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Editorial on the Research Topic 


Precision vaccinology for infectious diseases


In the ever-evolving landscape of infectious diseases, the quest for effective preventive measures has reached a pivotal stage. The rise of precision vaccinology signifies a groundbreaking shift in vaccination strategies, offering bespoke solutions that acknowledge the diversity of individual immune responses. This Research Topic of Frontiers in Immunology explored precision vaccinology, where distinct immunity in diverse vulnerable populations dynamic interplay of genes, proteins, and metabolites within the human body is leveraged to craft precise and potent vaccines against infectious pathogens. International researchers have joined forces to collaboratively advance precision vaccinology. Through original research, comprehensive reviews, and meticulously curated datasets, these esteemed experts shed light on the current challenges and opportunities in vaccine discovery and development, guiding the way towards immunization approaches tailored to meet the specific requirements of particular groups.

Aiman et al. introduced a novel approach to counter the emerging threat of monkeypox virus (MPXV), that bears similarities to smallpox. Employing immune-informatics, they identified potential vaccine targets to enhance immunity against MPXV, employing diverse analyses to pinpoint three outer membrane and extracellular proteins. These selections were made based on criteria such as antigenicity and allergenicity, ensuring broad protection against various MPXV strains worldwide. They designed multi-epitope vaccine constructs, incorporating nine overlapping B-cell and T-cell epitopes coupled with suitable adjuvants to augment immune responses. Via molecular modeling and structural validation, the quality of the vaccine constructs was confirmed, with MPXV-V2 displaying promise for further exploration. This research lays a solid foundation for the development of novel safe and effective MPXV vaccines.

Li et al. addressed the urgent challenge of duck cholera, a serious threat to the duck industry caused by Pasteurella multocida. Concentrating on the prevalent Type A serotype, they successfully cloned and expressed VacJ, PlpE, and OmpH proteins from P. multocida PMWSG-4 in E. coli. These engineered proteins, along with a single-phase water-in-oil adjuvants, triggered substantial antibody responses in vaccinated ducks. The adjuvant was developed by Guangdong Wen’s Foodstuff Group Co. Ltd. Li et al. observed that the vaccine formulations exhibited varying levels of protection against P. multocida A:1, suggesting the potential of using recombinant PlpE or OmpH fusion proteins in combination with adjuvants to effectively combat avian cholera.

Lu et al. delved into the complexities surrounding the administration of viral respiratory vaccines, aiming to address uncertainties regarding impact of co-administration of vaccines on safety immunogenicity. Their meta-analysis of data from PubMed, Embase, Cochrane Central Register of Clinical Trials, Web of Science, WHO COVID-19 Research, and ClinicalTrials.gov databases assessed variables affecting rates of adverse events as well as efficacy. They analyzed randomized controlled trials involving adults who received co-administered viral respiratory vaccines alongside others, revealing nuanced effects on seroconversion and seroprotection rates across vaccine groups. By emphasizing factors such as vaccine type, adjuvant content, and recipient demographics, their study underscored the need for tailored precision vaccination strategies to optimize safety and efficacy.

Qassim et al. explored the infectivity of SARS-CoV-2 infections in Qatar throughout 2021, characterized by the sequential predominance of Alpha, Beta, and Delta variants. Analyzing 18,355 RT-qPCR-genotyped infections, they correlated cycle threshold (Ct) values with indicators of infectivity. Alpha and Delta variants exhibited notably lower Ct cycles by 2.56 and 4.92, respectively, compared to Beta variants. Ct values were high, particularly in children under 10, suggesting reduced infectivity. Vaccinated individuals displayed higher Ct values, which declined post-second dose. Pre-existing immunity from vaccination or prior infection decreased infectivity, albeit diminishing over time post-vaccination. Notably, the Delta variant exhibited heightened infectivity. These findings underscore the role of vaccination in reducing infectivity while highlighting variant-specific risks.

Papukashvili et al. delineated a strategic framework for developing nucleic acid-based universal monkeypox (MPX) vaccine candidates. Despite historical neglect, MPX has gained global attention for its spread beyond African borders, particularly impacting Central and West African nations. Given the absence of smallpox vaccination in most infected individuals, preventive measures are crucial, underscoring the importance of vaccination. Nucleic acid vaccines, particularly mRNA and DNA platforms, hold promise, capitalizing on the success of COVID-19 mRNA vaccines. Their cost-effectiveness and rapid development potential offer significant advantages. The review stresses the urgent need for universal MPXV vaccines and explores strategies for expedited nucleic acid vaccine development, providing a promising path to mitigate the global MPXV threat.

Yousaf et al. undertook immuno-informatics profiling of the MPXV cell surface binding protein to design an advanced multi-valent peptide-based vaccine. Amidst the escalating global challenge posed by monkeypox viral infection, multi-valent peptide vaccines offer promising solutions by eliciting both cell-mediated and humoral immune responses. Employing subtractive proteomics and reverse vaccinology, they craft a novel, in silico peptide-based vaccine construct. Through rigorous analysis, they pinpoint highly antigenic, virulent epitopes with wide population coverage. Molecular docking studies reveal robust binding affinity with immune receptors, suggesting potent induction of immune responses. While experimental validation remains imperative, their findings suggest potential therapeutic efficacy against monkeypox, underscoring the necessity for further investigation.

Li et al. conducted a preliminary genome-wide association study (GWAS) to explore the genetic factors influencing the antibody response to inactivated SARS-CoV-2 vaccines. Despite the crucial role of vaccines in combating the COVID-19 pandemic, understanding individual variations in immune response remains limited. By analyzing data from 168 vaccine recipients, they identified 177 single nucleotide polymorphisms (SNPs) across 41 independent loci associated with IgG, total antibodies, or neutral antibodies. Notably, the rs4543780 variant within the FAM89A gene demonstrated a correlation with total antibody levels and was implicated as a potential regulatory variant affecting FAM89A gene expression. These findings offer insights into the molecular mechanisms shaping SARS-CoV-2 vaccine immunogenicity, providing a basis for further research in this field.

Ghorbani et al. explored the relationship between oral microbiome variation and salivary antibody responses post-COVID-19 vaccination in healthy individuals and those living with HIV (PLHIV). Analyzing participants from the COVAXID trial who received the BNT162b2 mRNA vaccine (n=115), they assessed saliva and serum antibody levels over six months alongside individual oral microbiome diversity. High versus low vaccine responders were compared, revealing distinct microbiome features. Low responders exhibited an abundance of Gram-negative, anaerobic species, while high responders had predominantly Gram-positive, saccharolytic facultative anaerobes. Classifier analysis supported the oral microbiome’s influence on vaccination outcomes, suggesting microbiome-targeted interventions for enhancing the durability of mucosal vaccine immunogenicity.

Goll et al. introduced the Vacc-SeqQC project, which aims to assess RNA sequencing (RNA-seq) in clinical vaccine studies. They utilized longitudinal samples of peripheral blood mononuclear cells (PBMCs) from a trial of a live attenuated Francisella tularensis vaccine, comparing RNA-seq data from two different sites. The study evaluated various factors including gene filtering, external RNA controls, fold change cutoffs, read length, and sequencing depth. Their findings suggest that filtering out low-expression genes improves accuracy and consistency between sites. Read length had minimal impact on detecting differential gene expression, while fold-change cutoffs reduced agreement. Additionally, the study highlights the importance of sample size and effect size in determining statistical power. Overall, the Vacc-SeqQC project provides valuable benchmarks and guidelines for future vaccine studies utilizing RNA-seq technology.

Armero-Gimenez et al. introduced a swift screening and production technique for generating immunogenic Virus-Like Particles (VLPs) utilizing a tobacco BY-2 cell-free protein synthesis (CFPS) system. VLPs are an attractive vaccine platform due to their robust immunogenicity, stability, and safety characteristics. The research showcases the efficient production of hepatitis B core (HBc) carrier VLP variants in the BYL system, enabling thorough characterization. Scaling up to 1L in batch mode resulted in substantial quantities of native HBc VLPs within 48 hours, maintaining high yield. Immunogenicity assessments confirmed rapid recognition by dendritic cells and cytokine production in human cells, underscoring the potential of BYL for swift VLP screening and manufacturing.

Chen et al. investigated precision-engineering techniques tailored for subunit vaccine particles to enhance protection against infectious diseases. While protein subunit vaccines offer safety advantages compared to whole-cell vaccines, they often face challenges with lower immunogenicity. Particulate subunit vaccines, however, demonstrate enhanced efficacy by provoking robust immune responses, thereby conferring protective immunity. Ensuring proper antigen conformation and functionality is vital for inducing an effective immune response, yet production obstacles persist, particularly in bacterial hosts. The study explores strategies to overcome these challenges, including innovative assembly methods employing both non-covalent (e.g., biotin-avidin affinity) and covalent (e.g., SpyCatcher-SpyTag) attachments for complex antigens with multiple post-translational modifications. These approaches aim to optimize both humoral and cellular immune responses, advancing the development of more potent subunit vaccines.

Jiao et al. conducted an analysis focusing on the conserved protective epitopes present on the hemagglutinin (HA) protein of influenza A viruses. These epitopes play a pivotal role in the development of universal influenza vaccines and targeted therapeutic interventions. Through the identification of broadly neutralizing antibodies (bnAbs) that target HA over the past 15 years, researchers have delineated binding epitopes, providing novel insights into conserved protective epitopes. The review compiles data on >70 bnAb antigenic epitopes, emphasizing five crucial regions on HA: the hydrophobic groove, receptor-binding site, occluded epitope region, fusion peptide region, and vestigial esterase subdomain. This comprehensive analysis offers valuable targets for the design of effective vaccines and therapeutics against influenza A virus infections.

Radwanska et al.introduced the macrophage infectivity potentiator protein (TcMIP) derived from Trypanosoma cruzi as an innovative pro-type 1 immunostimulatory factor for neonatal human cells and a potential vaccine adjuvant in mice. In vitro, recombinant TcMIP (rTcMIP) induced production of CCL2 and CCL3 in umbilical cord blood cells from healthy newborns after 24 hours of incubation, followed by IFN-γ secretion after 72 hours with IL-2 and IL-18 supplementation. In vivo experiments in neonatal mouse immunized model demonstrate that rTcMIP act as adjuvant and enhances IgG antibody responses to diverse antigens, promoting Th-1-dependent IgG2a isotype production without exacerbating IgE responses. These findings suggest the potential of rTcMIP as a neonatal vaccine adjuvant, offering a promising avenue to effectively combat early-life infections.

Anwardeen et al. conducted a retrospective study examining the metabolic effects of BCG vaccination in COVID-19 patients with type 2 diabetes (T2D). By comparing BCG-vaccinated and non-vaccinated individuals, the study identifies distinct metabolomic profiles. While BCG vaccination appears to offer protection in non-diabetic patients, it correlates with severe COVID-19 symptoms in those with T2D. Specifically, BCG-vaccinated T2D patients exhibit elevated levels of sarcosine, cholesterol esters, and aconitic acid, whereas non-T2D counterparts show increased levels of spermidine and glycosylceramides. Notably, sarcosine synthesis decreases in BCG-vaccinated T2D patients, potentially compromising viral antigen removal. These findings underscore a complex metabolic response to BCG vaccination in T2D COVID-19 patients, highlighting the need for further investigation into its implications.

Borghi et al. delved into exploring different arrangements of the SARS-CoV-2 spike protein delivered through integrase-defective lentiviral vectors (IDLVs) to elicit enduring functional immune responses with distinct immunogenicity profiles. Utilizing a mouse model, they evaluated IDLVs harboring spike protein variants with various alterations, including prefusion-stabilizing double proline substitutions, mutations in the furin cleavage site, D614G mutation, and cytoplasmic tail truncation, targeting multiple SARS-CoV-2 variants. Robust and persistent production of anti-receptor binding domain binding antibodies, neutralizing antibodies, and T cell responses were observed lasting six months after immunization. Particularly, the IDLV delivering Spike with combined modifications demonstrated superior T cell immunity and sustained antibody levels, effectively neutralizing diverse variants with the exception of Omicron variants.

Lorenz et al. examined the humoral immune response targeting specific SARS-CoV-2 Spike protein epitopes within cohorts vaccinated with nucleic acid and protein-based vaccines. A linear B-cell epitope adjacent to the furin cleavage site in the S1 domain was identified, revealing distinctive recognition patterns between vaccine groups. Plasma samples from patients notably exhibited recognition of epitopes within the fusion peptide and connector domain of Spike S2, known for their ability to impede viral infection. Notably, among vaccine recipients, amino acids 657-671, situated close to the furin cleavage site, induced a greater antibody response in AZD1222 and BNT162b2 cohorts compared to NVX-CoV2373 recipients. These insights into antibody function within this region contribute valuable information for the design of future vaccines targeting SARS-CoV-2.

Djebbara et al. delved into investigating the immunostimulatory properties of the macrophage infectivity potentiator (rTcMIP) derived from Trypanosoma cruzi. Their study revealed that rTcMIP triggers the production of IFN-γ and TNF-α in both neonatal and adult blood cells, thereby enhancing type 1 adaptive immune responses. Through engagement with Toll-like receptors 1/2 and 4 (TLR1/2 and TLR4), rTcMIP activates the MyD88 pathway, inducing IFN-γ in natural killer (NK) cells and TNF-α in monocytes and dendritic cells. Notably, TNF-α was found to augment IFN-γ expression. Although neonatal cells exhibited lower responses compared to adult cells, these findings suggest the potential of rTcMIP as an adjuvant for vaccines targeting both early-life and adult populations, thereby bolstering T and B cell immunity.

Purcell et al. delved into the discrepancy between vaccine efficacy observed in clinical trials and real-world effectiveness, particularly among vulnerable populations such as children, the elderly, and individuals with chronic conditions. They highlighted the need for tailored immunization schedules targeting these groups to optimize vaccine responses. While current vaccination approaches primarily consider basic clinical parameters, they often overlook the distinct nature of individual immune responses. The authors advocated for the development of precision vaccines capable of addressing variations in vaccine response influenced by factors like immunogenetics and baseline health status. They underscored the significance of polyfunctional antibodies, which play a dual role in neutralization and effector functions, in conferring vaccine-induced protection. Proposing a rational mechanistic approach to vaccine design, they advocated for enhancing public health outcomes by ensuring vaccines are tailored to individual immune profiles.

Beavis et al. explored the efficacy of combined intranasal and intramuscular vaccination approaches utilizing parainfluenza 5 (PIV5), simian adenovirus ChAdOx1, and poxvirus MVA vectors to amplify HIV-1-specific CD8+ T cell responses in mucosal tissues. Their study, conducted in BALB/c mice, reveals that incorporating PIV5 vectors expressing HIVconsvX immunogens into the ChAdOx1-MVA regimen results in synergistic enhancement of mucosal CD8+ T cell induction. Encouraged by phase 1 trial findings indicating the safety and immunogenicity of ChAdOx1 and MVA vaccines for HIV-1, and PIV5 vaccines for other respiratory viruses, the research suggests the potential benefits of combining these vectors to enhance immunization against HIV-1 and other viral pathogens.

Zhu et al. conducted a post-market cross-sectional study to evaluate antibody responses to an inactivated SARS-CoV-2 vaccine in individuals >50 years of age. Detectable but generally low levels of total serum SARS-CoV-2-specific antibodies were noted across all age groups. Antibody levels decline with age, with significant differences observed between age groups. The vaccine demonstrates effectiveness in older individuals, highlighting the importance of vaccination for this population. However, those with hypertension or diabetes show lower antibody responses. The study underscores the need for tailored vaccination strategies for vulnerable populations including older adults and those with chronic conditions, to optimize vaccine efficacy.

AbdelWareth et al.conducted a comparative paired analysis between naturally infected individuals and those with hybrid immunity (from infection and vaccination) to SARS-CoV-2. Antibody responses were measured in 197 male participants post-vaccination. A significant increase in trimeric spike, nucleocapsid, and ACE2-RBD blocking antibodies was observed after vaccination. The study highlights a robust immune response, especially in ACE2-RBD blocking antibodies, post-vaccination following natural infection. Notably, a positive dose-response relationship exists between vaccine doses and antibody concentration. This underscores the importance of vaccination in augmenting immunity, particularly in individuals with prior infection, for enhanced protection against SARS-CoV-2.

Li et al. conducted a review focusing on recent advancements in pneumococcal protein vaccines, aiming to address the persistent global health threat posed by pneumococcal infections. Despite the effectiveness of current polysaccharide and conjugate vaccines, their limited coverage and the emergence of non-vaccine serotypes emphasize the necessity for alternative approaches. Protein-based vaccines targeting conserved surface proteins of Streptococcus pneumoniae demonstrate considerable promise. The review delineates key protein vaccine candidates, their efficacy in animal models, and discusses existing challenges and future prospects. This comprehensive examination highlights the potential of protein-based pneumococcal vaccines in addressing the changing landscape of pneumococcal infections, while also identifying avenues for further investigation.

Yang et al. introduced a rapid de novo identification strategy for bacterial antigens derived from clinical isolates, essential in combatting emerging infectious diseases. Focusing on Actinobacillus pleuropneumoniae, a significant threat to the swine industry, they employed an integrated approach combining proteosurfaceomics, secretomics, and BacScan technologies. BacScan is a genome-wide tool identifying highly immunogenic proteins in bacteria using T7 phage displaying library. The integrated method led to the discovery of three previously unidentified protective proteins, notably HBS1_14, facilitating the development of a multivalent subunit vaccine. The innovative approach showcased by this study holds promise for expediting the development of antigen-matched vaccines against emerging bacterial pathogens, thereby providing a valuable tool in controlling the spread of novel infectious diseases across human and animal populations.

Collectively, these studies represent significant strides in precision vaccinology, offering insights into vaccine design, development, and deployment. By addressing key challenges and leveraging innovative approaches, researchers are paving the way for personalized immunization strategies that enhance protection against infectious diseases. As we navigate the complex landscape of global health threats, collaboration and innovation remain paramount in the pursuit of discovery, development, and optimization of effective vaccines for all.
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The emerging monkeypox virus (MPXV) is a zoonotic orthopoxvirus that causes infections in humans similar to smallpox. Since May 2022, cases of monkeypox (MPX) have been increasingly reported by the World Health Organization (WHO) worldwide. Currently, there are no clinically validated treatments for MPX infections. In this study, an immunoinformatics approach was used to identify potential vaccine targets against MPXV. A total of 190 MPXV-2022 proteins were retrieved from the ViPR database and subjected to various analyses including antigenicity, allergenicity, toxicity, solubility, IFN-γ, and virulence. Three outer membrane and extracellular proteins were selected based on their respective parameters to predict B-cell and T-cell epitopes. The epitopes are conserved among different strains of MPXV and the population coverage is 100% worldwide, which will provide broader protection against various strains of the virus globally. Nine overlapping MHC-I, MHC-II, and B-cell epitopes were selected to design multi-epitope vaccine constructs linked with suitable linkers in combination with different adjuvants to enhance the immune responses of the vaccine constructs. Molecular modeling and structural validation ensured high-quality 3D structures of vaccine constructs. Based on various immunological and physiochemical properties and docking scores, MPXV-V2 was selected for further investigation. In silico cloning revealed a high level of gene expression for the MPXV-V2 vaccine within the bacterial expression system. Immune and MD simulations confirmed the molecular stability of the MPXV-V2 construct, with high immune responses within the host cell. These results may aid in the development of experimental vaccines against MPXV with increased potency and improved safety.
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Introduction

The monkeypox virus (MPXV) is an orthopoxvirus belonging to the Poxviridae family that causes diseases in humans and animals. Monkeypox (MPX) is a zoonotic disease in which the virus is usually transmitted through animal-human contact, with symptoms similar to smallpox but with reduced mortality (1). MPXV is rather large (200-250 nanometers), brick-shaped with a lipoprotein envelope, and a linear double-stranded DNA genome (2). Currently, MPXVs are classified into two clades. The Central African Congo Basin clade has been reported more frequently than the West African clade. The Congo Basin clade has recorded occurrences of human-to-human transmission, whereas the West African clade has not (3). In May 2022, MPXV cases were reported by the World Health Organization (WHO). Several cases of MPX have been identified in geographically diverse countries. Human-to-human transmission of MPXV occurs because of close contact with lesions, bodily fluids, respiratory droplets, and infected objects such as bedding. Consumption of undercooked meat and other diseased animal products is a potential risk factor (4). The early symptoms of MPX include fatigue, headache, fever, myalgia, and lymphadenopathy- a key feature that differentiates MPX from smallpox. After 1-2 days, mucosal lesions appear in the mouth followed by centrifugally concentrated skin lesions on the face, hands, and feet. The rash can spread to the rest of the body and the number of lesions can vary from a few to thousands. MPX usually takes 6-13 days to incubate, but it can take up to 21 days (5). MPX is often self-limiting, although it can be severe in some people, including children, pregnant women, and individuals with immunosuppression due to other medical conditions. According to reports by the Centers for Disease Control and Prevention (CDC) and World Health Organization (WHO) 2022, homosexual men comprise a large number of cases. However, anyone in close contact with an infected individual is at high risk of infection.

The first isolate of MPXV was identified in 1958 when monkeys shipped from Singapore fell sick in a research facility in Denmark (6). However, the first human case of MPX was confirmed in 1970 when the virus was isolated from a child suspected of having smallpox in the Democratic Republic of the Congo (7). Human MPX cases and sporadic clusters have also been reported outside of Africa. The first MPX outbreak in humans outside Africa was reported in 2003 in the midwest United States. This outbreak was linked to contact with prairie dogs housed in giant Gambian rats and dormice imported from Ghana. This has resulted in over 50 human cases of MPX in the U.S (8). A case of MPX was reported in a traveler from Nigeria to Israel in October 2018 (9). One case occurred in May 2019 when a man traveled from Nigeria to Singapore (10). Three members of a family traveling from Nigeria to the United Kingdom were reported to be infected with MPXV in May 2021 (11), one case was reported in July 2021 (Nigeria to Texas) (12), and one was reported in November 2021 (Nigeria to Maryland) (13). As of May 2022, clusters of human MPX have been reported in several non-endemic countries across the world (CDC and WHO, 2022) (Figure 1). This outbreak has been linked to a virus from the West African clade, which is commonly associated with milder symptoms, and in this case, human-to-human transmission has been suspected. Further investigations are underway to understand the epidemiology, sources of disease, and viral transmission patterns.




Figure 1 | Global surveillance of MPX confirmed cases from January 2022 to 15 June 2022, data as of 15 June 2022. (A) CDC report; 2022 MPXV and Orthopoxvirus Outbreak Global Map - https://www.cdc.gov/. (B) Confirmed cases of MPXV by WHO report.



Vaccinia vaccination provided coincident immunity against MPXVs in the past; however, multiple observational studies have indicated approximately 85% efficiency in avoiding MPX. The eradication of smallpox following a lack of vaccine efforts has allowed MPX to gain clinical relevance. Currently, there are no clinically validated treatments for MPX infection (7). Therefore, new therapeutic strategies against emerging strains of the MPXV are urgently needed. The immune system plays a crucial role in pathogenesis as well as in the fight against viral infections and cancers. Advancements in immuno-informatics and bioinformatics techniques have facilitated the identification of novel therapeutic targets against a variety of pathogenic strains. Multi-epitope-based vaccination is an emerging strategy for the prevention of pathogenic diseases (14–17). The identification of immunogenic antigens is crucial for developing effective vaccines (18). Potent multi-epitope vaccine constructs have overlapping B- and T-cell epitopes in each antigenic peptide sequence, which induces cellular or humoral responses against target viral infections (14). In this study, we used reverse vaccinology and biophysical techniques to design a multi-epitope vaccine against MPXV infection. The entire protein sequence data of the latest 2022 strain of MPXV were used to identify lead B- and T-cell epitopes among the selected antigenic peptides. Overlapping lead epitopes have been used in the construction of chimeric vaccine structures. The efficacy of the designed vaccine constructs was evaluated using immuno-informatics, binding potential with immune receptor proteins, and in silico cloning into a host-vector expression system.



Methodology

The systematic workflow followed in the current study to design a multi-epitope vaccine construct against monkeypox is shown in Figure 2.




Figure 2 | Systematic workflow of the designed study.




Proteins sequence retrieval

All proteins of the MPXV_USA_2022_FL001 strain were retrieved from the virus pathogen resource (VIPR) database (19) and confirmed with NCBI data entry. The entire amino acid sequences of the proteins were obtained in FASTA format based on data submitted to the NCBI in May 2022 with humans as the host of the virus. The CD-hit suite was used to remove redundancy and obtain non-paralogous protein sequences with a threshold of 80% sequence similarity (20). Sequences homologous to human proteins were removed using the NCBI-BLASTp program (21) with a threshold of setting an e-value cut-off of 10−4, percent identity ≤ 35, query coverage ≤ 70, bit score ≤ 100, and the rest of the parameters were set as default. AllerTOP2.0 web tool was used to determine the allergenicity of non-human homologous viral proteins (22). The antigenicity of the selected proteins was evaluated using the VaxiJen v 2.0 web server with a threshold of above 0.4 (23). The ToxinPred web server was used to assess the toxicity of shortlisted viral proteins (24). The virulence potentials of antigenic, non-toxic, and non-allergenic proteins were examined using the Virulentpred web tool (25). Non-human homologous viral proteins were subjected to subcellular localization using PSORTb version 3.0.2 (26) and CELLO2GO V.2.5 (27) web servers. Outer-membrane and extracellular proteins were selected as suitable vaccine candidates (17).



T-Cell and B- Cell epitopes prediction

Proteins located in the outer membrane and extracellular region were selected as suitable vaccine candidates. The surface topology of these proteins was chosen to identify the immunogenic determinants (epitopes) for chimeric vaccine design. T cell epitopes are represented by major histocompatibility complex (MHC) molecules as class I (MHC-I) and II (MHC-II), which are recognized by two separate subsets of T-cells, CD8, and CD4, respectively (28). T-cell epitopes of the selected protein sequences were predicted using the Immune Epitope Database (IEDB) (29). The stabilized matrix method (SMM) scoring method and a neutral network-based tool (net MHC-1.1) were utilized for MHC-I and MHC-II prediction. The top binding overlapping epitopes with a calling criterion of IC50 200 nM and a length of 12-20 residues were prioritized (21, 30). The BCpred server was used to predict B-cell epitopes with the cut-off value set at > 0.8 and other default parameters. BCpred identifies linear B-cell epitopes that are critical for inducing a humoral immune response that stimulates B lymphocytes to produce antibodies (31). The IFNepitope web server was used to identify interferon-inducing epitopes from MHC-II binding epitopes. The IFNepitope server predicts the region of antigenic protein sequences that causes interferon-gamma (IFN-γ) induction. IFN-γ was predicted using the SVM model, and IFN-gamma vs. non-IFN-gamma model was selected for prediction (32). Epitopes positive for IFN-γ inducers were selected for further analysis.



Epitope selection and vaccine design

Peptide vaccines are typically weak immunogens; however, integrating immunodominant epitopes to form a multi-epitope peptide vaccine can improve immunogenicity. B- and T-cell epitopes are immunodominant and crucial for inducing strong immunogenic responses to toxins and contagions (33). Overlapping B-cell, MHC-I, MHC-II, and IFN epitopes were selected based on cut-off values and manual comparisons. The rationale behind selecting overlapping B- and T-cell epitopes was to ensure that the designed vaccine could generate both humoral and cytotoxic immune responses (30). Effective synthesis of vaccine constructs is affected by variations in the expression and distribution of HLA alleles across different regions and ethnicities worldwide (34). The IEDB population coverage tool (http://tools.iedb.org/population/) was used to calculate the population coverage of the selected MHC-I and MHC-II epitopes and the associated HLA-binding alleles. Based on the distribution of HLA binding alleles, this tool calculates the population coverage of each epitope in various regions around the world (35). The IEDB epitope conservancy tool (http://tools.iedb.org/conservancy/) was used to determine the conservation of selected epitopes among various strains of MPXV.

A multi-epitope vaccine construct is also comprised of a strong immunostimulatory adjuvant to improve immunogenicity and activate long-term innate and adaptive immune responses (36). Four different adjuvants (HBHA protein, β-defensin, 50S ribosomal protein L7/L12 adjuvants, and HBHA conserved peptide sequences) were incorporated into the design of the multi-epitope vaccine. EAAAK linkers were used to join adjuvant sequences at the N-terminus of the vaccine constructs. HEYGAEALERAG and GGGS linkers were used to join the final epitopes (17). The EAAAK linker was used as a stiff spacer to bind the N terminus of the adjuvant to the epitope. HEYGAEALERAG and GGGS linkers are based on the method of Solanki & Tiwari (2018) as flexible linkers. All of these linkers are used for the best expression, bioactivity improvement, and to generate high immunogenic responses by the designed vaccine (37).



Immunological and physiochemical properties

Various physicochemical properties of the vaccine constructs were evaluated using the ProtParam tool on the ExPASy server (38). The multi-epitope vaccine constructs were subjected to immunogenic analysis. The allergenicity of the vaccine constructs was predicted using the AllerTOP2.0 web tool (22). The antigenicity of the vaccine constructs was determined using the VaxiJen v2.0 web server with a threshold of above 0.4 (23). The SOLpro web server was used to predict the solubility of vaccine constructs (39). The toxicity of the vaccine constructs was evaluated using the ToxinPred server (40).



