_DBLβ3 was the only domain selected by the multi-approach analysis and appeared as well in the top 50 antigens by PCA.




Figure 3 | Principal Components Analysis (PCA) of the antibody responses. (A) Distribution of principal components (first 10 dimensions) that explained the highest variance of the antibody responses derived from all the immunoreactive proteins. (B–D) The plots of the distribution of individuals by type of antibody responses to different proteins. The principal components (Dim)1 vs 2 (B), Dim1 vs 3 (C), and Dim2 vs 3 (D) that explained the highest percentage of the variance (percentage in parenthesis) of the antibody responses are presented. Green and red represent malaria (M) and no malaria (NM) cases, respectively. Light green and light red eclipses represent distribution of individuals with and without clinical malaria episodes, respectively.




Table 2 | Top 50 antigens based on respective contributions to variability in principal components 1, 2 and 3 (Dim1, Dim2, Dim3).



When assessing the representation of antibody responses to different protein groups based on Dim1 and Dim2, we observed that most clinical malaria cases clustered together irrespective of the protein group or family (Figure S3); and both components are the major drivers of the observed variability. This was again in agreement with the observation in Cox analysis which suggested that multiple, and probably specific antigens may be associated with protective immunity (Figure 2A).

We then assessed the relationship between the scores obtained from PCA on one hand and age and malaria clinical outcome to identify patterns of specific antibody responses that could be important in malaria. Age was significantly positively correlated with the scores of the first principal component (Dim1, R = 0.5; P <0.001) but not with Dim2 (R = 0.04, P = 0.8) or Dim3 (R = -0.05, P = 0.7) (Figure 4). This, further strengthens the observation on previous studies that age is an important factor on naturally acquired immunity (2).




Figure 4 | Associations between the antibody responses and age. Correlation between the scores of the principal components 1–3 and age (in years) of the participants. Blue line represent linear regression lines and shading represents 95% confidence intervals. Only the first principal component (Dim1) correlated with age.






Discussion

Here, using antibody response data from our previous publications on multi-gene families (9, 11, 13) plus newly generated data from merozoite surface antigens, and expanding the analysis to include wider definition of clinical malaria (categorized according to different parasitemia thresholds), we re-assessed antibody responses in a malaria exposed population in Northern Uganda to capture as much immunological information as possible within the context of protective immunity from one population. This comprehensive approach would help identify further key antigenic targets or signature(s) of protective immunity. We observed 22 antigens, that included 17 PfEMP1 domains, 3 RIFIN family members, merozoite surface protein 3 (MSP3; PF3D7_1035400), and merozoite-associated armadillo repeats protein (PfMAAP; PF3D7_1035900), selected by the three clinical malaria definitions (1,000/2,500/5,000 parasites/µl blood plus fever). This suggest that these proteins have a key role in protection against clinical malaria.

We observed strong immune responses with high seroprevalence in the different protein families. This could be due to high level of exposure to these abundantly expressed proteins or cross-reactivity among the conserved regions of the domains (12). Although it could be argued that, likely, only highly expressed proteins can be flagged down in terms of antigen discovery and could be restrictive, the potential cross-reactivity could also be a strong point in terms of cross-protection. For instance, recent data suggests that despite their huge sequence diversity, CIDRα1 are structurally and functionally conserved for binding to EPCR (30, 31). Importantly, CIDRα1-EPCR interaction can be blocked by antibodies obtained from individuals naturally infected with malaria in Tanzania (30). The function of other multi-gene families in malaria infection and pathogenicity, to date, remains unclear but it is expected that the parasite could be using these proteins as alternative ligands to evade human immune system for host colonization.

Among them, PF3D7_0425800_DBLβ3, a PfEMP1 domain was selected by the multi-definition analyses, and appeared as well in the top 50 antigens by PCA. The molecule is a domain cassette 4 (DC4) family member consisting of a combination of short tandems that is associated with severe malaria (32–34). Antibodies against DBLβ3 can broadly inhibit PfEMP1 binding to intercellular adhesion molecule 1 (ICAM1) and are cross-reactive to DC4 derived from genetically distant parasite isolates (35). DBLβ3 was also identified in the previous analyses (32, 34) and the approach used here affirmed the importance of this domain in protection against symptomatic malaria. In addition, 3 members of the RIFIN family were selected. This is consistent with recent data which pointed to an important role of these molecules as ligands for opsonization of infected RBCs (36). Studies have suggested that anti-RIFIN antibodies correlate with parasite clearance, abrogation of symptoms of clinical malaria in children (37), and have a role in protection against severe malaria in Tanzanian patients (38). However, we do note that targeting RIFIN alone, as with PfEMP1 domains, for vaccine/as possible intervention tools may not be sufficient or highly effective due to the clonal expression of these proteins (39). We hypothesize that cross-conserved domains, either linear or structural, within the RIFINs may offer better and wider protective base than targeting only a single protein or domain. A recent study has pointed that this is indeed possible as broadly reactive antibodies were generated through insertion of a large DNA fragment between V and DJ segments of antigen binding domains able to recognize RIFINs of different P. falciparum isolates (36). Identification and characterization of the cross-protective mechanisms need to be critically pursued.

MSP3 was first identified in 1994 (40), has been a well-known target of naturally acquired immunity, and has been considered to be a promising asexual blood-stage malaria vaccine candidate (41). After the decades of research and development efforts, MSP3 is now under the clinical development as GMZ2, an asexual blood-stage malaria vaccine in combination with another surface antigen, P. falciparum glutamate-rich protein (GLURP) (42–44). PfMAAP was recently identified by Aniweh et al. (45). Recently studied for its viability as vaccine candidate, PfMAAP was found localized to the apical region of merozoites, anti-PfMAAP antibodies inhibited merozoite invasion of erythrocytes in vitro, and naturally acquired human antibodies to the conserved N- and C- terminal regions of PfMAAP were associated with reduced risk to malaria. Independent analyses and association with protection in this study supports the vaccine candidacy of both MSP3 and PfMAAP, similar to the highly immunogenic erythrocyte surface antigens.

The need for continued development of robust malaria intervention tools including vaccines across different malaria endemicities (46) calls for “flexible” definitions of clinical malaria (47). Moreover, given that malaria can be defined in very diverse ways since clinical presentations vary widely, it is not obvious what aspects are key to supporting accurate monitoring in the face of changing epidemiology (48). We show that three different parasitemia cut-off points yielded almost similar results (Figure 2A) suggesting that, for immunological studies, combination of antigens provide an important signature that can be true in different geographical settings. We do acknowledge that there are challenges to attribute fever (or other symptoms) with observed parasitemia (49) and additional studies will be needed to validate or optimize our findings in different settings and in a larger dataset.

We investigated whether a specific combination of antibody responses to the recombinant proteins evaluated could be associated with key malaria severity factors such as age. PCA is useful for exploring multi-dimensional data, mixed infections and complex host-parasite interactions. To this end, and to capture the joint effects of all antibodies in a single analysis in biological conditions, we investigated the relationship between the overall antibody responses by PCA, a factor analysis approach accommodating the fact that protective antibody responses are likely to involve a number of antibodies working together. With the current dataset, the first three principal components accounted for the majority of the outcomes observed (Figure 3A). The analyses only showed a significant relationship between first (Dim1) component scores and age; with PfEMP1 domains being the top contributing variables (Figure 4; Table 2). This is consistent with a recent proposal suggesting that there are ordered acquisition of antibodies targeting PfEMP1 (50). Taken together, these findings suggest that antibodies to multiple proteins may be acquired with age, and continuous exposure is a key factor in protection against clinical disease and protective immunity (2).

Multiple P. falciparum protein microarrays have been designed over the past decade to identify malaria vaccine candidate antigens. One of the most important characteristic in this study is the use of WGCFS for recombinant protein production. In contrast to E. coli- (5, 51) and mammalian cell-based protein microarray (52) systems which may cause an artefactual change in protein folding (53), WGCFS can express large and complex non-glycosylated proteins in their near-native forms without codon optimization (54). The AlphaScreen immunoscreening platform does not require protein purification and conjugation. Based on these characteristics, therefore, WGCFS/AlphaScreen platform provides a rapid, straightforward tool for screening and identification of parasite antigenic targets as well as protein-protein interactions important for immunity and pathogenesis (55–57), overcoming most challenges attributed to the E. coli-based systems (58, 59) resulting to robust evaluations of immunoreactivities across different proteins families and groups.

In conclusion, the large platform of malaria antigens and the analysis approach applied in this study improved our ability to interrelate immunological data with clinical outcomes and highlighted antigens for future work aimed towards developing additional tools for malaria elimination and eradication.
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Despite the fact that SARS-CoV-2 vaccines have been available in most parts of the world, the epidemic status remains grim with new variants emerging and escaping the immune protection of existing vaccines. Therefore, the development of more effective antigens and evaluation of their cross-protective immunity against different SARS-CoV-2 variants are particularly urgent. In this study, we expressed the wild type (WT), Alpha, Beta, Delta, and Lambda RBD proteins to immunize mice and evaluated their cross-neutralizing activity against different pseudoviruses (WT, Alpha, Beta, Delta, Lambda, and Omicron). All monovalent and pentavalent RBD antigens induced high titers of IgG antibodies against different variant RBD antigens. In contrast, WT RBD antigen-induced antibodies showed a lower neutralizing activity against Beta, Delta, Lambda, and Omicron pseudoviruses compared to neutralization against itself. Interestingly, Beta RBD antigen and multivalent antigen induced broader cross-neutralization antibodies than other variant RBD antigens. These data provide a reference for vaccine strain selection and universal COVID-19 vaccine design to fight the constant emergence of new SARS-CoV-2 variants.
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Introduction

Since the COVID-19 outbreak, the virus has spread around the world and posed a huge threat to human health (1–4). SARS-COV-2 is an enveloped, unsegmented, single-stranded RNA virus with four structural proteins, namely, E envelope protein, M membrane protein, N nucleoprotein, and S spike protein (5). Among them, S protein contains two subunits, S1 and S2, in which receptor-binding domain (RBD) exists in S1 subunit and is responsible for binding to hACE2 (6–8). Therefore, S and RBD were often selected as targets for SARS-CoV-2 vaccine development (9–12).

Currently, the clinically used SARS-CoV-2 vaccines, including inactivated vaccines, mRNA vaccines, subunit vaccines, adenovirus vector vaccines, and so on, are all based on the wild type (WT) strain (13–20). However, SARS-CoV-2 has been undergoing mutations. Variant Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Iota (B.1.526), Delta (B.1.617.2), Lambda (C.37), and Omicron (B.1.1.529) have been reported successively (21–25). The N501Y mutation was found in RBD of Alpha variant in the UK and has been shown to increase transmissivity and slightly decrease neutralizing activity in recovered patients and immune sera (15, 26, 27). Beta variant was first identified in South Africa, which had three mutations (K417N, E484K, and N501Y) in RBD. These mutations have been reported to affect its binding to human ACE2 and seriously evade neutralizing antibodies (28–31). The Delta variant was first reported in India in 2020 and subsequently became the dominant pandemic strain in the world, where it is still circulating. Two mutation sites (T478K and L452R) exist in Delta RBD. Studies have shown that these two mutations do not participate in its binding to hACE2 (32). Several studies have reported a decrease (mild to moderate) in the neutralization activity of serum of vaccine and recovered patients to Delta variant (33–35). It is possible that the involvement of mutations in other positions cannot be excluded. Lambda variant was first reported in Peru and circulating in parts of Latin America. Two mutation sites (L452Q and F490S) exist in RBD of Lambda. Substantial evidence shows that the Lambda variant exhibits strong immune evasion against vaccines and convalescent sera (33, 36, 37). Omicron was first reported from South Africa in late 2021 and is currently the most dominant strain worldwide. There were 15 mutations in RBD, which affected the receptor-binding motif of RBD interacting with hACE2 (32). The Omicron variant exhibits the most severe immune evasion than other variants (19, 34, 38–40). Therefore, there is an urgent need to develop more effective antigens and evaluate their cross-protective immunity against different SARS-CoV-2 variants.

In this study, we analyzed the genetic evolution and protein structure of different variant RBDs and examined their binding affinity to hACE2. Furthermore, mice were immunized with these variant RBD antigens and the cross-neutralization activity against different variant pseudoviruses were evaluated.



Materials and Methods


Cells and Animals

Human embryonic kidney 293T (HEK293T) cells stably expressing hACE2 (293T/hACE2) were kindly provided by Dr. Zhendong Zhao (Institute of Pathogen Biology, Chinese Academy of Medical Sciences & Peking Union Medical College). HEK293T cells (ATCC CRL-3216) were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and penicillin (100 U/ml)-streptomycin (100 mg/mL) (Thermo Fisher Scientific, Waltham, MA, USA). All cell lines are tested negative for mycoplasma contamination (Mycoplasma Detection Kit, Solarbio, Beijing, China). Female C57BL/6 mice were purchased from Beijing Vital River Animal Technology Co., Ltd. (licensed by Charles River) and housed and bred under 18 ~ 22°C and 50 ~ 60% humidity conditions.



Construction and Expression of RBD Protein

The different variant RBD proteins were fused with human IgG Fc (hFc) and IL-10 signal peptide, and the amino acid sequences were optimized by human preference codons and constructed into pcDNA3.4 vector. The recombinant plasmid was confirmed by sequencing by Nanjing Genscript Company. Different variant RBD plasmids were transfected into HEK293T cells and the supernatant was harvested 72 h later. Then, the supernatant was purified using Protein A column and proteins were eluted with citric acid buffer (pH 3.4). The eluted proteins were dialyzed in PBS buffer. The purity and molecular weight of proteins were determined by SDS-PAGE. The protein concentration was measured by NanoDrop microspectrophotometer (Thermo Fisher Scientific). Finally, the RBD proteins were frozen to -80°C.



Affinity Between RBD Proteins and hACE2

Ninety-six well ELISA plates (Corning, USA) were coated with the hACE2 protein (2 μg/mL, SinoBiological) overnight at 4°C and blocked with 4% bull serum albumin. The different variant RBD proteins were diluted to a uniform concentration (1 mg/mL), and then two-fold diluted. The plates were incubated with Goat Anti-Human IgG-HRP (Abcam) and developed by the addition of 100 µL of 3,3’,5’,5-tetramethylbenzidine (TMB) to each well. Finally, 100 µL of 2 mmol/L H2SO4 was added to terminate the reaction, and the light absorption of the plate was measured at 450 nm using a microplate reader (Thermo Scientific). The fitted curves and EC50 were created using Graphpad software (version 8.0). Each experiment was performed three times.



Mouse Experiments

To evaluate the immune efficacy of different variant RBDs, aged 6-8 weeks naive C57BL/6 mice (four independent mice in each group) were immunized intramuscularly with monovalent and multivalent RBD antigens pre-bound to Alum-adjuvant (antigen and aluminum adjuvant (Imject® Alum, Thermo Scientific) were mixed in a 1:1 volume ratio and gently stirred for 30 min to allow the aluminum adjuvant to effectively adsorb antigen). The immune dose was 10 μg each variant RBD protein per mouse of monovalent RBD antigen and pentavalent RBD antigens were a 10 μg RBD protein mixture including each 2 μg variant RBD protein. Mice immunized with PBS were identified as placebo control. Priming and booster vaccinations were spaced at 3 weeks. Serum samples were collected, inactivated at 56°C for 30 min, and stored at −20°C for subsequent use.

In immunization animal experiments, the clinical status and food intake of the mice were monitored and recorded daily.



Enzyme Linked Immunosorbent Assay (ELISA)

Ninety-six well ELISA plates (Corning, USA) were coated respectively with six different RBD-hFc protein (1 μg/mL) overnight at 4°C and blocked with 4% bull serum albumin. The serum was threefold diluted and added to each well, and the plates were incubated with Rabbit Anti-Mouse IgG-HRP (Light Chain Specific, CST) and developed by the addition of 100 µL of 3,3’,5’,5-tetramethylbenzidine (TMB) to each well. Finally, 100 µL of 2 mmol/L H2SO4 was added to terminate the reaction, and the light absorption of the plate was measured at 450 nm using a microplate reader (Thermo Scientific). The endpoint of serum antibody titers was determined as the reciprocal of the highest dilution that was 2.1-fold higher than the optical absorbance value of the negative control. Each experiment was performed three times.



Pseudovirus Neutralization Assay

For pseudovirus production, the codon-optimized full-length S protein of wild-type (WT) SARS-CoV-2 S protein was cloned in pCAGGS plasmids and the full-length S protein plasmids of Alpha, Beta, Delta, Lambda, and Omicron variants were modified from pCAGGS-WT. The plasmid pCAGGS-S-WT, pCAGGS-S-Alpha, pCAGGS-S-Beta, pCAGGS-S-Delta, pCAGGS-S-Lambda, and pCAGGS-S-Omicron were cotransfected with psPAX2 and pLenti-GFP into HEK293T cells at a mass ratio of 1:1:1. After 72 h, the supernatant containing pseudovirus was harvested and stored at −80°C for subsequent use. The TCID50 was determined in 293T/hACE2 cells according to the previous described method (41).

HEK293T/hACE2 cells were inoculated before the experiment. Starting with a 1:10 dilution, each serum sample was continuously diluted twice in a 96-well plate. Equal volumes of WT or variant pseudoviruses were mixed with each diluted serum sample and incubated for 1.5 h at 37°C. The mixture of virus-serum was added to the cells. After 72 h, the cells-supernatant mixture was collected. The firefly luciferase activity in the cells was detected by chemiluminescence, and the luciferase activity was quantified to measure the transduction efficiency. To calculate the neutralization efficiency, a pseudovirus without serum sample was used as a positive control. Each sample was assessed in three repeat wells. Positive values were determined to be relative luminescence unit (RLU) values that were tenfold higher than that of only the cell background. The half-maximum neutralization titer (NT50) value was the reciprocal of the dilution of half of the mean RLU value of the positive control.



Statistical Analysis

All of the data are presented as the mean ± SEM. P-values were determined by one-way ANOVA. All graphs were generated with GraphPad Prism version 8.0 software.




Results


Bioinformatics Analysis of SARS-CoV-2 Variant RBD

The binding of SARS-CoV-2 RBD to hACE2 is crucial to the virus infection. Several key amino acid mutations are found in the RBD of variants (32). We further analyzed the relationship between RBD sequences of different variants and their antigenicity. More striking, there are 15 amino acid mutations in Omicron RBD. Moreover, there were common mutation sites among different RBDs. For example, Beta RBD (K417N, E484K, N501Y) has the same mutation sites as Alpha (N501Y) and Omicron (K417N, N501Y) (Figure 1A). Genetic evolution analysis of RBD amino acid sequences of different variants revealed that Delta and Lambda variants formed a cluster, and Beta and Omicron variants formed another cluster (Figure 1B), suggesting that the RBDs in the same cluster of phylogenetic trees might have similar antigenicity. Crystal structure analysis of WT RBD and ACE2 complex indicated that the amino acid residues K417, G446, Y449, N487, Q493, G496, Q498, T500, N501, G502, and Y505 were involved in the interaction of virus and host cell receptor (Figure 1C). A recent study showed that the amino acid mutations of RBD binding sites to hACE2 have emerged. For instance, Omicron RBD possesses eight substitutions on the hACE2 recognizing interface, namely K417N, G446S, E484A, Q493R, G496S, Q498R, N501Y, and Y505H, compared with what was seen on the WT RBD (32). In addition, the same amino acid substitutions of RBD were found among different variants. N501Y mutation existed in Alpha, Beta, and Omicron variants, K417N was found in Beta and Omicron variants, and T478K was found in Delta and Omicron variants (Figure 1D). Importantly, these mutations have been reported to play important roles in host adaptation and immune evasion (42). Together, the above results indicate that the mutation sites among different RBDs might affect their antigenicity, which provides a reference for the selection of vaccines against different variants.




Figure 1 | Bioinformatics analysis of SARS-CoV-2 variant RBD. (A) The mutation sites of different variant RBDs. (B) The evolutionary trees of different variant RBDs. The phylogenetic tree was constructed using the maximum likelihood method within MEGA software (version 11.0). (C) The interaction amino acid residues of WT RBD with hACE2 (PDB:6MOJ). Green: RBD amino acid residue; Purple: hACE2 amino acid residue. The image was rendered in PyMOL (version 4.60). (D) The distribution of mutant amino acids on RBD structures of different variants. Source of protein crystal structure data from PDB database: WT (6MOJ), Alpha (7EDF), Beta (7PS4), Delta (7WBQ), and Omicron (7WBP). The crystal structure of Lambda RBD was constructed using Swiss-Model online tools. The image was rendered in PyMOL (version 4.60).





Increased Affinity Between Variant RBD and hACE2

To determine the affinity between different variant RBD and hACE2, five RBD proteins (WT, Alpha, Beta, Delta, and Lambda) were fused with human IgG Fc and expressed in HEK293T cells (Figure 2A). SDS-PAGE gel electrophoresis showed that all RBD proteins were expressed in dimer form and the purity was more than 95% (Figure 2B). The affinity between different variant RBD and hACE2 receptors was measured by enzyme linked immunosorbent assays (ELISA). The results showed that the binding affinity of different variant RBDs to hACE2 receptors (Alpha: EC50 = 18.65 ng/ml; Beta: EC50 = 7.53 ng/ml; Delta: EC50 = 16.02 ng/ml; Lambda: EC50 = 27.19 ng/ml) were increased to varying degrees compared with that of WT RBD (WT: EC50 = 27.35 ng/ml) (Figure 2C). Particularly, Beta RBD has the highest affinity to hACE2 (3.6-fold compared to WT) among these variants.




Figure 2 | The expression of SARS-CoV-2 variant RBD proteins and determination of affinity between variant RBD and hACE2. (A) The construction strategy of WT and variant RBD proteins. The RBD proteins were expressed in HEK293T cells by fusion of human IgG Fc tag in the form of secretion. (B) SDS-PAGE gel images of purified RBD proteins. (C) The ability of different variant RBDs to bind to hACE2 was test by ELISA. ELISA plate was coated with hACE2 protein (2 μg/ml). The fitted curves and half maximal effective concentration (EC50) were created using Graphpad software (version 8.0).





Beta and Multivalent RBD Antigens Induce Broad Spectrum Neutralization Antibodies

We prepared five RBD proteins (WT, Alpha, Beta, Delta, Lambda) and immunized mice to obtain antiserums for evaluation of the cross-immune reaction against different SARS-CoV-2 variants. Naive C57BL/6 mice (n=4) were immunized intramuscularly with monovalent or multivalent RBD antigens pre-bound to Alum-adjuvant. The priming and booster vaccinations were spaced at 3 weeks (Figure 3A). The immune dose was 10 μg each variant RBD protein per mouse for monovalent RBD antigen. Pentavalent RBD antigens were a 10 μg RBD protein mixture including each 2 μg variant RBD proteins. Blood samples were collected, and antiserum was separated at 3 weeks after the boost immunization. To detect the anti-RBD IgG antibody titers, the ELISA plates were coated with six different RBD protein respectively (WT, Alpha, Beta, Delta, Lambda, or Omicron). The OD value of each dilution is present in Figures 3B–F. In addition, there was no significant difference in the endpoint dilution of serum (IgG titers, ~ 105) among different monovalent and pentavalent RBD antigen-induced antibodies against different variant RBD proteins (Figures 3G–K), which might be attributable to the whole structures of RBDs from all the variants were not significantly changed compared to that of WT. Furthermore, the neutralization titers (NT50) of the sera were measured using HIV-based pseudovirus neutralization assays. We observed that WT RBD antigen-induced antibodies showed a lower neutralizing activity against Beta, Delta, Lambda, and even Omicron pseudoviruses compared to neutralization against itself (Figure 3L). Immunization with WT RBD induced 26.8-fold lower neutralization titers against the Omicron pseudovirus compared to WT pseudovirus, indicating that the WT strain vaccine has lower cross-protective immunity against the Omicron variant. Similarly, Alpha (Figure 3M), Delta (Figure 3O), and Lambda (Figure 3P) RBD-induced antibodies exhibited high neutralizing titers against itself, but not against the Omicron variant. In contrast, Beta RBD antigen induced high neutralization antibodies against the Omicron variant (Figure 3N). Moreover, Beta RBD antigen (Figure 3N) and multivalent RBD antigen (Figure 3Q) induced broader cross-neutralization antibodies than other variant RBD antigens.




Figure 3 | The cross-immunity evaluation of different variant RBD antigens. (A) The diagram of the immune program of monovalent and multivalent RBD antigens. Naive C57BL/6 mice (n = 4) were muscularly immunized and bled at the indicated time points. The immune dose is 10 μg per mouse of each variant RBD protein; Pentavalent RBD antigens was a mixture of 2 μg each variant RBD protein. Mice immunized with PBS defined as placebo control. (B–F) Detection of the specific IgG against different SARS-CoV-2 variant RBDs by ELISA. Serum samples were collected after 3-week boost immunization. A placebo formulation was given as the control. (G–K) The endpoint dilution titers of anti-different variant RBD antibodies induced by different monovalent and pentavalent RBD antigens. (L–Q) Neutralizing titers of different variant RBD antigens against different variant pseudoviruses. The data are shown as the mean ± SEM. The dotted horizontal lines indicate the limits of quantification for endpoint dilution and NT50 titers. P values were determined by one-way ANOVA (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).