Homology modeling, 3D structure validation, and molecular docking

The three-dimensional structures of the multi-epitope vaccine constructs were predicted using the Swiss Model server (41). The predicted vaccine structures were refined using the DeepRefiner web server (42). The refined 3D structures of vaccine constructs were further validated using the ERRAT tool, PROCHECK suite of programs (43) of structure validation server SAVES v6.0 (https://saves.mbi.ucla.edu/) and ProSA-Web (https://prosa.services.came.sbg.ac.at/prosa.php). Understanding the binding pattern between designed vaccines and the TLR4 immune cell receptor is crucial to generate successful immune responses (44). The vaccine constructs were docked into the human TLR4 receptor (PDB ID: 4G8A) (45) using the PatchDock web server to evaluate immune receptor-vaccine interactions (46). All heteroatoms and cocrystallized ligands were removed from the TLR4 3D structure using Molecular Operating Environment (MOE) software for receptor preparation and preprocessing (47). The Fire Dock (Fast Interaction Refinement in Molecular Docking) server was used to refine the results of the molecular docking (48).



Codon optimization and in silico cloning

Codon optimization and in silico cloning were performed for the final vaccine construct (V2). The Java Codon Adaptation (JCat) tool was used for reverse translation and codon optimization of the vaccine construct to obtain higher expression of the cloned sequence in the E. coli expression system (49). JCat provides the percentage of GC content and codon adaptation index (CAI) to evaluate the expression potential of the cloned vaccine sequence. For favorable transcriptional and translational efficacy, the optimum value reported for CAI is 1 and the GC content is 30%-70% (17, 45). Finally, the Snapgene tool (https://www.snapgene.com/) was used for restriction cloning of the optimized vaccine construct in the E. coli expression system. pET28a_TIAL1 (E. coli plasmid) was retrieved from the Addgene server (https://www.addgene.org/).



Immune simulation

Computational immune simulation of the finalized multi-epitope vaccine construct was performed using the C-ImmSim server to evaluate the immunogenic potential of the vaccine (50). The server uses a position-specific score matrix (PSSM) along with various machine learning approaches to predict multi-epitope vaccines and immunological interactions. It is a cellular-level agent-based model that obtains information about humoral and cellular responses of the mammalian immune system in response to antigens (51). Immune simulation performed for the vaccine construct was based on a protocol previously described by Bibi et al.  (15). The simulation parameters were set as default for a period of 1 h, 84 h, and 168 h along with human host leukocyte antigens selection (HLA-A*0101 & A*0201, HLA-B*0702 & B*3901, and HLA-DRB1*0101 & DRB1*0401). The volume of the simulation was set at 10 and random seed at 12345 with vaccine injection not containing LPS. An immune simulation was conducted for 1000 simulation steps.



Molecular dynamic simulation

A molecular dynamics (MD) simulation study was conducted for the MPXV-V2-TLR4 complex with the best docking analysis results. The iMODS web server was used for MD simulations, energy minimization, and calculation of protein flexibility (52). iMODS is based on normal mode analysis (NMA) in the internal (dihedral) coordinates of macromolecules that naturally reproduce the collective functional movements of biological macromolecules. iMODS generates practical transition pathways between two homologous structures of the macromolecules based on these modes. The server defines potential conformational changes, detects elastic network potentials, models resolution with numerous coarse-grained atomic representations, and provides an improved affine-model-based arrow representation of the complex domain dynamics of macromolecules. The server investigates the structural dynamics of proteins and docked protein complexes with other proteins and ligands to provide values of deformability, eigenvalues, variance, B-factor (mobility profiles), covariance map, and elastic network data based on NMA (53). The docked PDB file for the MPXV-V2-TLR4 complex was submitted to the iMODS server and the results were obtained based on the default settings for all parameters.




Results


Proteins sequence retrieval

All the proteins available for the latest strain of MPXV retrieved from the VIPR database yielded 190 protein sequences with NCBI and GenBank information (Supplementary file 1). Duplicate sequences were removed, and 186 non-paralogous sequences were obtained using CD-Hit recourse with a threshold of 80% sequence similarity (Supplementary file 2). A total of 43 sequences remained after the removal of human-homologous sequences. These proteins were subjected to further analysis based on antigenicity, allergenicity, toxicity, and virulence (Table S1). The subcellular localization identified three proteins, URP85109, URP84966, and URP85049, in the outer membrane and extracellular region to be prioritized as vaccine candidates (Figure 3; Table 1). Based on VaxiJen (23) prediction, the finalized proteins were highly antigenic with prediction scores of 0.5734, 0.5992, and 0.5316 respectively, at a threshold of >0.4. Moreover, the prioritized vaccine candidate proteins are non-allergenic, non-toxic, and involved in virulence, implying that host cell-induced immunogenic responses target only the virus rather than the host (40).




Figure 3 | Subcellular localization results predicted by CELLO2GO.




Table 1 | Subcellular localization results predicted by PSORTb web server.





T-cell and B-cell epitopes prediction

The three proteins prioritized in this study were subjected to further analysis to identify lead epitopes for designing chimeric vaccine constructs against MPXV. T-cell (MHC-I and MHC-II) epitopes for the selected proteins were predicted based on an IC50 threshold of < 200 nM using the IEDB server. Overlapping B-cell epitopes were predicted with BCpred scores > 0.8 and 75% specificity. Three overlapping lead epitopes were predicted for each prioritized protein which was used to design vaccine constructs. Nine epitopes were prioritized based on their high antigenicity, IFN-positivity, low toxicity, and low allergenic reactions (Table 2). The ultimate objective was to identify lead epitopes with the capability to induce humoral and cell-mediated immunogenic responses and host interferons. The conservation of the selected epitopes was confirmed in various strains of MPXV. The use of conserved epitopes in the multi-epitope vaccine construct would provide broader protection against different strains of MPXV (54). The conservation of the selected epitopes is presented in Table 3. The selected epitopes demonstrated a 100% coverage of the global population (Table 4). The IEDB results revealed that the population coverage of the predicted epitopes was high in countries most affected by MPXV, including European countries, Israel, Canada, and the United States (Figure 4).


Table 2 | T-cell and B-cell epitope prediction showing overlapping epitopes, IFN-γ epitope identification, allergenicity, and toxicity analysis.




Table 3 | Epitope conservancy of the selected B- and T- cell epitopes calculated by IEDB.




Table 4 | Population coverage of MHC epitopes in different regions across the world calculated by IEDB.






Figure 4 | Population coverage of MHC epitopes in highly infected regions of the world calculated by IEDB.





Multi-epitope chimeric vaccine constructs

Several combinations of selected lead epitopes were used to design a chimeric vaccine construct. The epitopes were linked using GGGS and HEYGAEALERAG linkers. Linkers provide stability to vaccine constructs and functional prevention of each epitope, allowing them to function independently after injection into the human host (55). The epitopes were linked to four different adjuvants: HBHA protein, beta-defensin, 50S ribosomal protein L7/L12 adjuvants, and HBHA conserved peptide sequences at the N-terminal with the help of EAAAK linkers to boost immunogenic responses. Moreover, PADRE peptide sequences have been incorporated into the designed vaccine constructs to avoid complications caused by HLA-DR variation in different populations worldwide. Previous studies have reported that vaccine constructs incorporating the PADRE peptide exhibit enhanced immune protection and high cytotoxic T lymphocyte (CTL) responses (56). The immunological properties of the vaccine constructs showed that all four constructs were non-allergenic and non-toxic. Antigenicity scores > 0.9, calculated by the ANTIGENpro server indicate the substantial antigenic nature of the multi-epitope vaccine constructs. ANTIGENpro evaluates antigenicity by 10-fold cross-validation of peptide sequences based on known datasets and identification of protective aspects of the antigenic sequences (57). VaxiJen 2.0 scores for all constructs ranged from 0.44 to 0.47, which is equal to the default threshold typically used for viruses. SOLpred scores > 0.97 indicated high solubility of the vaccine constructs upon expression (Table S2). The physiochemical properties of the vaccine constructs calculated by the ProtParam server indicated that the molecular weights of all these constructs ranged from ~41 kDa to ~54 kDa. GRAVY scores from -0.189 to -0.378 indicate the hydrophilic nature of the designed vaccine constructs. The theoretical pI values were in the range of 5.25 to 8.74. Aliphatic index scores ranged from 64.81 to 75.10, which indicates the thermostability of these constructs. The instability index scores were predicted to range from 30 to 40, indicating the stability of these constructs at various temperatures (Table 5). No significant changes were observed in the physicochemical properties of the constructs, as the amino acid content for all these constructs was similar, with the only difference being the adjuvant. Immunogenic and physiochemical property analysis signified the capability of vaccine constructs to initiate a significant immunogenic response within the human host. However, further experimental research is required to verify the accuracy of these results.


Table 5 | Physiochemical properties of the vaccine constructs using ProtParam server and JCAT server.





3D structure prediction, validation, and molecular docking

A stable and functional three-dimensional structure of a vaccine is crucial for studying its molecular interactions with immune receptor proteins (58). Prediction of the vaccine constructs was anticipated by homology modeling approaches using the Swiss Model server (Figure 5A), refined by the DeepRefiner web server, and subjected to structural validation analysis (Figure 5B). The Ramachandran plots of the vaccine constructs revealed that 99.0% residues of V1 (HBHA), 84.5% residues of V2 (beta-defensin construct), 84.5% residues of V3 (HBHA conserved), and 89.4% residues of V4 (50S ribosomal) appeared in the favored region of the plots (Figure 5C). With the ERRAT, the overall quality factor of the refined vaccine constructs ranged from 85% to 100%. Similarly, the ProSA-web server evaluated the Z score for the vaccine constructs to be -5.94 to -1.66 (Figure 5D). The overall results from RAMPAGE, the ERRAT web tool, and the ProSa-web server determined the excellent quality of the designed vaccine 3D structures (Table 6). Molecular docking is an efficient method for identifying the optimal binding between designed vaccine constructs and receptor molecules. The PatchDock server (a blind docking technique) was used to dock the vaccine constructs with the surface human TLR4 immune receptor. The top ten results were further subjected to the FireDock web server to refine the docked complexes. FireDock resolves the protein flexibility issues that may occur during protein-peptide docking, enabling high-throughput complex refinement. The docking scores of all the vaccine-receptor complexes were similar. However, the V2 construct (i.e. Beta defensin adjuvant) showed the lowest binding energy (-12.08 kcal/mol) with the TLR4 receptor during this study (Figure 6). The docking analysis revealed strong binding affinities between the vaccine constructs and the TLR4 receptor (Table 7).




Figure 5 | Three-dimensional structure analysis, structure refinement, and structure validation of MPXV-V2. (A) The 3D model of the multi-epitope vaccine was built by the Swiss Model using a homology modeling approach. (B) Refine 3D structure of MPXV-V2 obtained from DeepRefiner web-server. (C) Ramachandran plot analysis shows 84.5% residues in the favored region, 13.4% residues in the allowed region, and 2.1% residues in the disallowed region of the plot. (D) ProSA-web results with a Z-score of -1.66.




Table 6 | 3D structural validation of vaccine constructs via ERRAT, PROCHECK (Ramachandran plot favoured region), and ProSA-Web Server.






Figure 6 | MPXV-V2 docked complex with TLR4 receptor. Blue indicates TLR4 and Green indicates the vaccine construct.




Table 7 | Docking score, the interface area, the contribution of the hydrogen bonds, global energy, and atomic contact residues energy of vaccine constructs in HLA and TLR4 molecules.





Codon optimization and in silico cloning

The sequences of the designed vaccine constructs were subjected to codon optimization using the JCat web server. The peptide sequences were reverse-translated into DNA sequences to achieve higher expression levels of the vaccine constructs in the E. coli expression system. The CAI values for all constructs were predicted to be~0.95, and the average GC content of the adapted sequences was ~70% indicating an acceptable range for higher expression of the designed vaccine in the E. coli host (Tables 4; Table S3). Finally, SnapGene software was used to construct a recombinant plasmid sequence by introducing the adapted codon sequence of the final vaccine construct V2 into the plasmid vector pET28a(+), thereby ensuring heterologous cloning and expression in the E. coli system (Figure 7).




Figure 7 | In silico restricted cloning of MPXV-V2 vaccine into E.coli expression vector pET28a (+).





Immune simulation

Immune simulation predictions resulted in a significant increase in the secondary responses induced by the prioritized vaccine construct. In principle, this trend is consistent with the development of real-time immune responses. Elevated levels of IgM were the primary simulated response. The secondary and tertiary simulated responses exhibited significant increases in B-cell populations, as well as high levels of IgG1 + IgG2, IgM, and IgM + IgG antibodies. However, a decrease in the antigen levels was observed (Figures 8A, B). This suggests the generation of immunological memory, as evidenced by the increased level of memory B-cell population along with isotype switching. This led to a rapid antigen decrease following the subsequent chimeric antigen exposure (Figure 8C). The cytotoxic (TC) and helper (TH) T-cell populations were predicted to have a similar higher response, with the development of corresponding memory upon subsequent antigen exposure (Figures 8D, E). Additionally, during the immunization period, macrophage, dendritic cell, and natural killer cell populations were triggered and maintained at elevated levels (Figures 8F–H). Increased concentrations of cytokines, such as IFN-y, and interleukins, such as IL-2, were also observed (Figure 8I). These findings suggest that the predicted vaccine construct elicited encouraging immune responses against MPXV.




Figure 8 | In silico immune simulation to predict the immunological potential of designed vaccine MPXV-V2 chimeric peptide predicted by C-ImmSim Server. (A) Increased level of immunoglobin antibodies with a decrease in antigen levels upon vaccine injections. (B) Increased levels of B-cell populations with a decrease in antigen levels upon vaccine injections. (C) Rising B-cell populations after repeated exposure to antigen. (D, E) The increase in the population of T-cytotoxic and T-helper cells upon repeated antigen exposure. (F–H) The population increase of dendritic cells, macrophages, and natural killer cells during the immunization period. (I) Increased concentrations of cytokine and interleukin levels after the repeated antigen exposure. The inset plot shows the danger signal together with leukocyte growth factor IL-2.





Molecular dynamic simulation

The MPXV-V2 construct was finalized based on the lowest global energy upon docking with the TLR4 receptor. MPXV-V2-TLR4 complex was subjected to MD simulation for energy minimization and protein stability analysis. A simulation analysis was performed to determine the movement of atoms and molecules in the designed vaccine within a biological system using the iMODS webserver. iMODS uses a normal mode analysis approach to describe the collective functional motion of macromolecules. Each normal mode comprises a frequency that is correlated with the relative motion amplitude, and a deformation vector that specifies the direction of an atomic displacement of the macromolecules to determine the molecular flexibility of these molecules within the cellular environment (59). The results of the MD simulation and normal mode analysis (NMA) of the vaccine MPXV-V2 and TLR4 docked complex are shown in Figure 9A. To simulate possible transitions, the input structure was deformed iteratively along the lowest modes, and the RMSD of the target structure was minimized based on the local and global superposition of the structures. Main-chain deformability is a measure of the atomic displacements summed over all modes of residues at every atomic position. The deformability graph of the complex depicts the peaks that indicate deformable regions of the protein. The flexible regions (hinges/linkers) of the chain have high values, and the lower values are usually in the rigid regions of the main chain residues. The deformability graph of the complex shows the peaks in the graphs that correlate to the deformed regions of the protein (Figure 9B). The NMA-derived B-factor determines the relative amplitude of atomic displacements of the molecular complex around equilibrium confirmation. The B-factor graph illustrates the relationship between the mobility of the docked complex NMA and the PDB scores (represents the average RMSD) (Figure 9C). The eigenvalue associated with each normal mode represents the motion stiffness. This value is directly related to the energy required to deform a structure. The lower the eigenvalue, the easier the deformation of the carbon alpha atoms. The eigenvalue of the MPXV-V2 and TLR4 complex was 1.030787e-05, which represented the stability of the complex (Figure 9D). The variance graph is associated with each normal mode of the complex representing individual (purple) and cumulative (green) variances and is inversely related to the eigenvalue (Figure 9E). The covariance map of the complex indicates coupling between pairs of residues in the system. Covariance analysis is used to describe the correlated (red), uncorrelated (white), or anti-correlated (blue) atomic movements in the dynamical regions of the complex molecule (Figure 9F). The correlation matrix was computed using the Cα Cartesian coordinates and Equation 2 by Ichiye and Karplus 1991 (60). The elastic network model of the complex defines the relationship between the atoms. Each dot in the graph represents a spring that connects the corresponding pair of atoms. Dots are colored according to their stiffness, and the darker greys imply stiffer regions, whereas the lighter dots indicate flexible regions (Figure 9G).




Figure 9 | The results of molecular dynamics simulation of vaccine MPXV-V2 and TLR4 complex achieved by iMODS server. (A) NMA mobility, (B) deformability, (C) B-factor which indicates an averaged RMS, (D) eigenvalues (E) colored bars show the individual (purple) and cumulative (green) variances (F) Covariance matrix indicates correlated (red), uncorrelated (white), and anti-correlated (blue) motions of paired residues and (G) The elastic network model (grey regions indicates stiffer regions).






Discussion

Prevention of epidemic MPXV is challenging because of the reported increase in cases of human MPX and sporadic clusters worldwide. The available vaccines offer limited protection against MPX, especially in children and adults with underlying health conditions (7). Therefore, novel therapeutic strategies are required for emerging MPXV infections. Advancements in reverse vaccinology, as well as the availability of genomic and proteomic data, have assisted in vaccine design. Furthermore, the implementation of advanced bioinformatics tools is more beneficial than traditional approaches (61). Epitope-based vaccines are a novel therapeutic approach for the design and development of suitable vaccines with high potency, logistic viability, and improved safety. Multi-epitope vaccines have the potential to generate specific immunogenic responses based on conserved epitopes in complete antigenic sequences, thus avoiding responses against unfavorable epitopes that might induce immunopathogenic or immune-modulating responses against the host (62, 63). To date, there is no specific treatment for MPX, and vaccination against MPX infection is the primary preventive measure. The goal of this study was to use immunoinformatic techniques to design novel multi-epitope MPX vaccine constructs capable of inducing immunogenic responses in infected individuals.

Three outer membrane and extracellular MPXV proteins were retrieved based on parameters such as antigenic behavior, non-allergenic and non-toxic nature, and virulence capabilities, to identify T-cell and B-cell epitopes. This method determines the suitability of vaccine candidates for experimental validation during vaccine development (64). T-cell epitopes (MHC-I and MHC-II) are crucial for adaptive immunity. MHC-I epitopes induce durable immunity to eliminate viruses and infected cells from the host, whereas MHC-II epitopes are responsible for generating both cellular and humoral immune responses (65). These epitopes induce a CD4+ helper T-cell response, leading to CD8+ T-cell memory generation and B-cell activation (66, 67). MHC-I and MHC-II epitopes overlapping B-cell epitopes were selected and linked using multiple combinations of immune enhancers and four different adjuvant peptide sequences to design vaccine constructs. ANTIGENpro and Vaxijen v2.0 determined high antigenicity scores for the designed multi-epitope constructs. All designed vaccine constructs were non-allergens and non-toxins. These immunological properties strengthen its potential as a vaccine candidate. physicochemical properties of the predicted vaccine constructs were also investigated.

Structural information is important for vaccine development to study interactions between antigens and receptor molecules. The 3D structures of the vaccine constructs were predicted and further improved after refinement. The refined 3D structural analysis confirmed the structural stability of the designed vaccine constructs and showed the maximum number of residues in the favorable region of the Ramachandran plot. The high-quality predicted structures of the multi-epitope vaccine constructs were validated using ERRAT and ProSA-web predictions. The molecular weights of the vaccine constructs were within the desired range (> 30 kDa). The physicochemical properties of these constructs revealed that they are highly soluble and extremely stable upon expression. The solubility of an overexpressed recombinant peptide in an E. coli expression system is a crucial prerequisite for most functional and biochemical studies (68). Additionally, the estimated instability scores infer that the designed vaccine constructs will be extremely stable upon expression, thus enhancing its potential as a vaccine. Confirmation of immunoreactivity based on serological analysis is a key step in validating a constructed vaccine (69) that must be expressed in a suitable expression system. The E. coli expression system is considered the most suitable for the cloning and development of recombinant peptides (70, 71).

Molecular docking analysis was performed to examine the ability of the designed vaccines to bind to the TLR4 immune cell receptor. TLR receptors are important for immune cells activation to generate adaptive immune responses and hence play a significant role in innate immunity. Previous studies have reported the involvement of TLR4 in the recognition of viral peptide structures, which trigger the production of inflammatory cytokines (72, 73). Molecular docking analysis confirmed strong binding affinities between the vaccine constructs and the active site of the receptor protein. This determines the ability of the designed vaccine to generate stable immunogenic responses. The best, stable, and most effective vaccine candidate was selected based on docking poses, interacting atoms, and binding free energies. MPXV-V2 was selected as the best vaccine construct based on its lowest global energy and was considered for immune simulation and molecular dynamic simulation studies.

The predictions of the immune simulation results were similar to those of the natural cellular immunogenic responses. Repeated exposure to antigens induced a strong immune response. The development of memory in B- and T-cells was observed with a long-lasting adaptive immunity as memory in B-cells lasts for several months. High levels of T-cytotoxic, T-helper cells, and Ig production were observed, along with an increase in IFN-γ and IL-2 levels after the first injection. The consistent increase in levels upon repeated antigen exposure indicated humoral responses to the vaccine. Simpson index D for the investigation of clonal specificity suggests the possibility of diverse immunogenic responses. The stability of the lead vaccine (MPXV-V2-TLR4) docked complex was validated using MD simulations. This analysis confirmed the strong molecular interactions of the vaccine with the immune receptor, thus ensuring the molecular stability of the multi-epitope vaccine complex in a cellular environment. This implies that the vaccine construct designed in this study is capable of generating strong immune responses with high gene expression. In silico investigations utilizing immunoinformatics, techniques are helpful and can contribute to direct laboratory assays, thereby saving time and money. The next step is in vitro immunological assays to validate the designed vaccine, evaluate the immunogenicity of the multi-epitope vaccine construct, and design a challenge-protection preclinical trial to validate the results of this study.



Limitations

This study highlights a multi-epitope-based vaccine design of the MPXV protein component, which is an alternative approach to tackle antigenic complexity. The current study has some limitations. The design of vaccine constructs based on immunoinformatics relies on many predictions. The accuracy of these prediction methods is not perfect, and the degree of protection against MPXV infection is uncertain. Moreover, the immunoinformatics approach has several challenges, including standard benchmarking, limited prediction approaches, and a lack of exact datasets for various computational analyses. Several successful cases have been reported in recent years (74). Therefore, the prediction results, i.e. the proposed vaccine construct awaits investigation using in vitro and in -vivo bioassays for experimental validation to prove its safety.



Conclusion

In the present study, reverse vaccinology and immuno-informatics approaches were used to identify potential therapeutic vaccine candidate proteins against the emerging MPXV, based on antigenicity, allergenicity, toxicity, and virulence. Overlapping B- and T-cell epitopes from the selected proteins were used to design multi-epitope-based vaccine constructs. The population coverage of the selected epitopes was 100% worldwide and were conserved among different strains of MPXV, hence ensuring broader protection against different strains of the virus globally. These epitopes were joined using suitable linker and adjuvant sequences to enhance the immunogenicity of the vaccines. Immunological and physiochemical analysis identified MPXV-V2 as an ideal vaccine construct with the lowest global energy and binding affinity for the TLR4 immune receptor. MPXV-V2 has the capability of effective gene expression in the E. coli expression system. Moreover, immune stimulation, revealed that the MPXV-V2 vaccine has the ability to generate humoral and cellular immune responses against the MPXV. The MD simulation analysis confirmed the stability of the vaccine in the cellular environment. Additional experimental and clinical assays are required to validate the results of the present study.
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In 2021, Qatar experienced considerable incidence of SARS-CoV-2 infection that was dominated sequentially by the Alpha, Beta, and Delta variants. Using the cycle threshold (Ct) value of an RT-qPCR-positive test to proxy the inverse of infectiousness, we investigated infectiousness of SARS-CoV-2 infections by variant, age, sex, vaccination status, prior infection status, and reason for testing in a random sample of 18,355 RT-qPCR-genotyped infections. Regression analyses were conducted to estimate associations with the Ct value of RT-qPCR-positive tests. Compared to Beta infections, Alpha and Delta infections demonstrated 2.56 higher Ct cycles (95% CI: 2.35-2.78), and 4.92 fewer cycles (95% CI: 4.67- 5.16), respectively. The Ct value declined gradually with age and was especially high for children <10 years of age, signifying lower infectiousness in small children. Children <10 years of age had 2.18 higher Ct cycles (95% CI: 1.88-2.48) than those 10-19 years of age. Compared to unvaccinated individuals, the Ct value was higher among individuals who had received one or two vaccine doses, but the Ct value decreased gradually with time since the second-dose vaccination. Ct value was 2.07 cycles higher (95% CI: 1.42-2.72) for those with a prior infection than those without prior infection. The Ct value was lowest among individuals tested because of symptoms and was highest among individuals tested as a travel requirement. Delta was substantially more infectious than Beta. Prior immunity, whether due to vaccination or prior infection, is associated with lower infectiousness of breakthrough infections, but infectiousness increases gradually with time since the second-dose vaccination.




Keywords: COVID-19, SARS-CoV-2 variant, vaccine, reinfection, breakthrough infection, immunity, epidemiology, PCR



Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic continues with progressive viral evolution more than two years after it first emerged (1). Between January 18, 2021 and May 31, 2021, Qatar experienced a SARS-CoV-2 Alpha (2) (B.1.1.7) variant wave (3) that was immediately followed by a Beta (2) (B.1.351) variant wave (4). Starting in June 2021, the Delta (2) (B.1.617.2) variant dominated a prolonged low-incidence phase that persisted until November of 2021 (5–7). We investigated the effects of SARS-CoV-2 variant, age, vaccination, and prior infection on infectiousness of SARS-CoV-2 infections utilizing the threshold cycle (Ct) values from SARS-CoV-2 reverse transcription quantitative polymerase chain reaction (RT-qPCR) as the proxy for infectiousness.

In real-time PCR, the RT-qPCR Ct value refers to the number of amplification cycles at which fluorescent signals generated in a reaction crosses a pre-set, detection threshold. The higher the concentration of PCR targets in the reaction, the earlier the cycle it is detected and the lower the Ct value it generates (8). In RT-qPCR assays for detection of viruses such as SARS-CoV-2, Ct values are inversely proportional to the viral load, and are strongly correlated to the cultivability of the virus (9, 10). Therefore, RT-qPCR Ct values have been widely used to proxy SARS-CoV-2 infectiousness with lower Ct values indicating higher infectiousness and higher Ct values indicating lower infectiousness (10–15). Earlier studies found that lower Ct values (or higher viral loads) in samples of SARS-CoV-2 cases were associated with higher transmission rate and transmission risk, such as in studies of household transmission and among contacts of cases (11, 13). We assessed differences in Ct values in a random sample of 18,355 RT-qPCR-genotyped SARS-CoV-2 infections in relation to variant status, age, sex, vaccination status, prior infection status, and reason for testing.



Methods


Study population, data sources, and study design

This cross sectional study was conducted in the resident population of Qatar, applying a methodology used recently to investigate effects of the BA.1/BA.2 subvariant, vaccination, and prior infection on infectiousness of SARS-CoV-2 Omicron (2) (B.1.1.529) infections (16). Similarly, several effects on the infectiousness of SARS-CoV-2 infections were investigated including pre-Omicron variants (Alpha, Beta, and Delta), mRNA COVID-19 vaccination status [BNT162b2 (Pfizer-BioNTech) (17) and mRNA-1273 (Moderna) (18)], prior infection status, reason for RT-qPCR testing, study-period month of the RT-qPCR test (to account for the evolving phase of SARS-CoV-2 incidence), and demographic factors, including sex, age, and nationality.

The present study was conducted on a sample of 18,355 SARS-CoV-2 RT-qPCR-positive swabs that were collected randomly on a weekly basis from among all RT-qPCR-confirmed infections in Qatar between March 23, 2021 and November 6, 2021. These documented infections were RT-qPCR genotyped as part of a national project for surveillance of SARS-CoV-2 variants in Qatar (7, 19–21). Details of laboratory methods for RT-qPCR testing and variant ascertainment are provided in Section 1 of the Supplementary Material. Coronavirus disease 2019 (COVID-19) laboratory testing, vaccination, clinical infection, and demographic data for this population were extracted from the national, federated SARS-CoV-2 databases, which include all RT-qPCR testing, reason for RT-qPCR testing, COVID-19 vaccinations, and related demographic details since the start of the pandemic. Further description of Qatar’s national COVID-19 databases has been reported previously (4, 6, 7, 15, 22).

Every SARS-CoV-2 RT-qPCR test conducted in Qatar is classified based on the reason for testing (clinical symptoms, contact tracing, surveys or random testing campaigns, individual requests, routine healthcare testing, pre-travel, at port of entry, or other). RT-qPCR testing is performed at a mass scale and most infections are diagnosed not for appearance of symptoms, but because of routine testing (6). Qatar has unusually young, diverse demographics, in that only 9% of its residents are ≥50 years of age, and 89% are expatriates from over 150 countries (22, 23). Nearly all individuals were vaccinated in Qatar; however, vaccinations performed elsewhere were recorded in the health system at the port of entry upon arrival to Qatar, per national requirements.