Discussion

The SARS‐CoV‐2 variants have brought new challenges to the prevention and control of COVID‐19 (42, 43). There is an urgent need for a universal vaccine that could protect people from multiple COVID-19 variants. He et al. developed a SARS-CoV-2 bivalent recombinant vaccine (WT and Beta) targeting the S1 protein, which induces neutralizing antibodies against both SARS-CoV-2 variants and wild-type of the virus (44). Another study showed that the SARS-CoV-2 mRNA bivalent vaccine (WT and Beta) produced a broad-spectrum neutralization response against WT, Beta, CAL.20C, and P1 variants (45). Here, we expressed the five different RBD proteins (WT, Alpha, Beta, Delta, Lambda) and evaluated their cross-neutralizing activity against different pseudoviruses. The results demonstrate that Beta RBD antigen induces broader cross-neutralization antibodies against WT, Alpha, Beta, Delta, Lambda, and Omicron variant pseudoviruses compared with other monovalent RBD antigens, which is supported by the observation that rVSV-S Beta elicits cross-reactive neutralizing antibodies against WT strain, Alpha, and Beta variants (46).

We noticed that the multivalent RBD antigen induces broader cross-neutralization antibodies and higher neutralization titers against Omicron compared to the monovalent antigens. This indicates that there might be conserved neutralizing epitopes between different RBD variants, and more antibodies against conserved neutralizing epitopes were generated after repeated immunization with RBD multivalent antigens. There were similar cases of flu vaccines; the chimeric influenza HA vaccine contains different HA heads and the same HA stem, and more antibodies against the stem region can be produced after multiple immunizations (47–50).

Current studies suggest that the Omicron variant vaccine is not the best choice against the Omicron variant. It does not produce high neutralization titer and broad-spectrum neutralization ability against itself and other variants (51, 52). Interestingly, among these monovalent RBD antigens, only Beta RBD antigen induces high neuralization titers against Omicron, which might be attributable to the similar mutation sites (Figure 1A) and antigen sequences (Figure 1B) of Beta and Omicron RBDs.

In summary, our results showed that the cross-protective immunity of WT strain SARS-CoV-2 RBD antigen against the currently circulating variants was significantly reduced. In contrast, Beta RBD and multivalent RBD antigens both induced broad spectrum neutralization antibodies compared with other monovalent RBD antigens. Therefore, it is necessary to update or develop new COVID-19 vaccines. This study provides a reference for vaccine strain selection and universal COVID-19 vaccine design to fight the constant emergence of new SARS-CoV-2 variants.
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The lncRNA MIR4435-2 host gene (MIR4435-2HG) is located on human chromosome 2q13, and its expression is up-regulated in 18 tumors. MIR4435-2HG participates in 6 signaling pathways to promote tumorigenesis, including the TGF-β signaling pathway, Wnt/β-catenin signaling pathway, MDM2/p53 signaling pathway, PI3K/AKT signaling pathway, Hippo signaling pathway, and MAPK/ERK signaling pathway. MIR4435-2HG competitively binds with 20 miRNAs to form a complex ceRNA network, thereby regulating the expression of downstream target genes. The high expression of MIR4435-2HG is also closely related to the clinicopathological characteristics and poor prognosis of a variety of tumors. Also, the high expression of MIR4435-2HG in peripheral blood or serum has the value of predicting the risk of 9 tumors. In addition, MIR4435-2HG participates in the mechanism of action of three cancer drugs, including resveratrol for the treatment of lung cancer, cisplatin for non-small cell lung cancer and colon cancer, and carboplatin for triple-negative breast cancer. This article systematically summarizes the diagnostic and prognostic value of MIR4435-2HG in a variety of tumors and outlines the ceRNA network and signaling pathways related to MIR4435-2HG, which will provide potential directions for future MIR4435-2HG research.
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Introduction

Long non-coding RNAs (lncRNAs) are transcripts longer than 200 nucleotides that can not be translated into proteins. With the rapid development of high-throughput sequencing technology, more and more lncRNAs have been reported to participate in tumor differentiation, stemness, migration, invasion, apoptosis, and proliferation (1).

The lncRNA MIR4435-2 host gene (MIR4435-2HG) is located on human chromosome 2q13, also known as lncRNA-AWPPH, LINC00978, and AK001796. In 2015, MIR4435-2HG was first discovered to be involved in the cell growth inhibition of resveratrol in lung cancer (2). At present, MIR4435-2HG has been proven to be an oncogenic lncRNA, and its abnormal up-regulation can promote the occurrence and development of 18 tumors. In addition, MIR4435-2HG is abnormally up-regulated in the blood of patients with at least 9 tumors, suggesting that MIR4435-2HG can be used as a non-invasive diagnostic marker for these 9 tumors.

Competitive endogenous RNA (ceRNA) can sponge miRNA to regulate downstream mRNA of miRNA (3). MIR4435-2HG is the ceRNA of 20 miRNAs, which can regulate many downstream genes. MIR4435-2HG participates in at least 6 signaling pathways, including TGF-β signaling pathway, Wnt/β-catenin signaling pathway, MDM2/p53 signaling pathway, PI3K/AKT signaling pathway, Hippo signaling pathway, and MAPK/ERK signaling pathway.

The abnormal up-regulation of MIR4435-2HG is closely related to the clinicopathological characteristics of 11 tumors, including tumor size, TNM stage, lymph node metastasis, etc. The high expression of MIR4435-2HG12 is associated with the poor prognosis of 12 tumors. In addition, MIR4435-2HG is related to the mechanism of action of cancer drugs, including resveratrol for the treatment of lung cancer (2), cisplatin for non-small cell lung cancer and colon cancer (4, 5), and carboplatin for triple-negative breast cancer (6).

There is no comprehensive overview related to MIR4435-2HG. Here, this article summarizes the diagnostic and prognostic value of MIR4435-2HG in tumors, clarifies its gene regulatory network, and discusses the future directions and challenges of MIR4435-2HG research.



Abnormal Regulation and Biological Effects of MIR4435-2HG in Cancers


Pan-Cancer Analysis of MIR4435-2HG Using TCGA Database

We downloaded the expression data of MIR4435-2HG in TCGA, TARGET, and GTEx of 32 cancer types from the UCSC Xena (https://xenabrowser.net/) database, and further performed log2(x+1) transform for the expression data.

We compared the expression differences of MIR4435-2HG between normal and tumor samples in each cancer type using the unpaired Wilcoxon Test method of R software (version 4.1.1). As shown in Figure 1A, we observed significant upregulation of MIR4435-2HG in 27 tumors, significant downregulation of MIR4435-2HG in 3 tumors (ALL, PRAD, and KICH), and no significant difference in 2 tumors (PCPG and THYM). In addition, we evaluated the median expression of MIR4435-2HG among all ncRNAs in 32 tumors and corresponding non-tumor tissues. As shown in Figure 1B, expression of MIR4435-2HG exceeded at least 75% of lncRNAs in all tumors, suggesting the value of MIR4435-2HG in pan-cancer.




Figure 1 | A pan-cancer analysis of MIR4435-2HG. (A) MIR4435-2HG is dysregulated in 32 cancer types. (*** means p < 0.001, ** means p<0.01, * means p<0.05, ns means no significant difference); (B) quantile expression of MIR4435-2HG in 32 cancer types; (C) The correlation tests between MIR4435-2HG expression and methylation of MIR4435-2HG CpG sites (*** means p<0.001, ** means p<0.01, * means p<0.05). ACC, Adrenocortical carcinoma; ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia; BLCA, Bladder urothelial carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangiocarcinoma; COAD, Colon adenocarcinoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck squamous cell carcinoma; KICH, Kidney chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LGG, Brain lower grade glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; NBL, Neuroblastoma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; STAD, Stomach adenocarcinoma; SKCM, Skin cutaneous melanoma; TGCT, Testicular germ cell tumors; THCA, Thyroid carcinoma; THYM, Thymoma; UCEC, Uterine corpus endometrial carcinoma; UCS, Uterine carcinosarcoma.





Research Progress of MIR4435-2HG Related Studies

At present, MIR4435-2HG has been confirmed to be an oncogenic lncRNA of 18 cancers. These cancers involve the digestive, respiratory, reproductive, urinary, and nervous systems in humans (Table 1). Among them, the experimental results in most tumors were consistent with the bioinformatic analysis results, except for ALL and prostate cancer.


Table 1 | Expression level and biological functions of MIR4435-2HG in human cancers.



As shown in Figure 2, the expression of MIR4435-2HG is up-regulated in the five digestive system cancers. MIR4435-2HG is highly expressed in blood and tumor cell lines of oral squamous cell carcinoma (OSCC) (7), in tumor tissues and tumor cell lines of esophageal squamous cell carcinoma and hepatocellular carcinoma (8, 9, 18–23), and in serum, tumor tissues, and tumor cell lines of gastric cancer and colorectal cancer (1, 10–12, 14–17).




Figure 2 | The role of MIR4435-2HG in digestive system cancer. In the digestive system, MIR4435-2HG can promote the growth of 5 types of tumors, including oral squamous cell carcinoma (OSCC), esophageal squamous cell carcinoma (ESCC), hepatocellular carcinoma (HCC), gastric cancer (GC), and colorectal cancer (CRC). By regulating downstream genes, MIR4435-2HG can affect tumor cell proliferation, migration, invasion, apoptosis, EMT, and cell cycle.



MIR4435-2HG is highly expressed in lung cancer tissues and tumor cell lines (2, 24–27, 29). Abnormal up-regulation of MIR4435-2HG was also detected in whole blood and serum of non-small cell lung cancer patients (27–30).

Among reproductive system cancers, MIR4435-2HG is highly expressed in tumor tissues and tumor cell lines of ovarian cancer (31–33), cervical cancer (34), and breast cancer (6, 35–37). In addition, MIR4435-2HG is highly expressed in prostate cancer cell lines and whole blood (38, 39), in serum and plasma of ovarian cancer patients (31, 32), and in plasma of triple negative breast cancer (TNBC) patients (6, 37).

In tumors of the urinary system, MIR4435-2HG is abnormally upregulated in cancer tissues and cancer cell lines of clear cell renal cell carcinoma and bladder cancer (3, 40, 41). In nervous system tumors, MIR4435-2HG is highly expressed in plasma, cancer tissues and cancer cell lines of glioma (42, 43), and in cancer tissues and cancer cell lines of glioblastoma (Figure 3) (44).




Figure 3 | The role of MIR4435-2HG in tumors of the respiratory system, reproductive system, urinary system, and nervous system. MIR4435-2HG can also affect the proliferation, migration, invasion, apoptosis, EMT, and cell cycle of tumor cells by regulating downstream genes. Tumor of the respiratory system consists of lung cancer (LC); Tumors of the reproductive system consist of ovarian cancer (OC), cervical cancer (CC), breast (BC), and prostate cancer (PCa); Tumors of the urinary system include clear cell renal cell carcinoma (ccRCC) and bladder cancer (BCa); and tumor of the nervous system includes gliomas.



In addition, MIR4435-2HG was abnormally up-regulated in tissues and cell lines of osteosarcoma and head and neck squamous cell carcinoma (HNSC) and melanoma (45–48). MIR44435-2HG is highly expressed in childhood T-cell acute lymphoblastic leukemia (T-ALL) bone marrow and cell lines and nasopharyngeal carcinoma cell lines (Figure 4) (49, 50).




Figure 4 | The mechanism of MIR4435-2HG affecting the behavior of tumor cells in other Systems. MIR4435-2HG can promote the progression of tumors in other systems, and affect the proliferation, invasion, migration, apoptosis, and EMT of tumor cells. Affecting EMT and cell cycle is an important mechanism for MIR4435-2HG to promote tumorigenesis. Head and neck squamous cell carcinoma (HNSC); T-cell acute lymphoblastic leukemia (T-ALL); nasopharyngeal carcinoma (NPC).



In the bioinformatics analysis of TCGA data, we analyzed tissue samples from prostate cancer and ALL. In experimental studies of prostate cancer, MIR4435-2HG expression was implicated in plasma and cell line samples (38, 39). In an experimental study of T-ALL, the expression of MIR4435-2HG was involved in the bone marrow and cell lines (49). Therefore, discrepancies in MIR4435-2HG results in prostate cancer and ALL may be due to sample differences. Further validation of the role of MIR4435-2HG in prostate cancer and ALL is required in the future.

The abnormal expression of MIR4435-2HG is closely related to cancer cell proliferation, apoptosis, invasion and migration. Cell cycle arrest can promote cell apoptosis and effectively inhibit cell proliferation (10). Inhibition of cell cycle progression is related to increased expression of genes that block the cell cycle and decreased expression of genes required for progression in G1, S, and M phases (2). p21 is a cyclin-dependent kinase (CDK) inhibitor, which is down-regulated in a variety of cancers. p21 can directly bind to kinases related to G1/S conversion and play a key role in cell cycle progression (21). In esophageal squamous cell carcinom (9), gastric cancer and hepatocellular carcinoma (12, 21), MIR4435-2HG knockdown can promote p21 expression. In addition, MIR4435-2HG knockdown can also reduce the expression of CCND1 and promote the cleavage of PARP and caspase-3 (12, 21). In gastric cancer and hepatocellular carcinoma (10–12, 20, 21), MIR4435-2HG knockdown can increase the proportion of G1 cells. In esophageal squamous cell carcinom (9), MIR4435-2HG knockdown can increase the ratio of G2/M-phase cells, decrease the ratio of S-phase cells, and promote cell apoptosis (Figure 4).

Epithelial-mesenchymal transition (EMT) usually induces the invasion and metastasis of cancer cells (24). EMT is essential in the early events of tumor cell metastasis. EMT can make cells more motile and aggressive, and it can confer cancer stem cell (CSC)-like traits on tumor cells (24). Transcription factors such as Snail1, SLUG, ZEB1, and TWIST1 can up-regulate the mesenchymal markers Vimentin and N-cadherin, and ultimately inhibit the expression of E-cadherin, a marker of epithelial status (24). In gastric cancer (10, 12), colorectal cancer (12), hepatocellular carcinoma (21), lung cancer (24), ovarian cancer (33), clear cell renal cell carcinoma (40), and HNSC (47), abnormal upregulation of MIR435-2HG can up-regulate the above-mentioned transcription factors, and ultimately promote the EMT process.



The Relationship Between the Methylation of MIR4435-2HG CpG Sites and the Expression of MIR4435-2HG

A study has shown that lncRNA expression can be activated by DNA hypomethylation in tumors (51). In glioma, Li et al. found that the up-regulation of MIR4435-2HG may be related to its abnormal methylation through HM450K methylation microarray data (52). Here, we systematically analyzed the correlation between the expression of MIR4435-2HG and the CpG methylation of MIR4435-2HG using the Pearson method. As shown in Figure 1C, the methylation of cg07042346 in OV was significantly reversely correlated with the expression of MIR4435-2HG (r<-0.5, p<0.01). However, in SARC and TGCT, the CpG sites of MIR4435-2HG were significantly positively correlated with the expression of MIR4435-2HG (r>0.5, p<0.01).




The Six Signaling Pathways Related to MIR4435-2HG in Cancers

The oncogenic effect of MIR4435-2HG is related to the regulation of six signaling pathways, including the TGF-β signaling pathway, Wnt/β-catenin signaling pathway, MDM2/p53signalling pathway, PI3K/AKT signaling pathway, Hippo signaling pathway, and MAPK/ERK signaling pathway (Figure 5).




Figure 5 | The signaling pathways involved in MIR4435-2HG. In human tumors, MIR4435 participates in at least 6 signaling pathways, including the TGF-β signaling pathway, Wnt/β-catenin signaling pathway, MDM2/p53 signaling pathway, PI3K/AKT signaling pathway, Hippo signaling pathway, and MAPK/ERK signaling pathway.




The TGF-β Signaling Pathway

Transforming growth factor β (TGF-β) can bind to cell surface receptors and trigger the activation of multiple signal transduction pathways (54). In the early stage of the tumor, TGF-β can inhibit the proliferation of cancer cells, and TGF-β can promote tumor metastasis in the late stage of the tumor (55). In ovarian cancer, TGF-β targeted therapy needs to be carried out cautiously according to the cancer stage (32). The activation of the TGF-β signaling pathway is widely present in the development of tumors (17).

Overexpression of MIR4435-2HG can up-regulate TGF-β1 and promote the metastasis of 7 kinds of tumors, including oral squamous cell carcinoma (OSCC) (7), gastric cancer (12), colorectal adenocarcinoma (17), and non-small cell lung cancer (27, 28, 30), ovarian cancer (32), prostate cancer and glioma (38, 43). In addition, in OSCC and colorectal adenocarcinoma (7, 17), the up-regulation of MIR4435-2HG and TGF-β1 expression can promote tumor growth and metastasis. TGF-β is the main regulator of EMT and a key marker for the metastasis and progression of different malignant tumors (56). In gastric cancer and non-small cell lung cancer (12, 27), the upregulation of MIR4435-2HG and TGF-β1 can promote the EMT of tumor cells. In non-small cell lung cancer, the up-regulation of MIR4435-2HG and TGF-β1 is also closely related to postoperative tumor recurrence (28).

In OSCC (7), non-small cell lung cancer (27, 28, 30), ovarian cancer (32), prostate cancer (38), and glioma (43), the expression levels of MIR4435-2HG and TGF-β1was positively correlated with each other, while no correlation between MIR4435-2HG and TGF-β1 was found in plasma of healthy persons. Overexpression of MIR4435-2HG can up-regulate the expression of TGF-β1, while exogenous TGF-β1 treatment has no effect on the expression of MIR4435-2HG. In gastric cancer (10), colorectal cancer (15), lung cancer (24, 29), ovarian cancer (31), breast cancer (35), and osteosarcoma (45), the overexpression of MIR4435-2HG can increase β-catenin and promote tumorigenesis. β-catenin has been shown to interact with TGF-β (57). Therefore, β-catenin may mediate the interaction between MIR4435-2HG and TGF-β1 (32, 38, 43), but this still needs further research and verification.



The Wnt/β-Catenin Signaling Pathway

β-catenin is located in the cell nucleus, and by controlling gene transcription, it can promote canceration and cancer cell metastasis, and induce cancer cell stemness and drug resistance (15, 24). β-catenin is a well-known oncogene and plays a key role in regulating the Wnt signaling pathway. The Wnt/β-catenin signaling pathway plays a key role in the growth of a variety of tumors (58). The increased cytoplasmic β-catenin content is a sign of the abnormal activation of Wnt/β-catenin pathway. β-catenin plays a key role in regulating the Wnt signaling pathway, and it controls the transcription of target genes in the nucleus (15).

In stomach cancer (10), colorectal cancer (15), lung cancer (24, 29), ovarian cancer (31), breast cancer and osteosarcoma (35, 37, 45), MIR4435-2HG can up-regulate the expression of β-catenin proportionally. In gastric cancer, desmoplakin (DSP) is the most abundant desmosomal protein. MIR4435-2HG can bind to DSP and inhibit DSP and its cascade reaction, thereby activating Wnt/β-catenin signal transduction, promoting tumor growth, metastasis, and EMT (10).

In lung cancer, MIR4435-2HG up-regulates β-catenin, promotes tumor growth, metastasis and EMT both in vivo and in vitro, and maintains the stemness of cancer cells (24). In non-small cell lung cancer, MIR4435-2HG can up-regulate β-catenin to promote cell proliferation and inhibit cell apoptosis (29). In ovarian cancer, overexpression of MIR4435-2HG significantly promotes the expression of β-catenin and promotes the growth, invasion, and migration of tumor cells (31). In addition, in breast cancer, MIR4435-2HG promotes tumor growth, invasion, metastasis, and EMT by activating Wnt/β-catenin signal transduction, and inhibits cell apoptosis (35); meanwhile, MIR44352HG knockdown can decreases the expression of total and nuclear β-catenin, reduces the expression of anti-apoptotic marker (Bcl2), proliferation marker (PCNA), and mesenchymal markers (N-cadherin, vimentin, and ZEB1), upregulates the cleaved PARP and the epithelial marker (E-cadherin), and activate caspase 3 and Bax of the apoptotic pathway (35).

Frizzled family receptor 7 (FZD7) is a Wnt signaling receptor, which is involved in the maintenance of cancer cell stemness and cancer progression. In triple-negative breast cancer (TNBC), overexpression of MIR4435-2HG promotes frizzled homolog 7 (FZD7) expression in cells, thereby activating the Wnt/β-catenin signaling pathway (37). In osteosarcoma, through the miR-93-3p/FZD7 axis, MIR4435-2HG can also up-regulate FZD7 and activate the Wnt/β-catenin signaling pathway, thereby promoting the proliferation, invasion, and migration of osteosarcoma cells (45). In addition, in prostate cancer tissues and cells, MIR4435-2GH increases the expression levels of β-catenin, p-FAK, p-AKT, c-MYC, and CCND1 by up-regulating ST8SIA1 (39).

In the above tumors, MIR4435-2HG can promote the expression of β-catenin, but the activation of Wnt/β-catenin signal transduction has no effect on the expression of MIR4435-2HG. Therefore, MIR4435-2HG is an upstream activator of the Wnt/β-catenin signaling pathway, which plays a role in the occurrence and development of cancer.



The MDM2/p53 Signaling Pathway

MDM2/p53 is one of the important signaling pathways, which can regulate cell growth and cell cycle (59). Mouse double minute 2 (MDM2) is an E3 ubiquitin ligase, which not only inhibits the transcriptional activity of p53, but also promotes the ubiquitination and degradation of p53 (9). p53 is an important tumor suppressor, which is activated in response to various stresses, thereby promoting cell apoptosis (9).

In esophageal squamous cell carcinoma tissues, both MIR4435-2HG and MDM2 were significantly up-regulated. Knockdown of MIR4435-2HG resulted in G2/M phase arrest in esophageal squamous cell carcinom cell lines (Eca-109 and TE-1), as well as decreased expression of MDM2, and increased expression of downstream p53 and p21 (9). The above shows that MIR4435-2HG promotes cell proliferation and cell cycle and inhibits cell apoptosis by regulating the MDM2/p53 signaling pathway.



The PI3K/AKT Signaling Pathway

When PI3K binds to growth factor receptors such as EGFR, RAS and PTEN, it can change the protein structure of AKT and activate AKT and its downstream effectors, thereby regulating cell proliferation, differentiation, apoptosis, and migration (60). The PI3K/AKT pathway is involved in the occurrence and development of a variety of cancers (60).

In the nucleus of hepatocellular carcinoma (HCC) cells, the interaction between MIR4435-2HG and the DNA binding protein Y-box binding protein 1 (YBX1) can enhance the binding of YBX1 to the PI3K promoter, thereby promoting the transcription of PI3K. MIR4435-2HG can activate the PI3K/AKT pathway, promote the proliferation and migration of HCC cells, and promote tumor growth and metastasis in mice. In the cytoplasm of HCC, MIR4435-2HG can interact with YBX1, up-regulate Snail1, and promote tumor progression (22). In prostate cancer tissues and cell lines, MIR4435-2HG promotes ST8SIA1 and up-regulates p-AKT levels (39).

In osteosarcoma cell lines (MG-63 and U2OS), MIR4435-2HG can up-regulate the protein levels of p-PI3K and p-AKT, suggesting that MIR4435-2HG may activate the PI3K/AKT pathway to promote the growth of osteosarcoma cells, Invasion, migration and apoptosis (46).



The Hippo Signaling Pathway

YAP1 is a Hippo signaling pathway gene, which is amplified in a variety of human cancers (61). YAP1 is a transcriptional regulator that is widely activated in human malignancies and can induce the proliferation, metastasis, stemness and chemotherapy resistance of cancer cells (61). In colorectal cancer, MIR4435-2HG binds miR-206-3p to up-regulate downstream YAP1 expression. MIR4435-2HG promotes the proliferation, invasion, migration and EMT of colorectal cancer cells by activating the Hippo signaling pathway, and promotes tumor growth in vivo (1).



The MAPK/ERK Signaling Pathway

The MAPK/extracellular signal-regulated kinase (ERK) signaling pathway is highly conserved. The MAPK/ERK signaling pathway involves a variety of biological events, including metabolic reprogramming, cell proliferation, survival, and differentiation (62). In the MAPK/ERK signaling pathway, mutations and dysfunctions of key genes are very common events in various human malignancies (62). In HCC cells, MIR4435-2HG can promote the phosphorylation of ERK, p38, and c-Jun N-terminal kinase (JNK), and activate the MAPK/ERK signaling pathway, thereby promoting HCC cell proliferation, cell cycle progression, and survival (20).




The ceRNA Network of MIR44350-2HG

The competing endogenous RNA (ceRNA) hypothesis describes that lncRNA and mRNA may bind to the same miRNA through their miRNA response element (MRE) (52). lncRNAs and miRNAs are the two main subgroups of ncRNAs, and both have been shown to be key players in cancer biology (19).

Here, this article outlines the ceRNA network centered on MIR4435-2HG and its biological significance (Figure 6). MIR4435-2HG can be used as the ceRNA of 20 miRNAs, 19 of which are found in 14 cancers, including miR-22-3p (18), miR-206-3 (1), miR-296-5p (1), miR-497-5p (11), miR-138-5p (53), miR-203a-3p (13), miR-6754-5p (25), miR-204-5p (26), miR-528 (30), miR-202 (30), miR-125a-5p (52), miR125b-5p (52), miR-1224-5p (44), miR-4288-3p (41), miR-513a-5p (3), miR-128- 3p (33), miR-93-3p (45), miR-802-5p (48), and miR-383-5p (47). In addition, in osteoarthritis, MIR4435-2HG was found to sponge miR-510-3p (63).




Figure 6 | The ceRNA network of MIR4435-2HG. MIR4435-2HG can interact with 19 miRNAs in at least 14 cancers and osteoarthritis, and regulate the expression of its downstream target genes. HCC, Hepatocellular carcinoma; CRC, Colorectal cancer; OSCC, Oral squamous cell carcinoma; GC, Gastric cancer; NSCLC, Non-small cell lung cancer; GBM, Glioblastoma; BCa, Bladder cancer; ccRCC, clear cell renal cell carcinoma; OC, Ovarian cancer; CC, Cervical cancer; HNSC, Head and neck squamous cell carcinoma.



In the digestive system, MIR4435-2HG can up-regulate YWHAZ and YAP1 by competitively binding miR-22-3p and miR-206-3p to promote the progression of hepatocellular carcinoma and colorectal cancer, respectively (1, 18). In oral squamous cell carcinoma, the MIR4435-2HG/miR-296-5p axis inhibits AKT2, thereby promoting the expression of Snail1, an important transcription factor regulating EMT (64). In gastric cancer, MIR4435-2HG has been shown to promote gastric cancer progression through the miR-497-5p/NTRK3 axis (11) and the miR-138-5p/Sox4 axis (53). However, another study showed that the expression of MIR4435-2HG decreased in gastric cancer, and DKK2 was down-regulated through the MIR4435-2HG/miR-203a-3p axis to inhibit tumor progression (13). It is worth noting that the results of three gastric cancer studies have shown that the expression of MIR4435-2HG in gastric cancer cell lines (HGC-27, BGC-823, SGC-7901, SNU5, AGS, and MGC-803) is higher than that in gastric mucosal cell lines (GES-1) (10–12). However, one study showed that the expression of MIR4435-2HG in four gastric cancer cell lines (HGC-27, BGC-823, SGC-7901, and MKN-45) was lower than that of gastric mucosal cell line (GES-1) (13).

In non-small cell lung cancer, MIR4435-2HG can sponge miR-528 and miR-202, and subsequently up-regulate TGF-β1 to promote tumor growth (30). In addition, MIR4435-2HG/miR-204-5p/CDK6 axis and MIR4435-2HG/miR-6754-5p axis can promote the growth and invasion of non-small cell lung cancer (25, 26). In gliomas, MIR4435-2HG/miR-125a-5p axis and MIR4435-2HG/miR125b-5p axis can up-regulate CD44 and promote tumor progression (52). In glioblastoma, MIR4435-2HG competitively binds miR-1224-5p, thereby up-regulating TGFBR2 and promoting tumor growth (44). In bladder cancer, MIR4435-2HG can sponge miR-4288-3p and promote tumor growth and invasion (41). In clear cell renal cell carcinoma, MIR4435-2HG/miR-513a-5p promotes tumorigenesis and development by promoting the expression of KLF6 (3). In ovarian cancer and cervical cancer (33, 34), MIR4435-2HG can competitively bind miR-128-3p and up-regulate CKD14 and MSI2, thereby promoting tumor progression. In osteosarcoma, the MIR4435-2HG/miR-93-3p axis can up-regulate FZD7 and promote tumor progression (45). In melanoma, the MIR4435-2HG/miR-802-5p axis can promote FLOT2 expression and promote tumor growth and invasion (48). In HNSC, the MIR4435-2HG/miR-383-5p axis can up-regulate RBM3, thereby promoting tumor progression (47). In addition, in osteoarthritis, low expression of MIR4435-2HG can attenuate the MIR4435-2HG/miR-510-3p/IL-17A axis signal and activate the NF-κB signaling pathway, thereby mediating the process of osteoarthritis (63).

In summary, the carcinogenic effect of MIR4435-2HG is through sponging miRNAs to regulate the expression of the downstream target genes. In addition, in osteoarthritis, the low expression of MIR4435-2HG promotes the process of osteoarthritis through the ceRNA network.



The Relationship Between MIR4435-2HG and Clinicopathological Characteristics

As shown in Table 2, the abnormal up-regulation of MIR4435-2HG is closely related to the clinicopathological characteristics of 11 tumors. In tumors of the digestive system, high expression of MIR4435-2HG is associated with larger tumors, advanced TNM staging and lymph node metastasis in esophageal squamous cell carcinom (9), gastric cancer (10–12), colorectal cancer (1, 14, 16), and hepatocellular carcinoma (18–20, 23). In esophageal squamous cell carcinom, the upregulation of MIR4435-2HG is also related to tumor differentiation and advanced UICC (Union for International Cancer Control) staging (8, 9). In colorectal cancer, the up-regulated MIR4435-2HG is positively correlated with tumor grade and patient age (15). In hepatocellular carcinoma, high expression of MIR4435-2HG is significantly correlated with distant metastasis, advanced Edmondson grade, incomplete encapsulation, microvascular invasion, and advanced BCLC stage (18, 20, 22).



Table 2 | Clinicopathologic significance of MIR4435-2HG in human cancers.



In breast cancer, MIR4435-2HG is negatively correlated with hormone receptor levels (36). In TNBC, the up-regulated MIR4435-2HG also points to larger tumors and higher TNM stages (37). In ovarian cancer and cervical cancer (33, 34), the high expression level of MIR4435-2HG is also related to advanced FIGO (Federation of Gynecology and Obstetrics) stage and lymph node metastasis. In ovarian cancer, MIR4435-2HG is also closely related to larger tumors and distant metastasis of tumors (31, 33). In lung cancer, high expression of MIR4435-2HG is significantly associated with larger tumors, higher TNM stages, stronger lymph node metastasis, and distant metastasis of the tumor (24, 25, 27, 29). The expression level of MIR4435-2HG in lung cancer tissues and serum of lung cancer patients is significantly positively correlated with tumor size and smoking habits (29). In addition, in clear cell renal cell carcinoma (40), HNSC (47), and osteosarcoma (45), MIR4435-2HG was found to be closely related to advanced TNM stages. In addition, MIR4435-2HG also points to large tumor size and advanced Fuhrman grade in clear cell renal cell carcinoma and distant metastasis of tumors in osteosarcoma (40, 45).



The Prognostic and Diagnostic Value of MIR4435-2HG

Abnormal up-regulation of MIR4435-2HG has potential value for cancer diagnosis and prognosis. The high expression of MIR4435-2HG is associated with a significant reduction in the overall survival (OS) of patients with 12 types of tumors (Table 2), including esophageal squamous cell carcinoma (8, 9), gastric cancer (11), colorectal cancer (1, 14, 17), hepatocellular carcinoma (18, 20, 22, 23), triple-negative breast cancer (TNBC) (37), ovarian cancer (31, 33), prostate cancer (38), lung cancer (24, 26, 29), glioblastoma (44), clear cell renal cell carcinoma (40), HNSC (47), and osteosarcoma (45). Among them, high MIR4435-2HG expression is significantly associated with shorter disease-free survival (DFS) in patients with esophageal squamous cell carcinoma (8), colorectal cancer (1, 14), breast cancer (36), or HNSC (47). In addition, high expression of MIR4435-2HG is also associated with shorter recurrence-free survival (RFS) in patients with hepatocellular carcinoma (22), clear cell renal cell carcinoma (40), or osteosarcoma (45). MIR4435-2HG is also positively correlated with postoperative distant recurrence in patients with non-small cell lung cancer (28).

As shown in Table 2, the high expression level of MIR4435-2HG in the tumor tissues and/or blood (whole blood, serum, and plasma) of cancer patients has proved to be of great diagnostic value in 9 cancers. In the tissues and serum of gastric cancer (12), colorectal cancer (15, 17), and non-small cell lung cancer (29), high expression of MIR4435-2HG can distinguish tumor patients from normal controls. In hepatocellular carcinoma serum (21), clear cell renal cell carcinoma tissue (40), and childhood T-ALL bone marrow (49), higher expression levels of MIR4435-2HG can distinguish tumor patients from normal controls. It is worth noting that the high expression of MIR4435-2HG in the serum of colon cancer and the plasma of TNBC and ovarian cancer can effectively distinguish patients with early-stage tumors (stage I-II) and healthy controls Group (6, 16, 32), suggesting that MIR4435-2HG may be used as an early diagnostic marker for these three tumors. In addition, in gliomas, the highly expressed MIR4435-2HG can distinguish metastatic tumors from healthy controls, but cannot effectively distinguish non-metastatic gliomas from normal healthy controls. This indicates that MIR4435-2HG may be involved in the process of glioma metastasis and can be used to diagnose glioma metastasis (42).



MIR4435-2HG and Tumor Drug Treatment

MIR4435-2HG has also been shown to be involved in the mechanism of action of a variety of tumor treatment drugs, including resveratrol for the treatment of lung cancer (2), cisplatin for non-small cell lung cancer and colon cancer (4, 5), and carboplatin for three-negative breast cancer (Figure 7) (6).




Figure 7 | The role of MIR4435-2HG in cancer drugs. In lung cancer, MIR4435-2HG may be involved in the inhibitory effect of resveratrol on the growth of lung cancer cells. In non-small cell lung cancer (NSCLC) and colon cancer, MIR4435-2HG may be a driving factor for cisplatin resistance. In triple-negative breast cancer (TNBC), MIR4435-2HG may be involved in the development of carboplatin resistance.



Resveratrol is a natural polyphenol, found in various plants and Chinese herbal medicines. Due to its relatively low toxicity, it can promote cancer by targeting a variety of signaling molecules for cell survival and tumor growth. It is considered an ideal chemopreventive agent (2). As an oncogenic lncRNA, MIR4435-2HG is highly expressed in lung cancer cell lines, and its expression is down-regulated after resveratrol treatment, thereby inhibiting the proliferation and growth of lung cancer cells (2).

Cisplatin is widely used in the treatment of various cancers, but the emergence of cisplatin resistance is a serious clinical problem (5). In non-small cell lung cancer, MIR4435-2HG knockdown can reduce the cisplatin resistance and cell viability of the cisplatin-resistant cell line A549/DDP, and cause cell cycle arrest, which significantly increases the ratio in the G0/G1 phase. Meanwhile, MIR4435-2HG knockdown positively induced the expression of apoptosis-related factors (CCNC and BIRC5), and inhibited the expression of cell cycle-related factors (CDK1 and GTSE5), thereby promoting cell apoptosis (4). In colon cancer, MIR4435-2HG is highly expressed in the cisplatin-resistant cell line HCT116R, and MIR4435-2HG knockdown can significantly restore the sensitivity of cells to cisplatin, inhibit cell proliferation, and promote cell apoptosis (5). In addition, in colon cancer, MIR4435-2HG knockdown can reduce the transcription levels of key molecules (Nrf2 and HO-1) in the oxidative stress pathway (5).

Carboplatin is a cisplatin derivative with broad-spectrum anti-tumor activity. It can be used as a single drug or combined to treat multiple tumors (65). In triple-negative breast cancer (TNBC), overexpression of MIR4435-2HG and miR-21 can promote the proliferation of cancer cells treated with carboplatin, improve the viability of cancer cells, and induce chemotherapy resistance (6).

In summary, MIR4435-2HG may be involved in the inhibitory effect of resveratrol on the growth of lung cancer cells and may be an important driving factor for cisplatin and carboplatin resistance.



Conclusions and Perspectives

MIR4435-2HG is a lncRNA with great potential, which can be used as a diagnostic and prognostic biomarker for a variety of tumors, and a therapeutic target for a variety of tumors. MIR4435-2HG was abnormally up-regulated in tumor tissues and cell lines as an oncogene in 18 tumors, and its overexpression was also detected in the blood, plasma, or serum of 9 tumors. At the same time, MIR4435-2HG is closely related to the clinical characteristics and poor prognosis of 12 tumors. This may mean that MIR4435-2HG can be highly expressed and detected in human blood besides tumor tissues. In the future, the relationship between MIR4435-2HG and tumor development can be studied in more tumors. In addition, there is only one study on the methylation of MIR4435-2HG in gliomas (52), and the mechanism of MIR4435-2HG overexpression in these tumors has not been elucidated. Epigenetic research can provide hints for elucidating the molecular mechanism of MIR4435-2HG.

MIR4435-2HG can participate in at least 6 signal pathways and form a ceRNA network with miRNAs to promote the occurrence and development of tumors. In tumors, MIR4435-2HG can participate in the regulation of signaling pathways and affect different biological processes of tumors. For example, non-small cell lung cancer is involved in TGF-β signaling (27, 28, 30) and Wnt/β-catenin signaling (29). Colorectal cancer is involved in the Wnt/β-catenin signaling pathway (15) and the Hippo signaling pathway (1). This may provide ideas for exploring new tumor treatment strategies. However, the specific mechanism of MIR4435-2HG in the pathway has not been well explained. Meanwhile, the existing research on MIR4435-2HG mostly focuses on the “lncRNA-miRNA-mRNA” axis, however, the research on the relationship between other non-coding RNAs of MIR4435-2HG is still lacking. For example, MIR4435-2HG and BCL2L11 genes co-localize to chr2 q13, and the lncRNA Morrbid (a myeloid RNA regulator of BCL2L11-induced cell death) is involved in the regulation of N-ras splicing in mouse hepatocytes and is associated with tumorigenesis (66). In the future, it is necessary to further study the regulatory mechanism of MIR4435-2HG and improve its ceRNA network. In addition, the expression of MIR4435-2HG may also be closely associated with nearby genetic variants. For example, the rs17041869 site located in the enhancer of BCL2L11 can regulate the expression of the BCL2L11 gene near MIR4435-2HG (67), suggesting the need to explore genetic variants associated with MIR4435-2HG in the future.

In addition, it needs to be further explored for the application of MIR4435-2HG in the blood of tumor patients in the diagnosis and prognosis of tumors. The connection between MIR4435-2HG and tumor treatment drugs lays the foundation for the clinical treatment of tumors. In the future, it is necessary to test the role of MIR4435-2HG in the treatment of more cancer drugs.
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We systematically reviewed and summarized studies focusing on Bharat Biotech’s Whole Virion Inactivated Corona Virus Antigen BBV152 (Covaxin), which is India’s indigenous response to fighting the SARS-CoV-2 pandemic. Studies were searched for data on the efficacy, immunogenicity, and safety profile of BBV152. All relevant studies published up to March 22, 2022, were screened from major databases, and 25 studies were eventually inducted into the systematic review. The studies focused on the virus antigen (6 μg) adjuvanted with aluminium hydroxide gel and/or Imidazo quinolin gallamide (IMDG), aTLR7/8 agonist. Pre-clinical, phase I, and II clinical trials showed appreciable immunogenicity. Both neutralizing and binding antibody titers were significant and T cell responses were Th1-biased. Phase III trials on the 6 μg +Algel-IMDG formulation showed a 93.4% efficacy against severe COVID-19. Data from the trials revealed an acceptable safety profile with mostly mild-moderate local and systemic adverse events. No serious adverse events or fatalities were seen, and most studies reported milder and lesser adverse events with Covaxin when compared with other vaccines, especially Oxford-Astra Zeneca’s AZD1222 (Covishield). The immunogenicity performance of Covaxin, which provided significant protection only after the second dose, was mediocre and it was consistently surpassed by Covishield. One study reported adjusted effectiveness against symptomatic infection to be just 50% at 2 weeks after the second dose. Nonetheless, appreciable results were seen in previously infected individuals administered both doses. There was some evidence of coverage against the Alpha, Beta, and Delta variants. However, neither Covaxin nor Covishield showed sufficient protection against the Omicron variant. Two studies reported super-additive results on mixing Covaxin with Covishield. Further exploration of heterologous prime-boost vaccination with a combination of an inactivated vaccine and an adenoviral vector-based vaccine for tackling future variants may be beneficial.




Keywords: BBV152, Covaxin, inactivated vaccine, Covishield, efficacy, immunogenicity, safety



Introduction

With SARS-CoV-2 infections affecting more than half a billion and resulting in around 6.3 million deaths at the time of writing, more than 220 countries faced a monumental task in combating the devastation inflicted by this virus (1). Extensive vaccination efforts were initiated and successfully concluded all over the world in record times. Unfortunately, the huge number of cases of SARS-CoV-2 worldwide provided fertile ground for genomic changes precipitating the emergence of newer variants, such as the Alpha variant (B.1.1.7), which emerged in the UK, Beta variant (B.1.351) in South Africa, Gamma (P.1) in Brazil, Epsilon (B.1.429) emerging from California, and Iota (B.1.526) in New York. The phenomenal increase in SARS-CoV-2 infections in the Indian subcontinent during the second wave and the flouting of social distancing norms at religious and political gatherings provided the opportunity for the emergence of new variants, the Delta and Kappa (1.617.1 and 1.617.2, respectively) emerging in the country around December 2020 (2).

Bharat Biotech’s Covaxin (BBV152) was the second-most administered vaccine in India at 327 million doses received at the time of writing (3). It is a β-propiolactone inactivated vaccine (4). The inactivated whole-virion structure is combined with an adjuvant, Imidazo -quinoline gallamide, which is a toll-like receptor 7/8 agonist molecule adsorbed to alum (Algel-IMDG). The formulation improves homing of vaccine antigen onto draining lymph nodes without systemic spillage. A genetically stable strain NIV-2020-770 containing the Asp614Gly mutation used for making Covaxin was isolated from an asymptomatic SARS-CoV-2 positive patient at the National Institute of Virology (NIV), Pune (5). Biosafety level 3 (BSL3) manufacturing facilities with a vero cell manufacturing platform were utilized in the manufacturing process (6). The strain used is 99.7% identical to Wuhan Hu-1 (7). Five to 10% newborn calf serum in Dulbecco’s Modified Eagle medium (DMEM) was used to grow Vero CCL-81 cells in tissue culture flasks and cell stacks. Further virus propagation was achieved in bioreactors which maintained a temperature of 36 ± 1°C. Harvesting was done at 36-72 h post-infection and supernatants were processed. Additional purification and concentration were done by column chromatography and a tangential flow filtration system, respectively (8). The purified final bulk obtained from the inactivation procedure has been found to contain spike and nucleocapsid protein. Transmission electron microscopy (TEM) shows intact, oval structures with the characteristic crown shape (7). Covaxin got early approval from Indian Drug regulatory agencies (9). Studies on vaccine safety have always presented challenges. Antibody-dependent enhancement (ADE) has been a worrying concern with inactivated vaccines and the changes in conformations of spike proteins on inactivation with β-propiolactone may be a cause for concern (10). Autoimmune glomerular disorders have been reported 2 weeks after vaccination with Covaxin (11). A case of Cutaneous small-vessel vasculitis was reported 5 days after inoculation (12). There was also a report of varicella zoster reactivation in a 72-year-old woman a week after receiving the vaccine (13). Coronary thromboembolic phenomena have also been seen, though on a much lesser scale compared to other vaccines (14). Nonetheless, the WHO accorded Emergency use listing (EUL) approval to Covaxin on 3 November 2021 after several delays, its Strategic Advisory Group of Experts on Immunization (SAGE) having previously recommended two doses spaced 4 weeks apart in all adults (15). Several South American and African nations have also been using it in their programs, though not without reservations (16, 17).

We aim to systematically review the overall efficacy, immunogenicity, and safety of BBV152 Covaxin vaccine, which could potentially guide public health policy in relation to combating the threat posed by SARS-CoV-2, especially in those countries that are actively considering adding it to their regimens.



Methods


Search strategy

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses Statement (PRISMA) recommendations were followed in this analysis. (Figure 1) A systematic literature search with no language restriction was performed in electronic databases, including PubMed, Google Scholar, Directory of Open Access Journals (DOAJ), as well as Lancet, to identify eligible studies published up to March 22, 2022. The search strategy was based on the following keywords and MeSH terms: “BBV152”, “Covaxin”, “vaccine”, “vaccination”, “safety” and “efficacy”. Reference lists of selected studies were also screened. In addition, internet engines were utilized to search for web pages that might have references of interest.




Figure 1 | Flow diagram utilizing PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) for study selection.





Study selection

Two investigators (TIA and SR) independently performed the literature screening to identify eligible studies. Studies eligible for inclusion were studies of any design (case–control, case–cohort, prospective cohort, randomized control trials, cross-sectional, human, as well as non-human studies), which reported the effectiveness of the BBV152 vaccine to prevent reverse transcription–polymerase chain reaction (RT-PCR) confirmed COVID-19 (through comparison between vaccinated and unvaccinated individuals) and adjusted for covariates. For multiple studies based on the same data, or where preprints were succeeded by publication in indexed journals, the most recent ones were mentioned. Studies involving heterologous administration of BBV152 with other vaccines had interesting results and were included. One study focusing on chemokine and cytokine subsets elicited was not excluded. Studies comparing BBV152 with other vaccines or involving individuals previously infected with SARS-CoV-2 were included.



Exclusion criteria

We excluded studies that reported unadjusted effectiveness estimates, or which did not use RT-PCR to confirm the diagnosis of COVID-19. Uncorrected manuscripts and pre-prints were not included. One study focusing on breakthrough infections had to be excluded as data for both Covaxin and another vaccine codenamed AZD1222 (brand name Covishield) were grouped together and individual data for Covaxin could not be retrieved (18). Two other studies also had to be excluded due to a lack of Covaxin-specific subgroup analysis (19, 20).

Studies were presented chronologically wherever possible.

We had three outcomes of interest, BBV-152

(a) vaccine efficacy, which is defined as ‘a proportionate reduction in disease attack rate (AR) between the unvaccinated (ARU) and vaccinated (ARV) study cohorts’ (21),

(b) immunogenicity of the vaccine, measured by estimating either binding antibodies by Enzyme-linked immunosorbent assays (ELISA) or Neutralizing Antibodies (NAb), by plaque reduction neutralization assays (PRNT90 or PRNT50), focus reduction neutralization titer (FRNT50), or microneutralization assay (MNT50), as well as cytokine and chemokine profiles, and

(c) vaccine safety.

Studies examining either efficacy, immunogenicity, or safety, or any combination of the three, were included. Each included study was studied independently by two investigators (TIA and SR), who also obtained details of the same under the headings of first author’s surname, study design, sample population and subgroups, number of participants, the incidence of COVID-19 (either asymptomatic, symptomatic with more than one grade of severity) in both vaccinated and unvaccinated individuals, and adjusted vaccine effectiveness estimates and covariates. Two investigators (SM and SI) utilized the Newcastle-Ottawa Scale to gauge the quality of included observational studies, and a score >7 was considered high quality and suitable for inclusion (22).




Results

A total of 25 articles met inclusion and quality criteria. Of these, three focused on efficacy, 19 examined immunogenicity, 10 included safety assessments. Three were animal-based studies. Full papers were assessed. Except for two articles based in Iran, all the studies were conducted in India. The articles were published in English between December 2020 and March 22, 2022. Several of the studies had the involvement of employees of Bharat Biotech, the company producing Covaxin.



Discussion

Inactivated vaccines have been traditionally used successfully for protection against historically notorious diseases like smallpox, polio, rabies, among others. Theoretically, the intact yet inactivated pathogen elicits a broader immune response compared to other platforms. Epitope coverage of inactivated vaccines is extensive and less prone to circumvention by newer variants (8). The pre-clinical animal studies on the Syrian Hamsters and Rhesus macaques suggested satisfactory efficacy and dose-sparing effect of the 3 µg BBV152 vaccine + Algel-IMDG (in comparison to the 6 μg + Algel-IMDG and other combinations). These animal studies showed high Nab titers, displayed prompt viral clearance from the lower respiratory tract, and displayed no evidence of radiographic abnormalities by the 7th day post-inoculation (8, 23). In the third animal study on three species, 100% seroconversion was observed in 21 days and peak titers were seen on day 28. This study showed sufficient levels of binding Ab and Nab lasting up to 98 days after the first dose. The reliability of the Algel-IMDG adjuvant was also established, as it was found to be non-mutagenic and induced Th1-biased antibody response (7).

The phase I trials presented a Th1-skewed response. Post second dose Seroconversion rates of both the Algel-IMDG adjuvanted combinations of 3 μg and 6 μg were found to be comparable (6). Both cell-mediated and humoral immunity appeared to be sufficiently stimulated. An impressive safety profile with local and systemic adverse events in the range of 17%-21% (none severe) paved the way for phase II trials. In both the phase II trials as well as the follow-up to the phase I trials, the 6 µg + Algel-IMDG combination was found to have the highest immunogenicity and was eventually selected for phase III trials (Table 1) (24). These trials revealed a 93.4% efficacy against severe COVID-19, although efficacy against the Delta variant was lower at 65.2%. There were minimal lot-to-lot variations and the safety profile was similar to placebo (25). Notwithstanding the impressive safety profile (just 12.4% adverse events) established in the trials, an Iranian study reported 92.9% incidence of adverse events, with most of the complaints being of injection site pain. However, the Iranian study included only 42 Covaxin recipients compared to the much larger number in phase III trials. Also, similarly high adverse events were reported for the other vaccines, Oxford-Astra Zeneca’s AZD1222(Covishield) and Sputnik V, included in the study (10). The COVAT study showed an increased incidence of mild-moderate adverse events after the first dose in Covaxin (31.2%) compared to second dose (11.1%) and a 2.2% breakthrough infection rate. These rates were found to be better than that seen with AZD1222 recipients, who experienced 46.7% adverse events after the first dose, 18.1% after the second dose, and 5.5% breakthrough events (26). Basavaraja et al. also reported lower incidence rates for Covaxin compared to Covishield, mostly related to vaccination anxiety (27). On the other hand, on comparing two equally sized groups, Choudhary et al. reported higher breakthrough events with Covaxin compared to Covishield (28). Sharma et al. also reported a slightly higher breakthrough infection rate with Covaxin compared to Covishield (29). However, in the COVAT follow-up studies, breakthrough infection rates were similar for the two vaccines (30). Incidence rates varied from the high values reported by the Iranian study to the much lower values of 0.57% reported by Basavaraja et al. (27) The latter utilized spontaneous reporting of adverse events and supervised assessment was conducted for only 30 minutes, which might have resulted in under-reporting of any events occurring after that period. In another Iranian study, adenovirus-vector-based recipients, especially those getting Covishield, reported more numerous and intense side effects compared to vaccinees receiving inactivated formulations. This was attributed to the increased elicitation of cytokine/chemokine responses in the viral vector vaccines (31). Suffice to mention that no serious adverse events or deaths were reported with BBV152 in any study we included, and injection site pain was the decisively predominant adverse event.