For standardization of RT-qPCR Ct values, we analyzed only RT-qPCR-confirmed infections diagnosed with the TaqPath COVID-19 Combo Kit [Thermo Fisher Scientific, USA (24)]. For each individual, all RT-qPCR-positive swabs during the study period were included, provided that at least 90 days had elapsed between two consecutive positive swabs to avoid inclusion of positive results from the same infectious episode (25, 26). A summary measure was derived for the primary outcome, the RT-qPCR Ct value (9), by averaging Ct values of the N, ORF1ab, and S gene targets. This average Ct value was used as the dependent variable in all analyses.

Both vaccination status and prior infection status were ascertained at the time of the RT-qPCR test. Vaccination status was defined by the number of administered vaccine doses and months elapsed since the last vaccine dose, with one month defined as 30 days. Only individuals vaccinated with BNT162b2 (17) or mRNA-1273 (18) vaccines were included in the analyses, as these have been the vaccines of choice in the COVID-19 immunization program in Qatar (27–29). Rare occurrences of mixed vaccination regimens were excluded. Nearly all vaccinated persons received their second vaccine dose per protocol (17, 18) within 30 days of first dose. History of prior infection was defined as an RT-qPCR-positive test that occurred ≥90 days before the study RT-qPCR-positive test (4, 5, 30, 31). An RT-qPCR-positive test that occurred <90 days prior to the study RT-qPCR-positive test was not considered a prior infection, but was considered a category of its own. This is because the prior RT-qPCR-positive test and the study RT-qPCR-positive test may both reflect the same infection (25, 26). A small number of RT-qPCR tests that had no recorded Ct value were excluded from the analysis, but these constituted only 0.5% of all RT-qPCR-genotyped infections. Otherwise, data for the remaining study variables were complete.



Oversight

Hamad Medical Corporation and Weill Cornell Medicine-Qatar Institutional Review Boards approved this retrospective study with a waiver of informed consent. The study was reported following the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines. The STROBE checklist is found in Supplementary Table 1.



Statistical analysis

Frequency distributions and measures of central tendency were used to describe the study population with respect to a priori determined factors. These included SARS-CoV-2 variant, vaccination status (factoring dose number and months since vaccination), prior infection status, reason for RT-qPCR testing, study-period month of the RT-qPCR test, and demographic factors, age, sex, and nationality.

Association of each of these factors with Ct value was assessed using univariable linear regression analyses. Unadjusted β coefficients, 95% confidence intervals (CIs), and the F-test of overall covariate significance were reported. Adjusted β coefficients and associated 95% CIs and p-values were estimated using multivariable linear regression analyses that included all covariates in the model.

Two-sided p-value <0.05 indicated statistical significance. Interactions were not considered. Statistical analyses were conducted in STATA/SE version 16 (32).




Results

Figure 1 shows the process of selecting the study population and Table 1 describes study population characteristics. This was a national study involving a random sample of 18,355 RT-qPCR-confirmed SARS-CoV-2 infections. Therefore, the study population is broadly representative of the population of Qatar. The sample included 3,347 (18.2%) Alpha infections, 5,576 (30.4%) Beta infections, and 9,432 (51.4%) Delta infections (Table 1).




Figure 1 | Flowchart describing the population selection process for investigating infectiousness of SARS-CoV-2 Alpha, Beta and Delta infections. Abbreviations: COVID-19, coronavirus disease 2019; RT-qPCR, real-time reverse-transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.




Table 1 | Characteristics of the 18,355 RT-qPCR-genotyped SARS-CoV-2 infections between March 23 and November 6, 2021.



Compared to Beta infections, Alpha and Delta infections were associated with 2.56 higher Ct cycles (95% CI: 2.35-2.78), and 4.92 fewer cycles (95% CI: 4.67- 5.16) (Table 2), respectively, indicating the highest infectiousness for the Delta variant.


Table 2 | Associations with RT-qPCR Ct value among the 18,355 RT-qPCR-genotyped SARS-CoV-2 infections between March 23 and November 6, 2021.



Ct value declined gradually with age and was especially high for children <10 years of age, signifying lower infectiousness of small children. Children <10 years of age had 2.18 higher Ct cycles (95% CI: 1.88-2.48) than those 10-19 years of age (Table 2). The 10-19 age group was chosen as a reference, and not the <10 age group, because of the different manifestations of this infection in small children. Males had higher Ct values than females and there were some differences in Ct value by nationality.

Compared to unvaccinated individuals, Ct value was higher among individuals who received one or two vaccine doses (Table 2). However, Ct value decreased gradually with time since second-dose vaccination. Very few individuals received a booster dose during the study period (Table 1) to allow for estimation of effect of booster vaccination on Ct value. Ct value was 2.07 cycles higher (95% CI: 1.42-2.72) for those with a prior infection compared to those without prior infection.

The Ct value was lowest when testing was performed due to suspicion of infection exposure (Table 2), such as appearance of symptoms or recent exposure to an infected person (contact tracing). The Ct value was highest for infections diagnosed because of routine testing for reasons unrelated to infection exposure, such as in a random survey or because of travel requirements. Stratified analyses for Alpha (Table 3), Beta (Table 4), and Delta (Table 5) infections suggested similar findings.


Table 3 | Associations with RT-qPCR Ct value among 3,347 Alpha RT-qPCR-genotyped SARS-CoV-2 infections between March 23 and November 6, 2021.




Table 4 | Associations with RT-qPCR Ct value among 5,576 Beta RT-qPCR-genotyped SARS-CoV-2 infections between March 23 and November 6, 2021.




Table 5 | Associations with RT-qPCR Ct value among 9,432 Delta RT-qPCR-genotyped SARS-CoV-2 infections between March 23 and November 6, 2021.





Discussion

Delta infections were associated with considerably lower Ct values than Beta infections, indicating higher infectiousness of this variant, perhaps because of higher viral load and/or longer duration of infection. This appears to be the first direct comparison of the infectiousness of Delta versus Beta infections, and supports the high infectiousness of the Delta variant compared to pre-Omicron variants such as Alpha, as reported previously (33, 34). This difference in viral load between Delta and Beta appears also to extend to severity of infection, as Delta infections were found associated with higher severity than Beta infections (35). Of note, Beta infections were also found earlier to be associated with higher severity than Alpha infections (36). Worth mentioning is that factors other than viral load, such as the variations in the spike proteins or any other differences in the biological properties of the viruses, may also affect the infectiousness of different SARS-CoV-2 variants (37).

Prior immunity against SARS-CoV-2 infection, whether due to vaccination or prior infection, was associated with higher Ct value at infection, and thus lower infectiousness of breakthrough infections. This confirms earlier findings (15, 16), and suggests that strength of immunity is manifest not only in protection against infection, but also against the infectiousness, if a breakthrough infection occurs (15). However, this effect appeared to depend on the time since the prior immunological event (Table 2). Ct values decreased gradually with time since second-dose vaccination, paralleling the established pattern of waning of vaccine effectiveness after the second dose (6, 38, 39).

Ct values decreased with age, perhaps reflecting slower virus clearance with aging (40) and confirming our earlier findings (16). Ct values were particularly high for infections among small children <10 years of age. This finding supports a lesser role for small children than adults in the transmission of infection, as suggested in studies of secondary transmission within households (41–43). There were differences in Ct value by sex and nationality, but these may be a consequence of different test-seeking behaviors for different socio-economic groups in Qatar’s diverse population. Ct values also varied by reason for testing, with lower Ct values of infections diagnosed because of suspicion of infection, and higher Ct values of infections diagnosed through routine testing unrelated to infection exposure. This finding also confirms our earlier finding for Omicron infections (16).

The study has limitations. RT-qPCR genotyping in Qatar started only after the Alpha wave peaked in the first week of March 2021 and thus many Alpha infections may have been older infections explaining the relatively higher Ct values of these infections compared to Delta or Beta infections. The study included only documented RT-qPCR-confirmed infections. It is possible that infections in those with a prior infection or those vaccinated are less likely to be diagnosed, perhaps because of minimal or no symptoms (15). Nevertheless, RT-qPCR testing in Qatar is done at a mass scale, where a significant proportion of the population is being tested weekly (6). The majority of infections are identified via routine testing and not because of appearance of symptoms (Table 1) (6).

Other limitations include the small number of individuals who received the booster dose by the end of the study precluding the estimation of effect of booster vaccination on Ct value and the inability to factor in the duration between symptom onset and RT-qPCR test (for symptomatic cases) as the date of symptom onset was not available. The study population consisted mostly of working-age adults; thus, the results may not be generalizable to the elderly.

In conclusion, the Delta variant appears substantially more infectious than the Beta variant, explaining its global reach in the pre-Omicron era. Infectiousness of SARS-CoV-2 infections increases with age, apparently reflecting slower virus clearance with aging. Prior immunity against SARS-CoV-2 infection, whether due to vaccination or prior infection, is associated with lower infectiousness of breakthrough infections. However, infectiousness of breakthrough infections increases gradually with time since second-dose vaccination, paralleling the waning of vaccine effectiveness after the second dose. These scientific insights enhance our understanding of the evolving epidemiology of the virus with implications for appropriate public health response against its different variants.
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Duck cholera (duck hemorrhagic septicemia) is a highly contagious disease caused by Pasteurella multocida, and is one of the major bacterial diseases currently affecting the duck industry. Type A is the predominant pathogenic serotype. In this study, the genes encoding the lipoproteins VacJ, PlpE, and the outer membrane protein OmpH of P. multocida strain PMWSG-4 were cloned and expressed as proteins in E. coli. The recombinant VacJ (84.4 kDa), PlpE (94.8 kDa), and OmpH (96.7 kDa) proteins were purified, and subunit vaccines were formulated with a single water-in-oil adjuvant, while killed vaccines were prepared using a single oil-coated adjuvant. Antibody responses in ducks vaccinated with recombinant VacJ, PlpE, and OmpH proteins formulated with adjuvants were significantly antigenic (p<0.005). Protectivity of the vaccines was evaluated via the intraperitoneal challenge of ducks with 20 LD50 doses of P. multocida A: 1. The vaccine formulation consisting of rVacJ, rPlpE, rOmpH, and adjuvant provided 33.3%, 83.33%, and 83.33% protection, respectively, the vaccine formulation consisting of three recombinant proteins, rVacJ, rPlpE, rOmpH and adjuvant, was 100% protective, and the killed vaccine was 50% protective. In addition, it was shown through histopathological examination and tissue bacterial load detection that all vaccines could reduce tissue damage and bacterial colonization to varying (p<0.001). These findings indicated that recombinant PlpE or OmpH fusion proteins formulated with oil adjuvants have the potential to be used as vaccine candidates against duck cholera subunits.
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Introduction

P. multocida is a typical commensal of the upper respiratory tract (1, 2) and can cause various animal diseases such as swine atrophic rhinitis and swine pneumonia, and hemorrhagic septicemia in various domestic poultry (3). The disease of ducks caused by P. multocida is called duck cholera or duck hemorrhagic septicemia, an acute, highly transmissible, and septicaemic infection with an incidence of 30-70% and a mortality rate of 30%-80% (4, 5). Duck cholera is one of the major bacterial diseases currently affecting the duck farming industry. Some data indicate that approximately 30% of poultry die each year worldwide due to avian cholera, causing enormous economic losses to the poultry farming industry worldwide (6, 7). Previously, antibiotics were mainly used for the prevention and treatment of bacterial diseases, but large scale antibiotic usage led to the selection of many bacterial resistance markers (4, 8). Currently, vaccination is the standard measure aimed at disease prevention. The commercial vaccines against P. multocida are live attenuated and killed vaccines (9, 10). Still, both vaccines have drawbacks, such as inducing short-term protection, producing weak immunity, and possibly regaining virulence (9, 11). Considering the limitations of current vaccines, the development of safe and effective subunit vaccines is necessary (12). As an approach to ameliorate the efficacy of the commercially applied killed vaccines and to enhance the safety of attenuated vaccines, the use of combined regimens of killed and attenuated vaccines were evaluated (13). The new regimen showed promising results, especially when formulated with a safe natural product such as propolis (14). The commercial success in using whole cell vaccines, does not block the way for continuing trials to apply protein subunit vaccines in the veterinary field. Protein subunits have the advantage of being expressed on bacterial ghost platforms (15). Together with acting as cheap production tool for the target proteins, ghost-platforms are powerful carriers of the immunogens to the immune cells with no need for using adjuvants.

Outer membrane proteins and lipoproteins are play key roles in the interaction of the pathogen with the host environment and in the host immune response to infection, they function as enzymes, inhibitors, transporters, structural proteins, as virulence factors and activate the innate immune system (12, 16). Recent studies have demonstrated that vaccination of several outer membrane proteins (OMPs) of P. multocida could induce immunogenic responses with a bactericidal activity of the immune sera (17, 18). Among them, the virulence-associated chromosome locus J (vacJ), a widely distributed and highly conserved outer membrane protein gene that plays a virulence-associated role in most Gram-negative bacteria and was first identified in Shigella flexneri as a gene associated with bacterial transmission (19). The PM1501 gene of a P. multocida isolate (Pm70) is predicted to be a homolog of VacJ and encodes a protein of about 27.5 kDa (18), which elicits a humoral immune response with a significant increase in antigen-specific IgG titers and has emerged as a new target for the induction of protective immune responses in mice (20), their study established the immunogenicity and protective efficacy of lipoprotein VacJ. The outer membrane protein H (OmpH) is approximately 33.8 kDa, and is one of the major outer membrane proteins associated with the pore protein family in P. multocida (21); it is present in a variety of serotypes of P. multocida, present in the outer membrane as a homotrimer (22). It has been shown that OmpH has the potential to be an immunogenic protective antigen (23–27). The native OmpH was shown to be able to induce protective immunity in chickens against homologous strain challenge (28). Tan etal. (29) demonstrated that rOmpH vaccination could cause a high humoral response, recombinant OmpH vaccine was safe and effective. P. multocida lipoprotein E (PlpE), with a molecular weight of about 38 kDa, is an important immunogenic outer membrane protein in P. multocida (30); According to the found of Mostaan etal. (31), PlpE had immunogenicity, antigenicity, different serotypes coverage, and antibody accessibility, it was a lipid-modified surface-exposed outer membrane protein with an important role in complement-mediated killing (32), and previous studies demonstrated that recombinant PlpE is protective and safety in mice, rabbits, chickens and calves (30). The PlpE gene is widely present and has a high homology among serotypes of P. multocida (32).

This study aimed to investigate the immunological efficacy of recombinant VacJ, PlpE, and OmpH proteins from P. multocida type A: 1 in the duck model. The recombinant proteins were emulsified with a single oil-packed adjuvant and inoculated into ducks. The protective effect was assessed by the survival rate of ducks under lethal infectious doses. Our study showed that the protection against the challenge was 33.33%, 83.33%, 83.33%, 100% and 50% in the rVacJ, rPlpE, rOmpH, rVacJ+rPlpE+rOmpH and killed vaccine groups, respectively. These results indicated that the purified duck P. multocida outer membrane proteins PlpE and OmpH could induce strong immunogenicity, but not VacJ. However, the combination of these three proteins resulted in enhanced immunogenicity and better protection of the vaccinated ducks against a challenge with a virulent strain.



Materials and methods


Bacteria, vector, and test animals

P. multocida group A: 1 strain PMWSG-4 was isolated from the liver of a duck and preserved for our laboratory. The pET43.1a vector, E. coli DH5α, and BL21 (DE3) cells were used to construct expression clones. The required primers (Table S1) were synthesized and obtained (Biobiotics Shanghai Ltd). One-day-old ducklings were purchased from the Guangdong Wenshi Duck Factory and used for a vaccine trial.



The construction of recombinant plasmids

The protein sequences of the target genes VacJ (GenBank accession no. AAK03585.1), PlpE (GenBank accession no. ABP93661.1), and OmpH (GenBank accession no. AAC02243.1) were obtained from GenBank and analyzed by SignalP, the signal peptide was removed, and the His tag was added. Primers (Table S1) were designed to amplify target fragments using the principle of homologous recombination. Strain PMWSG-4 chromosomal DNA was extracted using the omega bacterial genome kit (Omega USA) and used as a template to amplify the VacJ, PlpE, and OmpH genes. Specifically, the PCR mixture contained 23ul autoclaved distilled water, 25ul 2× PrimeSTAR Mix (Vazyme Biotech), 1ul DNA Template, and 1ul of each forward and reverse primer (working concentration: 10 umol/L). Each of the 30 PCR cycles consisted of 95°C for 5 min, 94°C for 30 s, 60°C for 30 s, 72°C for 1 min, and ending with 72°C for 5 min. The purified PCR amplification product was ligated to the pET43.1a vector using a homologous recombination kit (NCM Biotech). Transformant cells were streaked on LB plates with ampicillin (50 mg/ml), and the recombinant plasmids were verified by nucleotide sequence analysis.



Purification of recombinant proteins and immunoblotting

E. coli BL21 cells carrying pET43.1a-VacJ, pET43.1a-PlpE, and pET43.1a-OmpH were grown in Luria Broth (LB) supplemented with 50mg of ampicillin/ml. Expression was induced at OD600 of 0.6 by adding isopropyl-b-D-galactopyranoside (IPTG) to 1 mM final concentration and followed with culturing at 37°C for 12 h in a shaker incubator at 150 RPM. Cells were collected by centrifugation and resuspended in PBS buffer (8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO, pH 7.4). Pellets were fragmented by ultrasonication (300W power, crushing 4S, 6S interval, a total of 30 minutes). The lysate was spun at 12,000 rpm for 30 min, and the supernatant was harvested. Proteins were purified by nickel affinity chromatography using Ni–NTA Beadose Resin kit (Jiangsu Cowin Biotech Co., Ltd.) as per the standard manufacturer’s protocol (33), following column binding and washing with buffer (PBS, pH 7.4, 50 mM Imidazole), and proteins were eluted using PBS buffer (containing 250 mM imidazole).

The purity of the recombinant protein was determined by SDS-PAGE. Western blot analysis was carried out using the Anti-His-Tag Mouse Monoclonal Antibody as the primary antibody of 1:1000, CoraLite488-conjugated Affinipure Goat Anti-Mouse IgG (H+L) was used as a secondary antibody at a dilution of 1: 10,000. Colometric detection was performed using an ECL substrate luminescence kit.



Vaccine formulations

Preparation of killed bacterins: revived strain PMWSG-4 was grown; 1 mL was taken for plate counting. After counting, the bacterin was adjusted to a standard density (8×108 CFU/ml), and formaldehyde was added at a final concentration of 0.5%. Bacterin was incubated at 180 rpm and 37°C for 24 hours. After inactivation, formaldehyde killing of P. multocida - was confirmed by plating in a tryptic soy agar plate and incubated in a 37°C incubator overnight. A single-phase water-in-oil adjuvant (provided by Guangdong Wen’s Foodstuff Group Co. Ltd) was added to the inactivated vaccine and emulsified into “water-in-oil” by an emulsifier stored at 4°C.

Preparation of subunit vaccines: Recombinant protein samples of known concentrations were mixed with single-phase water-in-oil adjuvant to ensure 100µg of purified protein per 500 µl of vaccine emulsion (the ratio of protein to adjuvant is 2:3). The recombinant vaccine preparations were further emulsified (9,000 rpm, 10min, 4°C) by homogenizer (IKA Germany) to ensure homogeneity and stored at 4°C.



Vaccination in a duckling model

In animal experiments, 10-day-old ducks were used, divided into 7 experimental groups with 15 animals per group. Vaccines were delivered subcutaneously in the neck on days 14 and 28, each duck in a Group 2、Group 3、Group 4 and Group 5 were inoculated with rVacJ protein (100μg/dose)、rPlpE protein (100μg/dose) 、rOmpH protein (100μg/dose) and rVacJ/rOmpH/rPlpE proteins (100µg each/dose) in a 0.5ml volume mixed with adjuvant. Each duck in a Group 1 and Group 7 were inoculated with PBS and adjuvant in 0.5ml. The PBS group was blank control group. twenty-eight days after the booster, Ducks in Group 2-7 were challenged with a PMWSG-4 strain with 20 LD50 (unpublished) in the leg muscle (the PMWSG-4 strain has been previously studied with an LD50 of 4.5 CFU).

Clinical signs, appetite, and mortality were observed daily and recorded for 14 days post-challenge. Dead ducks were dissected, and liver tissues were aseptically collected for bacterial isolation. In addition, blood was collected from the neck at 14, 28, and 42 days dpi for serum antibody testing. The animal experiments were approved by the Animal Experimentation Ethics Committee of South China Agricultural University (Approval number of Ethics Committee:2021b184). The protective effects were determined by the survival time of the ducks within 14 days post-challenge. According to a previous method (34), the mortality of the challenged ducks was expressed as percentage survival and mean survival time (MST), plotted percentage survival curve.

Examination of the histopathological lesions in ducks was carried out as previously described (19, 34). At 24 h post-challenge, three randomly selected ducks from each group were selected and euthanized; hearts, livers, spleens, lungs, and kidneys were harvested and fixed in 4% paraformaldehyde, embedded, sectioned, and subjected to (HE) staining for histopathological examination. In addition, bacterial loads were measured by real-time qPCR tests performed on DNA preparations made from the extracted heart, liver, spleen, lung, and kidney tissues. Specifically, primers(F:5’-TAACGGCAGAGCGGTTTAAT-3’,R:5’-GCTGTAAACGAACTCGCCA-3’) were designed according to the KMT1 gene (35) of P. multocida; HiScript II One Step RT-PCR Kit (Vazyme Biotech) was used as real-time qPCR, and the qPCR mixture contained 7.2 ul autoclaved distilled water, 10μl 2 × One Step SYBR Green Mix, 1μl One Step SYBR Green Enzyme Mix, 1μl RNA Template, 0.4μl of forward and reverse primer each (working concentration: 10 μmol/L), the amplification program was 50°C for 15 min, then each of the 40 qPCR cycles consisted of 95°C for 30 s, 95°C for 10 s, 60°C for 30 s, finally 95°C for 15 s, 60°C for 60 s, 95°C for 15 s.



Enzyme-linked immunosorbent assay

Antibody titers were measured by indirect ELISA, as previously indicated (36). In addition, specific antibody responses were measured by measuring IgG titers via ELISA using sera collected from vaccinated ducks. Briefly, purified recombinant VacJ, PlpE, and OmpH proteins were used as coating antigens at concentrations of 3 μg/mL, 2.5 μg/mL, and 2 μg/mL for the determination of anti-VacJ, anti-PlpE, and anti-OmpH antibody levels, respectively. Dilutions of the duck sera ranging from 1:500 to 1:16,000 were used in triplicates as primary antibodies; antibody to duck IgG conjugated to alkaline phosphatase (KPL, USA) was used as a secondary antibody at a dilution of 1:1,000. TMB Chromogen Solution (Sangon Biotech, China) was used as the color development reagent. Plates were read at 405 nm to determine optical density on a microtiter plate reader.



Statistical analysis

The data are shown as the means ± SD. An analysis of variance (ANOVA) was used for the mean comparison of antibody response between groups. All statistical analyses were performed using GraphPad (GraphPad Software, California, USA). Differences were considered statistically significant at p<0.05.




Results


Cloning and purification VacJ, PlpE, and OmpH recombinant proteins

The VacJ (746bp), PlpE (1021bp), and OmpH (1083bp) genes were cloned from the genomic DNA of P. multocida PMWSG-4 by PCR, and the genes were validated by DNA sequences (Figure 1A). VacJ, PlpE, and OmpH were cloned into pET43.1a to express his-tagged fusion proteins. The recombinant plasmids were identified by DNA sequencing, indicating that the target genes were accurately cloned into pET-43.1a between the SmaI and HindIII sites. The purity of the recombinant proteins was checked on SDS-polyacrylamide gels by Komas Brilliant Blue staining and proved by the Western blot analysis. Purified recombinant VacJ, PlpE, and OmpH proteins showed bands on SDS-polyacrylamide gels with expected molecular weights of 84.4 kDa, 94.8 kDa, and 96.7 kDa, respectively (Figure 1B). Western blot analysis using specific antibodies showed that these antibodies could react antigenically with the purified recombinant proteins.




Figure 1 | Gene cloning and immunogenicity of rVacJ, rPlpE,rOmpH lipoprotein in a duck model. Panel (A) PCR amplification of VacJ, PlpE, OmpH genes from P. multocida A:1 strain PMWSG-4. Lane M: DNA standard ladder, Lane 1,2 and 3: Amplified VacJ(746bp), PlpE(1021bp), and OmpH(1083bp) gene product. Panel (B) Western blot of protein rVacJ, rPlpE and rOmpH. Protein standard marker (lane M), Immunoblot of rVacJ(84.4kDa), rPlpE(94.8kDa), rOmpH(96.7kDa) (lane 1, 2 and 3).





Humoral responses to VacJ, PlpE, OmpH protein, and killed vaccines and their protective effects

The ducks were inoculated twice with rVacJ, rPlpE, rOmpH, rVacJ+rPlpE+rOmpH protein and killed bacterin. The sera were collected prior to booster and challenge (28 and 42 days, respectively) and used to determine ELISA titers. After the first immunization, serum IgG levels were significantly elevated in the rVacJ, rPlpE, rOmpH and rVacJ+rPlpE+rOmpH groups, which differed considerably from the control group (p<0.005). The killed vaccine group differed substantially from the adjuvant group (p<0.05). In contrast, the antibody levels in the rVacJ and rOmpH groups were higher than those in the killed vaccine group, and the difference was highly significant (p<0.001) (Figure 2A). After the second immunization, antibody levels in all immunized groups were higher than in the advanced group, with significant differences (p<0.0001). rOmpH and rVacJ+rPlpE+rOmpH antibody levels were higher than those in the killed vaccine group, with significant differences (p<0.005), and rVacJ and rPlpE groups were significantly different from those in the killed bacterin group (p<0.05) (Figure 2A).




Figure 2 | In a duck model, the ELISA and protective efficacy of rVacJ, rPlpE, and rOmpH proteins. Panel (A) The bar diagram indicating the rVacJ, PlpE, and OmpH antibody titers (total IgG) of sera collected from all the ducks at 0, 14, and 28 days post-immunization. Panel (B) The survival/mortality rates of vaccinated and control ducks (12 ducks/group) following challenge with 20 LD50 of P. multocida A:1 strain PMWSG-4. *: P<0.05, **: P<0.01, ***:P<0.001.



The protective efficacy of recombinant proteins formulated with oil adjuvants was investigated after the challenge of immunized ducks with 20 LD50 doses of live P. multocida A: 1. The ducks in the rVacJ group showed slight depression and loss of appetite after the challenge and died from day one to day four; Only a few ducks in the rPlpE and rOmpH groups showed depression and loss of appetite, with the deaths in the rPlpE group occurring on days 5 and 6 after the challenge, and the deaths in the rOmpH group occurring on days 2 and 3, respectively; The ducks in the rVacJ+rPlpE+rOmpH group showed no any abnormalities or deaths; In the killed vaccine group, the ducks showed more severe depression and loss of appetite, and died one after another during the first to fifth days post-challenge; In the adjuvant group, ducks showed apparent depression and loss of appetite and began to die on the first-day post-challenge. All the ducks in PBS group grew normally. The mortality of the ducks in each group after the challenge is shown in (Table 1; Figure 2B). The vaccine formulation consisting of rVacJ, rPlpE, rOmpH, and adjuvant provided 33.3%, 83.33%, and 83.33% protection, respectively, and the vaccine consisted of three recombinant proteins, rVacJ, rPlpE, and rOmpH with adjuvant provided 100% protection. The killed bacterin provided 50% protection (Table 1). In addition, P. multocida was re-isolated from the post-mortem liver tissue of each duck and confirmed to be P. multocida A:1 by standard bacteriological tests and PCR, amplifying 460bp and 1300bp, respectively.


Table 1 | The survival rate of ducks after P. multocida challenge.





Histopathological changes and viral tissue load of the ducks in each group after challenge

​The histopathological analysis post-challenge shows that ducks in the adjuvant control group had severe heart, liver, spleen, lung, and kidney lesions with the structural disorder. In contrast, the immunized vaccine group showed no significant lesions in the heart, spleen, and kidneys and minor damage to the liver and lungs. Specifically, the adjuvant control group exhibited inflammatory cell infiltration in heart tissue (black arrows), and other groups displayed regular tissue structures without histopathological lesions. The adjuvant group liver tissue showed mild degrees of hepatic steatosis, and the cytoplasm of the hepatocytes appeared vacuolation (yellow arrows); there was a clear hepatic sinusoidal dilatation and congestion (green arrows), and had a slight infiltration of inflammatory cells around the vessels (blue arrows). The hepatocytes were swollen, and cytosol appeared vacuolated (black arrows), with a slight infiltration of inflammatory cells around the vessels (red arrows) in the rVacJ and killed vaccine groups. rPlpE and rOmpH vaccinated groups had a focal perivascular inflammatory cell infiltration (red arrows). rVacJ+rPlpE+rOmpH groups showed cellular swelling of the hepatocyte, and cytosol appeared vacuolated (black arrow). In the adjuvant group, spleen tissues were marked with necrosis and inflammation in the white pulp; lymphoid nodules, periarteriolar lymphocyte sheaths, and reticulocytes were necrotic (black arrows); light heterophilic granulocyte infiltration was observed (red arrows), while the spleens of other groups were normal. The lung tissue from the adjuvant group featured bronchus intraluminal bleeding and was filled with erythrocytes (black arrows); capillary congestion on respiratory surfaces (red arrows), and respiratory surface thickening (yellow arrows). rVacJ group had bronchus intraluminal bleeding filled with erythrocytes (yellow arrows); rPlpE group had respiratory surface thickening (red arrows) and decreased capillary density; other groups had intrabronchial inflammatory cell infiltration (black arrows). In kidneys, renal tubular interstitial vascular congestion was observed (black arrows) in adjuvant groups; other groups displayed no obvious tissue pathologies (Figure 3).




Figure 3 | Ducks in Group 2-7 were challenged with 20-fold LD50 of the P. multocida PMWSG-4 strain intramuscularly 14 days after the booster. Then, histopathological lesions in the heart, liver, spleen, lung, and kidney (n=3/group) were analyzed by HE staining at 3 days post-challenge. The representative results of each group were shown.



Bacterial loads in the heart, liver, spleen, lung and kidney tissue measured by Real-time qPCR were significantly lower than those in the adjuvant control group(p<0.005) (Figure 4), consistent with histological lesions, suggesting that ducks delivered with recombinant protein formulas provided significant protection against challenge.




Figure 4 | Bacterial loads in various organs are determined by qRT-PCR. The bacterial loads of each vaccination group (n=3/group) in the heart (A), liver (B), spleen (C), lung (D) and kidney (E) were determined as CFU/mL at 24 h post-challenge. The PBS group was blank control group (not challenged with PMWSG-4 strain). *** is P<0.001.






Discussion

Bacterial transmembrane proteins and lipoproteins play a key role in the interaction of pathogens with the host (37); in recent years, researchers have identified several gene products that could be used as vaccine candidates from the P. multocida genome. These include the outer membrane lipoproteins VacJ, PlpE and outer membrane protein OmpH (38, 39). We found that VacJ proteins were highly conserved regardless of serogroup and host species origin (19), with homology in the range of 98.9%-99.3% (Figure S2A). The phylogenetic tree shows that VacJ proteins of strain PMWSG-4 and type A: 1 isolated from sheep and rabbits clustered into one branch (Figure S1A). The homology of the PlpE protein from type A:1 was 87.6-94.7%; interestingly, only 50% homology to that of porcine-derived D isolates (Figure S2B). Our results slightly differ from Wu etal. (32), they indicated 90.8-100% homology among plpE gene sequences among P. multocida isolates. The phylogenetic tree clusters into a single branch with the chicken-derived A: 1 type X-73 (Figure S2B). The homology of the OmpH protein with other serotypes ranged from 77.4% to 96.7%, and the phylogenetic tree clustered with chicken-derived A: 1 type X-73 (Figure S1C), with the highest homology with chicken-derived type A (Figure S2C). The three proteins are widely distributed among serotypes of P. multocida, and VacJ proteins are highly conserved; the PlpE protein of serotype A is more homologous to that of type A of the same species; The OmpH protein of serotype A is less homologous to that of OmpH proteins from serotypes B and D. It is presumed that vaccines of serotype A are likely to provide a cross-protection among serotypes.

Regarding “reducing and prohibiting antibodies”, vaccines are considered the most effective means of preventing bacterial diseases. Previously, the prevention of P. multocida was mainly vaccinated with live or killed vaccines (40); however, both had some drawbacks and lacked efficacy, prompting the development of new, safe, and effective subunit vaccines (39, 41, 42). Previous studies have indicated that lipoproteins VacJ, PlpE, and outer membrane protein OmpH recombinant vaccine studies against different serotypes of P. multocida are of interest. In our study, immunization with 100µg/duck of rVacJ, rPlpE, and rOmpH, and killed vaccine elicited a high humoral response with significantly elevated serum IgG levels (P<0.005). However, the protective effects of rVacJ, rPlpE, rOmpH protein, and killed vaccines were interesting. Compared with previous studies. Sathish et al. (20) indicated that vaccination of mice with 75µg/mouse rVacJ elicited a humoral immune response that resulted in a substantial increase in antigen-specific titers of IgG and its subtypes (IgG1 and IgG2a) and with 66.7% protection after challenge with serotype B: 2 (8LD50). In our study, under the 20 LD50 challenge, the rVacJ vaccinated group showed only a 33% protection, the protection of rVacJ is poor. However, challenged with the high lethal dose may be the reason for the low protection rate. Wu etal. (32) reported that the immunization with 100 µg/chicken for rPlpE vaccine from P. multocida serotype A: 1 had a 63-100% survival rate after being challenged with a lethal dosage of serotypes A: 1, A: 3, and A: 4. Sezer Okay etal. (36) indicated that vaccine formulations consisting of rPlpE and oil-based or oil-based CpGODN provided 80% and 100% protection under a 10 LD50 challenge. Hemorrhagic septicemia caused by type B: 2, Anucha et al. (43) showed that the rOmpH intranasal vaccine could induce antibody and cell mediated responses, with 83.33% and 100% protection. Tan etal. (29) demonstrated that rOmpH vaccination could obtain 80% and 100% protection against challenge with P. multocida serotype B: 2 intraperitoneally. In addition, the recombinant rOmpH vaccine for fowl cholera showed 90% protection in a mouse model (44). Our study was consistent with the previous studies, both rPlpE and rOmpH showed a protection rate of 83.33%. Interestingly, the recombinant rPlpE subunit vaccine induced earlier protection than the rOmpH subunit vaccine. Also, Previous studies have shown that protection rates of monovalent rVacJ, rPlpE, and rOmpH were from 60% to 100% (20, 36), And only in the case of high immune dose or low challenge dose, the protection rate could be 100%. But in our study, the rVacJ+rPlpE+rOmpH trivalent vaccine group showed a 100% protection rate. At the same time, previous studies showed that the killed vaccines against P. multocida have a protective effect of 50% to 100% (40, 45, 46). Our research showed the killed vaccinated group only have 50% protection, Compared to subunit vaccines, the individual immunogenic component as well as antibody level of subunit vaccine is higher than that of killed vaccine. Therefore, the protective effect of the subunit vaccine under 20LD50 challenge would be higher than that of killed vaccine. Moreover, the rVacJ+rPlpE+rOmpH trivalent vaccine group showed a 100% protection rate; our findings indicated that the trivalent vaccine was better than the monovalent recombinant subunit vaccine (44) and attenuated live vaccine (40, 47, 48).

Zhao etal. (49) developed a novel attenuated mutant P. multocida vaccine strain, which could reduce bacterial loads in blood and organs after oral or intranasal vaccination. In this study, histopathology results after challenge revealed that ducks in the adjuvant group showed considerable pathological changes in the heart, liver, spleen, lungs, and kidneys, while ducks in the other vaccinated groups showed insignificant pathological lesions in the liver and lungs, heart, spleen, and kidney tissues. Likewise, the Real-time qPCR results (Figure 4) indicated that the immunized ducks had reduced bacterial loads on tissues such as the liver and lung, and no bacteria were detected in the immunized group’s heart, spleen, and kidney tissues. Compared with the PBS group, the bacterial load of the heart, liver, spleen, and kidney tissues in the vaccine group was not significantly different (ns). However, there were significant differences in lung tissue between PBS group and rVacJ and killed vaccine group (P <0.05),this may be one of the reasons for the low protection rate of rVacJ and killed vaccine. This result shows that both the subunit vaccine and killed bacterin could reduce the histopathologic lesions.

In conclusion, the present study was the first to combine rVacJ, rPlpE and rOmpH antigens to formulate a multivalent vaccine and showed a 100% protection rate after challenge with type A: 1 P. multocida isolated from ducks. The monovalent rPlpE and rOmpH vaccines had an 83.3% protection rate. Subcutaneous vaccination of the neck induces high levels of serum IgG, decreases the bacterial loads in the heart, spleen, liver, lungs, and kidneys, and reduces damage to the spleen, liver, and lungs.
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Immunogenicity and protective efficacy of the recombinant Pasteurella multocida lipoproteins VacJ and PlpE, and outer membrane protein H from P. multocida A:1 in ducks
 By Li Y, Xiao J, Chang Y-F, Zhang H, Teng Y, Lin W, Li H, Chen W, Zhang X and Xie Q (2022) Front. Immunol. 13:985993. doi: 10.3389/fimmu.2022.985993


In the published article, there was an error in the article title. Instead of “Immunogenicity and protective efficacy of the recombinant Pastureland multocida lipoproteins VacJ and PlpE, and outer membrane protein H from P. multocida A:1 in ducks”, it should be “Immunogenicity and protective efficacy of the recombinant Pasteurella multocida lipoproteins VacJ and PlpE, and outer membrane protein H from P. multocida A:1 in ducks”.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Until May 2022, zoonotic infectious disease monkeypox (MPX) caused by the monkeypox virus (MPXV) was one of the forgotten viruses considered to be geographically limited in African countries even though few cases outside of Africa were identified. Central and West African countries are known to be endemic for MPXV. However, since the number of human MPX cases has rapidly increased outside of Africa the global interest in this virus has markedly grown. The majority of infected people with MPXV have never been vaccinated against smallpox virus. Noteworthily, the MPXV spreads fast in men who have sex with men (MSM). Preventive measures against MPXV are essential to be taken, indeed, vaccination is the key. Due to the antigenic similarities, the smallpox vaccine is efficient against MPXV. Nevertheless, there is no specific MPXV vaccine until now. Nucleic acid vaccines deserve special attention since the emergency approval of two messenger RNA (mRNA)-based coronavirus disease 2019 (COVID-19) vaccines in 2020. This milestone in vaccinology has opened a new platform for developing more mRNA- or DNA-based vaccines. Certainly, this type of vaccine has a number of advantages including time- and cost-effectiveness over conventional vaccines. The platform of nucleic acid-based vaccines gives humankind a huge opportunity. Ultimately, there is a strong need for developing a universal vaccine against MPXV. This review will shed the light on the strategies for developing nucleic acid vaccines against MPXV in a timely manner. Consequently, developing nucleic acid-based vaccines may alleviate the global threat against MPXV.
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Introduction

Widely neglected disease– monkeypox (MPX) deserves remarkable attention since it crossed African borders and cases have increased fast. MPX is a zoonotic infectious disease characterized by smallpox-like symptoms but with less severity and a lower fatality rate. Monkeypox virus (MPXV) belongs to the Orthopoxvirus genus in the family of Poxviridae and has two clades– West and Central African clades. Remarkably, the Central African clade has more severe outcomes and a higher mortality rate, up to 11% (1, 2). Furthermore, it is more severe in younger children where the mortality rate can reach up to 15% (1, 3). MPXV that is spread outside of Africa represents the West African clade which has milder symptoms and a significantly lower mortality rate, ~1-3.6% (2–4). Besides, the recent outbreak demonstrated that the virus causes more mortality in developing endemic countries compared with developed countries probably because of the less capable health system (2). MPXV was first identified in macaque monkeys in a Denmark research facility (5). Since then, this infectious disease is called “MPX”. However, the natural hosts of this virus are considered to be rodents (6).

The first human case was reported in 1970 during the active smallpox surveillance in Bokenda, a village in the Democratic Republic of Congo (DRC) (also called Zaire). The infected patient was a 9-month-old child whose sample was sent to the World Health Organization (WHO) Smallpox Reference Centre in Moscow and eventually revealed MPXV by isolation. Interestingly, the patient’s family admitted that monkeys were eaten occasionally as a delicacy but they were not able to recall if it happened during the last month or whether the child had any contact with the monkey in recent times (7). Importantly, the boy was not vaccinated against smallpox unlike the other members of the family (8). After that, MPX outbreaks mainly occurred in West and Central Africa until 2003, following the import of infected prairie dogs from Ghana to the United States (US). Remarkably, those dogs were housed or transported together with African rodents from Ghana. In total, 47 MPX cases were reported with no death (9, 10). In 2021, two cases of MPXV were reported in the US, both imported from Nigeria (11, 12). Apart from the US, few single MPX cases were reported in different countries such as the United Kingdom (UK), Israel, and Singapore (3, 13–16). All were related to travel to Africa, particularly Nigeria. However, since May 2022, the confirmed cases of MPXV dramatically increased outside of Africa, and currently, it is a global concern. WHO declared the MPX outbreak a global health emergency on July 23, 2022 (17). The timeline of MPXV spread since 1958 is given in Figure 1.




Figure 1 | Timeline of MPXV from the first identification until the current outbreak.



MPXV represents a linear double-stranded DNA (dsDNA) virus and it has two forms like other poxviruses– intracellular mature virus (IMV) and extracellular enveloped virus (EEV). MPXV has a large DNA genome (18) and is quite stable in the environment as DNA viruses mutate less frequently than RNA viruses (5, 19). Until 2022, the spread of the virus via secondary transmission outside Africa was limited (20). The current non-endemic MPXV outbreak is the first and largest outbreak to date that is different from the previous waves as an intensive human-to-human transmission takes place (3). The MPXV can be transmitted via exposure sources such as scratches and bites from an infected animal, saliva, respiratory excretions, contact with the lesion exudate, or even feces (8, 21). Except for the similarities to the symptoms of smallpox, unlike it, the clinical manifestation of MPX also includes lymphadenopathy. The rash appears 1 to 3 days after the onset of fever and lymph node enlargement. It can be distributed all over the body but mainly concentrated on the extremities (8), genitals, and anus (3, 22–25).

Despite the availability of a smallpox vaccine that has high efficiency to MPXV, there is no specific vaccine for MPXV. Hence, it is urgent to develop a strategy for designing a universal MPXV vaccine for further unexpected epidemics/pandemics preparedness. Nucleic acid vaccines, particularly mRNA vaccines have elicited high efficiency against ongoing coronavirus disease 2019 (COVID-19) pandemic (26–31). Moreover, DNA vaccines also show great results (32–36), e.g., India has approved a DNA vaccine against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (37). Nucleic acid vaccines have a number of advantages compared with traditional vaccines. Current review addresses the MPXV classification, structure, pathogenesis, and the strategy for designing nucleic acid-based universal vaccine candidates against MPXV.



Monkeypox viruses– classification and structure

Along with MPXV, the genus Orthopoxvirus comprises three more human-pathogen species: variola virus (VARV)– the causative agent of smallpox, vaccinia virus (VACV), and cowpox. VARV and MPXV often cause life-threatening diseases, while VACV and cowpox are usually associated with local lesions. Out of two clades, the West African clade of MPXVs is characterized with less antigenic drift and virulence (38, 39). The Central African clade (clade 1) which is particularly endemic to the Congo Basin causes more severe symptoms of the disease as it is more virulent and transmissible (40, 41). The MPXVs isolated since 2017 are categorized as a clade 3 which along with clade 2 belongs to the West African clade (41, 42). MPXVs identified during the 2017/2019 outbreaks belong to lineages A.1, A.2, and A1.1, while MPXVs isolated during the current multi-country outbreak belong to lineage B.1 (41, 43). Importantly, clade 3 is characterized by the high number of mutations allowing increasing the adaptability to humans (42).

MPXV like other poxviruses is a large (~280 nm X ~220 nm) (13), brick- or oval-shaped enveloped virus. The viral core is dumbbell-shaped and contains the enzymes necessary for uncoating and replication as well as the large ~197 kb long viral genome that is a linear dsDNA comprising over 190 open reading frames (ORFs) (3, 18). The MPXV has a complex structure and its genome is not fully characterized. Although there are at least 90 essential ORFs, most of the ORFs still need to be identified and studied (3, 44) (Figure 2). Like other poxviruses, MPXV also has two forms–EEV and IMV. EEV has an additional outer membrane and is considered to play a major role in early dissemination while IMV is released during the cell lysis. Both forms induce the infection (45, 46).




Figure 2 | The general structure of MPXV.





Infection, pathogenesis, and clinical manifestation

After MPXV transmission through contact with an infected animal, human, or contaminated objects, the virus enters the body, disseminates systematically via monocytic cells, and can infect most mammalian cells (47). According to the clinical studies, lymphoid tissues in the neck and throat represent the primary replication areas for MPXV. After the primary lymphatic dissemination of the virus, liver and spleen are the major targets for the infection. The spread of the virus into small dermal blood vessels gives rise to the skin infection and lesions (48). The extracellular proteins of the poxviruses attach the glycans (laminin, heparin, and chondroitin sulfates) of host cells (49–51). H3L (heparan-binding surface IMV membrane protein), A29L (heparan-binding IMV surface membrane fusion protein), and E8L (chondroitin sulfate-binding IMV surface membrane adsorption protein) are among the proteins that are responsible for the attachment (49, 51). After the pH-dependent fusion and entry into the host cell, viral transcription takes place. Notably, transcription occurs via the viral DNA-dependent RNA polymerase. Hence, unlike other DNA viruses, MPXV does not need to be transported into the nucleus, instead, with its own machinery, the transcription takes place in the cytoplasm. Following transcription, translation occurs on the ribosomes of the host cell (52, 53). The majority of IMVs remain intracellularly and are released only upon the cell lysis while some of them become enveloped (intracellular enveloped virus (IEV)) by the additional outer membranes derived by the endoplasmic reticulum or Golgi apparatus. After the MPXV gains an additional membrane, it is either transported into the neighbor cell or outside the cell and becomes EEV (54). It is known that EEV infects the cells more efficiently compared with the IMV (55). Usually, the incubation period of MPXV lasts for approximately two weeks (56) and typically it is resolved within 2-4 weeks (22).

The MPX is characterized by similar symptoms as other poxviruses along with certain distinctive features. The common symptoms include fever, chills, body- and headaches, fatigue, sore throat, and rash that becomes papules and crust later while healing. Because of these similarities, MPX is often misdiagnosed with other poxviral diseases. The main difference between MPX and other poxvirus disease manifestations is that MPXV infection causes enlargement of lymph nodes before the development of rash (57–61). The rash is presented all over the body, usually concentrated on the face and extremities, however, the current multi-country outbreak of human MPX demonstrated the new tendency of atypical presentation. During the 2022 MPXV outbreak the lesions are usually localized in the genitals and/or anus of the infected patients (3, 22–25) and patients experience extreme rectal pain and penile oedema (62, 63). The complications of the MPX disease may be even life-threatening, e.g., encephalitis, sepsis, etc. (22). Besides, MPXV can be vertically transmitted making pregnant women and fetus vulnerable (48). Unfortunately, the lack of surveillance and health care in countries of Africa greatly contributes to the underdiagnoses of MPX and the spread of the virus, meaning that the numbers of daily cases have been more likely much higher than the officially recorded numbers (2). Notably, during the current outbreak, more MPX cases are detected in men who have sex with men (MSM) (62, 64–67). When the MPX cases were identified in Africa before spreading the virus outside the continent, it was notable that more confirmed cases were male. E.g., When 760 cases were detected in DRC during 2005-2007 through the surveillance program, the male patients (62.1%) predominated females (68). Martinez et al. have revealed that in Spain, a region of Madrid, by June 2022, 508 MPX cases were identified out of which 99% were men. 84.1% of the total number of cases had condomless sexual intercourse with multiple partners before the onset of the MPX symptoms. 93% of them were men who had sex with men. The distribution of the rash indicates that this type of close physical contact plays a major role in disease transmission (69). Remarkably, the tendency of smallpox vaccination among MSM is increasing (70). The illustration of MPX symptoms is given in Figure 3.




Figure 3 | Pathogenesis and clinical manifestation of MPXV.





Reasonings of 2022 MPX outbreak

On the one hand, the global concern has increased as MPXV crossed the African borders and cases have been increased fast, especially, since May 2022. However, it should not be considered an unexpected and unpredicted outbreak as there were many warning signs before MPX spread worldwide. Before the current outbreak took place, there was some favorable basis for MPXV to be disseminated worldwide. Noteworthily, a few months earlier before MPXV turned out into the center of global attention, Bunge et al. systematically reviewed human MPX epidemiology changes. They summarized that MPX cases were escalating, especially in DRC but it was also spreading to other countries, and besides, the median age was growing from young children to young adults (71).

There are several possible reasons that laid the groundwork for spreading MPXV worldwide in an unusual manner since May 2022. Some of the reasonable assumptions are: increased animal trade and making a favorable environment for crossing species barriers (8); increased international travel (3); long-term cryptic dissemination of MPXV in humans and animals in non-indigenous countries (42) along with the lack of the surveillance programs and less funding for health care in endemic countries (8); introduction of the virus in non-endemic countries by the super-spreader events (42); vanishing the global immunity against smallpox due to the eradication of smallpox infection and vaccination cessation since 1980 (5, 8, 72, 73) and acquiring the clinical relevance of MPXV (74); affected immunity due to the COVID-19 pandemic along with the increased adaptability of MPXV via increased mutation rate. The possible reasons for 2022 MPXV multi-country outbreak are illustrated in Figure 4.




Figure 4 | Possible reasons for 2022 MPXV multi-country outbreak.



As the smallpox vaccine is also effective (up to 85%) (74) in preventing MPXV and today approximately 70% of the world population is unvaccinated to smallpox and lacks vaccine-derived immunity (3), this reason seems to be one of the most rational for the current MPXV outbreak. Moreover, most of the MPX patients are under 50 and have never been vaccinated against smallpox. Interestingly, Adler et al. performed a retrospective observational study and found that there were 7 MPX patients registered in the UK from 2018 to 2021. Four of them acquired the disease outside, while 3 of them were in the UK. Out of these 3 patients, 2 developed the symptoms after arriving from Nigeria while the third patient was a healthcare worker who got MPX symptoms 18 days after contact with one of the other patients while taking care. More importantly, the third patient was vaccinated against smallpox (56). This also underlines the fidelity of long-term cryptic dissemination of the MPXV before the 2022 outbreak. All the abovementioned reasons indicate that the 2022 MPX outbreak was expected to occur.



Prevention and treatment

The genome sequence of currently spread MPXV was reported on May 19, 2022, and was identified as a virus of the West African clade (67). Although this clade is characterized by less mortality and milder forms of the disease (75), it can still cause considerable morbidity and mortality. MPXV is still not a sufficiently studied virus and the treatment and prevention strategies are based on the methods used for the treatment of other Orthopoxviruses such as smallpox. E.g., Matias et al. have demonstrated that a pan-Orthopoxvirus inhibitor tecovirimat (TPOXX) which is approved by food and drug administration (FDA) for treatment of smallpox (76) could treat hospitalized MPX patients (77). Alternatively, there is another FDA-approved drug brincidofovir for the treatment of smallpox which is under investigation and has already shown efficacy against MPX in MPXV prairie dog models (78, 79). Additionally, cidofivir has demonstrated efficacy against Orthopoxviruses in vitro and in vivo studies (80–82). As the VAC immune globulin intravenous (VIGIV) is licensed by FDA for the treatment of complications caused by VAC vaccination, it is also considered one of the reasonable drug targets against MPXV for investigation (82). Currently available vaccines are JYNNEOS (VACV-based) and ACAM2000 (VACV-based) that are originally developed against the smallpox virus (83, 84).



From variolation to nucleic acid vaccines

In 1774, the time when smallpox was spread, in the UK, farmer Benjamin Jesty was the first to immunize his family with material obtained from the cattle infected with cowpox (animal virus) to protect from smallpox (deadly human virus). As a result, all of them stayed healthy despite the numerous exposure to the smallpox virus (85). In 1796, key advancement in vaccinology took place. In the UK, Edward Jenner used a substance taken from the cowpox lesions of young dairymaid to inoculate an 8-year-old boy named James Phipps. Later, Edward Jenner inoculated the boy with the substance obtained from a fresh smallpox lesion and no disease was developed (85). As the word for a cow in Latin is “Vacca” and cowpox was used for the immunization against smallpox, Edward Jenner called this immunization procedure vaccination (85). He was the first person to confer scientific status on this new procedure and pave the way for the following scientific studies. This was the historic origin of immunization even though viruses as the causative agents of diseases were not yet identified (86). Smallpox which killed over 300 million people in the 20th century was finally eradicated thanks to Edward Jenner’s enormous contribution (86). Interestingly, before this milestone, another turning point that had laid the groundwork for the development of immunization was variolation (inoculation)– an ancient Asian technique of infecting people with fluid from the smallpox pustules of a patient with a mild form of the disease. This strategy was also introduced in Europe, particularly, in the UK where Edward Jenner had experienced variolation himself when he was a little boy (87, 88). Several decades after the development of the first vaccine against smallpox (1798), in 1885, Louis Pasteur developed an inactivated virus vaccine against rabies (89). This is when the era of vaccinology and preventive medicine was launched. Anti-rabies vaccine continues saving millions of potential victims globally. Later in 1937, Max Theiler worked on the attenuation of the yellow fever virus and laid the groundwork for using live attenuated viruses for immunization. It was followed by the development of a series of live attenuated vaccines such as measles, rubella, varicella, etc. (86).

World scientists have kept advancing the prophylactic and therapeutic vaccinology all the time and the morbidity and mortality caused by various infectious diseases kept decreasing. Except for the physically or chemically inactivated and live attenuated vaccines, subunit vaccines comprising purified antigens, toxoid vaccines (inactivated bacterial toxins), as well as nucleic acid vaccines have been developed (90). Indeed, since the COVID-19 global pandemic has emerged, the new epoch of next-generation vaccines has begun. Evidently, the mRNA-based approach is advantageous owing to its high efficacy, safety, rapid development, low-cost, and cell-free manufacturing (26, 27, 91). In 1987 a key experiment was done by Robert Malone when he mixed mRNA with the synthetic cationic lipid incorporated into the liposome resulting in the successful transfection into the NIH 3T3 mouse cells and expression (92). Later in 1997 biochemist Katalin Kariko and immunologist Drew Weissman worked on the development of a human immunodeficiency virus (HIV) vaccine based on mRNA technology but as a result, a strong inflammatory response was observed in mice. Hence, they worked on the nucleoside modification and their approach was successful as mRNA was capable to escape innate immune response and increase the translation efficacy (93). Ultimately, the effective mRNA vaccines against COVID-19 that have emergency authorization– BNT162b2 (developed by BioNTech/Pfizer) and mRNA-1273 (developed by Moderna), contain the modified nucleobase N1-methylpseudouridines (m1Ψs) that modulates immune evasion, protein production, and effectiveness (94).

Along with the mRNA, DNA vaccines should not be forgotten as well. Both nucleic acid vaccines carry genetic information of the viral antigen into the host cells and allow them to produce the corresponding protein. This helps the body to develop immunological memory and to fight the real virus in a timely and effective manner in case of exposure (90, 95). mRNA needs to be delivered in the cytoplasm of the host cell to be translated into the target protein while DNA vaccine needs to be transported into the nucleus where it will be transcribed and after translocation of mRNA into the cytoplasm translation into the protein will take place (96). On the other hand, the time of DNA vaccine development from the design to commercialization is shorter (33). DNA vaccines, are considered to be safe (97), and compared to mRNA vaccines they elicit more stability at ambient temperatures (98). There are already approved DNA vaccines for veterinary use against highly pathogenic H5N1 influenza A virus in poultry (98), West Nile virus in horses, etc. (99). Same as in mRNA vaccines, the first human DNA vaccine was also approved for SARS-CoV-2 for emergency use in India (37). Additionally, there are a number of DNA (37, 100) and mRNA (101, 102) vaccines in clinical development.



Need for vaccine development

For many years MPXV was considered to be geographically limited and it was not the center of foci for scientists. It recently re-emerged as the cases increased rapidly outside of Africa. This should be a wake-up call for other viruses as well, such as Crimean-Congo hemorrhagic fever (CCHF) virus, Zika, Ebola, etc. Fortunately, out of two major clades of MPXV, the West African clade is spread which is less severe compared with the Central African clade. Interestingly, the fatality rates for these two clades have a big difference as it is mentioned above (71). Nevertheless, we are not secure that the Central African clade of MPXV will never become an unpredictable deadly pandemic. It is also noteworthy that the MPX outbreak in Nigeria (West Africa) during 2017-2018 reported 122 confirmed cases with 7 deaths out of whom 4 were HIV-positive with poor disease control (103). Gay or bisexual men should be more careful and it is recommended for them to take active preventive measures such as vaccination. Even though it is reported that the smallpox vaccine provides protection against MPXV (104, 105), cases of MPX disease manifestation in smallpox-vaccinated patients are still observed (106). Moreover, rare but serious side effects such as myocarditis and pericarditis are still reported and certain groups of population are vulnerable to vaccination. Besides, the first and the second doses of JYNNEOS are administered 28 days apart. As it is unclear whether the first dose is enough for the sufficient efficacy, in case of post-exposure vaccination, 28 days is too late to protect from the MPX disease. Importantly, the risks of creating new virus strains via exchanging genetic information when infected with MPXV in vaccinated individuals is not understood. Moreover, the rate of recombination of the genes from live or attenuated poxvirus-based vaccines with MPXV is unknown (48). Hence, the specific, truly universal vaccine development for MPXV is essential. Additionally, the case of human-to-dog transmission of MPXV has already been detected which makes the eradication of the outbreak even more difficult (107). Moreover, if we observe the rationale of the tendency of infection outbreaks, we should appreciate the danger of other relatively forgotten viruses such as smallpox that has been already eradicated. If the MPXV emerged because of the wanned immunity against smallpox, smallpox itself with a mortality rate of 10-75% (108) might also re-emerge with a much deadlier outcome. Furthermore, although, MPXV is usually resolved by itself, the current international outbreak showed that it might be life-threatening as well (106). Indeed, MPXV belongs to biosafety level 3 pathogens according to the EU regulations and is categorized as a high-threat virus (109). Alarmingly, the COVID-19 pandemic still exists and infects hundreds of thousands of people daily which makes the world population more vulnerable to MPXV. The high mutation rate of MPXVs isolated during the recent outbreak (42) along with all the abovementioned indicates the urgent need for developing specific, universal MPXV vaccine candidates to ultimately control this emerging virus and be prepared for any sudden outbreak. Considering all the above-stated information along with the extremely advantageous characteristics of nucleic acid-based vaccines, developing a new, next-generation MPXV vaccine certainly makes sense. The efficacy, safety, and simple and rapid production will make the nucleic acid-based MPXV vaccine clinically and socio-economically valuable.