Table 1 | Phase I, II & III trials on the BBV152/Covaxin.



Immunogenicity assessments of Covaxin did not usually outperform that observed with other vaccines. In the COVAT study, Covishield surpassed BBV152 in the observed NAb titers and seropositivity rates after the first dose itself, which was barely equaled even after two doses of Covaxin had been administered (Table 2). Among fully vaccinated recipients, Covaxin could elicit an anti-spike Ab geometric mean titer (GMT) of only 48.3 AU/ml, which was less than half that observed with Covishield. The former also elicited a seropositivity of anti-Spike Ab of just 80% compared to 98.1% observed in the latter (26). This superiority in seroprevalence and peak GMT of Covishield was maintained at all time points from 1 to 6 months after the second dose, as seen in the follow-up to the COVAT study. Nonetheless, the declines in peak values were just as rapid, so that by the end of 6 months post the second dose, there was a narrowing of the Ab titer gap between the two vaccines. While Covishield showed a peak of almost 100% seropositivity 3 weeks after the second dose, Covaxin showed peak seropositivity of less than 80% (30). Dash et al. similarly reported higher seropositivity rates with Covishield, the IgG titers against Spike protein being three times that seen with Covaxin. However, they also reported a breakthrough infection related fatality with Covishield (32). The superiority of Covishield over BBV152 was again demonstrated by Choudhary et al., which showed several-fold higher elicitation of spike protein IgG by the former vaccine over the latter. The study noted a four-fold reduction in spike protein Ab titers at 6 months after the second dose for Covaxin, while Covishield showed only a two-fold reduction, which was at variance with the COVAT follow-up results. However, Choudhary et al. had a much higher number of vaccinees receiving Covaxin compared to the COVAT study, so could be considered more reliable. Both studies, however, agree on the consistently higher titers of Covishield at all time points. Additionally, in previously unexposed seronegative individuals, an 81.9% seroconversion at 4 weeks after the first dose was observed with Covishield compared to just 16.1% with Covaxin (28). This was also proven in the study by Malhotra et al., which reported poor immunogenicity in individuals partially immunized with BBV152. Unlike Covishield, where antibody titers started peaking quickly after the first dose itself, it required at least two doses for Covaxin to be anywhere near as effective. In participants with prior viral exposure, two doses of BBV152 accorded sufficient protection, with an 87% efficiency against symptomatic reinfection, while a single dose was only 16% effective (43). A questionnaire-based study of health-care workers reported significantly reduced incidence and severity of COVID-19 infection in those receiving two doses of both Covaxin and Covishield compared to a single dose of either vaccine (44). Kumar et al. demonstrated the induction of innate, adaptive immune responses, as well as cytokine and chemokine induction. However, these responses were only observed after the second dose and lasted for 3 months, thus explaining the delayed peak of Covaxin action (33).


Table 2 | List of studies on the purified inactivated SARS-CoV-2 vaccine Covaxin.




Response of Covaxin against SARS-CoV-2 variants

Sufficient action of vaccines against newer variants is essential to reduce mortality and control the spread of infection to manageable levels. The ameliorative action of Covaxin against several variants has been tested. A study by Sapkal et al. reported higher GMT of IgG for S1-receptor binding domain protein as well as higher NAb GMT for the B.1.1.28.2 and D614G strains in Covaxin vaccinee sera compared to convalescent sera (35). In another study by Sapkal et al., NAb titers of vaccinee sera had comparable efficacies against GR, G, and O clades of SARS-CoV-2 and could effectively neutralize the Alpha variant (36). Although BBV152 elicited comparatively reduced titers against the Delta and other newer variants, some rudimentary protection was still afforded. Desai et al. undertook their study at the peak of the second wave in India, probably triggered by the evasive Delta variant. They found an adjusted effectiveness against symptomatic infection to be 50% at 2 weeks after the second dose of BBV152, which rose to a somewhat reasonable figure of 57% at 6 weeks. A strong Th1 bias also allayed fears of serious adverse events (40). Ella et al. had reported efficacy of 65.2% against the Delta variant in the phase 3 trials (25). The study by Malhotra et al. conducted during the wave triggered by the Delta variant reported significant effectiveness (86%) of a two-dose Covaxin regimen (43) Yadav et al. observed neutralization of sera by Covaxin recipients in comparison with those of recovered patients and observed significantly higher levels of GMT against ancestral (B.1), Beta and Delta variants in vaccinees in comparison to the unvaccinated suggesting a somewhat ample coverage of these variants by the vaccine (34). In another study by the same author, action of Covaxin against B.1, Delta, Delta AY.1, and 1.617.3 was assessed, and it was inferred that a milder level of protection was nonetheless afforded by the vaccine against the newer variants (37). Higher titers were also observed in vaccinees who had been previously infected compared to vaccinees without any prior exposure. In fact, a significant humoral response was also observed by Kumar et al., who observed that a single dose of BBV152 administered to previously infected individuals had comparable effectiveness to non-exposed vaccinees administered both doses. IgG Ab against Spike proteins in individuals administered a single dose of Covaxin were markedly elevated (28 days after the first dose) at 167.2 AU/ml in recipients with prior viral exposure in comparison to just 2.3 AU/ml in those with no prior infections. However, the difference in titers between the two groups was less significant after two doses. Kumar et al. thus advocated saving on valuable vaccine doses by giving only a single dose of Covaxin to previously infected individuals; instead reserving the two-dose regimen for non-exposed individuals (38).



Response of Covaxin against the B.1.1.529 (Omicron) variant

Covaxin acted poorly against the B.1.1.529 variant and consequently, immune escape appeared widespread. Covishield fared no better. Despite extensive coverage of vaccination campaigns in the Indian subcontinent utilizing both the above vaccines, there were widespread incidences of breakthrough infections and reinfections (Table 2). Recipients of both vaccines with no prior virus exposure had a ~26-fold reduction in neutralization titers (FRNT50) against Omicron compared to the ancestral variant, 6 months after the second dose. However, those who had a history of prior exposure to infection had significantly higher titers, albeit these subsided twice as rapidly. Interestingly, Covaxin recipients sustained anti-nucleocapsid antibodies for longer periods as compared to Covishield (41).



Heterologous prime boost vaccination

The study by Kant et al. observing the serendipitous ‘mix and match’ of Covaxin and Covishield reported the lowest Geometric mean titers (GMT) for both the S1-receptor binding domain antibodies as well as antibodies to the inactivated virus with Covaxin. However, neutralizing antibodies against B1, Alpha, Beta, and Delta were comparable to that observed with Covishield. Interestingly, mixing the two vaccines yielded better results than either vaccine taken alone. The heterologous group reported the highest titers for the N (nucleocapsid) protein and IgG to the inactivated virus. NAb’s against the four variants were also significantly higher than that seen in homologous groups. Nonetheless, neutralization of the sera of BBV152 vaccinees measured in geometric mean titer against the B1, Beta, and Delta variants was significantly higher than that seen with sera from recovered patients (39). Sapkal et al. assessed sera of vaccinees who had received heterologous vaccination (first dose Covishield, second dose Covaxin) and despite significant-fold reductions in GMT of NAb 6 months after the second dose, the heterologous group had consistently higher titers compared to the groups receiving homologous vaccination (either Covishield or Covaxin). NAb titers against the Omicron variant were remarkably reduced for both heterologous/homologous vaccination compared to ancestral, Alpha, Beta, and Delta variants. Nonetheless, heterologous vaccination was immunogenically superior to the homologous mode of vaccination (42).

Heterologous prime-boost vaccination was similarly encouraged by other studies which claimed higher inductions of immunogenicity with combinations of vector-based + inactivated vaccines, which suggests great scope for such regimens in tackling newer variants (45).




Conclusion

After a perusal of the studies included in the systematic review, the authors found the safety profile of Covaxin to be satisfactory and comparable with data from other vaccines, most of the complaints being of injection site pain. A study reported milder adverse effect profile of inactivated vaccines such as Covaxin compared to viral-vector-based ones. Although some studies reported slightly more breakthrough infections with the vaccine compared to other candidates, none of the studies reported any serious/severe adverse events or fatalities. Immunogenicity performance of BBV152, albeit higher than the natural immunity of recovered patients, with the added advantage of being Th1-cell biased, was not as competitive as Oxford–AstraZeneca’s AZD1222 (Covishield), as the latter consistently showed higher seroconversion rates and NAb titers. Covaxin displayed lower immunogenic parameters at almost all time points after the second dose, with titers usually lagging behind those seen with Covishield. While AZD1222 showed significant immunogenicity after the first dose itself, it required generally two doses of Covaxin to impart sufficient immunity. Previously infected individuals nonetheless showed good results with the administration of a single dose of Covaxin. Individuals with prior viral exposure administered at least two doses of Covaxin had the best results. In all, binding and neutralizing antibody titer values for Covaxin were not very impressive. Although some protection was afforded against strains such as Alpha, Beta, and Delta, it was not substantial. Neither Covaxin nor Covishield could provide sufficient immunity against the Omicron strain. However, a vaccination regimen including both vaccines displayed better immunogenicity, especially against multiple strains. Further experimentation with heterologous boost vaccination may be beneficial in tackling future variants.
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Types of Adjuvants Examples Functions

Cytokines GM-CSF, IL-12 Promoting the maturation and activation of DCs and enhancing antigen uptake and presentation
Microbes and microbial derivatives ~ BCG, CpG, MPL, poly I.C Activating DCs through toll-like receptor ligands

Mineral salts Alum Enhancing antibody production by plasma cells

Oil emulsions or surfactants AS02, Montanide, QS21 Decelerating release of antigens and stimulating local DCs at the injection site

Particulates AS04, polylactide co-glycolide  Functioning as an antigen carrier and enhancing antigen uptake and presentation

Viral vectors Adenovirus, fowlpox Delivering antigens and activating DCs through toll-like receptor ligands

AS, adjuvant system; BCG, Bacillus Calmette-Guérin; CpG, cytosine-phosphate diester-guanine; DC, dendritic cell; GM-CSF, Granulocyte-macrophage colony-stimulating factor; IL,
interleukin; MPL, monophosphoryl lipid A; QS21, a plant extract derived from Quillaja saponaria.
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Clinical Trial Trial Setting Targeted Design and Arms Breast Cancer Primary Outcomes

Reference Phase Tumor Subtype Objectives
Antigen
PRESENT Trial i Adjuvant HER2- Vaccination Arm: E75 + HLA-A2/A3+, DFS RR at 16.8 months interim analysis: 9.8%
derived GM-CSF (N=376) HER2 low- (vaccinated group) versus 6.3% (control group)
NCT01479244 peptide Control Arm: Placebo + expressing (HC 1/ (P =0.07). Based on these data, the study
(102) E75 GM-CSF (N=382) 2+), node-positive was terminated for futility.
US Military Cancer I Adjuvant HER2- Vaccination Arm: E75 + HLA-A2/A3+, Safety, Five-year DFS: 89.7% (vaccinated group)
Institute Clinical derived GM-CSF of different HER2-expressing, — optimal versus 80.2% (control group) (P = 0.08).
Trials Group Study peptide doses (N=108) node-positive or dosing of  Toxicities were minimal.
I-01 and I-02 (103) E75 Control Arm: Observation  high-risk node- immune
(N=79) negative response
NCT01570036 Il Adjuvant HER2- Vaccination Arm: E75 + HLA-A2/A3+, DFS The estimated 24-month DFS: 89.8%
(104) derived GM-CSF + trastuzumab HER2 low- (vaccinated group) versus 83.8% (control
peptide (N=136) expressing (IHC 1/ group) (P=0.18).
E75 Control Arm: Placebo + 2+), node-positive
GM-CSF + trastuzumab
(N=139)
NCT00524277 Il Adjuvant HER2- Vaccination Arm: GP2 + HLA-A2+, HER2-  DFS, RR The estimated 5-year DFS: 88% (vaccinated
(105, 106) derived GM-CSF (N=89) expressing, node- group) versus 81% (control group) (P = 0.43);
peptide Control Arm: GM-CSF positive or high- 100% (HER2 3+ vaccinated patients) versus
GP2 alone (N=91) risk node-negative 89% (HER2 3+ placebo patients) (P=0.03).
US Military Cancer | Adjuvant HER2- Single arm: GP2 + GM- HLA-A2+, HER2-  Safety, Immune response was induced in all the
Institute Clinical derived CSF of different doses expressing, node-  immune enrolled patients. Toxicities were minimal.
Trials Group Study peptide (N=18) negative response
-04 (84) GP2
NCT00524277 Il Adjuvant HER2- Vaccination Arm: AE37 +  HLA-A2+, HER2- RR RR at 25-month median follow-up: 12.4%
(107) derived GM-CSF (N=153) expressing, node- (vaccinated group) versus 13.8% (control
peptide Control Arm: GM-CSF positive or high- group) (P=0.70).
AE37 alone (N=145) risk node-negative
US Military Cancer | Adjuvant HER2- Single arm: AE37 + GM-  HLA-A2+, HER2-  Safety, Immune response was induced in all the
Institute Clinical derived CSF of different doses expressing, node-  immune enrolled patients. Toxicities were minimal.
Trials Group Study peptide (N=15) negative response
-03 (85) AE37
NCT00399529 Il Metastatic ~ HER2 Single arm: HER2 GM- Stage IV, HER2- Safety, CBR at 6 months and 1 year was 55% and
(108) CSF-secreting tumor cell  expressing CBR 40%, respectively. Toxicities were minimal.
vaccine +
cyclophosphamide +
trastuzumab (N=20)
NCT00140738 I Metastatic ~ HER2 Single arm: recombinant  Stage IV, HER2- Safety, Clinical activity was observed with 2/40
(109) HER2 protein + AS15 expressing CBR objective responses and prolonged stable
(N=40) disease for 10/40 patients. Immunization was
associated with minimal toxicity.
NCT02061332 Il Neoadjuvant HER2 Single arm: HER2 HER2-expressing  Safety, Vaccination by all injection routes was well
(110) dendritic cell vaccine with  DCIS or early immune tolerated. There was no significant difference in
different routes (N=27) invasive breast and clinical  immune response rates by vaccination route.
cancer response

CBR, clinical benefit rate; DCIS, ductal carcinoma in situ; DFS, disease-free survival; GM-CSF, granulocyte-macrophage colony-stimulating factor; HER2, human epidermal growth factor
receptor 2; HLA, human leukocyte antigen; IHC, immunohistochemistry; RR, recurrence rate.
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NCT00003638 n Metastatic STn Stage IV TTP, OS TTP: 3.4 months (treatment group) versus 3.0 months (control group)

(101) (P=0.35). Median OS: 23.1 months (treatment group) versus 22.3
months (control group) (P=0.91).

Miles DW, Il Metastatic STn Stage IV Safety, immune and  Clinical activity was observed with 2/18 minor responses and stable

etal. (111) clinical response disease for 5/18 patients. Toxicities were minimal.

NCT00179309 I Metastatic Mucin-1, CEA  Stage IV PFS Median PFS: 7.9 months (vaccinated arm) versus 3.9 months (control

(112) arm) (P=0.09).

Svane IM, et al. I Metastatic p53 Stage IV HLA-  Safety, immune and  Clinical activity was observed with 8/19 stable disease or minor

(113) A2+ clinical response regression with 11/19 progressive disease. Toxicities were minimal.

Domchek SM, | Metastatic hTERT Stage IV HLA-  Immune response High immune response was observed in 9/16 patients and non/low

etal. (114) A2+ response was seen in 7/16 patients.

NCT00807781 | Metastatic Mammaglobin-  Stage IV HLA-  Safety, immune No serious adverse events and a significant increase in the frequency

(©9) A A2/A3+ response of MAM-A specific CD8" T cells after vaccination (0.9% vs. 3.8%,
P<0.001) was observed.

Avigan D, et al. | Metastatic Multiple Stage IV Safety, clinical No significant toxicity or autoimmunity. Clinical activity was observed

(115) antigens response with 2/10 disease regression and 1/10 disease stabilization.

CEA, carcino-embryonic antigen; HLA, human leukocyte antigen; hTERT, human telomerase reverse transcriptase; OS, overall survival; PFS, progression-free survival; STn, Sialyl-Tn; TTP,
time to progression.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Insights in vaccines and molecular therapeutics: 2021



		Extracellular Vesicles as a New Promising Therapy in HIV Infection



		Introduction



		Intercellular Communication Mediated by EVs in HIV Infection



		Pro-Viral Effects of EVs in HIV Infection



		Anti-Viral Effects of EVs in HIV Infection



		Role of EVs in HIV Reservoir Reactivation



		Conclusions and Future Perspectives



		Search Strategy and Selection Criteria



		Author Contributions



		Funding



		References



		Glossary









		Breast Cancer Vaccines: Disappointing or Promising?



		1 Introduction



		2 Principles of Breast Cancer Vaccine



		2.1 Immunoediting Throughout Tumor Progression



		2.2 Immune Cells Recognizing Tumor Antigens



		2.3 Tumor Cells Attenuating Anti-Tumor Immunity









		3 Approaches of Breast Cancer Vaccine



		3.1 Types of Breast Cancer Vaccine



		3.1.1 Peptide Vaccine



		3.2.2 Protein-Based Vaccine



		3.1.3 Carbohydrate Antigen Vaccine



		3.1.4 Tumor Cell Vaccine



		3.1.5 DNA-Based Vaccine



		3.1.6 DC-Based Vaccine



		3.1.7 DC-Tumor Cell Fusion Vaccine









		3.2 Adjuvants for Breast Cancer Vaccine



		3.3 Administration Routes of Breast Cancer Vaccine









		4 Clinical Trials of Breast Cancer Vaccine



		4.1 Vaccines Targeting HER2-Related Antigens



		4.1.1 Peptide Vaccine—E75



		4.1.2 Peptide Vaccine—GP2



		4.1.3 Peptide Vaccine—AE37



		4.1.4 Protein-Based Vaccine



		4.1.5 Tumor Cell Vaccine



		4.1.6 DNA-Based Vaccine



		4.1.7 DC-Based Vaccine









		4.2 Vaccines Targeting Non-HER2-Related Antigens



		4.2.1 Carbohydrate Antigen Vaccine—Sialyl-Tn



		4.2.2 Peptide Vaccine—hTERT



		4.2.3 DNA-Based Vaccine—MUC-1, Mammoglobin-A



		4.2.4 DC-Based Vaccine—p53



		4.2.5 DC-Tumor Cell Fusion Vaccine—Multiple Antigens















		5 Combinational therapy of breast cancer vaccine



		6 Conclusion and Future Perspective



		Author Contributions



		Funding



		Acknowledgments



		References









		Antibody-Mediated Inhibition of Insulin-Degrading Enzyme Improves Insulin Activity in a Diabetic Mouse Model



		Introduction



		Materials and Methods



		Expression and Purification of WT and Mutated IDE Proteins



		Affinity Selection (Bio-Panning) of Human Antibody Phage Display Library for Isolating Binders to IDE



		Expression and Purification of IDE-Specific “Inclonal” Human IgG



		Production of Reverses Chimeric Antimouse IDE Antibodies



		Evaluation of Antibodies Binding to IDE by ELISA



		Fluorescent Labeling of rcH3-IgG



		Affinity Measurements of Binary Equilibrium by Microfluidic Diffusional Sizing



		Comparing Binding of H3 IgG to Native IDE Compared to Binding Heat-Denatured IDE by ELISA



		IDE Insulin Digestion Assay



		Mice



		Streptozotocin Diabetes Mouse Model



		Oral Glucose Tolerance Test



		Testing the Binding Specificity of H3 IgG to Tissue-Expressed IDE by ELISA



		Viability Assay of Stress-Induced HepG2 Cell Line



		Insulin Tolerance Test



		Serum Collection



		Detection of Reverse-Chimeric Antibodies in Serum Samples



		Statistical Analysis









		Results



		Expression and Purification of WT and Mutated IDE Proteins



		Isolation and Characterization of IDE-Specific Antibodies



		Conversion of the IDE-Specific Antibodies to Reverse-Chimeric IgGs



		IDE-Specific Antibodies Improve Insulin Signaling in a Diabetes Mouse Model









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References









		CRISPR/Cas9 Approach to Generate an Auxotrophic BCG Strain for Unmarked Expression of LTAK63 Adjuvant: A Tuberculosis Vaccine Candidate



		Introduction



		Materials and Methods



		Strains, Media, and Growth Conditions



		Preparation and Transformation of Competent Cells



		Construction of the Mycobacterial CRISPR/Cas9 All-In-One Vectors



		Construction of Complementation Vectors Expressing LysA and LTAK63



		Induction of Cas9 Expression in Mycobacteria



		Screening and Characterization of Knock-Out Mutants



		In Vitro Stability of BCG Functional KO



		Complementation of Auxotrophic Strains



		Animals and Immunization



		Histopathology and Quantification of the Lung Inflammation



		Statistical Analysis









		Results



		Inducible Expression of Cas9 in Mycobacteria



		Phenotypic Screening and Characterization of SmegΔlysA and BCGΔlysA



		LTAK63 Adjuvant Expression in Auxotrophic Mycobacteria



		In Vitro Growth of Complemented Auxotrophic BCG



		Protection of Immunized Mice Against Intranasal Challenge With Mtb









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Early-Life Antibiotic Exposure Associated With Varicella Occurrence and Breakthrough Infections: Evidence From Nationwide Pre-Vaccination and Post-Vaccination Cohorts



		Background



		Objectives



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Data Source



		Vaccination



		Study Design and Population



		Outcome Measurement



		Covariate Assessment



		Statistical Analysis









		Results



		Demographic Characteristics of the Study Cohorts



		Cumulative Incidences of Varicella



		Multivariate Analyses









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Advances in Pathogenesis, Progression, Potential Targets and Targeted Therapeutic Strategies in SARS-CoV-2-Induced COVID-19



		Introduction



		Structural Information, Epidemiology and Pathology Features of SARS-CoV-2



		Potential Therapeutic Targets of SARS-CoV-2



		RNA Synthesis and Replication Protease Targets



		Structural Protein Targets



		Virulence Factor Targets



		Hose Specific Receptor or Enzyme Targets









		Potential Therapeutic Strategies and Promising Anti-SARS-CoV-2 Drugs



		Small Molecule Inhibitors



		Vaccines



		Traditional Chinese Medicine



		Significant Symptomatic Therapeutic Strategy









		Perspectives and Conclusions



		Author Contributions



		Funding



		Acknowledgments



		References









		Bomidin: An Optimized Antimicrobial Peptide With Broad Antiviral Activity Against Enveloped Viruses



		Introduction



		Methods



		Cells, Viruses, and AMPs



		Character Determination of Bomidin



		Cytotoxicity Measurement



		In Vitro Antibacterial Assays



		Fluorescent Focus Assay



		Immunofluorescence Assay



		Plaque Forming Assay



		Quantitative Real-Time PCR Assay



		Western Blotting



		Transmission Electron Microscopy



		Molecular Dynamics Simulations



		Statistical Analysis









		Results



		Peptide Prediction and Characterization



		Bomidin Inhibits 12 Bacterial Species and 2 Fungal Strains



		Bomidin Inhibits a Broad Range of Enveloped Viruses at the mRNA and Protein Levels



		Electron Microscopy Revealed That the Number of Viral Particles Decreased Significantly After Bomidin Treatment



		Compared With Other Reported Antibacterial Peptides, Including BMAP-18, Bomidin Shows a More Significant Inhibitory Effect on Virus Infection



		Bomidin Can Pass Through Bacterial and Viral Membranes in Simulated Systems But Does Not Damage Eukaryotic Cell Membranes









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Meta-Analysis of Human Antibodies Against Plasmodium falciparum Variable Surface and Merozoite Stage Antigens



		Introduction



		Materials and Methods



		Study Setting and Ethical Statement



		Production of a P. falciparum Parasite Protein Library



		Human Antibodies Quantification by AlphaScreen



		Statistical Analysis









		Results



		Seroprevalence of Antibodies to Different P. falciparum Proteins



		Relationship Between Antibodies and Incidence of Febrile Malaria



		Principal Component Analysis of the Antibody Responses









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Cross-Protective Immunity Landscape Among Different SARS-CoV-2 Variant RBDs



		Introduction



		Materials and Methods



		Cells and Animals



		Construction and Expression of RBD Protein



		Affinity Between RBD Proteins and hACE2



		Mouse Experiments



		Enzyme Linked Immunosorbent Assay (ELISA)