Design of potentially universal MPXV vaccine based on conserved elements

Nucleic acid vaccines do not require a complicated manufacturing process as after the immunization, the body becomes a bioreactor of the viral antigen. Thus, the process of vaccine development is cell-free, simpler, cost and time-effective. Above all, these types of vaccines are favorably safe. In order to design a potentially universal vaccine that will be effective against MPXV, VARV, and VACV, making the multi-epitope vaccine based on the conserved elements of the reasonably selected antigens seems to be the excellent way. First, the antigens should be selected according to their function in viral infection. In case of MPXV, the antigens listed in Table 1 seem to be reasonable targets.


Table 1 | List of the potential target antigens of MPXV and their corresponding proteins in VARV and VACV for the nucleic acid vaccine design, their location, function, and characteristics.



After selecting the antigens, the conserved sequences of the selected viral proteins should be determined via immunoinformatics tools (112–114). Luckily, there is a number of immunoinformatics approaches that can be used. The experimentally tested epitopes containing these conserved sequences can be found or predicted on the immune epitope database (IEDB) (115). After the final mRNA or DNA construct is designed using the preferable epitopes and optimized via selecting certain 5’ and 3’ untranslated regions (UTRs), proper linkers, and immune-modulator adjuvants (116), again immunoinformatics analyses should be conducted such as prediction of vaccine structure, immunogenicity, protectiveness, allergenicity, physicochemical properties, receptor-binding capacity, immune response caused via immune simulation, etc. (117–130). This will save time to anticipate the potential outcome of the designed vaccine. Once the results are favorable, the in vitro and in vivo studies will eventually validate the protectiveness of a potentially universal vaccine against MPXV. For the experimental validation, the following steps are proposed to be done: plasmid DNA expressing the gene of interest is synthesized and transformed into DH5α competent E. coli strain for amplification. It is followed by the extraction of plasmids from bacterial cells and purification. When the successful protein expression is confirmed via mammalian cell transfection, the plasmid can be used as a DNA vaccine for further in vivo studies or it should be linearized and in vitro transcribed into mRNA. mRNA is capped (5’-cap) for stability, protection from degradation, and facilitation of ribosomal recruitment (94). After mRNA is purified, its expression levels should be tested via cell transfection that can be followed by encapsulation with the proper delivery system such as lipid nanoparticles (LNPs) (28) and animal immunization experiments can be proceeded. Cellular and humoral immune responses elicited by the mRNA vaccine and the protection after viral challenges should be evaluated with the proper analyses. The outline of the development of a universal nucleic acid vaccine against MPXV is illustrated in Figure 5. In terms of mRNA vaccine side effects, it mainly depends on the dosage. Remarkably, this problem might be solved with self-amplifying (saRNA) or trans-amplifying RNA (taRNA) vaccine development that represents the next-generation nucleic acid vaccines owing to their lower dosage requirements. E.g., Vogel et al. demonstrated that 64-fold less material is needed for inducing the same immunity with saRNA compared to conventional mRNA vaccine against influenza virus (131). Compared with the mRNA molecule (~2000 nt), saRNA is longer (~10,000 nt) as besides the gene of interest, it contains the viral replicase genes which is based on the four non-structural proteins (nsPs) of alphaviruses. The presence of nsPs replicon, allows the molecule to be self-amplified in the host cell, producing the great number of desired antigens (132, 133). The viral replicase replicates the entire RNA as well as the sub-genomic RNA (133). As a result, higher and long-lasting antigen expression takes place. Remarkably, the challenge of saRNA large size can be dealt with using taRNA. The taRNA technology denotes splitting the saRNA molecule into two shorter molecules– encoding replicase and gene of interest separately (133, 134).




Figure 5 | Outline of designing universal multi-epitope vaccine against MPXV, VARV, and VACV.





Summary

Even though MPXV is not characterized as highly contagious virus as SARS-CoV-2, and smallpox vaccine that is effective against MPXV is available, attention should not be relaxed on developing specific vaccine candidates and seeking treatment ways for this virus. Unequivocally, it is much better to prevent disease in healthy populations than to make an effort to treat disease in already sick patients. The realignment of vaccination strategies as proposed here will work for the common well-being of the human population, particularly for the vulnerable population or those who have close contact with animals such as monkeys or rodents. It is also important that lately MPX was identified in a pet dog which worsens the situation meaning that the virus might circulate in animals and impede its eradication. Here, we provide the rationale for a potentially universal immunization strategy for multi-epitope nucleic acid-based vaccine design. The proposed vaccine construction is based on the conserved epitopes that gives the basis of its potential universality among newly formed mutated strains of MPXVs as well as strengthening the immunity against VARV, and VACV. Thus, the proposed strategy may be one step forward to speeding up overcoming the current outbreak as well as preventing other potential outbreaks.
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Monkeypox is a viral etiological agent with hallmarks analogous to those observed in smallpox cases in the past. The ongoing outbreak of Monkeypox viral infection is becoming a global health problem. Multi-valent peptide based next generation vaccines provides us a promising solution to combat these emerging infectious diseases by eliciting cell-mediated and humoral immune response. Considering the success rate of subtractive proteomics pipeline and reverse vaccinology approach, in this study, we have developed a novel, next-generation, multi-valent, in silico peptide based vaccine construct by employing cell surface binding protein. After analyzing physiochemical and biological properties of the selected target, the protein was subjected to B cell derived T cell epitope mapping. Iterative scrutinization lead to the identification of two highly antigenic, virulent, non-allergic, non-toxic, water soluble, and Interferon-gamma inducer epitopes i.e. HYITENYRN and TTSPVRENY. We estimated that the shortlisted epitopes for vaccine construction, roughly correspond to 99.74% of the world’s population. UK, Finland and Sweden had the highest overall population coverage at 100% which is followed by Austria (99.99%), Germany (99.99%), France (99.98%), Poland (99.96), Croatia (99.93), Czech Republic (99.87%), Belgium (99.87), Italy (99.86%), China (97.83%), India (97.35%) and Pakistan (97.13%). The designed vaccine construct comprises of 150 amino acids with a molecular weight of 16.97242 kDa. Molecular docking studies of the modelled MEMPV (Multi-epitope Monkeypox Vaccine) with MHC I (PDB ID: 1I1Y), MHC II (PDB ID: 1KG0), and other immune mediators i.e. toll like receptors TLR3 (PDB ID: 2A0Z), and TLR4 (PDB ID: 4G8A) revealed strong binding affinity with immune receptors. Host immune simulation results predicted that the designed vaccine has strong potency to induce immune responses against target pathogen in the form of cellular and antibody-dependent immunity. Our findings suggest that the hypothesized vaccine candidate can be utilized as a potential therapeutic against Monkeypox however experimental study is required to validate the results and safe immunogenicity.
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Introduction

Monkeypox is a viral zoonotic disease with characteristics similar to those observed in smallpox cases in the past, however, it is clinically less virulent than smallpox (1). It is caused by monkeypox virus, a member of the family Poxviridae’s Orthopoxvirus genus (2–4). The clinical syndrome is characterized by fever, rash, headache, flu and lymphadenopathy (5). Complications of monkeypox can include pneumonitis, encephalitis, sight-threatening keratitis, and secondary bacterial infections (6). Respiratory excretions, contact with outside fabric or exposure to lesion exudate are considered as mode of transmissions for monkeypox infection (7, 8).

In 1970, first case of monkeypox disease was reported in congo (9, 10). Seven endemic nations reported 1408 suspected and 44 confirmed cases, resulting in 66 fatalities, between January and June 1, 2022 (11). Monkeypox is persistent in a number of countries, including Cameroon, the Central African Republic, the Democratic Republic of the Congo, Gabon, and Ghana (identified in animals only) (11). According to WHO, the situation is evolving and more cases of monkeypox will be found as the epidemic spreads and surveillance improves in both endemic and non-endemic countries (11).

Uptil now, no proper medication has been developed and commercialized to tackle with human monkeypox disease. In past decades, Dryvax, a small pox vaccine was utilized against both small pox and monkeypox (12), however negative side effects shown by vaccinated individuals banned its usage (13, 14). In 2019, Jynneos was scientifically and experimentally approved by Food and Drug Administration US for monkeypox and smallpox prevention (15). Although Jynneos is a safe vaccine and can be utilized under emergency situations, but it is important to remember that since it is not derived from the monkey pox virus itself, it may lose its efficacy if the virus undergoes radical changes (16). According to recent research, Tecovirimat and Brincidofovir mainly responsible as for the treatment human smallpox disease, can play the role of a promising therapeutic against monkeypox disease temporarily. Integration of immune-informatics in vaccine development offers a rapid, accurate, and efficient method for creating disease vaccines (17). Pathogen secretory proteins are a great candidate for predicting B and T cell epitopes in the development of vaccines due to their antigenicity (18, 19). The aim of this research is to construct a novel multi-epitope vaccine responsible to elicit humoral and cell mediated immune response against human monkeypox by extracting highly immunogenic epitopes from cell surface binding protein using an in silico immune-informatics pipeline. Cell surface binding protein enables virion adhesion to the target cell by binding to chondroitin sulfate on the cell surface and resides in the outer-membrane of the microbe, making it a potential candidate for vaccine designing.



Workflow

Figure 1 shows the whole process of the substantial in silico research carried out in this study to develop a Multi-epitope Monkeypox Vaccine (MEMPV).




Figure 1 | Diagram showing the framework that was created to highlight prospective monkeypox vaccine candidate, followed by the anticipation of antigenic B cell derived T cell epitopes. A chimeric vaccine made up of overlapping pooled epitopes and adjuvant was created during the MEMPV’s design and post processing steps. This designed construct was 3D modelled, structurally refined and optimized for codon usage, and cloned in an expression vector. The molecular docking and refining phases were especially focused on determining the vaccine construct’s preferred binding mode with the immunological receptors MHC I, MHC II, TLR3 and TLR4 that allowed favourable contacts for stable complex formation. Moving further, vaccine-immune receptor complex behavior was depicted by performing a normal mode analysis of the top hit docked complexes.




Protein profiling and epitope mapping

The primary sequence of Cell Surface Binding Protein (Uniprot accession number: Q3I8Q9) of monkeypox virus was obtained from UniProt for epitope screening. The immunogenic and antigenic profile of the chosen protein was assessed. In order to determine its likelihood of allergenicity, antigenicity, and physicochemical characteristics, Allertop 2.0 (20), VaxiJen (21) and Protparam (22) were employed respectively. TMHMM2.0 web-tool was employed to calculate number of transmembrane helices in the targeted protein (23). Anticipation of virulence was performed by subjecting the target to VirulentPred web-server (24). In order to avoid auto-immune reactions, targeted protein was passed through similarity check with Human and proteome proteome via BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Both B cell and T cell epitope predictions were made using the Immune Epitope Data Base (IEDB) server (25). Bepipred Linear Epitope Prediction 2.0 algorithm (26) was employed to anticipate linear B cell epitopes, and those with a prediction score>0.5 were taken into account for mapping T cell epitopes. According to their significant correlation with a reference set of MHC I and MHC II alleles, T cell epitopes were selected for further processing. High-affinity MHC allele binders are epitopes with minimal percentile scores (cut off ≤ 40). Filtered epitopes were then subjected to MHCPred 2.0 (27) for the evaluation of their probable binding affinity to the widely distributed HLA II DRB*0101 allele in different populations. Those with an IC50 value<100 nM were classified as effective binders of DRB*0101 (28). With a threshold value of 0.5, antigenic epitopes were predicted by VaxiJen 2.0 (21). ToxinPred (29) was used to eliminate toxic peptides, however, AllerTop 2.0 (30) was utilized to reveal allergic epitopes. The filtered non-toxic epitopes were analyzed by an IFN epitope server to determine their propensity to elicit IFN-gamma responses (31), and only IFN-gamma positive epitopes were selected for further investigation.



Epitope sustainability and estimation of population coverage

The IEDB population coverage analysis tool was employed to study the coverage of the anticipated epitopes in the global human population as it is since we believed the vaccine we developed to be efficacious for a significant portion of the human population (25).



Chimeric MEMPV construction

In comparison to conventional vaccines or single-epitope vaccines, multi-epitope vaccine constructs (MEPVC) are robust (32, 33). They are thought to simultaneously elicit strong and broad-spectrum humoral and cellular immune responses (34). These vaccines are frequently conjugated with adjuvants, which is thought to create prolonged immune responses and boost immunogenicity while minimizing the presence of any unwanted component that can cause pathological immune reactions or negative side effects. In this study, through the use of AAY linker, filtered B cell based T cell epitopes, Cholera Toxin B adjuvant and EAAAK linker, a state of the art, next generation multi-epitope vaccine (MEMPV) is developed.



Physiochemical evaluation, immunological assessment and Modeling of MEMPV’s chimera

The ProtParam tool (22) of the ExPASy server predicted the physicochemical characteristics. SCRATCH predictor server’s 3Dpro programme was employed to model the three-dimensional (3D) structure of the MEMPV from scratch as there is no template available (35). Following that, using GalaxyLoop from GalaxyWeb (36), loop modelling was carried out in the 3D structure of MEMPV. Refinement of the predicted 3D structure is essential to remove bad contacts, therefore GalaxyRefine was employed to execute this purpose (37).



Assessment of structural flexibility

Flexible structural design is essential for MEMPV’s optimum functioning and molecular recognition. Utilizing CABS-Flex 2.0 web server (38), we performed a coarse-grained simulation of MEMPV to analyze its structural flexibility. On the CABS-Flex 2.0 web server, parameters for the MEMPV flexibility studies included 50 number of cycles, 8954 RNG seed, 50 cycles between trajectories, global C-alpha restraints weight (1.0), and global side-chain restraint weight (1.0).



MEMPV-MHC I, MHC II, TLR3, TLR4 binding interaction studies: A blind docking protocol

Blind molecular docking studies were performed to study MEMPV’s affinity for immune receptors as an agonist (39). To execute this purpose, an online PatchDock server was employed (40), where MHC I (PDB ID: 1L1Y), MHC II (PDB ID: 1KG0), TLR3 (PDB ID: 1ZIW) and TLR4 (PDB ID: 4G8A) were chosen as immune cell receptors because of their potential to elicit immune response against foreign pathogens and MEMPV construct was selected as ligand. The default clustering RMSD value is 4.0. Fast Interaction Refinement in Molecular Docking (FireDock) server was utilized to improve the interactions in the output docked solutions (41, 42). UCSF Chimera 1.13.1 was used to thoroughly visualize the MEMPV’s conformation of the chosen complex with regard to MHC I, MHC II, TLR3 and TLR4 (43).



Stability, flexibility and dynamics of the MEMPV-immune receptors:

In order to analyze complex’s stability, three dimensional flexibility and structural dynamics of MEMPV-immune receptor docked cluster, normal mode analysis was performed. In particular, the methods of molecular dynamics (MD) and normal mode analysis (NMA) are useful for defining many dynamic aspects of biological macromolecules. Even for large proteins and protein complexes with experimentally or in silico determined structures, NMA may be used to swiftly and systematically study protein flexibility and dynamics since it is computationally less expensive than MD. NMA is particularly useful for describing the flexible states that proteins assume around an equilibrium location. These conditions have consistently been demonstrated to have functional importance and biological relevance. By contrasting the dynamic behavior of the protein(s) with normal modes, the stability of the protein(s) can be evaluated (44, 45). It is a significant technique that might be used instead of all-atom molecular simulation, which is computationally demanding (46, 47). The total motion of proteins was investigated by carefully examining the normal modes associated with internal coordinates (48). When compared to widely used molecular dynamic (MD) simulations, the method adopted is recognized to produce effective results in less time (49, 50). Thus, utilizing the iMOD server, the movements of protein complexes were examined while important aspects including eigenvalues, b factors, covariance, and deformability were taken into consideration. The deformability at the level of the residue determines how easily protein chains can be bent. Each normal mode’s eigenvalue provides details about the stiffness of the motion. Additionally, this offers vital information about the energy required to distort the protein(s) structure (s). Low eigenvalues (51) are a blatant indicator of the simpler deformation.



Calculation of codon adaptation index and virtual cloning

The MEMPV sequence was reversibly translated in order to achieve a high production rate utilizing the Escherichia coli K12 expression system (52). The JCat web-tool (53) was employed for this, and the codon adaptation index (CAI) was utilized to assess the cloned MEMPV expression rate. The vaccine’s DNA sequence was then computationally cloned into the pET28a (+) expression vector via SnapGene software.



Virtual immune simulation of MEMPV

To computationally analyze the MEMPV’s ability to activate the host immune system, C-ImmSim server (https://kraken.iac.rm.cnr.it/C-IMMSIM/) (54) was used. The host immunological responses against an antigen are assessed using this server’s machine learning and position-specific scoring matrix (PSSM) (54). The lymph nodes, bone marrow, and thymus are the three anatomical components that are connected to the human immune system. The following values were used as input parameters for the immunological simulations: 100 steps, 10 volumes, 12345 random seeds, HLA (A0101, A0101, B0702, B0702, DRB1 0101, DRB1 0101), 3 injections, and default settings for all other features.




Results


Immunogenic and physicochemical profiling of cell surface binding protein

To develop a potential MEMPV, it is mandatory for the targeted protein to reside in outer membrane or periplasmic membrane of the cell. Along with sub-cellular localization, presence of no more than one transmembrane helices, no sequence homology with human and mouse, non-allergenicity, high antigenicity (cut-off >0.4), molecular weight<110kDa and virulence factor>0.5 make the protein a promising candidate for vaccine construct development. Physicochemical evaluation of cell surface binding protein was performed by ExPASy protparam web-tool (22) which predicted the protein to be stable. AllerTop 2.0 (30) anticipated non-allergenic behavior of said protein target. Result of VaxiJen web-server (21) showed the protein to be highly antigenic (cut-off score>0.4). To predict the virulence of protein virulentpred web tool was employed (24). Table 1 provides a detail description of immunogenic and physicochemical profiling of cell surface binding protein.


Table 1 | Immunogenic and physicochemical profile of cell surface binding protein.





Epitope mapping

Acquired immune responses, which are systemic and highly specialized, aid the immune system eliminate or stop the spread of infections (55). Prioritization of the potential epitopes started by prediction of B cell epitopes by IEDB (25). 13 B cell epitopes were anticipated from the target protein consequently leading to the derivation of 18 T cell epitopes (Supplimentary Table 1). These B cell based T cell epitopes were then scrutinized and shortlisted on the basis of their binding affinity with the most prevalent allele among Homo Sapiens i.e. DRB1*0101 (IC50 cut-off value <100), antigenicity, allergenicity, toxicity, water solubility and IFN-gamma production. Epitopes having the capacity to interact with and bind to DRB1*0101 allele induce robust immunological responses (56). By choosing the epitopes with the lowest IC50 value, particularly those with a value under 100 nM, the prediction accuracy was guaranteed (28). All epitopes with an IC50 of 100 nM for T cell alleles are considered as a high binding molecules based on the competitive binding test (57). Antigenic profiling of DRB1*0101 allele binding epitopes was re-performed in order to ensure their capacity to bind immune cell receptor (58). Allergic sequences were eliminated from the list to prevent vaccine-related allergies. Additionally, the potential for virulence, water solubility, and toxicity were all re-assessed. Following the analysis outlined above, a total of two B cell-based T cell epitopes i.e. HYITENYRN and TTSPVRENY were chosen for MEMPV’s development. Supplimentary Table 2 illustrates about the screened B cell derived T cell epitopes.



Assessment of population outreach

Several HLA alleles and their expressions have demonstrated striking worldwide dispersion at multiple frequencies in various ethnic groups and nations. Therefore, the distribution of HLA alleles is essential for the development of an effective MEMPV construct. We estimated that the prioritized epitopes roughly correspond to 99.74 percent of the world’s population. UK, Finland and Sweden had the highest overall population coverage at 100%, followed by Austria (99.99%), Germany (99.99%), France (99.98%), Poland (99.96), Croatia (99.93), Czech Republic (99.87%), Belgium (99.87), Italy (99.86%), China (97.83%), India (97.35%) and Pakistan (97.13%) (Figure 2). In summary, our research proved that the selected epitopes would be strong candidates for creating a MEMPV construct.




Figure 2 | Population outreach of screened epitopes.





MEMPV construct design and post-processing

MEPVCs are stable, specific, cost-effective, time-saving, and stable molecules with the added perk of not having the entire pathogen (59). They have the capacity to concurrently elicit massive and broad-spectrum humoral and cell mediated immune response as they include a substantial number of T cell and B cell epitopes. The two nominated epitopes were linked together via flexible AAY linkers. AAY has the potential to boost the immunogenicity of the peptide-based vaccination, according to recent experimental research (60, 61). Cholera toxin b (CTB) was employed as an adjuvant and joined with epitopes at N-terminus via EAAAK linker to enhance the antigenicity of the designed construct. EAAAK is a rigid linker responsible to provide firmness to the vaccine’s molecular structure. CTB is a harmless component of cholera toxin, that binds to common antigen-presenting cells such dendritic cells, B cells, and macrophages (62). One of our MEMPV construct’s most desirable characteristics is that it will provide the highest accessibility and contact with the immune system within the human body.



Physicochemical profiling and analysis of immunogenicity

According to assessment of its physical and chemical properties, the newly established vaccine construct has 150 amino acids and a molecular weight of 16.97242 kDa. Scientifically, vaccines with a molecular weight<110 kDa are regarded as robust and effective (28). Theoretical isoelectric point is found to be 8.8, which falls within the normal pH range. In human reticulocytes (in vitro), yeast (in vivo), and Escherichia coli, the MEMPV’s sequence’s half-life was determined to be 30 hours, more than 20 hours, and more than 10 hours, respectively (in vivo). The instability index was calculated to be 37.01 indicating stability of our designed construct. Our vaccine’s aliphatic index, which was estimated to be 82.73, is a significant indicator of its thermo-stability at a range of temperatures. According to physicochemical analysis, the GRAVY score for hydrophobicity is -0.263 indicating that the designed construct is hydrophilic (desired attribute) in nature and has the capacity to interact favorably with water molecules making it a suitable vaccine. Antigenicity of the construct is re-evaluated and computed to be 0.5199. AllerTop 2.0 confirmed the construct to be non-allergenic. Immunological profile of vaccine construct along with its physicochemical characteristics is described in Table 2.


Table 2 | Immunogenic and physicochemical profile of proposed MEMPV.





Anticipation of secondary structure, 3D modeling and refinement:

The 3D Scratch pro (35) was used to obtain the multi-epitope vaccine’s first 3D structure. Limited by the lack of high-quality PDB templates to utilize as a guide for the structure prediction process, this programme uses a de novo approach (structural templates are not employed). After that, the model was sent to the GalaxyRefine server (37) for both refinement of local regions and global structural enhancement (Table 3). Based on galaxy refinment scores, model 1 with GDT-HA of 0.95, RMSD of 0.429, MolProbity of 2.178, clash score of 25.5, 1.6% poor rotamers and 97.3% rama-favoured regions was chosen for secondary structure analysis via SOPMA (63).


Table 3 | Description of Galaxy Refine’s improved structural models.



The finalized MEMPV construct contains 50.67% alpha helices, 18% beta-strands, 26% random coils and 5.33% beta turns. However, no 310 helix, Pi helix, beta-bridge and bend region was observed in its secondary structure. According to Ramachandran plot analysis carried out by using PROCHECK (64), the refined model has 127 (91.4%) residues in the most favoured regions and 12 (8.6%) residues in additionally allowed regions. However, no residue was observed in generously allowed and disallowed regions. A comprehensive description of the enhanced MEMPV assembly is shown in Figure 3.




Figure 3 | Diagrammatic illustration of the finalized MEMPV structural model; (A) a graphical representation of the arrangement of the selected epitopes, linkers, and adjuvant (B) Refined three-dimensional structure of the MEMPV (Cholera Toxin B adjuvant in red color, EAAAK linker in navy blue, AAY linkers in yellow, and epitopes in deep sky blue color); (C) Primary sequence of vaccine construct; (D) Secondary structure characterization;(E) Ramachandran plot illustration of improved MEMPV design.





Assessment of structural flexibility

After modelling and refinement, the proposed MEMPV underwent structural flexibility analysis using the CABS-flex 2.0 server, which produced 10 alternative models (38). The range of the root mean square fluctuation (RMSF) was 0.2080 (lowest) to 5.3130 (highest) (Figure 4). These outcomes demonstrated that the vaccine construct we created is suitable for further processing.




Figure 4 | Structural flexibility assessment of the improved MEMPV: (A) 10 superposed MEMPV models (B) Root mean square fluctuation (RMSF) findings of the proposed MEMPV construct.





Analysis of binding interactions (MEMPV-immune receptors)

In order to trigger the best immune reactions, a vaccine need to have a strong affinity for the host’s immunological receptors, such as Major Histocompatibility Complex (MHC) molecules and toll-like receptors. In this investigation, protein-protein blind molecular docking experiments were carried out using the PatchDock server (40) between the intended construct and the MHC I (PDB ID: 1I1Y), MHC II (PDB ID: 1KG0), TLR3 (PDB ID: 2A0Z) and TLR4 (PDB ID: 4G8A) molecules. The top ten docked clusters obtained via PatchDock were the subjected to FireDock refinement analysis (41). Table 4 displays the docking outcome data for the top 10 complexes for all 4 immune cell receptors. We employed the PDBsum website (65) to obtain substantial knowledge about the residues that bind vaccine and receptor molecules. PDBsum’s characterization of prot-prot interactions indicates that the MEMPV interacting with MHC I receptor form 237 non-bonded contacts, 3 salt bridges, 6 hydrogen bonds, and no disulfide bonds (Figure 5). On the other hand, only one salt bridge, 72 non-bonded contacts, no disulfide bond and one hydrogen bond was found between MEMPV-MHC II interacting residues (Figure 6). Four hydrogen bonds, 83 non-bonded contacts, no disulfide bond and one salt bridge exist between binding atoms of MEMPV-TLR3 docked complex (Figure 7). TLR4 immune receptor contains 4 chains, however vaccine was found to be interacting with its two chains only i.e A and B. One salt bridge, two hydrogen bonds, 111 non-bonded contacts were observed between chain A (TLR4) and MEMPV, however, two salt bridges, one hydrogen bond and 65 non-bonded contacts were witnessed between Chain B (TLR4) and MEMPV. No disulfide bond was formed between interacting residues of MEMPV and TLR4 receptor (Figure 8).


Table 4 | Molecular docking results of MEMPV with MHC I, MHC II, TLR3 and TLR4 molecules.






Figure 5 | Schematic illustration of MEMPV-MHC I docked cluster. (A) Docked pose of MEMPV-MHC I docked cluster. Construct in orange-red, MHC I receptor in purple and interacting residues between immune receptor and vaccine are shown in yellow color. (B) Dimplot of vaccine construct-MHC II docked complex.






Figure 6 | Schematic illustration of MEMPV-MHC II docked cluster. (A) Docked pose of MEMPV-MHC II docked cluster. Construct in orange-red, MHC II receptor in forest green and interacting residues between immune receptor and vaccine are shown in yellow color. (B) Dimplot of vaccine construct-MHC II docked complex.






Figure 7 | Schematic illustration of MEMPV-TLR3 docked cluster. (A) Docked pose of MEMPV-TLR3 docked cluster. Construct in orange-red, TLR3 receptor in navy blue and interacting residues between immune receptor and vaccine are shown in yellow color. (B) Dimplot of vaccine construct-TLR3 docked complex.






Figure 8 | Schematic illustration of MEMPV-TLR4 docked cluster. (A) Docked pose of MEMPV-TLR4 docked cluster. Each chain of TLR4 receptor is represented in a different color, i.e. chain A: dark magenta, chain B: deep pink, chain C: navy blue, and chain D: forest green, construct in orange-red and interacting residues between immune receptor and vaccine are shown in yellow color. (B) Dimplot of vaccine construct and TLR4 docked complex.





Analysis of structural dynamics and stability of the docked complexes

IModS adjusts the complex’s force field with regard to various time intervals in order to perform structural analysis of top hit docked complexes. The PDB complex internal coordinates were taken into account throughout this process. Arrows indicate the direction of the residue, and the length of the line depicts the degree of mobility in the three-dimensional model. It was discovered that both proteins (i.e. immune receptor and MEMPV construct) were mobile, allowing their chains to directly face one another (Figures 9A, 10A, 11A, 12A. The produced docked models exhibit reduced distortion at each residue’s capacity level (Figures 9B, 10B, 11B, 12B. B factor values align and endorse the results of RMSD (Figures 9C, 10C, 11C 12C.The eigenvalue for MHC I-MEMPV docked cluster, MHC II-MEMPV docked cluster, TLR3-MEMPV docked cluster and TLR4-MEMPV docked cluster is 5.415229e−05, 7.186818e−06, 7.207978e−06 and 3.626738e−05 respectively (Figures 9D, 10D, 11D, 12D. These decreased Eigen values and B factor values suggest that less energy is required to structurally adjust vaccine construct and immune receptor to bind with each other and generate immune response. Enhanced interactions between interfacing residues were demonstrated by low RMSD and highly correlated areas in all heat maps (Figures 9-12). It is well known that the eigenvalue and the normal mode variance display an inverse relationship (Figures 9E, 10E, 11E, 12E) (50, 66). Additionally, the covariance matrix provides a visual representation of coupling between residual pairs (Figures 9F, 10F, 11F, 12F showing that this coupling may be due to correlated, uncorrelated, or anti-correlated motions. An elastic network model was produced using NMA at the end (Figures 9G, 10G, 11G, 12G. The atom pairs connected by springs were discovered using this model. Each dot in the illustration represents a spring between the appropriate atomic pairs, and the amount of stiffness was taken into consideration while coloring. The darker the greys, the firmer the springs are.




Figure 9 | Analysis of the vaccine-MHC I complex in normal mode. (A) Structural strength of the refined protein-protein complex mobility; (B) deformability in relation to atoms; (C) B-factor in relation to atoms; (D) eigenvalue in relation to modes; (E) Structural variance; (F) covariance in relation to residue; (G) elastic network in relation to atoms.






Figure 10 | Analysis of the vaccine-MHC II complex in normal mode. (A) Structural strength of the refined protein-protein complex mobility; (B) deformability in relation to atoms; (C) B-factor in relation to atoms; (D) eigenvalue in relation to modes; (E) Structural variance; (F) covariance in relation to residue; (G) elastic network in relation to atoms.






Figure 11 | Analysis of the vaccine-TLR3 complex in normal mode. (A) Structural strength of the refined protein-protein complex mobility; (B) deformability in relation to atoms; (C) B-factor in relation to atoms; (D) eigenvalue in relation to modes; (E) Structural variance; (F) covariance in relation to residue; (G) elastic network in relation to atoms.






Figure 12 | Analysis of the vaccine-TLR4 complex in normal mode. (A) Structural strength of the refined protein-protein complex mobility; (B) deformability in relation to atoms; (C) B-factor in relation to atoms; (D) eigenvalue in relation to modes; (E) Structural variance; (F) covariance in relation to residue; (G) elastic network in relation to atoms.





Estimation of codon adaptation index and in silico cloning

The MEMPV construct sequence’s reverse translation was carried out using the JCat server in order to boost expression in E. coli (67). Using codon optimization, the recombinant vaccine protein was produced in the E. coli K12 system at a significantly greater level. Figure 13A shows the reverse translated and optimized sequence consisting of 450 nucleotides. The modified sequence’s codon adaptation index (CAI) value was determined to be 1.0 and its GC content to be 47.336. The fact that each of these figures fell within a reasonable range suggests that the MEMPV construct can be successfully expressed in the E. coli expression system. In order to confirm the JCat results, the sequence was then computationally cloned in the pET28a expression vector (Figure 13B).




Figure 13 | Optimization of codon and Computational cloning. (A) The reverse-translated DNA sequence of the MEMPV; (B) The MEMPV was cloned in silico into the pET28a expression vector.





3.11 Virtual immune simulation (IS) of MEMPV

Immune simulation was carried out using the C-IMMSIM server to anticipate how well the host immune system would respond to our developed MEMPV construct (54). All primary, secondary, and tertiary immune responses were produced in response to designed vaccine. According to Figure 14A, the combination of IgM and IgG antibodies were found in the highest amount, followed by IgG1+IgG2, IgG1, IgM and IgG2. Additionally, analysis and prediction of interleukin and cytokine induction were performed (Figure 14B). All of these findings demonstrate immunogenic and antigenic nature of our developed MEMPV construct.




Figure 14 | Findings of C-Immune Simulation. (A) Represent various types of immune responses generated against proposed vaccine (B) Represent prediction of interferons and interleukins induction in response to proposed vaccine.






Discussion

Multi-epitope vaccines act as a potential yet viable solution to combat emerging infectious diseases due to their capacity to elicit cell mediated and humoral immune response simultaneously. The newly discovered monkeypox virus is a zoonotic orthopoxvirus that infects homo sapiens and culminates in illnesses resembling smallpox. Uptil now, no promising therapeutic is available to treat MPXV infections aggravating the need to establish a next generation, state of the art, multi-valent peptide based vaccine. Multi-valent vaccines can elicit specific immune responses based on conserved epitopes in entire antigenic sequences, avoiding reactions against un-favourable epitopes that might result in immunological-pathogenic or immune-modulating reactions against the host (68, 69). A plausible candidate for vaccine development is the cell surface binding protein, which is expressed in the outer membrane of the microbe and facilitates virion attachment to the target cell by attaching to chondroitin sulfate on the cell surface. The current study establishes the concept of a multi-epitope vaccine formed from a single protein using biophysical and bioinformatics approach.

FASTA Sequence of Cell surface binding protein retrieved from Uniprot protein database was subjected to immunogenic profiling. Physicochemical analysis and antigenic evaluation revealed the protein to be strongly immunogenic, non-allergic, virulent, non-toxic and stable enough for in vitro experimentation and epitope mapping. B cell derived T cell epitopes were mapped against the targeted protein and subjected to iterative and subtractive proteomics pipeline. Only those epitopes were chosen for MEMPV assembly that exhibited substantial affinity for the DRB1*0101 allele in competitive binding assays with an IC50 value less than 100nM, as well as being non-allergic, highly antigenic, virulent, non-toxic, IFN-gamma positive and water soluble. Screened epitopes were joined together via adjuvant and linkers to enhance the efficacy of the finalized MEMPV construct. In order to ensure the immunogenic nature of designed construct, physicochemical profiling, antigenicity anticipation and prediction of allergenicity was performed again. Designed MEMPV was found to be stable, strongly antigenic and immunogenic making it a potential therapeutic to combat against monkeypox infection.

The study of interactions between antigens and receptor immune molecules is crucial for the formulation of vaccines. The vaccine’s 3D architecture was anticipated and then further enhanced via subsequent refinement. The rigorous 3D structural analysis demonstrated the proposed vaccine prototype’s structural stability and revealed that highest proportion of residues lie in the favourable region of Ramachandran plot. Furthermore, according to the anticipated instability score, the developed vaccine structure will be perfectly robust when expressed, increasing its potential as a vaccine. One of the most important steps in validating a nascent vaccine (70), which must be translated in an appropriate expression system, is the confirmation of immune-reactivity based on serological analysis. The creation of recombinant peptides is thought to be best accomplished using the E. coli expression system (71, 72). The hypothesized construct interacted strongly with immune receptors like MHC I, MHC II, TLR3 and TLR4 in molecular docking assay, demonstrating the immunogenic nature of the suggested construct. MD simulations were used to verify the vaccine docked complex’s stability. The molecular stability of the multi-epitope vaccine complex in a cellular context was ensured by this investigation, which supported the vaccine’s strong molecular interactions with the immune receptor. This suggests that the vaccine construct developed in this study has the ability to induce robust immune responses with high gene expression.

Theoretically, considerable cellular and humoral immune responses ought to be elicited by the MEMPV since it was created by combining several B derived T cell epitopes. However, depending on a variety of elements, including the pathogen’s mechanism, the immune system response may change (73). Consequently, host immune simulation response analysis was performed on the vaccine formulation (74). All immunological responses—primary, secondary, and tertiary—were triggered by the intended vaccine. The largest concentration of IgM+IgG antibodies was discovered, followed by IgG1+IgG2, IgG1, IgM, and IgG2. Interleukin and cytokine induction analysis and prediction were also carried out. These results demonstrate that our proposed MEMPV construct is strongly immunogenic, however, this prophylactic vaccination need to be tested experimentally against monkeypox virus to gauge its effectiveness and safety.



Conclusion

Monkeypox viral disease is an emerging global threat characterized by fever, rash, headache, flu and lymphadenopathy. In order to provide a promising solution to tackle the disease, cell surface binding protein of monkeypox virus was employed to design state of the art, next generation, multi-antigenic vaccine construct via immune-informatics and biophysical approaches. Assessment of physicochemical properties, structural flexibility, antigenicity, allergenicity, virulence, toxicity and solubility validated the immunogenicity of the hypothesized vaccine construct. Molecular docking studies, molecular dynamic simulations and c-immune simulations revealed that the designed vaccine has the potential to strongly elicit cell mediated and humoral immune response. The proposed model is ready to be employed by experimental vaccinologists for additional in vitro and in vivo tests to validate its response against monkeypox disease.
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Vaccines are a key weapon against the COVID-19 pandemic caused by SARS-CoV-2. However, there are inter-individual differences in immune response to SARS-CoV-2 vaccines and genetic contributions to these differences have barely been investigated. Here, we performed genome-wide association study (GWAS) of antibody levels in 168 inactivated SARS-CoV-2 vaccine recipients. A total of 177 SNPs, corresponding to 41 independent loci, were identified to be associated with IgG, total antibodies or neutral antibodies. Specifically, the rs4543780, the intronic variant of FAM89A gene, was associated with total antibodies level and was annotated as a potential regulatory variant affecting gene expression of FAM89A, a biomarker differentiating bacterial from viral infections in febrile children. These findings might advance our knowledge of the molecular mechanisms driving immunity to SARS-CoV-2 vaccine.
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Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV-2). It was first discovered in 2019 (1–3) and has spread worldwide thereafter, resulting more than 610 million infections and six million deaths up to September 21, 2022 (https://covid19.who.int/). Therefore, the development of safe and effective vaccines against SARS-CoV-2 has been urgently needed.

An inactivated vaccine is one that uses a killed pathogen to stimulate the immune system to protect the body against infection, which has been successfully applied in preventing diseases such as polio, hepatitis A, influenza, Japanese encephalitis and rabies (4). Two kinds of inactivated SARS-CoV-2 vaccines, BBIBP-CorV and CoronaVac (5, 6), developed by Sinopharm-Bejing Institute of Biological Products Co. and Sinovac Life Sciences respectively, have shown safety and efficiency in clinical trials (7–10) and were granted for emergency use by the World Health Organization. Antibodies induced by vaccines play a key role in preventing disease, and researches indicate that neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection (11). However, differential antibody response to SARS-CoV-2 vaccines in healthy subjects is observed (12) while the related factors remain to be defined.

Human genetic background has been suggested to contribute to inter-individual difference in antibody response to many vaccines (13, 14). For example, multiple studies revealed HLA variants were associated with antibody response to hepatitis B vaccine (15–18). CD46 and IFI44L genetic variants were revealed to be associated with neutralizing antibody response to measles vaccine (19). Common SNPs in IL18R1 and IL18 genes were associated with variations in humoral immunity to smallpox vaccination in both Caucasians and African Americans (20). In addition, recent studies suggested that SNPs in the regulatory region of IGH gene were associated with antibody levels in response to SARS-CoV-2 vaccine (21). However, a genome-wide profiling of genetic variants associated with the antibody levels induced by the SARS-CoV-2 vaccine is still lacking.

Here, we performed genome-wide association study (GWAS) of genetic variants associated with antibody levels induced by inactivated SARS-CoV-2 vaccines. A total of 117 SNPs, corresponding to 41 independent loci, were identified to be associated with IgG, total antibodies (Ab) or neutral antibodies (NAbs) (P < 5e-7). Specifically, the rs4543780, residing in the intron of FAM89A (Family With Sequence Similarity 89 Member A) gene, which was associated with total antibodies level (P = 2.86e-7), was annotated as a potential regulatory variant affecting FAM89A gene expression. These findings might advance our knowledge of the precise mechanisms driving immunity to SARS-CoV-2 vaccine.



Materials and methods


Study participants

A total of 176 individuals who received two doses of SARS-CoV-2 inactivated vaccine was recruited at Beijing, China between February 24th and June 25th, 2021. The inactivated vaccine was either BBIBP-CorV (Sinopharm and Bejing Institute of Biological Products Co., Beijing, China) or CoronaVac (Sinovac Life Sciences, Beijing, China). After removing close related individuals and poor genotyped individuals based on genome-wide genotyping data, 168 individuals were kept for further analysis. Informed consent was obtained from all vaccinated volunteers enrolled in studies at the Beijing BGI Clinical Laboratories. The Institutional Review Board (IRB) of BGI-Shenzhen approved the serological and genomic polymorphism analyses of samples collected by the aforementioned institution under ethical clearance No. BGI-IRB 20158.



Antibody level assay

Serum samples were collected between day 12 and day 141 after the second dose of vaccine to measure antibody levels. IgG, IgA, IgM, total antibodies and neutralizing antibodies against SARS-CoV-2 were detected using magnetic chemiluminescence enzyme immunoassay kits (Bioscience), according to the manufacturer’s instructions. Antibody levels are presented as the measured chemiluminescence values divided by the cutoff (absorbance/cutoff, S/CO). The cutoff value of this test was defined by receiver operating characteristic curves. An S/CO value higher than 1 was regarded as positive.



Genotyping, imputation and quality control

Genomic DNAs were extracted from 200uL of peripheral whole blood, according to the manufacturer’s instructions (CWBIO, Magbead Blood DNA Kit). The DNA concentration was measured using Nanodrop, and the DNA degradation and contamination were monitored in 1% agarose gels.

Genotyping was performed using the CBT_PMRA Array, consisted of about 0.8 million SNPs, at CapitalBio Corporation (Beijing, China). Two of 176 samples had low dish quality control (DQC < 0.82) and were removed from further genotype calling. Genotype callings were performed using Axiom Analysis Suite 3.1.51 based on the default workflow. All the 174 individuals had genotype call rates > 90%. Seven individuals showed sex discrepancies and were changed of sex assignments to those imputed from X chromosome inbreeding coefficients. Six individuals were excluded as they were related with the other individuals based on pairwise identity-by-state by “PI_HAT” values in PLINK 1.9 (PI_HAT > 0.5 and between 0.25 and 0.5 indicates the first- and second-degree relatives, respectively), leaving 168 individuals for further analysis.

Imputation on the genotyping data of chromosomes 1-22 was performed using the ChinaMAP Imputation Server (http://www.mbiobank.com/imputation/) (22), a genotype imputation server utilizing the ChinaMAP reference panel constructed from the China Metabolic Analytics Project (ChinaMAP) WGS dataset. After imputation, the SNPs with R-squares (R2) below 0.6 or minor allele frequencies (MAF) < 0.01 were excluded. Further SNP quality controls filtered out SNPs that had call rates < 90%, deviated significantly from Hardy–Weinberg equilibrium (HWE) (P < 1e-6) or MAF < 0.05. Finally, a total of 5,089,908 SNPs passed quality controls.



Genome-wide association tests

Genetic association analysis was conducted using PLINK 1.9 software (23). As for IgG, Ab or NAbs levels, we carried out genome-wide association tests in linear regression models. As for IgA or IgM level, we categorized the antibody level as two group: S/CO ≥ 1 as positive group and S/CO < 1 as negative group, and carried out genome-wide association tests in logistic regression models. Either linear regression or logistic regression analysis adjusted for covariates including: age, gender, vaccine type, time from the 2nd dose of immunization to blood draw, and the top six principal components from PCA to correct for population stratification. To display the association results, Manhattan plots were constructed using the R-package qqman (24). Quantile–quantile (Q-Q) plots of the observed -log10 (P) against values predicted from the reference distribution under the null hypothesis were constructed and values of lambda (λ) inflation factor were calculated to assess any inflation in the levels of significance (25).



Annotation of significant SNPs

The position of significant SNPs relative to genes was annotated by Ensembl Variant Effect Predictor (VEP) (26). Regulatory potential of significant SNPs was prioritized using RegulomeDB (27), a database that annotates SNPs based on chromatin immunoprecipitation (ChIP)-seq, formaldehyde-assisted isolation of regulatory elements (FAIRE), and DNase I hypersensitive site data sets from the Encyclopedia of DNA Elements (ENCODE) project (28). Regional plot of significant SNPs were performed by LocusZoom (29).



Statistical analysis

The antibody levels in different vaccine type groups were compared using Kruskal-Wallis rank sum test. Comparing antibody levels between males and females was conducted using Wilcoxon rank sum test with continuity correction. Pearson correlation test was used to examine correlation of levels of different antibodies, as well as correlation of antibody levels with age and the interval from the 2nd dose of vaccine to blood draw. P < 0.05 was considered as statistically significant.

The currently accepted P-value threshold to declare a SNP to be genome-wide significant is < 5e-8. Because our current study is comprised of limited number of subjects, and because we plan to identify more candidate SNPs to be further validated and studied, we have chosen the less stringent, but still conservative significance threshold of 5e-7 and considered variants with P > 5e-8 but < 5e-7 as suggestive evidence of association to be highlighted in this report as well. Power analysis by Genetic Power Calculator (30) indicated that for a variant with a MAF of 0.2 and a heritability of 2% and given type I error rate of 5e-7, the sample size to achieve 80% power is at least 155.




Results


Demographic characteristics and antibody levels

A total of 176 individuals who had received two doses of inactivated SARS-CoV-2 vaccine participated in our study. After removing close related individuals and poor genotyped individuals based on genome-wide genotyping data, 168 individuals were kept for further analysis. Of these, 116 were vaccinated two doses of CoronaVac vaccine, 50 were vaccinated two doses of BBIBP-CorV vaccine and two were vaccinated one dose of CoronaVac vaccine and one dose of BBIBP-CorV vaccine (Figure 1A). Female individuals were slightly more than male (58% vs. 42%) (Figure 1B). The majority of individuals were young, with a median age of 31.5 years (Figure 1C). The time from the second SARS-CoV-2 vaccination to blood draw was between 12 and 141 days, with nearly half of individuals (41%) being 126 days (Figure 1D).




Figure 1 | Demographic characteristics and antibody levels of the 168 study subjects. (A) Vaccine type distribution; (B) Sex ratio; (C) Age distribution; (D) Distribution of days between the 2nd dose and blood draw; (E) Level of IgG, IgM, IgA, total antibodies (Ab) and neutralizing antibodies (NAbs) S/CO: sample/cutoff. (F) Percentage of positive individuals for IgG, IgM, IgA, Ab and NAbs.



Consistent with previous reports (12, 31), the serum antibody response to inactivated SARS-CoV-2 vaccines was mainly IgG, with the median level of IgG being 6.13 while the median levels of IgA and IgM being 0.20 and 0.56, respectively (Figure 1E). In addition, 95% of individuals was positive of IgG while only 5% and 38% of individuals was positive of IgA and IgM, respectively (Figure 1F). As expected, the level of Ab was positively correlated with levels of IgG, IgM and IgA (Figure S1A). On the other hand, the level of NAbs was positively correlated with level of IgG, suggesting that it was mainly IgG contributing to neutralizing effect of antibodies against SARS-CoV-2 (Figure S1A).

Differences of IgM and Ab levels were observed in different vaccine type groups (P = 6e-5 and P = 2e-4, respectively), with a higher level in BBIBP-CorV group than CoronaVac group, while IgG, IgA and NAbs levels had no significant differences among different vaccine type groups (P > 0.05) (Figure S1B). Furthermore, sex and age had no significant effect on antibody levels (Figures S1C, D). However, the time interval between the 2nd dose of immunization and blood draw was negatively correlated the levels of IgG, IgM, IgA and Ab, suggesting that the antibody levels might decline with time (Figure S1D).



Genetic associations with antibody responses

To characterize the genetic association with antibody responses after SARS-CoV-2 inactivated vaccine immunization, we performed genome-wide association study of IgG, Ab and NAbs levels in linear regression models adjusting for covariates including: age, gender and the top five principal components from PCA. As for IgM and IgA, because their levels were low and a large proportion of individuals were negative, we categorized the individuals into positive group and negative group based on the seropositivity, and carried out genome-wide association tests in logistic regression models. Q-Q plots of the observed vs. expected -log10(P) indicated that there was no severe inflation in these statistical tests (Figure S2).

Analysis of the genome-wide association data identified a total of 177 SNP associations with variations in antibody levels at P < 5e-7, corresponding 41 independent loci. Among these associations, 12 SNPs, corresponding eight independent loci were associated with IgG level (Figure 2A); 99 SNPs, corresponding 15 independent loci were associated with total antibodies level (Figure 2B); 66 SNPs, corresponding 18 independent loci were associated with neutralizing antibodies level (Figure 2C). The lead independent SNPs were listed in Tables 1–3. No SNPs were significantly associated with the seropositivity of IgM or IgA (Figure S3).




Figure 2 | Manhattan plot summaries of GWAS results for antibody response. (A) Results for IgG level; (B) Results for Ab level; (C) Results for NAbs level.




Table 1 | Lead independent SNPs associated with IgG level.




Table 2 | Lead independent SNPs associated with Ab level.




Table 3 | Lead independent SNPs associated with NAbs level.





Annotation of significant associated SNPs

Annotation of significant associated SNPs using Ensembl Variant Effect Predictor (VEP) (26) revealed that the majority of SNPs (86.49%) resided in the intron of genes and intergenic region, and none of SNPs resided in the exon of genes (Figure S4), suggesting that these SNPs might function as regulatory variants affecting gene expression. Thus, we prioritized the regulatory potential of significant SNPs using RegulomeDB (27), a database that annotates SNPs based on chromatin immunoprecipitation (ChIP)-seq, formaldehyde-assisted isolation of regulatory elements (FAIRE), and DNase I hypersensitive site data sets from the Encyclopedia of DNA Elements (ENCODE) project (28).

Interestingly, rs4543780, an intronic SNP associated with total antibodies level (P = 2.86e-7, Figure 3A and Table 2), was ranked as 1f (Figure S5), which meant it was an eQTL and overlapped with transcription factor binding site or DNase peak. Indeed, it resided in DNase peak (Figure 3B) and GTEx data (32) showed that T allele of this variant was associated with lower expression of FAM89A gene in brain and muscle (Table 4), suggesting this variant might contribute to antibody response through regulating FAM89A gene expression. In addition, though the function of FAM89A gene has barely been investigated, this gene has been found to be upregulated in pathogen infections (33–35), indicating that it might be involved in immune response.




Figure 3 | Annotation of the significant association SNP rs4543780. (A) LocusZoom plot showed the P value of the SNPs centering the lead SNP rs4543780, linkage disequilibrium degree, the recombination rate (top panel), SNP hits in GWAS catalogue (middle panel) and the genes in the region (bottom panel). 1:231038685_C/T indicated rs4543780 residing in chr1: 231038685 with reference allele of C and alternative allele of T; (B) DNase-seq peaks in the region of rs4543780 annotated by RegulomeDB. The yellow vertical line indicated the position of rs4543780.




Table 4 | Association between rs4543780 and FAM89A gene expression revealed by GTEx (V8) eQTL data.






Discussion

In this study, we identified 177 SNPs, corresponding to 41 independent loci, that were associated with IgG, total antibodies or neutral antibodies. Specifically, the intronic variant of FAM89A gene, rs4543780, which was associated with total antibodies level, was annotated as a potential regulatory variant affecting FAM89A gene expression.

To the best of our knowledge, this is the first genome-wide association study of antibody response to SARS-CoV-2 vaccine. Previously there were two candidate gene studies. Ragone et al. found HLA did not impact on short-medium-term antibody response to Pfizer-BioNTech BNT162b2 vaccine, which was a SARS-CoV-2 mRNA vaccine (36), though HLA variants have been shown to be associated with antibody response to several other pathogen vaccines (15–18, 37–39). Consistent of this research, we did not found associations between HLA variants and antibody response either. Another study by Colucci et al. found associations between allelic variants of the human IgH 3’ regulatory region 1 and the immune response to BNT162b2 mRNA vaccine (21). However, these variants did not pass the statistical threshold in our analysis, probably due to different kinds of vaccines, as we only had inactivated COVID-19 vaccine recipients available. On the other hand, our genome-wide analysis newly identified 177 SNPs, corresponding to 41 independent loci, that were associated with IgG, total antibodies or neutral antibodies.

Annotation of these significant associated SNPs revealed that none of SNPs resided in the exon of genes, with the majority of SNPs (86.49%) residing in the intron of genes and intergenic region, suggesting that these SNPs might function as regulatory SNPs of gene expression. Further annotation by RegulomeDB (27) prioritized the intronic SNP of FAM89A gene, rs4543780, as a potential regulatory SNP. This variant was significantly associated with total antibodies level. Moreover, ENCODE (28) data showed it resided in the open chromatin region and GTEx (32) data showed it was associated with FAM89A gene expression, suggesting that it might affect antibody response by regulating FAM89A gene expression. Though the function of FAM89A gene is not well studied, researches indicated that FAM89A gene, together with IFI44L gene, was capable of differentiating between bacterial and viral infections with high sensibility and specificity (33–35), suggesting that FAM89A gene might be involved in immune response. However, FAM89A had elevated expression in the blood of febrile children with bacterial infection rather than viral infection, which seemed to conflict with FAM89A gene being associated with antibody response to virus vaccines. One possible reason for this discrepancy might be tissue-specific gene expression regulation, as GTEx data showed rs4543780 was associated with FAM89A gene expression in brain and muscle instead of blood.

In addition to FAM89A gene, a number of genes implicated in COVID-19 and immune process were identified to harbor polymorphisms associated with antibody response to COVID-19 vaccines, such as ADA2 (Adenosine Deaminase 2), COX6C (Cytochrome C Oxidase Subunit 6C), FUT8 (Fucosyltransferase 8) and ASIC2 (Acid Sensing Ion Channel Subunit 2).

ADA2 gene encodes a member of a subfamily of the adenosine deaminase protein family that contributes to the degradation of extracellular adenosine, a signaling molecule that controls a variety of cellular responses. Serum increases of ADA2 activity has been described in patients with bacterial and viral diseases (40, 41), including individuals with SARS-CoV-2 infection and who recovered from infection (42). The deficiency of adenosine deaminase 2 (DADA2) is an autosomal recessively inherited disease that undergoes immune dysregulation including hypogammaglobulinemia, absent to low class-switched memory B cells, and inadequate response to vaccination (43). In our study, rs5994195 in the intron of ADA2 was identified to be associated with IgG level of COVID-19 vaccine immunization.

COX6C gene encodes component of the cytochrome c oxidase, the last enzyme in the mitochondrial electron transport chain which drives oxidative phosphorylation. COX6C is differentially expressed in multiple myeloma (MM) and is associated with MM prognosis (44). Multiple myeloma (MM) is a malignant proliferation of plasma cells, with the coexistence of a monoclonal component (M-component) plus impairment of normal immunoglobulin production, which are associated with increased risk of viral and bacterial infections (45). MM patients with COVID-19 show a longer duration to clinical improvement (46) and a higher risk of inpatient mortality (47). Moreover, COX6C is downregulated in patients with mild COVID-19 infection compared with controls but is upregulated in patients with severe COVID-19 compared with patients with mild illness (44). In our study, rs12548840 in the intron of COX6C was identified to be associated with NAbs level of COVID-19 vaccine immunization.

FUT8 gene encodes an enzyme belonging to the family of fucosyltransferases. Core fucosylation of IgG B cell receptor by FUT8 is required for antigen recognition and antibody production (48, 49). In addition, genome-wide association study revealed multiple SNPs in FUT8 gene had strong influences on the IgG glycosylation patterns (50, 51). In our study, rs7146742 in the intron of FUT8 was identified to be associated with NAbs level of COVID-19 vaccine immunization.

ASIC2 gene, also known as ACCN1 (Amiloride-Sensitive Cation Channel Neuronal 1), encodes the cation channel with high affinity for sodium, which is gated by extracellular protons and inhibited by the diuretic amiloride. The SNP rs28936 located in the 3’ UTR of ASIC2 gene is significantly associated with Multiple Sclerosis (MS) (52), an autoimmune disease that your immune system mistakenly attacks cells in the myelin and interrupts nerve signals from your brain to other parts of your body. In addition, an increase of ASIC2 mRNA was observed in the human autoptic brain tissue of MS patients and knockout of Asic2 resulted in a significant reduction in the clinical score in experimental autoimmune encephalomyelitis (EAE) mice model (53), highlighting the involvement of ASIC2 in the immune progress. In our study, rs75953002 in the intron of ASIC2 was identified to be associated with NAbs level of COVID-19 vaccine immunization.

The primary limitation of this study is the relatively small sample size, which might result in limited statistical power and excess false positive results. Besides, population stratification, vaccine types and the time from immunization to antibody detection could potentially bias the results. As conditions like smoking, hypertension and type 2 diabetes are associated with COVID-19 outcomes (54–56), and diseases such as schizophrenia and Alzheimer’s disease tend to be post-COVID-19 sequelae (57, 58), they may also be confounding factors for an immune reaction to SARS-CoV-2 vaccination. Therefore, further validation of our findings in a larger cohort will be needed.