		Pseudovirus Neutralization Assay



		Statistical Analysis









		Results



		Bioinformatics Analysis of SARS-CoV-2 Variant RBD



		Increased Affinity Between Variant RBD and hACE2



		Beta and Multivalent RBD Antigens Induce Broad Spectrum Neutralization Antibodies









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		MIR4435-2HG Is a Potential Pan-Cancer Biomarker for Diagnosis and Prognosis



		Introduction



		Abnormal Regulation and Biological Effects of MIR4435-2HG in Cancers



		Pan-Cancer Analysis of MIR4435-2HG Using TCGA Database



		Research Progress of MIR4435-2HG Related Studies



		The Relationship Between the Methylation of MIR4435-2HG CpG Sites and the Expression of MIR4435-2HG









		The Six Signaling Pathways Related to MIR4435-2HG in Cancers



		The TGF-β Signaling Pathway



		The Wnt/β-Catenin Signaling Pathway



		The MDM2/p53 Signaling Pathway



		The PI3K/AKT Signaling Pathway



		The Hippo Signaling Pathway



		The MAPK/ERK Signaling Pathway









		The ceRNA Network of MIR44350-2HG



		The Relationship Between MIR4435-2HG and Clinicopathological Characteristics



		The Prognostic and Diagnostic Value of MIR4435-2HG



		MIR4435-2HG and Tumor Drug Treatment



		Conclusions and Perspectives



		Author Contributions



		Funding



		References









		Inactivated vaccine Covaxin/BBV152: A systematic review



		Introduction



		Methods



		Search strategy



		Study selection



		Exclusion criteria









		Results



		Discussion



		Response of Covaxin against SARS-CoV-2 variants



		Response of Covaxin against the B.1.1.529 (Omicron) variant



		Heterologous prime boost vaccination









		Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		References























OPS/images/fimmu.2021.811471/fimmu-12-811471-g003.jpg





OPS/images/fimmu.2022.855078/table2.jpg
System

Digestive
system

Reproductive BC

system

Respiratory
system

Nervous
system

Urinary
system

Others

Tumor type Sample size
ESCC 50 patients
175 patients
GC 57 patients
150 patients
72 patients
60 patients
CRC 90 patients
102 patients
70 patients
COAD 86 patients
Colon cancer 46 patients
HCC 64 patients
22 patients
49 patients
88 patients
73 patients
58 patients
195 patients
TNBC 68 patients
72 patients
oc 42 patients
58 patients
28 patients
cc 59 patients
PCa 68 patients
LC 52 patients
NSCLC 39 patients
138 patients
128 patients
Number not shown
88 patients
Glioma 34 metastatic glioma
patients and 32 non-
metastatic glioma
patients
GBM 40 patients
ccRCC 118 patients
T-ALL 32 patients
HNSC 18 patients

Osteosarcoma 36 patients

Expression

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation
Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation
Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation
Upregulation

Upregulation

Clinicopathological features

Positively associated with tumor
diferentiation, large tumor size,
advanced TNM stage, and lymph
node metastasis

Positively associated with advanced
UICC stage and lymph node
metastasis

Positively associated with advanced
TNM stage
Positively associated with advanced
TNM stage

Positively associated with large tumor
size, advanced TNM stage, and
lymph node metastasis

Positively associated with advanced
TNM stage and lymph node
metastasis

Positively associated with large tumor
size and advanced TNM stage

Positively associated with large tumor
size, advanced TNM stage, and
lymph node metastasis

Positively associated with tumor
grade and age

Positively associated with large tumor
size

Positively associated with large tumor
size

Positively associated with advanced
TNM stage and distant metastasis

Positively associated with large tumor
size, advanced Edmondson grade,
advanced TNM stage, and lymph
node metastasis

Positively associated with
encapsulation incomplete,
microvascular invasion, advanced
BCLC stage, and advanced TNM
stage

Positively associated with large tumor
size and advanced TNM stage

Negatively associated with HR status

Positively associated with large tumor
size and advance TNM stage

Positively associated with large tumor
size, advanced FIGO stage and
lymph node metastasis

Positively associated with large tumor
size and distant metastasis

Positively associated with distant
metastasis

Positively associated with advanced
FIGO stage and lymph node
metastasis

Positively associated with advanced
TNM stage and lymph node
metastasis

Positively associated with advanced
TNM stage and lymph node
metastasis

Positively associated with distant
metastasis

Positively associated with large tumor
size and smoking habit

Positively associated with large tumor
size, advanced Fuhrman grade, and
advanced TNM stage

Positively associated with advanced
TNM stage

Positively associated with large tumor
size, advance TNM stage and distant
metastasis

Prognostic
value

Negatively
associated
with OS

Negatively
associated
with DFS and
0s

Negatively
associated
with OS

Negatively
associated
with OS
Negatively
associated
with DFS and
0s
Negatively
associated
with DFS and
0s

Negatively
associated
with OS

Negatively
associated
with OS
Negatively
associated
with OS

Negatively
associated
with RFS and
0s

Negatively
associated
with OS

Negatively
associated
with DFS
Negatively
associated
with OS

Negatively
associated
with OS
Negatively
associated
with OS

Negatively
associated
with OS
Negatively
associated
with OS

Positively
associated
with distant
recurrence
Negatively
associated
with OS
Negatively
associated
with OS

Negatively
associated
with OS
Negatively
associated
with RFS and
0s

Negatively
associated
with DFS and
os
Negatively
associated
with RFS and
0os

Diagnostic value

AUC = 0.746, sensitivity = 0.53,
specificity = 0.92 (in tissue); AUC =
0.831, sensitivity = 0.80, specificity
=0.70 (in serum)

AUC = 0.81, specificity = 0.8095,
sensitivity = 0.7273
AUC: = 0.9065 (in serum)

AUC = 0.8481 (in serum, |-l stage)

AUC = 0.910, sensitivity = 0.76,
specificity = 0.96 (in serum)

AUC = 0.8927 (in plasma)

AUC = 0.7980 (in plasma, |-l stage)

AUC = 0.9082 (in serum)

AUC = 0.8824 (in plasma, I-Il stage)

AUC = 0.8686 (in tissue); AUC =
0.8569 (in serum)

AUC = 0.8640 (metastatic glioma)
(in plasma)

AUC = 0.946 (in tissue)

AUC = 0.8954 (in bone marrow)

Ref.

(10)

()]

(12)

(63)

(15)

an

(16)
(19)

(18)

(20)

(22)

(9)

1)

(36)

@7)

©)
(33)

31)

(32)

(34)

(38)

(24)

(25)

@7)

(8)

(26)

(29)

(42)

(44)

(40)

(45)

ESCC, esophageal squamous-cell carcinoma; GC, gastric cancer; CRC, colorectal cancer; HCC, hepatocellular carcinoma; BC, breast cancer; TNBC, triple-negative breast cancer;
OC, ovarian cancer; CC, cervical cancer; PCa, prostate carcinoma; LC, lung cancer; NSCLC, nonsmall cell lung cancer; GBM, glioblastoma; ccRCC, clear cell renal cell carcinoma; T-
ALL, T-cell acute lymphoblastic leukemia; HNSC, head and neck squamous cell carcinoma; TNM, tumor-node-metastasis; UICC, Union for Intemational Cancer Control; BCLC,
Barcelona Clinic Liver Cancer; FIGO, Federation of Gynecology and Obstetrics; HR, hormone receptor; DFS, isease-free survival; OS, overall survival; RFS, recurrence-free survival;
AUC, area under the curve.
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System Tumor type
Digestive ~ OSCC
system

ESCC
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CRC

Colon cancer

CoAD

HCo
Respratory LG
system

NSCLC

Reproductive  OC

system
cc
BC
TNBC
PCa
Urinary coRCC
system
BCa
Nervous Glioma
system
GBM
Others Osteosarcoma
HNSC
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Sample size

Blood specimens of 44 OSCC patients
and 38 healthy controls

175 pairs of tissues
50 pairs of tissues

57 pairs of tissues

150 pairs of tissues

72 pairs of tissues; Serum specimens
of 50 GC patients and 50 healthy
controls

343 GC tissues and 30 normal tissues
(from TCGA database); 60 pairs of
tissues (fom 18 patients)

40 pairs of tissues

90 pairs of tissues

102 pairs of tissues

70 pairs of tissues
Serum specimens of 46 colon cancer
patients and 42 healthy controls

86 pairs of tissues; Whole blood
specimens of 86 patients and 56
healthy controls

22 pairs of tissues

64 pairs of tissues
49 pairs of tissues

120 pairs of tissues (from GEO
database); 33 pairs of tissues (from 33
patients); Serum specimens of 58 HCC
patients, 49 liver benign disease
patients and 45 healthy controls

88 pairs of HCC tissues and 20 PVTT
tissues

73 pairs of tissues

52 pairs of tissues

42 pairs of tissues

39 pairs of tissues

Number not shown

Lung tissues and serum specimens of
138 NSCLC patients and 32 healthy
controls

Blood specimens of 128 NSCLC
patients and 30 healthy controls

88 pairs of tissues; Serum specimens
of 88 NSCLC patients and 88 healthy
controls

Blood specimens of 26 SCLC patients,
29 patients NSCLC patients, and 32
healthy controls

58 pairs of tissues; Serum specimens
of 58 OC patients and 46 healthy
controls

23 pairs of tissues; Plasma specimens
of 66 OC patients and 54 healthy
controls

42 pairs of tissues

306 CESC and 13 nomal tissues (fom
TCGA database); 59 pairs of tissues
(from 59 patients)

1085 breast cancer tissues and 112
normal tissues (from GEPIA database)

195 breast cancer patients; 36 pairs of
tissues

68 pairs of tissues; Plasma specimens
of 68 TNBC patients and 62 healthy
controls

Plasma specimens of 72 TNBG
patients 44 healthy controls

Blood specimens of 68 PCa patients
and 62 healthy controls

40 pairs of tissues

118 pairs of tissues

60 pairs of tissues

Plasma specimens of 34 metastatic
gioma patients, 32 non-metastatic
gioma patients, and 42 healthy
controls

48 glioma tissues; Plasma specimens
of 22 metastatic glioma patients, 26
non-metastatic glioma patients, and 38
healthy controls

163 GBM tissues and 207 normal
tissues (from GEPIA database); 40
pairs of tissues (from 40 patients)

36 pairs of tissues

30 pairs of tissues

519 HNSCC tissues and 44 normal
tissues (from GEPIA database); 18
pairs of tissues (fom 18 patients)

28 pairs of tissues
Bone marrow with malignant cells of

32 pedatric T-ALL patients and 32
healthy controls

Assessed cell lines

OSCC (SCC25 (HPV negative) and
SCCO90 (HPV positive))

ESCC (Eca-109 and TE-1)

GC (SNU5, HGC-27, and SGC-7901);
Normal (GES-1)

GC (BGC-823, AGS, SGC-7901, and
MGC-803); Normal (GES-1)

GC (MGC-808, SGC-7901, BGC-823,
and HGC-27); Normal (GES-1)

GC (HGC-27, AGS, SGC-7901, and
MGC-803); Normal (GES-1)

GC (HGC-27, BGC-823, SGC-7901,
and MKN-45); Normal (GES-1)

CRC (HT29, SW620, LoVo, LS123,
and HCT116); Normal (NCM460)

CRG (LoVo, SW620, SW480, LS174T,
HCT116, and HT29); Normal (HUVEC)

Colorectal adenocarcinoma (HT-29, Hs
698.T, and SNU-C1)

HCC (Huh7, SMMC7721, BEL-7402,
and HepG2); Normal (LO2)

HCC (SNU-398 and SNU-182)
HCC (SK-Hep1, Bel-7404, Huh,
HepaB, and HepG2); Normal (LO2)

HCC (7721, 7402, HepG2, and LM3);
Normal (7702)

HCC (SMMC-7721, HCCLM3, Huh7,
and HepG2); Normal (QSG-7701)

HCC (SMMC-7721, Huh-7, MHCG-
97H, and MHCC-97L);

Normal (LO2)

Lung cancer (A549, H1770, H596,
H1975, H1650, and H1299); Normal
(16HBE)

Lung cancer (A549 and H446); Normal
(BEAS2B and 16HBE)

NSCLC (H1299, H1650, A549, and
PC9); Normal (16HBE)

Lung cancer (A549, NCI-H1650, and
HCC827); Normal (HBE)

NSCLC (H1581 and H1993); Normal
(NuLi-1)

NSCLC (H1993 and H2170); Normal
(IMR-90)

NSCLC (NCI-H23 and NOI-H522);
Normal (W1-38)

Lung cancer (H1770, A549, H1975,
H596, H1299, and H1650); Normal
(BEAS2B)

OC (UWB1.289 and UWB1.289
+BRCA1)

OC (UWB1.289 and UWB1.289
+BRCA1)

OC (SKOV3, Caov-3, A2780, and
'OVCAR3); Normal (ISOE80)

CC (siha/hela); Normal (HCerEpiC)

Breast cancer (MDA-MB-231 MCF-7);
Normal (MCF-10A)

Breast cancer (T47D, ZR751, MCF-7,
MDA-MB-453, BCAPS7, ZR7530,
MDA-MB-436, SKBR3, MDA-MB-468,
MDA-MB-231, MDA-MB-231HM, and
BT549); Normal (MCF104)

TNBC (MDA-MB-231 and BT-20)
TNBC (MDA-MB-231 and BT-20)

PCa (22Rv1)

PCa (VCaP, LNCaP, DU145, and PC-
3); Normal (WPMY-1)

ccRCC (786-0, 769-P, Caki-1, Caki-2,
ACHN, and A498); Normal (HK-2)

GoRCC (786-0 and OSRC-2); Normal
(HK-2)

BCa (T24, J82, UMUCS, and 5637);
Normal (SV-HUC-1)

Glioma (Hs 683 and CCD-25Lu)

Glioma (Hs 683 and CCD-25Lu)

GBM (LN229, UB7MG, U87, and
U251); Normal human astrocytes
(NHAS)

Osteosarcoma (U208, SAOS2, HOS,
and 143B); Normal (hFOB 1.19)
Osteosarcoma (MG-63 and U20S);

Normal (WFOB1.19)

HNSCC (CAL27 and SCC25)

Melanoma (A375 and A2058); Normal
(HEMa-LP)

T-ALL (Loucy)

NPC (5-8F, CNE1, CNEZ, and
HONE?1); Normal (HNEPC)

Animals

6 BALB/C
nude mice
(5-week-old)
10 athymic
BALB/c
mice (3 to
4-week-old,
male)

10 BALB/C
nude mice
(4-week-old,
male)

10 nude
athymic
mice (510 6-
week-0ld,
male)

10 nude
athymic
BALB/c
(nw/nu) mice
(5-week-old,
male)

6 nude mice

24 BALB/C
nude mice
(male)

10 BALB/C
nude mice
(4-week-old,
male)

12 athymic
BALB/C
nude mice
(male)

2 athymic
BALB/c
nude mice
(@106
week-old,
female)

16 BALB/C
nude mice
(5-week-old)

6 BALB/C
nude mice
(4-week-old,
female)

20 nude
mice were
©6t08-
week-old,
male)
3BALB/c
(nw/nu) nude
mice (410 6-
week-0ld,
female)

16 athymic
nude mice
(6-week-old,
male)

10 athymic
BALB/C
mice (4 to 5-
week-0ld,
male)

10 BALB/c
nude mice
(4-week-old)

Expression

Upreguiation

Upreguiation
Upreguiation

Upreguiation

Upregulation

Upreguiation

Upregulation

Downreguation

Upregulation

Upreguiation
Upreguiation
Upreguiation
Upreguiation

Upregulation

Upregulation
Upregulation

Upregulation

Upreguiation

Upregulation

Upreguiation

Upreguiation

Upregulation

Upregulation

Upregulation

Upregulation

Upreguiation

Upreguiation

Upreguiation

Upreguiation

Upreguiation

Upregulation

Upregulation

Upreguiation

Upregulation

Upreguiation
Upreguiation

Upregulation

Upregulation

Upreguiation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Related genes

TGF-B11 E-cadherin

MDM2t pS31 p211

N-cadherint Vimentint MMP9t
VEGF1 o-SMA? MYC B-
catenint CCND11 DSP} E-
cadherin}
MIR-497-5p1/NTRK31; CDK61
CDK4t COND11 MYCH N-
cadherint Vimentint MMP-91
MMP-31 MMP-21 Bol-21 Mcl-
11 E-cadherin] Bim|, Bax|
TGF-p11 SMAD21 MMP91 Bol-
21p214

miR-138-5p|/Sox41; Vimentin
fibronectint Sox41 E-cadherin}

miR-203a-3p1/DKK2|

MiR-206-3p1/YAP11; CTGFT
AREGT Vimentint Snailt Slugt
Twisti1 E-cadherinl

B-catenint
GLUT-11
TGF-pit

miR-22-3p|/YWHAZ1

miR-487at
ERK past JNK1

EZH21 Bol-21 COND11 N-
cadherint Vimentin{ Slugt
Snailf Twist11 p211 E-
cadherin|

Snail11 PIBKT

N-cadherint Vimentint N-
Twist11 E-cadherin}

miR-6754-5p|.

miR-204-5p|/CDK61

TGF-Bi1

TGF-B11

B-catenint

TGF-p11

B-catenint

TG

miR-128-3p|/CKD141; Bel-21
Vimentint E-cadherin}

miR-128-3p|/MSI21

B-catenint N-cadherin
Vimentint ZEB11 Bol2t PCNAT
E-cadherin| Bax|

FZD71

TG

ST8SIA11 B-catenint MYCT
CCND11

miR-513a-5pl/KLF6T

PCt

miR-4288-3p)

HF ot

TG

miR-1224-5p|/TGFBR21

miR-93-8pl/FZD71,
MYCt SOX41 CCND11

Bal-21 Bax|

miR-383-5pl/RBM31,
Vimentin 1 E-cadherin|

miR-802-5p|/FLOT21

ROCK21

LSD1 (in cytoplasm)t PTEN (in
nucleus)|

Effect in vitro

profferationt
migrationt
invasiont

profferationt
cell cyclet
apoptosis|
profferationt
migrationt
invasiont cell
oyclet EMTY
apoptosis|
profferationt
migrationt
invasiont
apoptosis|

prolferationt
migrationt
invasiont cel
cyclet EMT?
apoptosis|.
prolferationt
migrationt
invasiont
EMTT

proliferation}.
invasion}
profferationt
migrationt
invasiont
EMTT

proliferationt
apoptosis|

proliferationt

profferationt

prolferationt
migrationt
invasiont
prolferationt
proliferationt
cel cydlet
apoptosis|
proliferationt
migrationt
invasiont cell
cyclet EMTT
apoptosis|
proliferationt
migrationt

proliferationt
invasiont

profferationt
migration{
invasiont
EMT? cancer
stem cel
traits1
profferationt
cell cyclet

proliferationt
migrationt
invasiont
apoptosis|
prolferationt
migrationt
invasiont
migration{
invasiont

migration{
invasiont
profferationt
apoptosis

prolferationt
migration{

profferationt
migrationt
invasiont
migration{
invasiont

profferationt
migrationt
invasiont
EMT?
apoptosis|
prolferationt
migrationt
invasiont
prolferationt
migrationt
invasiont
apoptosis|

proliferationt

profferationt

migrationt
invasiont
proiferationt
migrationt
invasiont

prolfertiont
invasiont

prolferationt
migrationt
invasiont cel
cyclet EMTY
apoptosis)
prolfertiont
migrationt
invasiont
migrationt
invasiont

migration{
invasiont

prolferationt
invasiont

prolferationt
migrationt
invasiont
prolferationt
migrationt
invasiont
apoptosis|.
prolferationt
migrationt
invasiont
EMTH
prolferationt
migrationt
invasiont
prolferationt
apoptosis)

proliferationt
migration{
apoptosis|

Effectin  Ref.
vivo
@)
©
©)
tumor (10)
growtht
(1)
tumor (12)
growtht
tumor (59)
growtht
(13
tumor (1)
growtht
(14)
(15)
(16)
17)
tumor (18)
growtht
(19)
tumor @0)
growtht
tumor @1)
growtht
metastasist
tumor @)
growiht
metastasist
(23
tumor (24)
growiht
metastasis|
tumor @
growtht
(25)
(26)
@7
(28)
(29)
(30)
©1)
32
tumor (39
growiht
(64
(35)
(36)
©7
©)
@8)
tumor @9)
growtht
tumor @
growtht
(40)
1)
“2)
(43
tumor )
growiht
(45)
(48)
tumor @1
growtht
(48)
(49)
(50)

0SCC, oral squamous cel carcinoma; ESCC, esophageal squamous-cell carcinoma; GC, gastric cancer; CRC, colorectal cancer; COAD, Colon adenocarcinoma; HCC, hepatocelular carcinoma; PVTT, portel vein tumor thrombus; LG, lung
cancer; SCLC smallcel lung cancer; NSCLC, nonsmallcelllung cancer; OC, ovarian cancer; CG, cervical cancer; BC, breast cancer; TNBC, triple-negative breast cancer; PCa, prostate carcinoma; ccRCC, clear cellrenal cell carcinoma; BCa,
bladder cancer; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma; T-ALL, T~cell acute lymphoblastic leukemia; NPC, nasopharyngeal carcinoma.

+, Promotion: |, Inhibition.
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Study Type of study Number

participants

Double-blind, 100
randomised, phase 1

trial

Ella et al.
(6)

100

100

75

double-blind, 190
randomised,
multicentre, phase 2

clinical trial

Ella
et al. (24)

190

Previous phase I trial
(6) was subject to
follow-up at 3 months
after 2 dose (Day 104)

of Study groups

involved

Covaxin 6 pg with
Alum

Covaxin 3 pg with
Alum-IMDG
(Imidazoquinoline
class)

Covaxin 6 pg with
Alum-IMDG

Algel only
(controls)

3 pg + Algel-
IMDG group

6 g + Algel-
IMDG group

3 pg + Algel-
IMDG group

Findings on immuno-

genicity/efficacy

Post 2" dose
Seroconversion rates
(MNTs) 82.8%
Post 2™ dose
Seroconversion rates
(PRNTS,) 86.6%

Post 2™ dose
Seroconversion rates
(MNTsp) 87:9%
Post 2" dose
Seroconversion rates
(PRNTS5) 93.4%
similar anti-spike, anti-
receptor binding, and
anti-nucleoprotein IgG
titers (GMTs)

Post 2" dose
Seroconversion rates
(MNTs) 91.9%
Post 2" dose
Seroconversion rates
(PRNT5) 86.4%

Post 2" dose
Seroconversion rates
(MNTs) 8%

Day 56- Geometric
mean titers (GMTs;
PRNTs)- (100-9 [95%
CI 74-1-137-4])
Day 56- Geometric
mean titers (GMTs;
MNTsp) -(92-5 [95%
CI 77-7-110-2])
Seroconversion (based
on PRNTS5) - 92.9%
[95% CI 88-2-96-2]
Seroconversion (based
on MNTs) -88% [95%
CI 82.4-92.3]

Day 56- Geometric
mean titers (GMTs;
PRNTS) (1970 [95%
CI 155-6-249-4])
Day 56- Geometric
mean titers (GMTs;
MNTs5)-(160.1 [95%
CI 135.8-188.8])

Findings on safety

Local and systemic
adverse events in 14
(14%; 8-1-22.7) One
report of a serious adverse
event

Local and systemic
adverse events in 17
(17%; 95% CI 10-5-26-1)

Local and systemic
adverse events in 21
(21%; 13-8-30:5)

Local and systemic
adverse events in 10
(10%; 6-9-23-6)
Solicited local and
systemic side-effects in
20-0% (95% CI 14-7-26-5)
on days 0-7 and 28-35.
No serious adverse events

Solicited local and
systemic side-effects in

21-1% (95% CI 15.5-27.5)

on day 0-7 and 28-35.

No serious adverse events

Seroconversion (based

on PRNTj) - (98:3%
[95% CI 95-1-99-6])

Seroconversion (based

on MNTsy) - 96:6%
[95% CI 92:8-98-8])
Day 104 GMTs
(MNTs50) - 399 (95%
al
32.0-49.9)

No new serious (or

Additional comments

2 dose study (Day 0,14) demonstrated
induction of cell-mediated as well as
humoral responses.

CD4+
and CD8+ T-cell responses detected in
16 from both alum-IMDG groups.
Covaxin formulations, especially Alum-
IMDG, were Th1 skewed with IgG1/IgG4
ratios>1.

Utilising previous study(6) the 3 ug +
Algel-IMDG & 6ug + Algel-IMDG were
selected for phase 2 trial.

2 doses given IM(Day 0,28)

The 6 pg + Algel-IMDG group had
significantly higher GMTs (p=0-0041).
Seroconversion defined as ‘a post-
vaccination titer at least four times higher
than that preceding vaccination.”
T-cell responses were Th1-biased.

NAD titers persisted in all participants at
day 104 comparable to convalescent sera.

otherwise) adverse events
between days 42-104 from  T-cell memory response more vivid in 6
ug + Algel-IMDG group.

Seroconversion (based
on MNTs) - 73.5%
[95% CI 63.6-81.9]

Day 104 GMTs
(MNTs50) - 69-5 (95%
CI 53.7-89-9)
Seroconversion (based
on MNTs) - 81:1%
[71-4-881]

Day 104 GMTs
(MNTsy) - 53-3 (95%
CI 40-1-71-0)
Seroconversion (based
on MNTsg) - 73:1%
[629-81:8]

Day 104 GMTs
(MNTso) - 207 (95%
CI 14-5-29-5)

6 g + Algel-
IMDG group

6 ug + alum(Algel)
group

Algel only

6 pg + Algel- 24 symptomatic

IMDG group

Randomised (phase 3) 12221

clinical trial

Ella et al.