In summary, we have identified a list of associated genetic variants contributing to inter-individual variation in antibody response after SARS-CoV-2 vaccination, which might inspire further genetic association researches and contribute to biological insights into vaccine response and better vaccine development.
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Supplementary Figure 1 | Correlation between demographic characteristics and antibody levels. (A) Correlation between levels of different antibodies; (B) Antibody levels among different vaccine types; (C) Antibody levels between males and females. B: BBIBP-CorV, C: CoronaVac, BC: CoronaVac/BBIBP-CorV; (D) Correlation of antibody levels with age and interval from the 2nd dose to blood draw. * indicated P<0.05, ** indicated P<0.01, *** indicated P<0.001

Supplementary Figure 2 | Q-Q plot plots of the expected (x-axis) and observed (y-axis) -log10 (P) in SARS-CoC-2 vaccine response GWAS. (A) Results for IgG level; (B) Results for Ab level; (C) Results for NAbs level; (D) Results for IgA positivity; (E) Results for IgM positivity

Supplementary Figure 3 | Manhattan plot summaries of GWAS results for IgA and IgM. (A) Results for IgA positivity using logistic regression approach; (B) Results for IgM positivity using logistic regression approach.

Supplementary Figure 4 | Distribution of the relative position of significant SNPs to genes.

Supplementary Figure 5 | Distribution of the ranks of significant SNPs obtained from RegulomeDB. Red, green and blue indicated significant SNPs associated with Ab, IgG and NAbs level, respectively. The detail meaning of the rank represent could be found in the help page of RegulomeDB (https://regulome.stanford.edu/regulome-help/)
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Coevolution of microbiome and immunity at mucosal sites is essential for our health. Whether the oral microbiome, the second largest community after the gut, contributes to the immunogenicity of COVID-19 vaccines is not known. We investigated the baseline oral microbiome in individuals in the COVAXID clinical trial receiving the BNT162b2 mRNA vaccine. Participants (n=115) included healthy controls (HC; n=57) and people living with HIV (PLHIV; n=58) who met the study selection criteria. Vaccine-induced Spike antibodies in saliva and serum from 0 to 6 months were assessed and comparative analyses were performed against the individual salivary 16S ASV microbiome diversity. High- versus low vaccine responders were assessed on general, immunological, and oral microbiome features. Our analyses identified oral microbiome features enriched in high- vs. low-responders among healthy and PLHIV participants. In low-responders, an enrichment of Gram-negative, anaerobic species with proteolytic activity were found including Campylobacter, Butyrivibrio, Selenomonas, Lachnoanaerobaculum, Leptotrichia, Megasphaera, Prevotella and Stomatobaculum. In high-responders, enriched species were mainly Gram-positive and saccharolytic facultative anaerobes: Abiotrophia, Corynebacterium, Gemella, Granulicatella, Rothia, and Haemophilus. Combining identified microbial features in a classifier using the area under the receiver operating characteristic curve (ROC AUC) yielded scores of 0.879 (healthy controls) to 0.82 (PLHIV), supporting the oral microbiome contribution in the long-term vaccination outcome. The present study is the first to suggest that the oral microbiome has an impact on the durability of mucosal immunity after Covid-19 vaccination. Microbiome-targeted interventions to enhance long-term duration of mucosal vaccine immunity may be exploited.




Keywords: Oral microbiome, mRNA vaccination, saliva, SARS-CoV-2, campylobacter, leptotrichia, gemella, granulicatella



Introduction

SARS-CoV-2 infection and replication take place in the oral cavity and saliva (1). The presence of local immune control is important in limiting the viral infection and transmission. A durable mucosal immunity at this site is therefore a highly desired outcome in a COVID-vaccination. One of the most immunogenic COVID-19 vaccines - the BNT162b2 (Comirnaty®) mRNA vaccine induces high titres of systemic SARS-CoV-2 spike-specific antibodies (2, 3). In the oral cavity and saliva, it conveys virus-binding antibodies highly correlative to neutralizing capacity. The magnitude of this acquired local immunity however varies among both healthy and immunocompromised vaccinees (4), and the durability of those translocated specific antibodies at the oral mucosa is presently unknown. Recent developments in techniques for microbiome sequencing have enabled a comprehensive analysis of commensal microbiota, with over 700 bacterial species detected in the oral cavity (5). The variants of microorganisms form unique communities, and the oral microbiome composition is believed to be resilient and remain rather stable within individuals longitudinally (6). The normal oral microbiota is continuously in contact with the oral mucosa and plays a role in modulating immune surveillance mechanisms (7). Dysbiotic oral microbiota on the other hand is associated with oral diseases, medical conditions, dietary habits, and lifestyles (8–10). Recently, a negative link between vaccine efficacy and gut microbiota variation linked to BMI and systemic inflammation was reported (11), other studies have reported that decreased seroconversion in BNT162b2 mRNA recipients is associated with antibiotic use (12). Although the gut microbiota is recognized as a key factor in supporting gut homeostasis and health (13), the contribution of oral microbiota to COVID vaccination is still unknown.

In the present study, we hypothesize that oral microbiota composition has a role in the maintenance of the salivary immunity induced by mRNA vaccination. We investigated the salivary microbiota using 16S rRNA sequencing analysis in samples obtained from healthy participants (HC) and people living with HIV (PLHIV). The aim was to characterize salivary microbiota signatures associated with a durable vaccine response capable of persisting at the oral mucosal site.



Results


Study design and participants

Eligible participants were healthy controls (HC; n=57) and people living with HIV (PLHIV; n=58) who had received two vaccine doses and fulfilled the study inclusion criteria including baseline and 6-month screenings for negativity for SARS-CoV-2 exposures. As described earlier, all participants seroconverted during the one-month follow-up (day 35) i.e.,14 days after dose 2 in both groups (4). Vaccine-induced spike IgG in serum and saliva among the participants correlated significantly during the 6-month follow-up, although a proportion showed a larger reduction in salivary spike IgG in than others (Figure S1). Therefore, we sub-grouped the participants as High- or Low-responders, respectively, based on the expected convalescence spike IgG level at this time-point (14). The subgroup characteristics and vaccine response data are summarized in Tables 1, 2. As shown, Low-responders in both the HC and the PLHIV cohorts demonstrated a reduced ability to maintain salivary IgG responses to the full-length trimeric spike (S.f) as well as the S1 spike antigen during this 6-month follow-up. In PLHIV Low-responders, reduced magnitude and duration of spike-IgG was also found in both saliva and serum through the entire follow-up period (Table 2). However, High- and Low responders showed no significant differences in any general or medical variable such as age, gender, diet, BMI, ethnicity, anti-inflammatory medications, or clinical immunological variables (Table 1). The peak and long-term spike IgG levels in saliva were both about 6-fold lower in Low-responders (n=29) than in the High-responders (n=28). Similarly, in PLHIV Low-responders (n=38), a significant reduction of anti-spike IgG level both in serum and saliva was noted compared to High-responders (n=20). A detailed assessment on the anti-capsid serology and PCR-reports further confirmed that no break-through infection had occurred during the follow-up that could have influenced these results (Table 2).


Table 1 | Demographics and medical report of study participants.




Table 2 | Virological data, serum and saliva antibody status of study participants.





Microbiome richness and diversity in saliva of participants

We next investigated if the oral microbiome composition correlated with the vaccine responses noted in these participants. Baseline saliva samples were sequenced to address this question by subjecting salivary DNA to Illumina 16S rRNA gene sequencing (V3-V4 region). Output data in ASV-classified format were used for all downstream analysis. As shown, the salivary microbiome composition of healthy and PLHIV at genus level showed an overall dominance of Prevotella, Veillonella, and Neisseria, with the top identified 15 genera present in all participants (Figure 1A). There were no significant differences in richness and evenness in the microbial communities between High- vs. Low-responders in either cohort (alpha diversity: Observed and Chao1 indices or Shannon and Simpson’s indices) (Figure 1B). Consistently with previously reports (15), higher microbial diversity (both alpha and beta) was found in HC as compared to the PLHIV participants (Figure S2). The beta diversity analysis further indicated that there were interpersonal variations between the high- and low-responders in PLHIV participants (Bray Curtis and PERMANOVA: p=0.019; Jaccard index and PERMANOVA: p=0.022) as shown by the non-metric multidimensional scaling (NMDS)-based Bray-Curtis dissimilarity distances and Jaccard index (Figure 1C, left), while no significant difference was noted between low and high responder in HC participants (Bray Curtis and PERMANOVA: p=0.371; Jaccard index PERMANOVA: p=0.252) (Figure 1C, right).




Figure 1 | The oral microbiome richness and diversity and interpersonal variations in High- vs. Low responders. (A) Microbiome composition profiles at the genus level in low- respectively high-responders in the healthy- and PLHIV participants. It illustrates the frequently occurring genera, the “top 15” are present in all subjects in both subgroups of healthy and PLHIV, and the overall dominance of Prevotella (green), Veillonella (yellow), and Neisseria (blue). Vertical bars represent individual samples. (B) Scatterplots of alpha diversity of Observed and Chao1 indices of the ASV abundance, Shannon and Simpson’s indices of the diversity of ASV among the participants. Lines and error bars indicate geographic means and standard deviation. (C) Non-metric multidimensional scaling (NMDS) plots visualising the beta diversity represented with Bray-Curtis dissimilarity distances and Jaccard index, validated by PERMANOVA test. ns, not significant.





Taxonomic differences of oral microbiome in Low- and High-responders

To find the bacteria taxa that were differentially abundant between the High- and Low responders, Linear discriminant analysis Effect Size (LEfSe) analysis was applied for the HC and PLHIV data separately. Shown in Figure 2A, the analysis of the taxonomic cladograms identified several significant differentially abundant taxa between the groups. The assigned LDA scores further showed that Healthy Low-responders (Healthy_Lo) (Figure 2A) had an increased abundance of Campylobacter, Selenomonas and Butyrivibrio 2, and reduced abundance of Abiotrophia and Corynebacterium, as compared to the High responders (Healthy_Hi). As for the PLHIV participants (Figure 2B), Low-responders (PLHIV_Lo) had an increased abundance of Prevotella, Stomatobaculum, Lachnoanaerobaculum, Megasphaera and Leptotrichia, while Rothia, Granulicatella, Haemophilus, and Gemella were lower, as compared to High-responders (PLHIV_Hi).




Figure 2 | Oral microbial signatures associated with long-term antibody responses in HC and PLWH. (A) LEfSe’s cladogram shows the taxonomic levels, with the outer circle representing the phyla and the inner circle the genera. Each circle represents a taxa member within that taxonomic level. Green label indicates the high responders and red label the low responders. (B) Linear discriminant analysis (LDA) effect size analysis (LEfSe) identified the most differentially abundant genera between high and low responders in the healthy and PLHIV, respectively (P <.05; LDA score > 2). High responder-associated genera are indicated with negative LDA scores (green), and low responder-associated genera indicated with positive LDA scores (red). (C) The Area Under the Receiver Operating Characteristic (AUROC) scores show the predictive values of the individual microbial feature, or the combined significant features to predict the type of response e.g. Healthy_Hi (n=28) vs. Healthy_Lo (n=29), or PLHIV_Hi (n=20) vs PLHIV_Lo (n=38) among all vaccinees. Orange dots indicate AUC > 0.70 and gray dots indicate AUC < 0.70.



We further determined the predictive values of the identified microbial features as a validation and to address how well they could distinguish the outcome of vaccination responses in the participants. The results obtained from area under the receiver operating characteristic curves (AUROC) indicated that these microbial features individually (Campylobacter and Butyrivibrio 2) provided predictive value of 0.810 and 0.703 respectively (AUROC; 95% CI, p<0.0001 and p<0.005) for salivary spike-IgG responses among HC participants. When combining all five significant bacteria features, the AUROC score increased to 0.879 (p<0.0001) (Figure 2, right panel). Consistent with these findings, we found in PLHIV that Stamotabaculum, Granulicatella, Prevotella individually yielded predictive values of 0.710, 0705 to 0.703, respectively (p=0.008, 0.0112, 0.0107, respectively). When combining all nine significant bacteria from PLHIV, the AUC score increased to 0.82 (p<0.05) (Figure 2B, right panel).

We considered that there could be functional resemblances beyond the identified bacteria taxa. Striking, we observed functional associations indicating that, among Low-responders of HC as well as of PLHIV, the enriched taxa were mainly of anaerobic, gram-negative (lipopolysaccharide LPS+) bacteria species with known proteolytic activities (Figure 3). In a subsequent KEGG-pathway analysis (Figure 4), they also showed significant positive associations with processes of amino acid metabolism, nucleotide metabolism and biosynthesis of other secondary metabolism (p < 0.05, FDR <0.05). On the contrary, in High-responders of both HC and PLHIV, the enriched species were instead mainly gram-positive bacteria of facultative genera with rather limited proteolytic activities. These bacteria were positively associated with carbohydrate metabolism, metabolism of other amino acids, vitamin and cofactor metabolism, and xenobiotics biodegradation and metabolism (p < 0.05, FDR <0.05) (Figure 4). Altogether, these data suggest that oral microbiome signatures in Low-responders among both HC and PLHIV cohorts resemble those described for a dysbiotic salivary community (9), and are distinguishable from the High-responders.




Figure 3 | Overview of microbial features, enriched in high- and low-responders to COVID-19 vaccine, per study group (HC and PLHIV).






Figure 4 | Oral microbial signature and KEGG metabolism associated with High vs. Low responders in HC (A) or PLHIV (B). Heatmap representation of KEGG metabolism pathways result on the microbial signatures of High (Hi) and Low responder (Low) that were selected by LEfSe v1.1.01 (linear discriminant analysis (LDA) at genus level (score > 2, P < 0.05) identified in Healthy and PLHIV participants. Red = positive correlations and blue = negative correlations by Spearman correlation (rho) at significance level of p < 0.05 and FRD <0.05.






Discussion

The microbiota is fundamental for health and the evolution of the immune system with the microbiota is interconnected (13). We here describe the baseline oral microbiome composition with immunogenicity follow-up in a longitudinal cohort of healthy or people living with HIV vaccinated with BNT162b2 mRNA vaccine. We found that numerous features in the oral microbiome, including the diversity, specific bacteria taxa, and functions, correlated significantly with the immunogenicity of mRNA COVID-19 vaccination - in a primary anatomical site that needs immune protection against the SARS-CoV-2 infection (1). Our finding is in line with recent studies indicating that the gut microbiome or antibiotics usage could influence the systemic immunogenicity of the same mRNA vaccine (11) studied in the present study. We found that the durability of the salivary as well as the serum immunity through the mRNA-vaccination (two doses) lasted for at least six months. But it was negatively affected by the presence of a dysbiotic oral microbiome signature in both healthy and HIV participants who participated in our clinical trial (16). Here, we identified that the oral microbiota signature of high responders in HC and PLHIV individuals harboured significantly higher abundances of gram-positive facultative anaerobes saccharolytic bacteria, particularly Corynebacterium spp., Abiotrophia spp., Rothia spp., Gemella spp., and Granulicatella spp. In contrast, the low responders showed significantly higher abundances of gram-negative rod-shaped anaerobic proteolytic bacteria, including Campylobacter spp., Selenomonas spp., Butyrivibrio spp., Leptotrichia spp., Megasphaera spp., and Prevotella spp. Our results further indicate that a combined oral bacterial panel has the highest ability to predict the antibody magnitude and duration in saliva following the mRNA vaccination, which is consistent with the recent gut microbiome study on a one-month follow-up of COVID-19 vaccinees (11). Besides that, our findings also suggest that the durability of vaccine-induced immunity in the oral cavity could be influenced by the baseline oral microbiome of the vaccinees up to six months.

That the oral microbiome community might regulate local vaccine-induced mucosal immunity is intriguing and to our knowledge, similar results have not been reported before for other COVID-vaccines. The findings are of interest for vaccine strategies that aim at improving the mucosal immune memory. Although the precise mechanistic role of oral microbiota in vaccine response is unknown, several potential mechanisms could explain the link between deferentially enriched oral taxa and the persistence of salivary spike-IgG in the vaccinees. While most salivary IgG antibodies are derived from the bloodstream by passive leakage of the periodontal epithelium, there can also be some local production by salivary gland plasma cells (17). Data from molecular studies suggest that extracellular receptors such as toll-like receptor 2 (TLR2) and cytoplasmic receptors such as nucleotide-binding oligomerization domain protein 2 (NOD2) can recognize Gram-positive peptide fragments or metabolites released by bacteria that trigger the NFκB pathway (18). This pathway induces further phosphorylation of tight junction proteins, which promotes the expression of polymeric Ig receptor (pIgR), controlling the rate of production, translocation, and secretion of salivary immunoglobulins. Therefore, the high abundance of Gram-positive facultative bacteria in high responders may explain the durability of salivary spike IgG levels. Previous clinical studies have also shown an inverse relationship between oral diseases such as tooth decay, oral mucositis, and salivary immunoglobulin antibodies (19, 20). Further, pathobionts “formerly known as periodontitis-associated bacteria” and abundant also in patients with edentulism, play unique and synergistic roles in dysbiosis of oral microbiota (21). Intriguingly, such pathobionts, especially the strictly anaerobe LPS-producing rods (Campylobacter spp., Selenomonas spp., Butyrivibrio spp., Leptotrichia spp., Megasphaera spp., and Prevotella spp.) are enriched in the saliva of the low responders. These pathobionts are known for potent proteolytic activity that can break down immunoglobulins, complements, and other innate defence proteins (22), and an inflammation-type dysbiosis has similarly been associates with long COVID (23). Whether oral health-related interventions or inhibition of specific microbial adhesion, pro-inflammatory mechanisms can further improve the duration of protective antibodies in the oral cavity during systemic or even mucosal vaccination, therefore deserves further investigation.

Our study design had considered age, sex, and BMI, which are all associated with vaccine efficacy against SARS-CoV-2 (24), as well as antibiotic use that could reduce COVID-19 vaccine immunogenicity (12). Those with exposure to SARS-CoV-2 infection before and during the study were omitted to reduce the potential bias of natural infection affecting vaccine-related antibody levels. All test platforms and clinical trial related procedures were also highly standardised and monitored (4, 14, 16). The present study is not without limitations, only baseline microbiome timepoint was characterised only, the sample size is relatively small, oral health data are lacking, the microbiome analysis was a targeted approach, and only binding IgG antibodies up to six-months after vaccination were measured.

In conclusion, our study is the first to demonstrate that oral microbiome may have a role in maintaining the long-term antibody persistence in saliva and in blood after COVID-19 mRNA vaccination. Including oral health- or microbiome-targeted interventions to improve the long-term mucosal memory after vaccination should be further explored.



Materials and methods


Study participants

Among 177 participants, including healthy controls (HC) or people living with HIV (PLHIV) who received two doses of mRNA vaccine Comirnaty® in COVAXID Clinical Trial (NCT04780659), 115 participants (HC, n=57; PLHIV, n=58) met study criteria for the current microbiome study. They were tested on day 0 and were confirmed negative on nasopharynx SARS-CoV-2 by PCR, and were seronegative following serological analysis with the Elecsys® anti-SARS CoV 2 S assay. None had recent or ongoing antibiotic treatment. All participants received two vaccine doses on study day 1 and 21, completed all baseline samplings, and tested negative for SARS-CoV-2 nucleocapsid antibodies at 6 months. Approval has been obtained by the Swedish Medical Product Agency (ID 5.1-2021-5881) for conducting the COVAXID clinical trial, and ethical permit was granted by the Swedish Ethical Review Authority (ID 2021-00451 and 2020-06381). All participants provided written informed consents.



Sample collection


Sample collection and SARS-CoV-2 antibody detection in saliva

All saliva samples were processed by a standardized protocol in the same laboratory. Briefly, unstimulated whole saliva was self-collected by fasted study participants as described earlier using standardized picture instructions (4). After five minutes of passive drooling, the saliva was aliquoted in tubes using sterile transfer pipettes. All samples were immediately placed at 4°C upon the same day and stored at -80°C. Prior to antibody analysis, saliva samples were thawed at 4°C and centrifuged at 400 xg for one min at 4°C to separate any debris. Antibody analysis was performed using inactivated saliva (56°C for 30 min) as described earlier (14). Briefly, antibodies binding to the full-length spike glycoprotein in trimeric form (S-f) as well as the S1 subunit were measured by means of a multiplex bead-based assay in the 384-well plate format. The antigens were immobilized on the surface of uniquely color-coded bead identities (IDs) (MagPlex-C, Luminex corp.), and the IDs pooled to generate the bead-array. Saliva samples were diluted 1:5 in assay buffer and incubated with the array. After cross-linking the antibody-antigen complexes, a R-phycoerythrine-conjugated anti-human IgG antibody (H10104, Invitrogen) was applied for detection of IgG bound to spike. The assay readout was performed using a FlexMap3D instrument and the Luminex xPONENT software (Luminex Corp.). Each assay run included the same set of 12 negative and 4 positive saliva controls. Positive controls were samples from convalescent individuals with mild COVID-19 showing clear reactivity to spike. Negative controls were pre- pandemic saliva samples that were used to calculate the assay specific cutoffs and inter-assay variability. The inter-assay variability, evaluated as the % CV of the 16 control samples included in each assay run, was 10.8% for Spike-f and 12% for Spike S1 on average.



Sample collection and SARS-CoV-2 antibody detection in serum

Serum samples were analyzed for detection of antibodies to SARS-CoV-2 spike using the quantitative Elecsys® Anti-SARS-CoV-2 S test (Roche Diagnostics) (25) on the Cobas 8000 e801pro. The measuring range was between 0.40 to 250 U/mL, and the cut-off value for positive results is ≥ 0.80 U/mL Positive samples with antibody titers of >250 U/mL were re-tested following 1/10 dilution, and in some cases 1/100 dilution with the upper level of measuring range 25,000 U/mL.





Antibody quantification and data analysis

The salivary antibody data were acquired as median fluorescence intensities (MFI) for each sample and antigen. The antigen and assay specific cutoff for positivity was calculated as the mean plus 6x standard deviation (SD) of the intensity signals of the 12 selected negative controls. The inter-assay variability was estimated for Spike-f and S1 as the average percent CV of the 16 control samples included in all 6 assay runs required to test the samples included in the current study. Statistical analyses (except microbiome analysis) were performed with Prism software v.9 (GraphPad) and SPSS version 24.0 (IBM Corp, Armonk, NY, USA) Statistics. Datasets initially underwent a data normality distribution test. Differences between groups of samples were analyzed by Mann-Whitney U test for univariate analysis. Correlations were determined using Spearman rank correlation. Two-sided p values <0.05 were considered significant.


DNA extraction and sequencing

DNA from saliva samples has been extracted using the ZymoBIOMICS™ DNA Mini Kit (Zymo Research, Irvine, California, United States) according to the manufacturer’s instructions. Elution was performed in 60 mL of RNAse-free water and resulting DNA was stored at −20°C prior to preparation for sequencing. All samples were subsequently normalized to a standard concentration of 1 ng/mL and a volume of 15 mL (for a total of 15 ng of DNA) prior to Illumina 16S sequencing (V3-V4) at KI SciLife Laboratory on MiSeq. The 16S rRNA analysis was performed using the nf-core/ ampliseq analysis pipeline (26, 27).


Bioinformatics and statistics analysis

Raw RNA-Seq data were quality checked using FastQC v0.11.8 and then pre-processed using Cutadapt v2.8 to remove adapter sequences and poor-quality bases. The pre-processed sequencing reads were processed using QIIME2 v2019.10.0 and were denoised using DADA2 and converted to amplicon sequence variants (ASVs). Non-bacteria taxa e.g., eukaryota, chloroplast and mitochondria in the sequence output by DADA2 were removed. Taxonomic assignments were made using the Silva v132 annotation. DADA2 detected 2456 ASVs of which 278 bacterial taxa were recovered. A total of 2653288 feature counts were detected from all samples with an average of 23072 count per sample (range: 2101 - 318474 counts). A filter was applied to remove counts < 2 and minimum prevalence of 10% per sample with low variance (5%) (28). The total sum of scales (TSS) normalisation and subsequent rarefication for sample depth normalization were applied to create the final ASV-based feature count table for downstream analysis. Tax4Fun R package (29) was used for predicting the functional profiles. Comparative analysis of the abundance at the individual level of subgroups was done using TSS normalized, ASV-based feature count table and visualized by the miaViz 4.2 R package. Alpha diversity metrics such as Observed, Chao1, Shannon and Simpson were analysed in QIIME2 v2019.10.0. Differential microbial communities (in - between or beta diversity) were assessed by Microbiome Analyst, using Bray–Curtis- and Jaccard index-based non-metric multidimensional scaling (NMDS) and significance test of PERMANOVA. Differentially abundant genera analysis was done using Linear Discriminant Analysis Effect Size (LEfSe v1.1.01) in in the Galaxy web application (http://huttenhower.sph.harvard.edu/galaxy) (30). Correlation analysis was performed with Spearman correlation test and the receiver operating characteristic curve (ROC) was applied. The CombiROC (https://ingmbioinfo.github.io/combiroc/) was used for selection of combination of biomarker features and ROC was visualized in MATLAB. Subgroup analysis of KEGG (Kyoto Encyclopedia of Genes and Genomes) metabolisms was performed with LEfSe v1.1.01 (linear discriminant analysis (LDA) selected features at genus level (score > 2, P < 0.05), followed by Spearman correlation test (P < 0.05, FDR < 0.05).
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Introduction


Over the last decade, the field of systems vaccinology has emerged, in which high throughput transcriptomics and other omics assays are used to probe changes of the innate and adaptive immune system in response to vaccination. The goal of this study was to benchmark key technical and analytical parameters of RNA sequencing (RNA-seq) in the context of a multi-site, double-blind randomized vaccine clinical trial.





Methods


We collected longitudinal peripheral blood mononuclear cell (PBMC) samples from 10 subjects before and after vaccination with a live attenuated Francisella tularensis vaccine and performed RNA-Seq at two different sites using aliquots from the same sample to generate two replicate datasets (5 time points for 50 samples each). We evaluated the impact of (i) filtering lowly-expressed genes, (ii) using external RNA controls, (iii) fold change and false discovery rate (FDR) filtering, (iv) read length, and (v) sequencing depth on differential expressed genes (DEGs) concordance between replicate datasets. Using synthetic mRNA spike-ins, we developed a method for empirically establishing minimal read-count thresholds for maintaining fold change accuracy on a per-experiment basis. We defined a reference PBMC transcriptome by pooling sequence data and established the impact of sequencing depth and gene filtering on transcriptome representation. Lastly, we modeled statistical power to detect DEGs for a range of sample sizes, effect sizes, and sequencing depths.





Results and Discussion


Our results showed that (i) filtering lowly-expressed genes is recommended to improve fold-change accuracy and inter-site agreement, if possible guided by mRNA spike-ins (ii) read length did not have a major impact on DEG detection, (iii) applying fold-change cutoffs for DEG detection reduced inter-set agreement and should be used with caution, if at all, (iv) reduction in sequencing depth had a minimal impact on statistical power but reduced the identifiable fraction of the PBMC transcriptome, (v) after sample size, effect size (i.e. the magnitude of fold change) was the most important driver of statistical power to detect DEG. The results from this study provide RNA sequencing benchmarks and guidelines for planning future similar vaccine studies.






Keywords: RNA-Seq, statistical power, ERCC, tularemia vaccine (DVC-LVS), gene filtering, sequencing depth, read length, reproducibility






1  Introduction


Since 2008, high-throughput technologies, primarily transcriptomics, have been used to characterize the in vivo response to clinical vaccination (1, 2). This approach referred to as “Systems Vaccinology,” has been employed to investigate the molecular mechanisms regulating vaccine activity (3), to identify correlates that predict antibody titer, breadth, or persistence (4–7), and to predict responses to vaccination (8). Systems vaccinology studies previously utilized microarray technology to identify transcriptomes. However, microarrays have now been virtually replaced by RNA-Seq technology due to its technical superiority (larger dynamic range, no signal saturation, and no restriction to a static set of printed probes) (9–12). Unlike microarrays, RNA-Seq is inherently flexible, and several technical parameters can be tailored uniquely for each experiment. The goal of this study was to establish parameters to optimally apply RNA-Seq to clinical vaccine studies.


Some work has been done to benchmark RNA-Seq analyses and understand how technical parameters influence experimental findings (13–18). Quality metrics, methods to estimate reproducibility, and algorithms to estimate statistical power have been developed for RNA-Seq technology; however, these have almost exclusively been defined using standardized reference samples (14, 19–22). Despite these efforts, relatively little work has been done to benchmark the utility of reference controls (Universal Human Reference RNA (UHRRs) and External Reference Control Consortium (ERCC) synthetic RNA spike-ins) and to assess the impact of the choice of sequencing depth and read length in the context of “real-life” biological samples, or RNA-Seq-based clinical immunology/vaccine studies (23–26).