(25)
8471 recipients

Efficacy: Any severity

COVID-19-77.8%
Asymptomatic
COVIDI19- 63:6%

COVID-19 cases out of

1597 adverse events
[12:4%)]

No anaphylaxis/vaccine-

related deaths

No significant differences in GMTs
between days 42 and 104 across all
vaccinated groups

2 doses (Day 0,28)of 6 pg + Algel-IMDG
given . Primary outcome geared to
finding efficacy in preventing
symptomatic RTPCR +ve COVID-19.
Immune responses were found to be
independent of age.

Lot to lot variations of vaccine batches

Severe COVID-19 (as
per EDA definition)-
93-4%
Against Delta-variant-
65.2%

Day 56 GMTs
(MNTs5) - 125.6
Day 56 GMTs (ELISA
U/ml):

9742 for S1 protein,
4124 for RBD,
4161 for N protein

106 symptomatic
COVID-19 cases out of
8502 recipients
Day 56 GMTs
(MNTs) - 13.7
Day 56 GMTs (ELISA
U/ml): No change
from baseline

12198 Placebo

found insignificant.

1597 adverse events
[12:4%]
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Study

Mohandas.
etal (23)

Yadav et al.
®

Ganneru

etal. ()

Zare etal
(10)

Singh et al.
(covar
study) (26)

Singh el
(covaT
study follow-
p) (30)

Sharma et al.

@)

Dash etal.
@2

Kumar et l.

3)

Yadav etal.
9)

Sapkal et al.
6

Sapkal et al.
©7)

Yadav etal.
(10)

Kumar et al.

(1)

Kant etal.

3)

Basavaraja

etal. (27)

Choudhary
etal. 28)

Desai etal.

G8)

Medigeshi
etal. (12)

Houshmand

etal. 31)

Sapkal et al
)

Malhotra
al. 33)

Typeotstagy Number of par-
ticipants
Non-human study 36 Syrian
hamsters with
in cach group
Non-human primate 20 Rhesus
study Macaques with 5
in each group

Pre-clnical study on

3 animal species

Cross-sectional study 503 Health care

onhealth workers  workers given
atleast 10f 3

different vacine

Cross-sectional study 96 (1° dose) 90
of Health care: @ dose)
workers

456 (1 dose) 425

2 dose)
-month longitudinal 7
study
07
Cross-sectional study  168(Atleast 1
of Health care dose)
workers 154 (Both doses)

I57(Atleast one
dose)

125 (Both doses)

Crosssectional study 35
including
breakthrough cases
29
Prospective cohort #
study of health care
workers
Crosssectional study 7
)
Cross-sectional study 2
Total (n=19)
B117 (0=2)
B1351 (n=2)
BL1282 (n=2)

B lineage (n=13)

Cross-sectionl study

Cross-sectional study

involving various

2
categories of Covaxin
recipients
1
B
Cross-sectionl study 8
involving health care
workers
30
Crosssectional study 18
involving 98 vaccine
recipients
0
W
Prospective 9292 doses to
observational study 5986 vaccinees
2364 doses to
1749 vaccinees
Longitudinal Cohort 308
study involving
Health Care workers
306

Test negative case-

control study

Cross-sectional study

Study groups
involved

Group |
-phosphate-
bufiered saline
(#BS)

Group 1t
(BBVIS2C)- 6y

vaceine + Algel

Group 11l
(BBVIS2A)- 3yg

vaccine + Algel-

Group IV
(BBVIS2B)- 6g
vaccine + Algel-
IMDG
Covaxin 6ge

Alum

Covaxin 3ug +
alum

imidazoquinoline

Covaxin 6gs
alum

imidazoquinoline

Placebo

BALB/c mice at
120" or 110"
Human single
dose + adjuvant
(intra-

peritoneally)

New Zealand
‘White rabbits
Wistar rats &
Swiss Albino

mice

Covaxin (42)

Sputnik V(239

AZD1222 223)

Covaxin

Covishicld

Covaxin

Covishield

Covaxin

Covishicld

Covaxin

Covishield

Covain

Covaxin
Vaccinees(28
days after 2%
dose)
coviD
recovered(5-20
weeks after

infection)

Covain

Convalescent
se (15-113
days afier

positve report).

38 vaccine

recipients

COVID-19 naive
vaccinees (CNV)

coviD-19
recovered and
vaccinated
(CRV)

Breakthrough
infections after
Vaccination

®1)

Vaceinees with
no prior

infection

Vaccinees with

prior infection

Vaccinees given
Covishield +

Covaxin

Covishield

Covaxin

vaccinees.

Covishield

Covaxin

Covishield

Covaxin

1068 matched case-control pairs

Median duration from 2nd dose of

either vaccine- 234 days

20

20

Cross-sectional study

578

5

26

102

7

35

Retrospective cohort
sudy involving
prevousy infeced
Haws

1089

an

Only Covain

Covaxin +
previous
infection

Only
Covishield

Covishield +

previous

infection

Covishield

Covaxin

GAM-Covid-

Vac

BBIP-CorV.

Covishield

Covaxin

Fully
vaccinated
with Covaxin
Partally
vaccinated

with Covaxin

Unvaccinated

Findings on Immumogenicity/eficacy Findnp on stety

16G negative tll virus challenge Not mentioned in study
1gG +ve in all by 14 DPI (OD=029)
No NAb (PRNT<) response tll 15 DPI

“Throat swab Viral gRNA copy number hi

est post challenge and
persised till 10 DPI
16G Abin 3" week in 2 of 9 (OD=0.285)
16G Ab on day 48 in 9 of 9 (OD=055)
“Throat swab & trachea viral clearance on 7 DPI
Lungs viral dearance on day 15 DPI
16G Ab in 3% week in 8 of 9 (OD=0.42)
1¢G Ab on day 48 in 9 of 9 (OD=12)
Highest observed NAD(PRNTSo) (mean=26,810 at 7% week) and post

challenge mean=85,623) on 15 DPI

Throat swab, lungs & trachea viral clearance on 7 DPI

146 Ab in 3 weck in 8 of 9 (0D=0.62)
146 Ab on day 48n 9 of 9 (OD=132)

‘Throat swab, lungs & trachea viral clearance on 7 DPI

14G tier 1:1600-1:6400 No Adverse events noted
NAb titer 13874 - 1: 3974
Throat swab -viral clearance on 7 DPL

BAL fluid vira clearance on 5 DPI

Highest 1gG titr (1:25600)
Highest NA titers of 1209 (0 1:5217
“Throat swab viral learance on 7 DPI

BAL fluid viral learance on 5 DPI

16G tier 1:1600-16400
NAb titer 1: 29.5 -1: 3403
Throat swab viral clearance on 7 DPI
BAL fluid viral clearance on 5 DPI
No NAb and IgG response
Throat swab viral clearance not seen even by 7 DPI

BAL fluid viral learance not seen even by 7 DPI

High Ag Binding and NAD titers(PRNTso) (100% seroconversion) Oy local reactogenicity observed which was

Day 7107 iter self resolving
Day 14~ 10" titer
Day21 - 10" tter
Day 28 - peak tter

Adjuvanted (algel/lgel IMDG) formulations elicited high Ab levels

targeted against $1 compared to non-adjuvanted and lasted 98 days.

High NAb tters (PRNTs as well as MNTxo) comparable to
convalescent human sera
Day 21 10* titer (100% seroconversion) Maximum Tolerated dose (=Human single

dose) and repeated dose licited no illefects

929 % had si

None performed effcts. Inection site pain

(637%) >Fatigue (419%) >headache (27.9%)

1.9 % had sde-effcts.
Injection site pain (56.7%) >Musdle pain
(41.6%) >Fever & chills (37.4%)

888 % had side-effcts.

Injection site pain (70%) >Fatigue (68.4%)

Sfever & chills (67.1%)

31.2% mild-moderate side-effects after 1

Seropositivity afer 1" dose- 43.8%
dose and 11.1% after 2% dose.
Breakthrough infections in 22%.

No serious AEFI

GMT's afier 1" dose- 168 AU/mL.
Seropositivity afer 2 dose- 80%
GMT’s after 2° dose- 48.3 AU/mL..
Seropositvity afer 1 dose- 86.8% Higher mild-moderate side-effects 46.7% after
1% dose and 18.1% after 2% dose.
Breakthrough infections in 5.5%.

No serious AEFL.

GMT' after 1" dose- 624 AU/mL.
Seropositivity afer 2" dose- 98.1%
GMT's afier 2% dose- 1293 AU/mL.

Anti- spike GMT (AU/m) (SARS-CoV'-2 naive cohorts) Not mentioned in study
21 days post 1" dose- 16.17
21 days post 2* dose- 50.11
3 months post 2° dose- 5081
6 months post 2% dose- 4627
Anii- spike GMT declined by orly 8% at 6 months compared to peak

titer.

Seropor

(%) (SARS-CoV-2 naive cohorts)
21 days post 2™ dose- 77
3 months post 2% dose- 5.7

6 months post 2% dose- 37.7

GMT (AU/mi) (SARS-CoV-2 naive coborts)
21 days post 1 dose- 6193
21 days post 2™ dose- 132.88
3 months post 2% dose- 11278
6 months post 274 dose- 7383
GMT declined by 44% at 6 months compared to peak titer.

Sexopasitvty (%) (SARS-CoV-2 e cohorts)

21 days post 2 dose-98.7
3 months post 2% dose- 926

6 months post 2% dose- 22.1

None performed 33 infections of 168 (19.6%)

Breakthrough 24 of 154 (15.6%)

24 infections of 157 (153%)

Breakthrough 13 of 125 (10.4%)

Anti-Spike receptor binding domain gG Ab - 27 (77.1%) Symptomatic-29 (62.9%)

Abtiter- 213.5 AU/ [interquartle range (IQR)537.5] Asymptomatic- 6 (17.1%)

Hospialized -3 (.6%)

Anti-Spike receptor binding domain 1gG Ab - 231 (96.7%) Symptomatic-199 (83.3%)

Abtiter- 647.5 AU/mI (IQR: 1645.1), Asymptomatic - 40 (16.7%)

Hospitalized - 24 (10%)

Increased indu

of Type 12,17 and pro-inflammatory cytokines Not mentioned in study

(IEN-, IL-Ta L 1b,

L2, L3, TNF-04 TL-4, 15116, 1L7 1010, 1L~
12, IL13ILA7A).
Reduced synthesis of L-25, IL-33, GM-CSF, Type 1 interferons,
Increased plasma levels of chemokines (CCLA4, CXCLI, CXCL2 and
cxacL).
Reduced levels of CXCLI0.
Significant correlations between IL-2, IL-17A, IL-4, L5 and NAb at
baseline.

Geometric mean tier (GMT) of serum against B.1- 1875 (95% Cl: Not mentioned in study
1293-2719),
Beta- 61.57 (95%C: 36.34-1043)

Delta - 68.97 (95%CI: 2472-1924)

GMT of sera againt B - 97.8 (95%CI: 612-156.2)
Beta- 296 (95%C: 134-65.0)
Dela- 212 (95% CI: 64-70.)

GMT of IgG: Not mentioned in study
For S1-Receptor Binding domain protein- 2250

For N Protein- 3099

GMT-Nab by PRNTso (for prototype D614G)- 337.5
GMT by PRNTso (For the B.1.128.2 variant)- 175.7

GMT of 1gG:
For S1-Receptor Binding domain protein- 794.8

For N Protein- 4627

GMT NAb by PRNT,q (for prototype D614G)- 120.1
GMT by PRNTs (For the B.11.28.2 variant)- 1092

Nab tiers by PRNT, of vaccince sera had comparable fficacy against Not mentioned in study
UK variant of GR clade (mutant hCoV-19/1ndia/20203522) as well as
the HCoV-19/Indiar2020770 (used for developing Covaxin) belonging

10 G clade and hCoV- 19/India/2020Q111 belonging to O clade.
Median ratio of 50% neutralization- 0.8 hCoV- 19/India/2020770 vs

UK variant
Median ratio of 50% neutralization- 09 hCoV'- 19/India/2020770 vs
hCoV- 19/India/2020Q111

GMT of NAb (PRNT:p) Not mentioned in study

Delta Delta AY.1 B1617.3 Bl
2416(95%Cl 2001 (O5%CE 1653 (95% 3106 (95% C
167.8-3477) 14652983 CLlS6-  222-4346)
2365
Delta Delta AY.1 B16173 Bl
3286(95%CL  2345(05%CE 2178 (95% 8201 (95% Cl:
1869-5779) 1387-3964)  Cl1%67-  469-1434)
37.0)
Delta Delta AY.1 B16173 Bl
4656 OS%CE 3I7T2(9%CL 2597 (95% 8966 (9%
2132-1016) 12558014 CEIS- 5503-1461)
1294)
SARS-COV-2 IgG Nab % Not mentioned in study
proteins (AU/mI) inhibition-
Baseline 15GN-071 143
1§G $-037
Month 1 G N-24 92
1§GS-23
Month 2 15GN-563 69
146 - 867
Baseline 1gG N-293 741
1665488
Month 1 146G N- 786 958
1§G S 1672
Month 2 18G N-95 945
1§GS-211
GMTSI-  GMTNprowinELISA  IgG NAb Inj. Site Pain - 11.1% after 1" dose
RBD ELISA Tier GMT)  (PRNTw) none afer 2% dose
titer inactivated  GMT, Against  Byrexia- 27.7% afier 1* dose and 11.1% afer
SARS B/ Alpha! 2 dose
CoV-2  Bet/Delta  Malaise- 33.3% after 1" dose and 5.5% after
vinus 2 dose
1866 145 1714 B
5394
Alpha- 396.1
Beta- 151
Delia- 241.2
2260 337 m BI- 162 Inj Site pain- 5% after 1* dose
Alpha- 1227 5% afier 2™ dose Pyrexia- 20% after 1" dose
Beta- 18.43 and 15% after 2 dose:
Delta- 5199 Malaise- 5% after 1" dose and 5% after 2°
dose
70 24 86 BI- 1566 Inj. Site pain - 7.5% after 1* dose.
Alpha- 1124 7.5% after 2™
Beta- 5209 Pyresia- 30% after 1" dose and 15% afier 2™
Delta- 5437 dose Malaise- 32.5% after 1" dose and 15%

after 2 dose

Not mentioned in study Incidence rate of adverse events was 432%.
433 AE (409 expected as per factsheets)
9422%- associated with immunization of

which 78.98% related 10 vaccine products and

15.24% due to anxiety.

Incidence rate of adverse events was 0.57%
12 AE (9 expected as per fctsheets) 8
(666%)- associated with immunization of
which none relted to vaccine products and

all reated to anxiety.

‘Highest levels of spike >protein 1gG observed in the 12 week Out of 81 breakthrough infections, 37% were

(median=1299.5 AU/mI) (1:517.9-5019.2) falling to 637.2 AU/mi (1Q: Covishield ecipients.
1865-3055.3) after 6 months.
In unexposed seronegativ individuals, $1.9% had seroconversion at 4

weeks after 1 dose.

Highest leves of spike protein IgG observed in the 12 weck Out of 81 breakthrough infections, 63% were

(Median= 3427 AU/ml) (1Q: 76.1-892:8) falling to 95.1 AU/ml (IQ: after Covasin.
365-277.2) at 6 months.
In unexposed seronegative individuals, 16.1% had seroconversion at 4

wecks after 1" dose.

Adjusted effectiveness of 2 doses of Covaxin against symptomatic: Not mentioned in study

RTPCR posiive (tesed atlast 2 weeks after 2% dose) SARS-CoV-2

Wwas 50% (95% CI 33-62) and ifteting was at 4 weeks or more, the
adjusted effectiveness was 46% (95% Cl 22-62). A6 weeks
lfectiveness rose to 57% (95% C1 21-76). I participants with prior
infection were excluded the adjusted effeciveness was 47% (95% CI

29-61).

GMT of Focus reduction Neutralsation titers above imi Not mentioned in study

neutralization tter of quantification (120)Against

(FRNT0) Omicron
Ancesttml  Delia Omicron
3804 1647 143 5 out of 20 samples
8061 002 1412 6 out of 20 samples
793 i) 147 5 out 0.20 samples
15262 3581 263 9 out of 20 samples

Side-effect intensity/incidence
986 % had atleast one side effct,

Highest intensity of almost all side effects

100% had atleast 1 side-effct.
Local pain in the hand only side-effect of

significant intensity.

93.2% had aleast 1 side-effc,
Injction site pain, Fever, muscle pain

common.

87.39% had at least one side effct,

Lowest intensity of almost all side effcts

S1-RBD 15G Ab tter- 4.13 fold reduction in GMT mean titer ratio of Not mentioned

1% and 6 month

Reduction in Ratio of GMT of NAb at 1% and 6™ month

B1 (ancestral) Alpha Beta Delta

717 658 719 575

Reduction in NA titers in comparison with B.1 for different VOCs

Alpha Beta Delta Omicron

128 343 175 19.16

SI-RBD IgG Ab tier- 68 fold reduction in GMT mean titer rato of 1
and 6" month

Reduction in Ratio of GMT of Nab at 1" and 6" month

B1 (ancestral) Beta Delta

Alpha

287 351 276 196

Reduction in NAD iters in comparison with B.1 for different VOCs

Alpha Beta Delta Omicron

163 343 227 2315

S1-RBD IgG Ab titer- 47 fold reduction in GMT mean iter ratio of
1* and 6" month

Reduction in Ratio of GMT of Nab at 1" and 6" month

B (ancestral) Alpha Beta Della

317 32 261 336

Reduction in NAb titers in comparison with B.1 for difierent VOCs

Alpha Beta Delta Omicron
167 256 283 221
Estimated vaccine effectiveness against
Reinfection Symptomatic Asymptomatic
reinfection fection
s6% 7% 8%
12% 16% -

Additional comments

3 Doses(Day 0,1435) given.
Vaccinated hamsters had lower weight los followin virus challenge.
All vaccinated groups induced 13G2 and the
NAb appeared at 3 weeks peaking at 7 weeks
All vaccinated groups had normal morphology compared to congestive, fibrotic
and haemorrhagic features in group I
No significant levation of cytokines in vaccinated compared to 1112 elevation

in controls.

2 dose (day 0,14) study. Necropsy Lung specimens negatie for gRNA and
SgRNA in vaccinated groups
Radiogsaphic sbnormaliesreslved by 5 DPY in 2 vaccinated groups other than
the 3y + alum simidazogquinoine group which showed No clnical or
radiographic sbromalites.
Resistance to pacumonia on Hisopathological examination unike placcb,
Pronflammtory cyokines such as 1L wee lower nd atiinlammatory

eytokines such as IL-5 higher in all vaccinated.

Chest X-ray showed infitrates, bronchopneumona, or lobar preumonia which

persisted tll 7 DPL

Algel-IMDG found non-mutagenic and well tolerated at test as well as repeat
dose i the 3 animal models.
“The TLR7/S agonist adjuvant supports Thi-biased Ab responses and has high
18G2A/15G1 ratio, IFN-Y response compared (0 algel.

Injection site pain was most common in all three vaccines.
AZD1222 had highest %age of systemic side-effects. Prevalence rate of
complications in Covaxin not significantly different from Sputnik-V and
A2
No seriousfife-threatening side effcts observed in all 3 vaccine groups. Side-

effects disappeared by 7 days post-innoculation in all groups.

People with comorbidity especially Type 2 Diabetes had lower seropositivity in
both vaccines. Pas history of ifection resulted in overall significantly higher
iduals. Females also had 9% higher

seropositiviy vis-a-vis unexposed in

seropositi

ty.
Covishield had significantly increased seroposiivity, NAb titer afier 17 dose
‘while Covaxin required 2 doses to achieve significant effect.

Covaxin showed lower seropositivity and anti-Spike GMT compared to
Covishield at all time points but with much less decline from peak tites at 6
‘months after 27 dose
Breakthrough infection rates were similar in the 2 vaccines Covishield (54/407,

13.3%) vs Covaxin (10/74, 13.5%)

History of prior infection with COVID-19 and aleast one vaccine dose was.

icantly protectve of breakthrough nfections.

Seropositi
Among the 27 (breakthrough infection) hospitalised vaccinees, 1 (Covishicld

ity in Covishield vaccinees was significantly higher than Covaxin.

recipient) died.

“The effect of ‘Prime boost’ Covaxin on cytokine and chemokine profles was
studied at baseine(0) and after 1,2 and 3 months.

Raised type 1,17 and pro-inflammatory cytokine levels show ‘immune memory

induction’ while raised type 2 cytokines maybe attributed to vaccine adjuvant.

Raised chemokines also show innate immunity induction.

Neutralization of sera by covaxin recipients was assessed and compared with sera

of recovered patients against Beta and Delta variants.

166 levels and NAb act

ty were assessed and it was concluded that a 2 -dose.
BBV152 i effctive against both B.1.1.282 variant and D614G prototype( which
was used 10 develop Covasin), compared (0 protection afforded by natural

infection.

PRNT4 values from the different groups did not show any significant difference
(>009)

Neutralization was assessed against Delta, Delta AY.1 and B.1.617.3 compared
with B.1 variant, NAb tters for BT group was highest folowed by CRV and
oV,

In the CNV group, compared to BI, NAD titer against B.1617.3 was lowestat a
188 reduction while Delta showed 129 reduction.

“The CRV and BT groups also showed a similar pattern of reduction of
B.1617.35Delta AY.1>Delta, although there were higher fold reductions in
neutralization
“The role of memory cells could explain the high tters observed in CRV and BTI
‘groups compared to CNV group.

Although titer against the new variants were reduced, some protection against

severe disease could stil be plausible.

A single dose of Covaxin administered to previously SARS-COV-2 infected
individuals could elicit comparable humoral immune response to that seen in

non-exposed individuals administered both doses of the vaccine.

Pain at injcton st wasthe most common locl adverse efct while most
comimon systemic aderse events wee pyresi and malie, All aderse vents in
the Covaxin + Covishied group were comparabe o cither group lone.
Govishied vaccinees wete found to have the highest tees for GMT S1.RBD.
“The heterlogous group had highest GMT N protin and 14G (GMT) to
inactvated veuster a5 wella highet levels of NAB (GMI) towards all the 4

variants.

Half (509%) vaccinces had a single AE, 349% had 2 AE's while 8.6% reported 3
A
Most of the AE's followed the 1 dose of vaccination.
Covishield vaccinees had mostly fever, injection ste tenderness, pain and joint

pain muscle aches, while Cov:

recipients had injecion st pain, fever and 3

cases had giddiness which was not mentioned in factsheets

Covishield vaccinees had significantly higher I1gG Ab compared to Covaxin .
There was a 2-fold reduction in spike Ab titers in Covishield while Covaxin

vaceinees had a more drastic 4-fold reduction,

“This study was undertaken at a time of surge in cases during the second wave of
COVID in India. The Delta variant was infamous for its immune evasion and
‘might have been responsible for the lower efficacy compared to phase I trials

conducted by Bharat Biotech.

Both Covaxin and Covishield vaccinees with 1o prior infection had a ~26-fold.

reduction in FRNTq tters against Omicron compared to ancestral variant after 6
‘months. Those with prior infection had ~57-fold reduction.
Significant reduction in neutralizing ability of both vaccines was observed but
prior infection was associated with significantly hgh titers.

Anti-nucleocapsid Ab wane in Covaxin vaccines, however, those with p

infection sustain Ab for longer periods compared to Covishield.

No serious side-ffects were reported for BBV152.
Adenovirus-vector based vaccines were found to cause higher levels of sde-cfiects
attibutable to cytokine/chemokine release compared to inactivated vaccines.

73.1% side-cffects observed within 24 hours for all vaccines.

Heterologous vaccinees had higher NAD titers despite sgnificant fod reductions
i titers 6 months afier 2° dose.
Comparison with B.1 ancestral variant revealed that NAb tiers were drastically

low for omicron variant.

Full vaccination with BBV152 was associated with a good protective effect while
partial vacination was incfective.
Since most of the renfections occurred during the Delta variant-induced 2"

wave, Covaxin accorded suficient protectio i pre-infected partcipants,
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Organism

Gram Positive
Bacteria

Gram Negative
Bacteria
Fungi

Drug-resistant
Bacteria

Staphylococcus aureus (4 strains)
Bacillus megaterium Bm 11

Bacillus subtilis KCTC 3068
Staphylococcus epidermidis KCTC 1917
Enterococcus faecalis (10 strains)
Enterococcus faecium (5 strains)
Streptococcus agalactiae (3 strains)
Acinetobacter baumanni (10 strains)
Escherichia coli (3 strains)

Salmonella typhimurium ATCC 14028
Pseudomonas aeruginosa ATCC 27853
Serratia marcescens ATCC 8100
Candida albicans

Cryptococcus neoformans

Vancomycin-resistant Staphylococcus aureus

Extended-spectrum B-lactamases (ESBLs)-
producing Escherichia coli

Multiple drug-resistant Pseudomonas
aeruginosa

Multiple drug-resistant Acinetobacter baumanni

Multiple drug-resistant Klebsiella

MIC range
M)

2~4
2
4
4
8~> 32
8~>32
1~4
0.5~16
2~4
4
1
2
16
4
> 50
> 50

> 50

>50
50

The effects of Bomidin on other bacterial strains, including 8 Gram-positive bacteria
and 4 Gram-negative bacteria, and the MICs were in the range of 1-4 uM. For the more
tolerant Gram-positive bacteria Enterococcus faecalis and the fungi Candida albicans, the
MIC value ranges from 8-32uM. For the drug-resistant bacteria, the MIC value is greater
than or equal to 50uM.
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Unadjusted PPE (1,000 parasites/pl) Unadjusted PPE (2,500 parasites/ul) Unadjusted PPE (5,000 parasites/pl)

Product GenelD* PPE Lower Upper P PPE Lower Upper P PPE Lower Upper P
ID % 95%Cl 95%Cl  value* % 95%Cl 95%Cl value®™ % 95%Cl 95%Cl  value**
DC150 PF3D7_0733000_DBLc0.16 1.000 0.990 1.000 1.000 0.990 1.000 1.000 0.990 1.000

RS23 PF3D7_0201000 0819 0230 0.957 0.806  0.174 0.954 0817  0.218 0.957
DC54 PF3D7_0420700_DBLc0.1 0735  0.114 0.921 0716 0.046 0915 0.730  0.089 0.920
DC72 PF3D7_0425800_DBLA3 0727  0.087 0.918 0.707  0.017 0.913 0714 0.035 0.915
DC21 PF3D7_0300100_CIDRB1 0720  0.184 0.904 0.698  0.117 0.897 0.698  0.111 0.898
DC266 PF3D7_1300300_DBLy12 0705  0.139 0.899 0.681 0.066 0.891 0.711 0.148 0.902
DC251 PF3D7_1240600_DBL0:0.20  0.702  0.004 0.911 0.680  (0.072) 0.905 0.065 0.705  0.005 0.913

RS89 PF3D7_0700200 0.700  (0.002) 0.910 0.679  (0.076) 0.904 0.708  0.015 0.914

0.679  0.135 0.881
0.696  0.259 0.875
0.643  (0.050) 0.879

DC118 PF3D7_0700100_DBLa0.1  0.677  0.139 0.879 0.650  0.061 0.869
DC102 PF3D7_0617400_CIDRo2.1 0.666  0.200 0.861 0.634 0115 0.848
DC18 PF3D7_0300100_DBL00.9 ~ 0.660  0.008 0.883 0.633  (0.073) 0.875

5400 PF3D7_1035400 0698  0.275 0.874 0.658  0.175 0.859 0.592  0.009 0.832
DC169 PF3D7_0800300_DBL31 0695  0.268 0.878 0.655  0.167 0.857 0.650  0.148 0.856
DC110 PF3D7_0632500_DBL34 0.691 0.259 0.871 0.651 0.157 0.855 0.668  0.191 0.864
DC73 PF3D7_0425800_DBLA3 0.691 0.259 0.871 0660 0.179 0.859 0.672  0.201 0.866
DC119 PF3D7_0700100_CIDRo3.1  0.691 0.259 0.871 0.660 0.179 0.859 0.655  0.160 0.858
DC242 PF3D7_1240300_DBLo0.7  0.691 0.098 0.894 0.667  0.024 0.886 0.663  0.007 0.885
DC239 PF3D7_1219300_CIDRa3.4 0684  0.078 0.891 0.659  0.001 0.883 0.678  0.051 0.890
DC137 PF3D7_0712400_DBLy9 0.681 0.151 0.881 0.655  0.074 0.871 0.669  0.108 0.878

DC158  PF3D7_0800100_CIDRB1 0657  0.140  0.863 0616 0032 0848 0636 0073 0857
DC260  PF3D7_1300100_CIDRu2.4 0652 (0014 0881 0053 0624 (0.100) 0872 0074 0641 (0059 0878  0.063
DC175 ~ PF3D7_0808700_DBLo0.2 0648  (0027)  0.879 0621 (0.110) 0870 0077 0607 (0158 0866  0.090
DC99 PF3D7_0600400_DBLa1.3 0644 0051  0.867 0615 (0.032) 0856 %0.621 (0.024) 0860 m
DC49 PF3D7 0412000 CIDRy2 0622 0094 0842 0586 0001 0829 0609 0045 0840

DC157  PF3D7_0800100_DBLS1 0621 0121 0837 0571  (0.004) 0816 0565 (0.028) 0816  0.058
RS264  PF3D7_0113600 0619 0115 0836 0594 0049 0826 ﬁ 0559 (0.041) 0813

DC17 PF3D7_0223500_CIDRB1 0618  0.114  0.835 0579 0015 0820 0580 0008 0822 %
DC15 PF3D7_0223500_CIDRa3.4 0613 0102  0.833 0573 0002 0817 0050 0522 (0.129) 0798  0.092
DC64 PF3D7_0421100_DBLS1 0613 0102 0833 0561 (0.026) 0812 0057 0559 (0.040) 0813  0.061
DC71 PF3D7_0425800_CIDRa16 0612 0101  0.833 0571 (0004 0816 0051 0558 (0.044) 0813

DC46 PF3D7_0412900_DBLo0.1 0611 0097  0.832 0569 (0.007) 0816 0601 0057 0831

WE35 PF3D7_1035900 0610 0095 0832 0673 0209 0864 0687 0236 0872

RS163  PF3D7_1041100 0610 0095 0832 0585 0031 0823 0579 0007 0822

RS158  PF3D7_1040600 0610 0095 0832 0585 0031 0823 0577 0001 0821

DC23 PF3D7_0324900_CIDRu2.1 0609 0093  0.831 0567 (0013 0815 0053 0517 (01389 0795  0.097
DC166  PF3D7_0800300_CIDRa16 0608 0092  0.831 0556 (0.038) 0810 0061 0568 (0.021) 0817

DC36 PF3D7_0400400_DBLS1 0606 0086 0830 0565 (0018 0814 0582 0013 0823 m
RS99 PF3D7_0732000 0605 0084 0830 0581 0021 0821 %0.554 0029) 0816

WE29 PF3D7_1028700 0598 0036 0832 0551 (0.085) 0814 0075 0654 0122 0864 ﬁ
DC66 PF3D7_0421300_DBL00.24 0595 0062  0.826 0542 (0.072) 0804 0072 0595 0043 0828

DC109  PF3D7_0632500_DBLy1 0594 0059 0825 0541 (0.074) 0804 0078 0550 (0.064) 0809  0.069
DC232  PF3D7_1200600_DBLpam2 0589 0047  0.823 0547 (0.058) 0806 0067 0518 (0.187) 0796  0.096
DC139  PF3D7_0712600_CIDRu3.1 0586 0007  0.827 0534 (0.124) 0807 0089 0441 (0362 0771 0200
DC30 PF3D7_0400100_CIDRBT 0571 0005 0815 0527 (0.106) 0798 0084 0525 (01200 0799  0.089
DC19 PF3D7_0300100_CIDRu2.4 0566 0016  0.808 0504 (0.134) 0783 0096 0465 (0.240)  0.769 ﬂ
WE50.1  PF3D7_1085300 0515 (0097) 0786 0082 0571 (0.004) 0817 0608 0073 0834

RS189  PF3D7_1254500 0512  (0.105) 0784 0085 0596 0055  0.827 mo.sw 0065  0.809

WE48 PF3D7_0707300 0477 (0185 0769 0120 0551 (0.051)) 0808 0065 0598 0048  0.830

MSP10_1- PF3D7_0620400 0477 (0214 0774 0131 0558 (0.068) 0817 0070 0593 0009  0.833

1

WE27 PF3D7_0104200 (0.977) (3478) 0127 0102 (1293) (4.364) 0019 0056 (1.618) (5368  (0.076)

*In bold are the proteins cross-selected by the three malaria definations.
“*Yellow highlighted P values: statistically significant by the unadjusted analysis.
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Product ID

DC244
DC113
DC12
RS146
DC273
RS68
RS69
RS83
RS206
RS60
DC228
DC36
DC131
DC220
DC221
DC231
DC5
DC237
DC75
DC25
DC180
DC13
RS184
RS204
RS63
DC78
DC4
DC171
DC73
RS185
DC224
DC132
DC127
DC143
DC31
DC130
RS67
DC147
DC149
DC213
DC35
DC236
DC152
DC126
DC46
RS110
DC234
RS101
DC232

GenelD

PF3D7_1240300_DBLA8
PF3D7_0632500_DBLe2
PF3D7_0200100_CIDRo2.2
PF3D7_1000300
PF3D7_1373500_CIDRB6
PF3D7_0425900
PF3D7_0500400
PF3D7_0632100
PF3D7_1372800
PF3D7_0401400
PF3D7_1200400_DBLy14
PF3D7_0400400_DBL&1
PF3D7_0712300_CIDR00.1
PF3D7_1150400_CIDRy2
PF3D7_1200100_DBL00.9
PF3D7_1200600_DBLpam1
PF3D7_0100300_DBLo1.3
PF3D7_1200600_DBLe10
PF3D7_0425800_DBL&1
PF3D7_0324900_CIDRB7
PF3D7_0809100_CIDRo2.2
PF3D7_0200100_DBLy11
PF3D7_1254100
PF3D7_1372600
PF3D7_0413200
PF3D7_0426000_CIDRo4
PF3D7_0100100_CIDRB1
PF3D7_0808600_DBLx:0.15
PF3D7_0425800_DBLA3
PF3D7_1254200
PF3D7_1200100_CIDRB1
PF3D7_0712300_DBL&1
PF3D7_0712000_CIDRo3.1
PF3D7_0712800_CIDRo2.4
PF3D7_0400400_DBLa1.2
PF3D7_0712300_DBL00.1
PF3D7_0425700
PF3D7_0712900_CIDRo:3.1
PF3D7_0712900_CIDRB1
PF3D7_1100200_CIDRB4
PF3D7_0400400_DBLy11
PF3D7_1200600_DBLepam5
PF3D7_0733000_DBL&1
PF3D7_0712000_DBLa:0.17
PF3D7_0412900_DBL00.1
PF3D7_0800500
PF3D7_1200600_DBLpam3
PF3D7_0732200
PF3D7_1200600_DBLpam2

Dim1*

0.299
0.298
0.293
0.287
0.286
0.159
0.145
0.044
0.014
0.018
0.097
0.044
0.043
0.037
0.028
0.286
0.285
0.282
0.281
0.281
0.280
0.278
0.278
0.278
0278
0.277
0.275
0.275
0.275
0.274
0.221
0.199
0.195
0.198
0.185
0.183
0.171
0.164
0.163
0.152
0.152
0.142
0.140
0.138
0.129
0.128
0.125
0.119
0.099

Dim2*

0.033
0.022
0.091
0.030
0.100
0.673
0.722
0.739
0.778
0.769
0.039
0.154
0.028
0.049
0.112
0.160
0.031
0.071
0.076
0.183
0.136
0.185
0.049
0.107
0.053
0.234
0.151
0.240
0.034
0.030
0.016
0.001
0.622
0.555
0.048
0.012
0.580
0.638
0.619
0.585
0.000
0.127
0.648
0.011
0.009
0.642
0.031
0.001
0.000

Dim3*

0.014
0.014
0.056
0.044
0.102
0.006
0.063
0.135
0.132
0.040
1.864
2.074
2.209
2.331

0.011
0.001
0.009
0.058
0.036
0.064
0.000
0.050
0.029
0.021
0.041
0.018
0.062
0.017
0.042
0.676
0.626
0.078
0.205
0.613
1.129
0.098
0.154
0.115
0.005
1.322
0.980
0.226
1.412
1.524
0.001
1.079
0.758
1112

*In bold are the proteins with the highest contribution to principle component.
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Drug Name Drug Type Target Study Phase Test Effect Reference Doi
Arbidol Small molecule S$1/S2 subunit of Phase IV Prevents S1 subunit from falling off and membrane fusion Wang et al. (103)
compound Spike protein (NCT04252885; of S2 subunit, and SARS-CoV-2 entry
NCT04260594)
Bictegravir Small molecule S2 subunit of Spike Preclinical Prevents the SARS-CoV-2 entry by restricting the Sun et al. (102)
compound protein interaction between Spike RBD and ACE2
Dolutegravir ~ Small molecule S2 subunit of Spike Preclinical Prevents the SARS-CoV-2 entry by restricting the Sun et al. (102)
compound protein interaction between Spike RBD and ACE2
Tizoxanide Small molecule S$1/S2 subunit of Preclinical Prevents the S1 subunit from binding to ACE2, and S2  Sun et al. (102)
compound Spike protein subunit membrane fusion
EK1 Peptide Spike protein HR2 Preclinical Against Spike protein-mediated membrane fusion and Xia et al. (135)
pseudovirus infection
EK1C4 Lipopeptide Spike protein HR2 Preclinical Against Spike protein-mediated membrane fusion and Xia et al. (106)
pseudovirus infection
IPB02 Lipopeptide Spike protein HR2 Preclinical Against Spike protein-mediated celle-cell fusion and Zhu et al. (107)
pseudovirus infection
SARS-CoV-2- Peptide Spike protein HR2 Preclinical Against Spike protein-mediated membrane fusion and Xia et al. (106)
HR2P pseudovirus infection
[SARSHRc- Dimeric lipopeptide Spike protein HR2 Preclinical Against Spike protein-mediated membrane fusion and de Vries et al.
PEGiJ,-chol SARS-CoV-2 entry (108)
SBP1 23-mer peptide SARS-CoV-2-RBD Preclinical Block the interaction between Spike protein and ACE2, Ucar et al. (109)
fragment and SARS-CoV-2 entry
AHB1/3 Peptide SARS-CoV-2-RBD Preclinical Inhibit the SARS-CoV-2 attachment between Spike Cao etal. (110)
protein and ACE2, and viral neutralization
LCB1/3 Peptide SARS-CoV-2-RBD Preclinical Inhibit the SARS-CoV-2 attachment between Spike Cao et al. (110)
protein and ACE2, and viral neutralization
ATN-161 Integrin binding peptide  Spike protein, ACE2  Preclinical Inhibit SARS-CoV-2 attachment through a5p1 integrin- Beddingfield et al.
based mechanism (111)
Captopril ACE inhibitor ACE2 Phase Il Inhibit the interaction between Spike protein and ACE2,  Milne et al. (136)
(NCT04355429) and viral neutralization
Enalapril ACE inhibitor ACE2 Phase Il Inhibit the interaction between Spike protein and ACE2,  Bauer, et al. (112)
(NCT04591210) and viral neutralization
Camostat Serine protease TMPRSS2 Phase Il Blocks the TMPRSS2 activity induced Spike protein Hoffmann et al.
mesylate inhibitor (NCT04455815) priming and SARS-CoV-2 entry (137)
Nafamostat Serine protease TMPRSS2 Phase II/lIl Blocks the TMPRSS2 activity induced Spike protein Hempel et al. (138)
mesylate inhibitor (NCT04455815) priming and SARS-CoV-2 entry
Z126202570; Serine protease TMPRSS2 Preclinical Blocks the TMPRSS2 activity induced Spike protein Alzain and
Z46489368;  inhibitor priming and SARS-CoV-2 entry Elbadwi, et al.
24222565982 (117)
MM3122 Serine protease TMPRSS2 Preclinical Blocks the TMPRSS2 activity induced Spike protein Mahoney et al.
inhibitor priming and SARS-CoV-2 entry (86)
Tafenoquine  8-aminoquinoline 3CLPre Preclinical Induces the transformation of 3CLP™ conception, inhibits ~ Achutha et al.
antimalarial drug the activity of 3CLP™ and represses the SARS-CoV-2 (119
RNA replication
Dipyridamole  Anticoagulant 3CLP® Preclinical Inhibits the activity of 3CLP and represses the SARS-  Liu et al. (121)
(DIP) CoV-2 RNA replication
Compound Pseudopeptide lead 3cLPre Phase | Inhibits the activity of 3CLP™ and represses the SARS-  Dai et al. (122)
11a compound (NCT04766931) CoV-2 RNA replication
Compound Pseudopeptide lead 3CLPe Preclinical Inhibits the activity of 3CLP™ and represses the SARS-  Dai et al. (122)
11b compound CoV-2 RNA replication
MI-09 Boceprevir or telaprevir - 3CLP™ Preclinical Inhibits the activity of 3CLP™ and represses the SARS-  Qiao et al. (123)
derivatives CoV-2 RNA replication
MI-30 Boceprevir or telaprevir - 3CLP™ Preclinical Inhibits the activity of 3CLP™ and represses the SARS-  Qiao et al. (123)
derivatives CoV-2 RNA replication
PF-07304814 Phosphate prodrug of ~ 3CLP™ Phase | Inhibits the activity of 3CLP™ and represses the SARS-  Yap et al. (139)
PF-00835231 (NCT04535167) CoV-2 RNA replication
PF-07321332 Orally active 3CLPe Phase Il Inhibits the activity of 3CLP™ and represses the SARS-  Zhao et al. (140)
pseudopeptide 3CLP™ (NCT04960202) CoV-2 RNA replication
inhibitor
$-217622 Orally active reversible ~ 3CLP™ Phase I/l Inhibits the activity of 3CLP and represses the SARS- https:/www.
covalent 3CLP™ (jRCT2031210350) CoV-2 RNA replication shionogi.com/jp/
inhibitor ja/news/2021/10/
211021_2.html
GRL-0617 Naphthalene-based PLPe Preclinical Inhibits of PLP™ to impair the SARS-CoV-2-induced Pitsillou et al. (141)
selective noncovalent cytopathogenic effect, maintain the antiviral interferon Shin et al. (62)
PLP inhibitor pathway and reduce viral replication
Remdesivir Monophosphoramidate  RdRP Phase I/l Blocks the RARP activity to block the SARS-CoV-2 Kokic et al. (142)
prodrug of adenosine (NCT04431453) replication and infection, thus reducing the time to
analogue recovery in COVID-19 patients
Suramin Non-nucleoside RARP  RdRP Phase Il Inhibits the RARP activity to block the SARS-CoV-2 Yin et al. (143)
inhibitor (ChiCTR2000030029)  replication and infection
Favipiravir Nucleotide analogue RdRP Phase IIl Inhibits the RdRP activity to block the SARS-CoV-2 Naydenova et al.
(NCT04558463) replication and infection (144)
Ninove et al. (145)
EIDD-1931 Ribonucleoside RdRP Phase I/l Prevents the synthesis of RdRP and promotes the Miller et al. (146)
analogue (NCT04746183) mutation of SARS-CoV-2 RNA bases to kill the virus, Jena et al. (147)
reduce the viral load and finally clear the infection
EIDD-2801 Oral EIDD-1931 RdRP Phase Il Anti-SARS-CoV-2 after being metabolized into EIDD- Wolfel et al. (148)
(molnupiravir)  prodrug (ribonucleoside (NCT04405570) 1931 in the body Sheahan et al.
analogue) (131)
AT-527 Double Prodrug of a RdRP Phase IIl It selectively inhibits the RdRP activity to block the Good et al. (132)
Guanosine Nucleotide (NCT04889040) SARS-CoV-2 replication and infection
Analog
Bananins Drug-like compound Helicase Preclinical Blocks the virus replication and load by inhibiting the Spratt et al. (133)
helicase activity
SSYA10-001  Drug-like compound Helicase (nsp13) Preclinical Blocks the virus replication and load by inhibiting the Spratt et al. (133)
helicase activity
Clofazimine  Anti-tuberculosis drug ~ Helicase Phase Il Inhibits the spike-dependent entry, reduces viral load by ~ Yuan et al. (134)
Spike protein (NCT04465695) disrupting the helicase induced virus replication, and also
prevents cytokine storm associated with viral infection
BBIBP-CorV  Inactivated (Vero cells)  Spike protein Phase lIl Elicits high levels of neutralizing antibodies (anti-receptor- Wang (149)
vaccine (NCT04993560); binding domain (RBD) IgG, as well as anti-spike protein ~ Xia et al. (150)
Approved for (S) IgG and IgA antibodies) and T cell-mediated immune
emergency utilization  responses
worldwide
Coronavac  Inactivated (Vero cells) ~ S1 domain and RBD ~ Phase Il Elicits the development of humoral immunity against Zhang et al. (151)
vaccine of Spike protein (NCT05077176); SARS-CoV-2, particularly Ig anti-RBD Vacharathit et al.
Approved for (152)
emergency utilization
worldwide
WIBP vaccine Inactivated (Vero cells) ~ Spike protein Phase lIl Elicits high levels of neutralizing antibodies and T cell- Aletal. (153)
vaccine (NCT04510207) mediated immune responses
BBV152 Whole-virion inactivated  Spike protein Phase lIl Induces high titres of specific IgG and neutralizing Ella et al. (154)
(Covaxin) (Vero cells) vaccine (NCT04641481) antibodies and enhances cytokine and chemokine Ella et al. (155)
responses
ChAdOx1 Non-replicating Spike protein Phase Ill Induces high anti-spike neutralizing antibody titers, as Voysey et al. (156)
nCoV-19/ adenovirus vectored (NCT05059106) well as Fc-mediated functional antibody responses Ramasamy et al.
AZD1222 vaccine (157)
Ad26.COV2.S Non-replicating Spike protein Phase IIl Induces high titres and stable neutralizing antibodies and ~ Sadoff et al. (158)
adenovirus 26 vectored (NCT04505722) enhances T-cell responses
vaccine
Ad5-nCoV Non-replicating Spike protein Phase Ill It generates S1 IgG antibodies to induce strong humoral ~ Guzman-Martinez
adenovirus type 5 (NCT04540419); and cellular immune responses etal. (159)
vectored vaccine Approved for Wu et al. (160)
emergency utilization
in China
Gam-COVID-  Non-replicating Spike protein Phase lIl Induces high titres of specific IgG and neutralizing Gonzélez et al.
Vac adenovirus 5 and 26 (NCT04642339) antibodies and enhances T-cell responses (161)
vectored vaccine Approved for Logunov et al.
emergency utilization (162)
in Russia
GRAd-COV2  Non-replicating Spike protein Phase II/l Elicits both functional antibodies that neutralize SARS- Lanini et al. (163)
defective Simian (NCT04791423) CoV-2 infection and block Spike protein binding to the
adenovirus vectored ACE2 receptor, and a robust, T helper (Th)1 dominated
vaccine cellular response
VXA-CoV2-1  Non-replicating Spike protein Phase | Induces anti-spike IgG and neutralizing antibodies with Johnson et al.
adenovirus Ad5 (NCT04563702) the sera demonstrating neutralizing activity (164)
vectored vaccine
hAd5-S- Non-replicating Spike protein Phase /Il Induces neutralizing antibodies and Th1-prone N- and S-  Gabitzsch et al.
Fusion+N- adenovirus Ad5 N protein (NCT04845191) specific T-cell responses, providing complete protection  (165)
ETSD vectored vaccine of the nasal cavity and lungs against SARS-CoV-2
infection
LV-SMENP-  Minigenes engineered  Spike protein Phase I/Il Induces neutralizing antibodies and T-cell responses Mahrosh et al.
DC based on multiple viral (NCT04276896) (166)
genes, lentiviral
vectored (NHP/TYF)
modified dendritic cell
vaccine
Pathogen- Minigenes engineered Antigen presenting Phase | Induces neutralizing antibodies and T-cell responses Mahrosh et al.
specific aAPC  based on multiple viral ~ cells (NCT04299724) (166)
genes, lentiviral
vectored (NHP/TYF)
vaccine
DelNS1- Replicating intranasal Spike protein Phase I/l Simulates the natural infection pathway of respiratory Wang et al. (167)
2019-nCoV-  based-RBD flu (ChiCTR2100048316/ viruses to activate local and systemic T-cell immune
RBD-OPT1 vectored vaccine ChiCTR2100051391)  response to prevent the SARS-CoV-2 infection
VSV-AG- Replicating viral VSV Spike protein Phase I/l It develops spike-specific antibodies in antisera to YYahalom-Ronen
SARS-CoV-2- vectored vaccine (NCT04990466) prevent the SARS-CoV-2 infection etal. (168)
S/IBR-100
TMV-083N-  Attenuated measles- Spike protein Phase I/Il Increases the geometric mean titers (GMTs) of anti- Scarabel, Lucia,
591 vector based vaccine (NCT04497298/ SARS-CoV-2 Spike protein serum neutralizing antibody et al. (169)
NCT04498247); Stop  to prevent the SARS-CoV-2 infection
R&D
V590 Recombinant VSV- Spike protein Phase | Increases the geometric mean titers (GMTs) of anti- Scarabel et al.
vector based vaccine (NCT04569786); SARS-CoV-2 Spike protein serum neutralizing antibody  (169)
Stop R&D
MVA-SARS-  Nonreplicating modified = Spike protein Phase | The robust expression of Spike protein as antigen to Tscherne et al.
2-S vaccinia virus Ankara (NCT04569383) produce S-specific CD8+ T cells and serum antibodies (170)
vectored vaccine binding to Spike protein that neutralized SARS-CoV-2.
ZyCoV-D DNA vaccine Spike protein Phase /Il It encodes and translate the SARS-CoV-2 Spike protein, Momin et al. (171)
(CTRI/2020/07/ which stimulates the host to produce high titres of virus-  Dey et al. (172)
02635); neutralizing antibodies and robust T cell immune
Approved for clinical  response, thereby completely blocking the virus entry
use in India and subsequent infection
INO-4800 DNA vaccine Spike protein Phase Ill It induces antibodies to block SARS-CoV-2 Spike Tebas et al. (173)
(NCT04642638) protein binding to the host receptor ACE2 and produces  Smith et al. (174)
high titres of virus-neutralizing antibodies and robust cell
immune response, thereby completely blocking the virus
entry and subsequent infection
BNT162b2 Nucleoside-modified Spike protein Phase Il It mimics and encodes the SARS-CoV-2 spike protein, Polack et al. (175)
mRNA vaccine (NCT04955626); which stimulates the host to produce high titres of virus-  Liu et al. (176)
Approved for clinical  neutralizing antibodies and robust T cell immune
use response, thereby completely blocking the virus entry
and subsequent infection
mRNA-1273  Lipid nanoparticle- Spike protein Phase Il It mimics and encodes the SARS-CoV-2 spike protein, Baden et al. (177)
encapsulated mRNA (NCT04860297) which stimulates the host to produce high titres of virus-  Jackson et al.
vaccine neutralizing antibodies and robust immune response, (178)
thereby completely blocking the virus entry and
subsequent infection
CVnCoV Lipid nanoparticle- Spike protein Phase Ill It mimics and encodes the SARS-CoV-2 surface spike Alexandersen
encapsulated naturally (NCT04860258) protein, which stimulates the host to produce high titres et al. (179)
occurring nucleotides of virus-neutralizing antibodies and robust T-cell Rauch et al. (180)
mRNA vaccine responses, thereby completely blocking the virus entry
and subsequent infection
ARCT-021 Self-replicating mRNA  Spike protein Phase Il It mimics and encodes the virus surface spike protein, Rappaport et al.
and nanoparticle (NCT04728347) which stimulates the host to produce antibodies to activate  (181)
delivery system vaccine cell-mediated immunity, thereby completely blocking the
entry of SARS-CoV-2 and subsequent infection
LNP- Self-amplifying mMRNA  Spike protein Phase | It mimics the virus surface spike protein gene, triggers Karpinski et al.
nCoVsaRNA  vaccine (ISRCTN17072692) the virus to produce spike protein, stimulates the hostto  (182)
produce antibodies and completely blocks the entry of
SARS-CoV-2 and subsequent infection
ARCoV Lipid nanoparticle Spike protein RBD Phase Il It encodes the viral Spike protein RBD to elicit robust Zhang et al. (183)
thermostable mRNA- (NCT04847102) neutralizing antibodies against SARS-CoV-2 as well as a
based Vaccine Th1-biased cellular response against the viral challenge
hrsACE2 Human recombinant ACE2 Preclinical It prevents the interaction between Spike protein and Monteil et al. (115)
soluble ACE2 ACE2, reduce early SARS-CoV-2 infections, and Abd et al. (184)
effectively inhibit the viral proliferation in human vascular
organs and kidney organs
LY-CoV555 S protein neutralizing Spike protein Phase I/l It high-affinity binds to the Spike protein RBD to inhibit Chen et al. (185)
LY3819253 antibody (NCT04427501) the ACE2 binding and reduce the viral replication in the ~ Yang et al. (186)
upper and lower respiratory tract
BRIl-196 S protein neutralizing Spike protein Phase lIl It binds to different highly conserved epitope on the Yang et al. (186)
BRII-198 antibody (NCT04501978) Spike protein to block viral entry and neutralize live
SARS-CoV-2 infection
SCTAO1 S protein neutralizing Spike protein RBD Phase II/ll It engages the Spike protein RBD to efficiently neutralize  Yang et al. (186)
HB27 antibody (NCT04644185) SARS-CoV-2 pseudoviruses as well as authentic SARS-  Li et al. (187)
CoV-2
NVX- Recombinant Spike protein Phase Il It elicits high titer anti-S IgG that blocks hACE2 receptor ~ Tian et al. (188)
CoV2373 nanoparticle spike (NCT05112848) binding, neutralize virus infection and antigen-specific- Keech et al. (189)
protein subunit vaccine cells, and protects against SARS-CoV-2 challenge
RBD219- Recombinant protein Spike protein RBD Preclinical Stimulate SARS-CoV-2 to produce IgG neutralizing Chen et al. (190)
N1C1 heterologous vaccine antibodies and induce T-cell immunity Lee etal. (191)
HR2P Peptide-based Spike protein HR2 Preclinical It can effectively inhibit SARS-CoV-2 replication and the ~ Xia et al. (192)
polypeptide membrane fusion domain Spike protein-mediated cell-cell fusion for treating the Lu et al. (193)
inhibitor viral infection
Lianhua TCM multiple targets such  Real World Study The main ingredients can inhibit multiple protein targets ~ Xia et al. (194)
Qingwen as Akt1, MAPK1, IL6, such as Akt1, MAPKT, IL6, HSP90OAAT, TNF, and CCL2, Yan et al. (195)
Capsule HSP90AA1, TNF, and et al, to reduce the inflammatory storm, tissue damage
CCL2, etal and help eliminate virus infection
Qingfei Paidu  TCM 3CLP™, and multiple Real World Study Multiple main ingredients can inhibit the 3CLP™ mediated ~ Yang et al. (196)
Decoction targets such as SARS-CoV-2 replication, and invasion, and anti- Lietal. (197)
CXCR4, ICAM1, inflammatory and immune regulation, and repairing body
CXCL8, CXCL10, IL6, damage
IL2, CCL2, IL1B, IL4,
etal
Huoxiang TC™M 3CLP"®, PI3K/Akt Real World Study Multiple main ingredients can inhibit the 3CLP™ mediated Du et al. (198)
Zhengqi SARS-CoV-2 replication and improve the PI3K/Akt
formula mediated inflammatory cytokine release and
inflammatory storm
Xuebijing TCM 3CLP, ACE2 Real World Study Multiple components combine with 3CLpro and ACE2 to  Qin et al. (199)
injection act on targets such as IL6, CCL2, TNF and PTGS2 to Feng et al. (200)
reduce SARS-CoV-2 entry inflammation responses and
regulate the immune functions
Jinhua TCM 3CLP™°, ACE2 Real World Study Multiple components combine with 3CLP™ and ACE2 to  Zhang et al. (201)
Qinggan act on targets such as PTGS2, HSP90AB1, HSP9OAAT,  Liu et al. (202)
CGranules PTGS1, and NCOA2 to shorten the fever time, increase
the recovery rate of lymphocytes and white blood cells,
and improve related immunological indicators
Tanreging TCM 3CLP®, CD3* T cell Real World Study Multiple main ingredients can inhibit the 3CLP™ mediated  Zhang et al. (203)
Injection SARS-CoV-2 replication and improve the CD3* T-cell
level to enhance immune function
Huashi Baidu TCM 3CLP™°, ACE2 Real World Study Blocks the ACE2 receptor mediated SARS-CoV-2 host ~ Tao et al. (204)
Decoction cell entry and inhibits the 3CLP"°-mediated viral Cai et al. (205)
replication and infection
Shufeng TCM 3CLP™, NF-kB Real World Study Inhibits the NF-kB signaling pathway and 3CL"™ to Chen et al. (206)
Jiedu reduce the SARS-CoV-2 load, cytokine storm, Xia et al. (207)
Capsule inflammation and regulate immune response
Xuanfei Baidu TCM NF-xB signaling Real World Study Inhibits the NF-xB mediated cytokine storm and blunts Li et al. (208)
Decoction pathway the THP-1-derived macrophages pinocytosis
Reduning TCM Carbonic anhydrases  Real World Study Inhibits the overexpression of MAPKs, PKC and p65 NF-  Cao et al. (209)
injection (CAs), matrix kB to reduce cytokine storm, inflammation and lung Xu et al. (210)
metallopeptidases damage Jiaetal (211)
(MMPs) and multiple
pathways like PIBK/
Akt, MAPK
Shenmai TCM Bcl2, MAPK3 and IL-  Real World Study Immune regulation for COVID-19 Yang et al. (212)
injection 6
Quercetin Plant flavonoid active Multiple enzymes Preclinical Inhibits multiple SARS-CoV-2 enzymes mediated viral Derosa et al. (213)
ingredients of TCM including 3CLP™, replication, attachment and entry and infection Pan et al. (214)
PLP™, RDRP, Spike Saakre et al. (215)
protein and ACE2
Kaempferol The main flavonoid ACE2 and 3CLP™ Preclinical Blocks the ACE2 receptor mediated SARS-CoV-2 cell Khan et al. (216)
polyphenols of entry and inhibits the 3CLP"-mediated viral replication Pan et al. (214)
kaempferol galanga L and infection
Luteolin Main flavonoid in 3CLP™ and cytokine  Preclinical Blocks 3CLpro-mediated SARS-CoV-2 replication and Theoharides (217)
honeysuckle storm infection, inhibits the cytokine storm caused by mast Shawan et al.
cells secreting proinflammatory cytokines (218)
Isorhamnetin  Flavonoid ingredient Spike protein and Preclinical Inhibits the 3CLP™ mediated SARS-CoV-2 replication Zhan et al. (219)
in hippophae 8CLPe and Spike protein mediated viral attachment Tejera et al. (220)
rhamnoides
Naringenin Active ingredients of 3CLP™, cytokine Preclinical Inhibits the 3CLP™ mediated SARS-CoV-2 replication, Clementi et al.
TC™M storm and ACE2 cytokine production induced cytokine storm and ACE2 (221)
mediated viral entry Maurya et al. (222)
D’Amore et al.
(223)
Wogonin Active ingredients of 3CLP™ and Akt1 Preclinical Inhibits the 3CLP™ mediated SARS-CoV-2 replication Xia, Lu, et al. (207)
TC™M and Akt1 induced infection, lung injury and lung Xia et al. (194)
fibrogenesis
Salvianolic Active hydrophilic Spike protein Preclinical Inhibits SARS-CoV-2 infection by blocking the formation  Yang et al. (224)
acid C compound of Danshen of six-helix bundle core of spike protein and the binding ~ Wang et al. (225)
of its RBD and ACE2 Hu et al. (226)
Baicalin Active components of  3CLP™, RdRP and Preclinical Inhibits SARS-CoV-2 replication by interfering the 3CLP™®, Jo et al. (227)
Scutellaria B. PLP®, RdRP and PLP™ Zandi et al. (228)
Rehman et al.
(229)
Baicalein Active components of  3CLP™, RdRP, and Preclinical Inhibits SARS-CoV-2 replication by interfering Huang et al. (230)
Scutellaria B. Mitochondrial mitochondrial oxidative phosphorylation, *°P™ and Liu et al. (231)

RdRP

Zandi et al. (228)
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The infectivity of this type of variant strain has changed, and the transmission speed has
increased by approximately 50%; the sensitivity to monoclonal antibody therapy remains
unchanged; it can be effectively neutralized by vaccines or antibodies produced by natural

infections

The infectivity of this variant strain increases by approximately 50%; the sensitivity to
monoclonal antibody treatment is reduced; the neutralizing effect of antibodies produced by
vaccines or natural infections is also significantly reduced

This type of variant strain is less sensitive to monoclonal antibody therapy; the neutralizing
effect of antibodies produced by vaccines or natural infections is also significantly reduced
The infectivity of this type of variant strain is enhanced; the sensitivity to monoclonal antibody
therapy may be reduced; the neutralizing effect of antibodies produced by vaccines or
natural infections may be reduced

Potential depletion in neutralization by convalescent and postvaccination sera or monoclonal

antibody treatments

The mutant strain has enhanced toxicity and immune escape ability, resulting in low efficacy
or even ineffectiveness of various serum vaccines and neutralizing antibodies, ~20%

increased transmissibility

This mutant strain will affect the effectiveness of vaccines and neutralizing antibodies, and is
believed to promote the virus to invade host cells and help the virus escape the host

immune system

The mutant strain is highly resistant to COVID-19 convalescent serum and vaccines
vaccinated thus far, with enhanced transmission and pathogenicity, and is likely to have
immune escape and natural derivation capabilities

The mutant strain may show stronger transmission, while reducing the neutralization of
vaccine and convalescent serum

The enhanced immune escape ability of the mutant strain leads to weakened vaccine

effectiveness

The mutation degree of this mutant strain far exceeds that of other strains, the gene
mutation rate is higher but the incidence rate is low, and the infectivity and immune escape

ability are enhanced

This variant strain is easier to spread and may have the ability to actively evade vaccine

antibodies

This strain has been listed by the WHO as a “mutant strain under surveillance”, which means
that the strain is potentially dangerous

This variant strain reduces the activity of some monoclonal antibodies, but does not show
changes in immune escape ability and pathogenicity
This variant strain is highly transmissible and may impair the efficacy of the vaccine

This mutant strain has a high infection rate in Indonesia (approximately 48%), but the
overseas infection rate is low (<0.5%)

This mutant strain carries mutations and missing information of a variety of strains of interest,
and is likely to have antibody-mediated immune escape. It may be ineflective against mRNA
vaccines and is widely spread in central Africa.

The mutant strain has a faster transmission speed and a higher lethality rate, is partially or
completely resistant to monoclonal antibodies, and is not sensitive to the neutralization effect
of plasma and serum during the recovery period.

The mutant strain has strong transmission and immune escape ability, which can weaken
the neutralization efficiency of vaccines and antibodies

This mutant strain has a large number of spike protein mutation points, but weaker
transmissibility than the Delta variant. It still needs attention

The mutant strain has more mutation sites and significantly enhanced infectivity, which is
10x and 2x higher than the original virus or Delta mutant strain, respectively; the immune
escape ability is enhanced and twice that of the Delta mutant strain, resulting in a decreased
efficiency of monoclonal antibodies and resistant to vaccines; the speed of virus infection has
increased, and there is an increased risk of reinfection

Epidemiological Characteristics

Reference

Sabino et al. (4)
Thye et al. (5)

Martin et al. (6)
Benton et al. (7)

Faria et al. (8)
Hemmer et al. (9)
Mishra et al. (10)
Kannan et al. (11)

Sapkal et al. (12)
Zhang et al. (13)
McCallum et al. (14)
Deng et al. (15)

Romero et al. (16)
Darvishi et al. (17)

Laiton-Donato et al. (18)
Uriu et al. (19)

Shuai et al. (20)
Moubarak et al. (21)
van der Veer et al. (22)

Albayat et al. (23)
Yang et al. (24)

Nagano et al. (25)
Sekizuka et al. (26)
https://www.who.int/en/
activities/tracking-SARS-
CoV-2-variants/
Rodriguez-Maldonado et al.
@7

Laine et al. (28)
Manouana et al. (29)
Fibriani et al. (30)

Sam et al. (31)

Dudas et al. (32)
Zahradnik et al. (33)

Annavajhala et al. (34)
Thompson et al. (35)

Bugembe et al. (36)

https://www.who.int/en/
activities/tracking-SARS-
CoV-2-variants/

Abdool and de Oliveira (37),
Chen et al. (38)
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aHR (95% CI)*

Pre-vaccination era Vaccination era

Antibiotic exposures 1.92 (1.74-2.12) 1.66 (1.24-2.23)
Penicillins® 1.47 (1.31-1.66) 1.28 (0.94-1.74)
Cephalosporins® 1.19 (1.04-1.36) 1.41 (0.88-2.26)
Macrolides® 1.46 (1.28-1.67) 1.25 (0.67-2.34)
Sulfonamides® 1.27 (1.09-1.48) 1.27 (0.59-2.73)

aHR, adjusted hazard ratio; Cl, confidence interval.

“Adjusted for gender, hospital visit number, antibiotic exposure, non-antibiotic microbiota-
altering medlication, infections within the first 2 years of life, non-bacterial gastroentertis,
and constipation.

bSubstitution of specific type of antibiotic for any type of antibiotic in the same model on
multivariate analyses.
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First coronavirus (IBV) First isolation of human Emergence of Discovery of HCoV-
discovered in chicken coronavirus HCoV-229E SARS-CoV HKU1

1931 LT 1965 1967 2003 2004 2005 2012 2019 >>> The Unknown World

First isolation of Discovery of HCoV- Discovery of HCoV- Emergence of Emergence of
coronavirus 0C43 NL63 MERS-CoV SARS-CoV-2

February
2020 2020

January
2020

December2019 >>>

Jan 5, 2020 Feb 11,2020 Mar 11, 2020 Aug 23,2020
Dec 8, 2019 Isolation of the first novel Officially named the WHO announced COVID19 as a global "Comirnaty" becomes the world's first officially
Rirstrccordedlcasein coronavirus strain SARS-CoV-2 and COVID-19 pandemic approved new crown vaccine
Wuhan | I I

Jan 9, 2020 Feb 28,2020 Mar 11, 2020
Release of the complete genome sequence WHO raises the global risk level of the World's first injection of SARS-CoV-2
of novel coronavirus epidemic to "very high" vaccine in Wuhan

Dec 31,2019 Jan 13, 2020 Jan 20, 2020 Jan 23,2020 Jan 30,2020

First report of 27 cases of pneumonia of unknown cause by First confirmed Wuhan traveler = Human-to-human transmission is — i = WHO declared the outbreak to be

‘Wuhan city closure

Wuhan Health Commission (Thailand) confirmed PHEIC

HCoV-229E : An a group positive-strand RNA virus that can cause upper respiratory tract infections in humans, mainly manifested as the common cold;

HCoV-0C43: A low pathogenic 3 group A subgroup coronavirus, which can cause mild to moderate upper respiratory tract infections in humans, mainly manifested as the common cold,

SARS-CoV: A highly pathogenic and highly infectious B group B subgroup coronavirus, which can cause severe acute respiratory syndrome in humans, mainly manifested as fever, pneumonia, etc.;

HCoV-NL63: A low-pathogenic a-group coronavirus that can cause mild to moderate upper respiratory tract infections in humans, mainly manifested as a cold; occasionally cause lower respiratory tract infections, mainly manifested as pneumonia or bronchitis, etc.;

HCoV-HKU1: A low pathogenicity B group A subgroup coronavirus, which can cause mild to moderate respiratory infections in humans, mainly manifested as colds; can also cause lower respiratory tract infections, mainly manifested as pneumonia or bronchitis, etc.;

MERS-CoV: A highly pathogenic § group C subgroup coronavirus that can cause mild to moderate respiratory infections in humans, and can also develop into severe acute respiratory symptoms and even death. Typical symptoms include fever, cough and shortness of breath, and pneumonia;
SARS-CoV-2: A highly pathogenic  group coronavirus that can cause mild to moderate human infections, mainly manifested as fever, dry cough and fatigue; severe cases can rapidly progress to acute respiratory distress syndrome (ARDS), multiple organ failure, or even die.
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Host cell recognition, interaction and attachment;
on channel;
M protein: Viral assembly;
N protein: RNA package;
Nspl: Host protein synthesis inhibition, IFN response, and nuclease;
Nsp2: RNA topoisomerase;
Nsp3: Papain-like (PLF™) proteinase;
Nspd: Membrane remodeling;
NspS: Main (MP/3CL#) proteinase;
Nsp6: Membrane remodeling;
Nsp7: Cofactor of nsp12, short RNA synthesis,
: Cofactor of nspl2, short RNA synthesis;
ingle-stranded DNA/RNA-binding protein;
Single-stranded DNA/RNA binding zinc finger protein;
Nsp12: RNA dependent RNA polymerase;
Nsp13: Helicase;
Nspld: 3'10 5" exoribonuclease, N7-methyltransferase activity:
Nsp1s: Endoribonuclease;
%, Nsp16: 2°O-methyltransferase activity.

I

@ Spike protein recognizes and interacts
with host cell receptors;

(® Membrane fusion and endocytosis;

® Genome release, replication and translation;

@) Viral genome and proteins assembly:

®) Viral particle relcase;

(® Viral loading and infection;

(7) Human-to-human transmission.
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Antibiotic cohort® Reference cohort” P-value Antibiotic cohort® Reference cohort”  P-value

(N=4,426) (N=4,426) (N=9,531) (N=9,531)
Age, years
Mean + SD 30+00 30+00 NA 30+00 30+00 NA
Median (IQR) 3.0 (3.0-3.0) 3.0(3.0-3.0) NA 3.0(3.0-3.0) 3.0(3.0-3.0) NA
Gender, N (%) >.999 >.999
Female 2,371 (63.6%) 2,371 (63.6%) 4,693 (49.2%) 4,693 (49.2%)
Male 2,065 (46.4%) 2,055 (46.4%) 4,838 (50.8%) 4,838 (50.8%)
Follow-up, years
Mean + SD 44+13 45+1.2 <.001 36+13 35+13 <.001
Median (IQR) 5.0 (5.0-5.0) 5.0 (5.0-5.0) <.001 4.0(2.5-5.0) 3.7 (2.3-5.0) <.001
Hospital visits, N
Mean + SD 82.7 +59.2 70.5 + 56.0 <.001 88.9 + 58.3 81.0 + 54.3 <.001
Median (IQR) 72.0 (41.0-113.0) 59.0 (29.0-99.8) <001 77.0 (47.0-118.0) 71.0 (42.0-109.0) <001
Antibiotic exposure, days
Mean + SD 39.2 £ 32.1 NA NA 21.5+£24.5 NA 0.187
Median (IQR) 29.0 (16.0-52.0) NA NA 156.0 (10.0-24.0) NA 0.220
Non-antibiotic microbiota-altering medication 270 (6.1%) 270 (6.1%) >.999 1,000 (10.5%) 1,000 (10.5%) >.999
exposure,® N (%)
Immunomodulatory drugs,® N (%)
Corticosteroids 13 (0.3%) 13 (0.3%) >.999 29 (0.3%) 26 (0.3%) 0.787
DMARDs 1 (0.0%) NA >.999 1(0.0%) NA >.999
Early-life infectious diseases,® N (%)
Al infections® 2,162 (48.8%) 2,148 (48.5%) 0.782 7,777 (81.6%) 7,748 (81.3%) 0.602
Chronic sinusitis 51 (1.2%) 49 (1.1%) 0.920 72 (0.8%) 89 (0.9%) 0.205
Acute otitis media 82 (1.9%) 88 (2.0%) 0.699 559 (5.9%) 549 (5.8%) 0.781
Acute upper respiratory infections 3,846 (86.9%) 3,847 (86.9%) >.999 9,520 (99.9%) 9,523 (99.9%) 0.646
Acute bronchitis/bronchiolitis 2,460 (55.6%) 2,447 (55.3%) 0.797 8,502 (89.2%) 8,474 (88.9%) 0.531
Pneumonia 411 (9.3%) 415 (9.4%) 0913 2,563 (26.9%) 2,569 (27.0%) 0.935
Urinary tract infections 29 (0.7%) 32 (0.7%) 0.797 142 (1.5%) 140 (1.5%) 0.952
Meningitis 6(0.1%) 7 (0.2%) >.999 4(0.0%) 8(0.1%) 0.386
Sepsis 49 (1.1%) 48 (1.1%) >.999 60 (0.6%) 67 (0.7%) 0.593
Cellulitis/abscess 162 (3.7%) 163 (3.7%) >.999 927 (9.7%) 955 (10.0%) 0.512
Impetigo 88 (2.0%) 95 (2.1%) 0.654 221 (2.3%) 220 (2.3%) >.999
Comorbidities, N (%)
Congenital anomalies of heart 76 (1.7%) 53 (1.2%) 0.051 187 (2.0%) 117 (1.2%) <.001
Kawasaki disease 9(0.2%) 12 (0.3%) 0.662 42 (0.4%) 15 (0.2%) <001
Non-bacterial gastroenteritis 2,414 (54.5%) 2,419 (54.7%) 0.932 6,303 (66.1%) 6,250 (65.6%) 0.427
Constipation 851 (19.2%) 855 (19.3%) 0.936 2,189 (23.0%) 2,176 (22.8%) 0.836
Intussusception 190 (4.3%) 173 (3.9%) 0.391 317 (3.3%) 297 (3.1%) 0.436
Appendicitis 20 (0.5%) 22 (0.5%) 0.877 33 (0.3%) 25 (0.3%) 0.357
Febrile convulsion 10 (0.2%) 19 (0.4%) 0.137 86 (0.9%) 98 (1.0%) 0.415
Epilepsy 37 (0.8%) 34 (0.8%) 0.812 75 (0.8%) 51 (0.5%) 0.040
Outcomes
Varicella, N (%) 1,038 (23.5%) 740 (16.7%) <001 117 (1.2%) 75 (0.8%) 0.003
Age at varicella onset, years
Mean + SD 53+1.2 52+12 0.664 51+13 53+13 0.187
Median (IQR) 5.2 (4.4~6.0) 5.2 (4.3~6.1) 0.688 5.0 (3.8~6.0) 5.3 (4.4~6.2) 0.220
Hospitalization for varicella 7 (0.2%) 3(0.1%) 0.343 1(0.0%) 2 (0.0%) >.999

N, number; SD, standard deviation; IQR, interquartile range; NA, not available; DMARDs, disease-modifying antirheumatic drugs.

%In each era, the antibiotic cohort and the reference cohort were matched by gender, propensity score, and non-antibiotics microbiota-altering medications at a ratio of 1:1.
®Non-antibiotic microbiota-altering medication exposure refer to the use of histamine type-2 receptor antagonists, proton pump inhibitors, or laxatives for at least 7 days within the first 2
years of life.

“lmmunomodulatory drug exposure refers to the use of corticosteroids or DMARDs for at least 30 days after the index date.

IEarly-life infectious diseases refer to infections with diagnostic code recorded in the database at least once before the index date.

°All infections include infectious diseases with codes 001-039 but 042 in the International Classification of Diseases, Ninth Revision [ICD-9].

fComorbidities refer to comorbidities with diagnostic code recorded in the database at least once after the index date.