In this study, we sought to empirically establish the impact of these and other technical parameters on the ability to accurately assess differentially expressed genes (DEGs) using samples collected for a phase II clinical trial of a live attenuated tularemia vaccine. Tularemia is a disease caused by infection with the Gram-negative, aerobic and facultative intracellular bacterium, Francisella tularensis, transmitted from a wide range of infected rodents and rabbits to humans by a tick or other insect bites, direct skin contact with infected material, or inhalation/ingestion. F. tularensis infects human monocytes/macrophages, escapes the phagosome, and replicates within the cytoplasm of infected cells. Because of its high infectivity, virulence, and mortality after inhalation, tularemia is considered a Tier 1 Select Agent with significant potential for use as an agent of bioterrorism. To protect its troops, the US military developed a live, attenuated tularemia vaccine which was evaluated in an NIAID-funded Vaccine and Treatment Evaluation Unit (VTEU) network trial before the COVID-19 pandemic. While we provide a high-level summary of transcriptomic changes following vaccination, this study was not intended to be a comprehensive biological transcriptional characterization of Tularemia vaccination or to identify correlates of Tularemia vaccine protection; these studies recently have been published elsewhere (27, 28).


Specifically, our main goals were to (i) assess the reproducibility of gene expression measurements and the ability to detect the same DEGs in two different laboratories using technical replicate samples; (ii) assess the impact of various sequencing depths on gene representation for which we approximated an ultra-deeply sequenced PBMC transcriptome by pooling all hundred samples sequenced; (iii) estimate statistical power to determine DEGs as a function of effect size, sequencing depth, and sample size; (iv) define the impact of changes in technical parameters (sequencing depth and read length) on the identification of DEGs; (v) assess the accuracy of fold-change estimates using synthetic mRNA spike-ins for varying read-count filtering cutoffs; (vi) determine an empirical read-count cutoff for filtering out lowly-expressed genes, and (vii) establish recommendations for RNA-Seq analyses conducted in clinical vaccine studies. It is also important to note that the goals of this study were not to perform an exhaustive comparison of established analytical methods to quantify gene expression or detect DEGs, or to compare the performance of these tools, as these comparisons already exist in the literature (29). The replication of the study at different sites was performed in a manner similar to that described in the influential “SEQC/MAQ-III” studies that sequenced a small number of technical replicates at multiple sites (16). The rationale for replicating this benchmarking experiment on the same sample sets (parallel aliquots of PBMCs from the same subjects and time points) run in two separate laboratories was to firmly establish if the findings could be validated using “real world” clinical trial samples.





2  Results




2.1  Experimental design


The RNA-Seq benchmarking study described here utilized samples from a Phase 2, multi-center, double-blind randomized trial comparing the immunogenicity of two live attenuated vaccines against Francisella tularensis: an aging stock used for decades by the United States Army Medical Research Institute of Infectious Diseases (USAMRIID-LVS) and a novel lot produced by the Dynport Vaccine Company, DVC-LVS, intended to be its replacement (30) (
Figure 1
) (registered at ClinicalTrials.gov NCT01150695). Replicate aliquots of the same PBMC sample from each subject time point were used to evaluate the agreement between laboratory RNA-Seq results (
Figure 1B
). Briefly, RNA was extracted from PBMCs from 10 healthy subjects at Days 0 (pre-vaccination), 1, 2, 7, and 14 following DVC-LVS vaccination at both sites (referred to as Site 1 and Site 2). Samples were prepared for sequencing using poly A selection followed by mRNA fragmentation, reverse transcription, adapter ligation, and amplification at two different sequencing facilities; Site 1 employed Illumina TruSeq and Site 2 utilized a similar “in-house” protocol(see Materials & Methods). A single operator at each site extracted the RNA, conducted the library preparation, and performed CBot clustering and loading of pooled libraries onto Illumina HiSeq 3000 sequencers. Internal (ERCC) and external (UHRR) RNA controls were included in each experiment to estimate the dynamic range and fold change accuracy, as well as to evaluate the suitability of external RNA references for inter-site normalization. RNA sequencing was performed at each site by distributing the libraries for 53 samples evenly across 5 lanes of the respective Illumina HiSeq 3000 devices at each site (
Figure 1B
). Sequences were aligned to the GRCh38 reference genome.





Figure 1 | 
Experimental design of RNA-Seq benchmarking for the clinical vaccine study. (A) The samples utilized in this benchmarking experiment were obtained from parent study DMID 08-006 (ClinicalTrials.gov NCT01150695), of which 42 patients had RNA samples collected for microarray analysis. (B) RNA from five time points taken from 10 volunteers, for a total of 50 samples, at both Site 1 and Site 2. Each biological sample was spiked with either ERCC mix 1 or mix 2, for 25 replicate spike-ins of each mix. Samples were sequenced as single-ended 151 or 100 bp reads on an Illumina HiSeq3000 at each Site, with multiplexing targeting a sequencing depth of 30 M reads. At each site, an additional set of three RNA samples from UHRR controls were included for an independent reference. (C) Median sequencing metrics for all samples at each site. The yellow bar indicates the median total sequencing depth obtained for all samples for each site; the top of the green bar indicates the total reads that are uniquely mapping to the GRCh38 reference, and the grey bar indicates the reads mapping to annotated features (i.e., genes) in the reference. Created with BioRender.com.









2.2  Sequencing statistics


A summary of the reference alignment statistics is listed in 
Table 1
. Site 1 data was sequenced at 151 nt singled ended (SE) to a median total sequencing depth of 31.8 x 106 reads, with 28.1 x 106 (93.8%) uniquely mapping reads, whereas Site 2 data was sequenced at 100 nt SE and had a median total and unique sequencing depth of 34.9 x 106 and 28.8 x 106 (88.1%), respectively (
Figure 1C
 and 
Table 1
). When reads were mapped against known gene models, a median of 22.4 x 106 and 20.1 x 106 reads were uniquely counted in the expression quantification step for Site 1 and Site 2 data, respectively. The majority (median of 86.6% for Site 1 and 76.6% for Site 2) of tags (i.e. spliced reads) mapped to known exonic regions, and fewer mapped to intronic (12.6% and 22.2%, respectively), and intergenic regions (0.9% and 1.2%, respectively) (
Table 1
). The GC content in sequenced libraries was comparable between sites (medians 49.3, 50.5 for Site 1 and Site 2 data, respectively). Of note, one baseline (pre-vaccination) sample at Site 1 showed substantial GC content bias with a median GC of 55.6% and was identified as an outlier in principal component analysis (PCA). This sample was removed from downstream analyses unless otherwise specified.



Table 1 | 
Summary of human reference alignment statistics.






Taken together, these summary statistics demonstrated that, in general, the replicate samples were sequenced effectively at each site. However, despite using replicate PBMC samples as starting material and identical sequencing platforms, sequencing depth metrics and mapping statistics varied. Variation was less pronounced for the 3 external UHRR control samples whose sequences were combined prior to processing (
Figure 1
) indicating that variability in RNA content between paired samples may have contributed to this. In addition, read lengths differed between protocols (151 vs. 101 nt). Except for read length, we considered these differences between datasets to reflect true variability introduced by different operators generating distinct library preparations. Thus, these data should represent a good comparison set for investigating the overall reproducibility of Illumina-based RNA-Seq results in the context of a vaccine study.





2.3  Inter-site agreement of RNA-Seq log.2 counts per million and fold-change estimates improved after filtering out lowly-expressed genes


A prior study assessed the technical accuracy of RNA-Seq measurements between laboratory sites (14). This prior study relied on a comparison of read counts of reference RNAs (i.e. UHRR) between laboratories, which involved non-matching sequencing platforms. Here, we extended this benchmarking of RNA-Seq accuracy by using replicate samples from clinical samples. To assess the agreement of read-count estimation and fold change, and to test the impact of filtering lowly-expressed genes, we calculated an adjusted Euclidean distance (which uses the mean squared distance rather than the sum of squared distances to normalize for the total number of genes) and Pearson correlation between the two sites for the log2 counts per million (LCPM) (n=49) and the log2 fold change (LFC) (n=36, post-vaccination vs. pre-vaccination) for each subject. This analysis was performed on the data after applying different counts-per-million (CPM) filtering cutoffs (unfiltered, 1, 2, 4, and 8 CPM) to remove lowly-expressed genes; these filtering cutoffs were applied by removing any gene whose maximum expression level across samples was below the specified threshold.


The Euclidean distance showed improved reproducibility of gene expression profiles between replicate samples as the CPM cutoff increased (
Figure 2A
); the average Euclidean distance was 1.45 for the unfiltered dataset, and this distance dropped to 0.80 after applying the >1 CPM cutoff. Increasing the threshold to >2 CPM, >4 CPM, and >8 CPM showed additional, incremental shifts in the distribution toward lower Euclidean distances. Similarly, the Pearson correlation showed improved reproducibility with filtering; the mean correlation increased from 0.945 for the unfiltered data up to 0.960 for the >1 CPM filtering, but it did not continue to increase substantially with additional filtering (
Figure 2B
). The Euclidean distances of the LFC profile for each replicate paired sample showed a similar trend: reproducibility between Sites improved with increased filtering (
Figure 2C
). The average Euclidean distances on the LFCs shrunk from 1.06 for the unfiltered dataset down to 0.30 for the >8 CPM filtering. In contrast to the LCPM profiles, the Pearson correlation of the LFCs did show continued improvement with additional filtering (
Figure 2D
). The average Pearson correlation jumped from 0.11 for the unfiltered data to 0.48 with >1 CPM filtering. Increasing the threshold continued to improve the correlation reaching an average of 0.73 with >8 CPM filtering. A similar analysis was performed looking at reproducibility by gene (rather than by sample), and this also demonstrated improvements in Euclidean distance and Pearson correlation after applying filtering (
Supplemental Figure 1
). Taken together, these results demonstrated that (i) the overall concordance of log2 counts per million and fold-change estimates increased with increasing minimum gene expression abundance, (ii) low expressed genes provide inaccurate measurements, as demonstrated here by low concordance of data between sites, and (iii) commonly used cutoffs such as >1 CPM might not be sufficiently stringent to ensure accurate calculation of fold changes.





Figure 2 | 
Inter-site agreement of RNA-Seq log2 counts per million and fold-change estimates improves after filtering out lowly-expressed genes. LCPM: log2 counts per million. LFC: log2 fold change. (A) Violin plot depicting the distribution of adjusted Euclidean distance between Site 1 and Site 2 of the LCPM gene expression profile for each subject. Each distribution consists of a total of 49 observations. Red dots mark the mean of the distribution, and black diamonds mark the median. Each column shows the distribution after filtering genes at the CPM thresholds indicated on the x-axis. (B) The same analysis and plotting design as described in (A), but for the Pearson correlation between Site 1 and Site 2 of the LCPM gene expression profile for each subject. (C, D) show the same results but calculated on the LFCs. For these, each distribution consists of a total of 36 observations.









2.4  Discordance of detection of DE genes between sites was mainly driven by differences in mean fold change


To assess and compare the strength of the biological signal, i.e. the change in magnitude of gene expression longitudinally over time (Days 1, 2, 7, and 14), we contrasted mean LFC and mean LCPM using MA plots (
Figure 3A
). We determined the number of DEGs using edgeR (FDR <0.05, fold change of ±1.5) after applying a maximum CPM ≤8 across samples to filter out lowly-expressed genes. For both sites, an increase in fold change and the number of DEGs was observed over time indicating that the complexity of vaccine-induced gene expression signals in PBMCs reached a peak at Day 14. As shown in 
Figure 3A
, substantially higher numbers of DEGs were detected at Day 14 as well as Day 7, compared to Day 1 and Day 2 for which few DEGs were detected. These results are consistent with other studies describing the use of transcriptomics to characterize responses to live-attenuated vaccines, in which increases in gene expression correspond with the initiation of the adaptive immune response. Overall, 1173 and 1218 DEGs were detected across all time points for Site 1 and Site 2, respectively, of which 869 overlapped with a concordance of 74% for Site 1 and 71% for Site 2. To better understand where the loss of concordance in DEGs occurred, we examined whether missed DEGs were due to missing FDR and/or fold-change cutoffs or due to CPM filtering (
Figure 3A
; 
Supplemental Table 1
). At the Day 1 and Day 2 time points, the overall DEG concordance was only ~60% (
Figure 3A
, right panel, green bar). However, when we accounted for genes that had a significant FDR but did not pass the fold-change threshold of ±1.5, the maximum concordance increased to nearly 80% (
Figure 3A
, right panel, grey bar). Generally, we noted that the failure of genes to pass a FC cutoff (grey bars) was consistently the largest contributor to gene list discordance, followed by the effects of different levels of CPM filtering (blue bars) (
Figure 3A
). However, failing both FDR and FC cutoffs had more pronounced effects than CPM filtering for the weaker biological signals observed at Days 1 and 2, indicating that statistical power was more negatively impacted by lower effect sizes and higher variability in changes for these days. Overall, only a small fraction of genes was discordant due to failing to pass only the FDR cutoff (orange bars). We considered that the lack of overlap due to fold change differences between Site 1 and Site 2 was due to the low magnitude of fold change for DEGs at Day 1 and Day 2. However, when we compared the Site 1 vs. Site 2 DEG overlaps from the Day 7 and Day 14 time points, which had more gene expression changes, the fraction of discordant genes due to failing to meet the fold-change criteria (grey bars) was similar. To examine the disagreement between fold changes in more depth, we ranked the DEGs by fold change, from most downregulated to most upregulated, and plotted them for each post-vaccination day (
Figure 3B
). DEG fold-change ranks were highly concordant between the two sites and overall directions agreed. Variability in ranks was greatest for the middle ranks as was evident by the overall scatterplot patterns with the least variability at the upper and lower ends. Genes that had a fold change below the threshold of ±1.5 relative to the other site fell generally in this middle area with some having much higher ranks in one site vs. the other.





Figure 3 | 

(A) Fold change and DEGs over time. MA plots shown to the left contrast average log2 fold changes from pre-vaccination (y-axis) by average gene expression levels (log2 CPM as shown on the x-axis) for each site and post-vaccination time point. Blue lines indicate the pre-specified minimum fold-change cutoff of ±1.5 fold. DEGs (edgeR FDR <0.05, fold change ≥ ± 1.5 in either direction, and maximum read count of >8 CPM across all samples) are colored in red. Stacked bar plots to the right summarize the overlap between the two sites. The first bar plot for each post-vaccination day represents DEGs identified for Site 1 color-coded by the overlap class for genes identified for Site 2 (combination of FDR and fold change criteria or CPM gene filtering criterion that were met/not met). The second barplot shows the reverse presenting a characterization of Site 2 DEGs based on the overlap with Site 1 genes. (B) Scatterplots of ranks of log2 fold changes based on a union of DEGs identified for each site by post-vaccination day. A rank of 1 corresponds to the lowest log2 fold change. Dashed lines represent the upper and lower rank boundaries of the ≥1.5 fold-change cutoff for each site.






These data were instructive for establishing the relative contribution of cutoffs to the discordance of DEGs between sites. We demonstrated here that by removing the FC cutoff criterion of 1.5 fold (in either direction), an increase in the inter-site agreement of DEGs by 20 percentage points was obtained. We hypothesize that the observed differences in fold changes between sites are attributable to differences in RNA representation in the aliquoted PBMCs.





2.5  The influence of sequencing depth on gene representation of the PBMC transcriptome


We next assessed the influence of sequencing depth on gene representation in our datasets. To establish a comprehensive reference of genes expressed in PBMCs, we first pooled, in silico, data from all 100 samples (10 individuals, 5 time points, 2 sequencing sites), yielding a reference transcriptome comprising 2.2 B total reads that mapped to hg38 human reference gene models. We next filtered out genes with fewer than 100 total aggregate reads (corresponding to approximately 1 read per sample). This resulted in a “PBMC transcriptome compendium” comprised of 26,172 gene models that we used as a reference set considered “truly expressed” in the PBMC compartment. To assess the impact of sequencing depth on gene representation, we used the PBMC transcriptome compendium to determine the proportion of genes detectable per sample as a function of decreasing simulated sequencing depth (
Figure 4
). To focus on genes with strong evidence of genuine expression, we choose a cutoff of ≥16 reads per sample. At a sequencing depth of 30 M reads, an average of 14,545 genes were detected with ≥16 reads, representing 56% of the truly expressed PBMC compartment (or 44% lost). While relaxing our read-count threshold increased the number of detected genes, there was still an incomplete representation of transcripts: at a threshold of 5 reads, only 67% of genes in the compendium were detected, and at a threshold of 1 read, detection was 83%. As expected, the number of detected genes from the PBMC reference transcriptome compendium decreased with lower sequencing depth. At 25 M reads, the fraction of genes with ≥16 reads from the cumulative PBMC reference was 53%, and at 20 M reads the fraction of genes lost was 52%. In comparison, when subsampling in silico to 10 M reads per sample, 12,030 genes (46%) were detected on average, representing a loss of 54% relative to the cumulative gene set. At sequencing depth of 10 M reads, on average 2,515 genes (9.6%) fewer genes with ≥16 reads could be detected compared to samples at 30 M. This demonstrated that, even at relatively deep sequencing depth of 30 M, a significant percentage of the gene content expressed in PBMCs was not detected.





Figure 4 | 
The impact of sequencing depth on gene representation by establishment of a deep “compendium” transcriptome of PBMCs. The x-axis represents simulated datasets (n=50) with coverage x, the y-axis shows the percentage of genes that we considered truly expressed in the PBMC compartment for genes that met the filtering cutoff. Bar plots summarizing the mean percentage of the detected PBMC compartment genes by coverage and read filter criterion.









2.6  Sequencing depth was more influential than read length in ensuring consistent DEG results


Two of the main technical parameters that determine cost in an RNA-Seq experiment are (i) read length and (ii) sequencing depth. The impact of read length on the ability to accurately measure DEGs has not been comprehensively studied to date: One previous study utilized data from the SEQC study and determined virtually no impact of using paired-end reads vs. single-end reads on the ability to reproducibly detect top 200 DEGs when sorted by p-value and log2 fold change (17). Thus, we focused our analysis on defining the optimal single-ended read length. In the Chhangawala study (17), the dataset utilized commercial reference RNA samples (UHRR and Ambion FirstChoice Human Brain Reference RNA) and relatively low replication (n=3). In this regard, the current study, which used “real-world” samples from a vaccine trial and was more robustly powered (n=10), provided an optimal opportunity to empirically test the impact of varying read-length parameters. To evaluate the impact of different read lengths on DEG identification, we used the Site 1 dataset as it utilized longer read lengths compared to Site 2. Different read lengths were simulated by right-truncating the actual sequencing reads (100 nt, 75 nt, and 50 nt read length) to most accurately mimic true Illumina sequencing and the range of Q-scores that would result from bonafide sequencing at those lengths. To simulate different coverage levels, we randomly down-sampled the original 31.8 M reads to 25 M, 20 M, 15 M, and 10 M reads. For the comparisons, we used the DEG results identified for the original data (151 nt read length and 31.8 M sequencing depth) as the reference, essentially controlling for all other parameters. We then compared DEGs obtained using differing read lengths and sequencing depth levels using the Jaccard index. Results showed that shortening read length had a lesser impact on DEG detection compared to a reduction in sequencing depth (
Figure 5
). Notably, although the set of genes identified as DE was affected, the total number of DEGs detected did not change substantially with either shortening read length or a reduction in sequencing depth (
Supplemental Figure 2
). Reducing the read-length from 151 to 100, 75, and 50 nt at the same sequencing depth (35 million) showed a mean DE agreement (based on the Jaccard index) for days with strongest biological signals (Day 7-14) of 0.95, 0.94, and 0.91, respectively. At the lowest read length level of 50 nt, 91% of the detected DEGs agreed. In contrast, reducing sequencing depth from 35 to 25, 20, 15, and 10 M reads at the same read length (151 nt) showed a mean DE agreement (based on Jaccard index) for days with the strongest biological signals (Day 7 and 14) of 0.93, 0.87, 0.83, and 0.80, respectively (
Figure 5
). In summary, this showed that read length had a much lesser impact on DEG agreement compared to sequencing depth. Changing the read length by approximately half from 151 nt to 75 nt only resulted in 6% disagreeing DEGs. In contrast, reducing sequencing depth by approximately half from 32 M to 15 M reads resulted in 17% disagreeing DEGs. The disagreement was not explained by a change in the total number of DEGs.





Figure 5 | 
Impact of read length and sequencing depth on DEG detection. Impact of read length and sequencing depth on Jaccard index between DEGs (Site 1). The Jaccard index represents the proportion of intersecting DEGs compared to the union of DEGs identified for a subsampled/truncated dataset and the original dataset.









2.7  Establishment of a read-count cutoff for accurate fold-change assessment


In RNA-Seq experiments, pre-filtering genes with low read counts to reduce low-quality data is an important part of the analysis but is frequently done using arbitrarily defined thresholds. As we have shown in 
Figure 2
, filtering also improved inter-site agreement in LCPM and LFC based on Pearson correlation. Exogenous RNA species used as spike-in controls provide the ability to include within a dataset a set of references with known abundance levels that can be used as an internal “truth” by which to judge the accuracy of the analysis accounting for varying sequencing parameters. Here, we tested the utility of the spike-in controls provided by the External RNA Controls Consortium (ERCC) (24) to empirically derive read-count cutoffs within our datasets that result in a high agreement between expected and observed fold changes. To achieve this, we used 92 ERCC spike-in RNA control pairs (ERCC2 vs. ERCC1 mixes with known abundance ratios) that were spiked into pre-defined sample pairs (n=40 for each site). The 92 spike-in transcripts were binned into 7 groups of increasing expression levels (based on the average LCPM of each ERCC1 and ERCC2 spike-in pair), and the Spearman correlation between the observed and expected ERCC 2 vs. ERCC 1 ratio was calculated within each bin (on average 13 ERCC1/2 spike ins per bin) for each paired sample, along with the respective average LCPM. These values were used to model the relationship between the LCPM and the correlation of empirical vs. expected fold changes (
Figure 6
). The trend plots showed that the correlation increased with increasing LCPM values. We then empirically determined a read-count threshold based on LCPM abundance that marks good agreement between the expected and observed LFC. We defined good agreement as having a correlation value of 0.9 or higher. The non-linear relationship between Spearman correlation and average LCPM was modeled using a 3rd-order polynomial. The model was fit to our two datasets (n=40 paired samples each), and the LCPM value that gave a predicted correlation value of 0.90 was used as the empirically determined threshold. This method yielded LCPM expression cutoffs of 3.34 and 1.73 for Sites 1 and 2, respectively. To assess the degree of variability of the point estimate we used bootstrapping. The resulting 95% CIs were 2.15 to 6.84 LCPM for Site 1 and 1.29 to 2.17 LCPM for Site 2 (
Figure 6
). These intervals can be used to balance the trade-off between fold-change accuracy and filtering out too many genes. To maximize the number of genes for the analysis while maintaining good agreement between observed and expected fold changes, the lower bound of the 95% CI may be used as the cutoff threshold, in this case, 2.15 and 1.29 for Site 1 and Site 2, respectively. With nearest integer increments typically used for read counts, this would translate to 3 and 2 LCPMs for Sites 1 and 2, respectively.





Figure 6 | 
Determination of empirical minimum expression cutoffs using ERCC spike-ins. Each dot represents a subset of the 92 ERCC1 and ERCC2 transcripts for one paired sample grouped by average ERCC1 and ERCC2 abundance (on average 13 per abundance bin). The y-axis summarizes the Spearman correlation between the empirical log2 fold change and expected log2 fold change across these transcripts. The x-axis represents the average log2 abundance per paired sample for a subset of the ERCCs. Overall, 40 pre- and post-treatment pairs were created for each experiment. Each pair is shown multiple times (once in each abundance bin). The purple line represents the fitted 3rd order polynomial function. Red dots represent paired samples with outlying correlation results relative to their abundance bin (exceeding ±1.5 times the interquartile range) which were excluded from curve fitting. The vertical blue solid line indicates the log2 counts per million value at which the fitted curve is equal to a correlation value of 0.9, and the vertical light-blue dashed lines show the 95% bootstrap confidence interval for this log2 counts per million value. The values in the lower right correspond to these vertical lines: the point estimate and 95% bootstrap confidence interval of the log2 counts per million at which the fitted polynomial was equal to 0.9.






In this section, we highlighted a new algorithm that utilizes internal ERCC spike-ins for determining an optimal read-count threshold for each dataset independently. The CpmERCCutoff R package implements this algorithm to empirically determine the LCPM cutoff. The advantage of this approach is that it is data-driven and implicitly controls for any inherent sequencing parameters. These results suggested that the 8 CPM cutoff (3 LCPM) used in the original analysis of these data provided a good agreement between observed and expected fold changes for Site 1. For Site 2, a 4 CPM cutoff (2 LCPM) would have been more optimal.





2.8  Power estimates for vaccine studies for DEG detection


To further evaluate the impact of different parameters on DEG identification, we assessed relative statistical power for different scenarios characterized by varying sample size (n=3 to n=15), effect size (1.25 to 2 minimum absolute fold change), and sequencing depth (10 to 60 M reads) (
Figure 7
). In lieu of a “truth set” of genes for which the differential expression was independently known, we defined a set of “truly differentially expressed genes” (TDEGs) as those genes identified as DEG for both sites using two different R packages (edgeR and DESeq2). Using these conservative criteria, we obtained 444, 357, 2,300, and 3,284 TDEGs for post-vaccination Days 1, 2, 7, and 14 respectively. We then simulated negative binomial data for each post-vaccination day using Site 2 data as the basis for power analyses as this set was more complete than Site 1 due to one outlying subject.





Figure 7 | 
Relative power by sample size, effect size, and sequencing depth at each post-vaccination day as simulated using the modified PROPER R package. Days were sorted by decreasing vaccination effect based on overall fold changes and DEG responses observed for this study (see 
Figure 3A). Power was assessed for different fold-change cutoffs (indicated by color-coded lines), sequencing depth (as indicated by the line type), and sample size (x-axis).






The power curves shown in 
Figure 7
 demonstrate that statistical power to detect TDEGs was most strongly influenced by sample size. Importantly, power was modulated by the overall magnitude and breadth of the biological vaccine effect, which was evident by the overall horizontal shifts in the power curves with increasing power for increasing vaccine effects reported for Days 1-14 (see 
Figure 3A
). Most positively impacted was the statistical power to detect TDEGs with smaller fold changes (FC ≥1.25 fold change), for example, with a sample size of n=10 and sequencing depth of 30 M reads, the statistical power increased from ~30% on Day 1 to 50%, 55% and 68% on Days 2, 7, and 14, respectively. Three other notable trends were apparent:


First, the statistical power to detect TDEGs was remarkably higher for genes with larger effect sizes. For example, at Day 14, for genes with greater than 1.75-fold or 2-fold effect sizes, even at the lowest level of sample size evaluated (n=3) the statistical power was 55% and 68%, respectively. An increase in sample size to 10 or higher led to greater than 90% power for the detection of TDEGs with fold changes at or above 1.75 (
Figure 7
). In contrast, at a lower effect-size cutoff of 1.5-fold, the approximated power was 37% at a sample size of n=3, and 90% power wasn’t attained until a sample size of 13 or more. For the smallest effect size considered, a cutoff of 1.25-fold, statistical power dropped much lower for smaller n with only 18% of TDEGs detected at n=3. However, sensitivity increased steadily with increased sample sizes: at n=6, 44% of TDEGs were detected; at n=10, 68% of TDEGs were detected; and at n=15, the largest sample size considered, 84% of TDEGs were detected.


Second, sequencing depth had a minor effect on power (
Figure 7
). A noticeable negative effect on power was only observed when coverage was reduced from 20 M to 10 M, and even with this magnitude of coverage reduction, the power difference was minor. No substantial gains in statistical power were detected beyond 20 M reads. Furthermore, this lack of dependence on power on the sequencing depth was observed across all four days. This means that since the biological signal increased across time, deeper coverage over 20 M reads did not improve power in the presence of weaker biological signals.


Lastly, the false discovery rate (FDR), defined by the proportion of statistically significant genes that were not TDEGs, showed a strong dependence on the strength of the biological signal (
Supplemental Figure 3
). The statistical significance of each gene was determined based on an adjusted p-value set to control the false discovery rate at a 5% level. At Day 1, when the signal was weakest, the approximated FDR was inflated to 41% for a sample size of n=3. However, the FDR improved as the sample size increased; with a sample size of n=13 or larger, the FDR was below 10% for all fold-change cutoffs and below 5% for the more stringent 1.75- and 2-fold-change cutoffs. In contrast, at Day 14 when the biological signal was strongest, the FDR was near 5% for all sample sizes and fold-change cutoffs. Of note, the coverage level did not noticeably affect the FDR, regardless of the strength of the biological signal, similar to what was observed for power.


The type-I-error rate, defined as the proportion of non-TDEGs that were declared statistically significant, was also evaluated (
Supplemental Figure 4
). In all simulation settings, the type-I-error rate was below 2%. It should be noted, however, that a low type-I-error rate is not surprising in this context because its value is directly related to the proportion of genes declared to be statistically significant. As a result, the type-I error should be assessed together with power to form an accurate summary of the performance. With this in mind, we found that: (i) the stronger biological signals at Days 7 and 14 led to increased type-I error relative to Days 1 and 2, but this was accompanied by improved power; (ii) there was no apparent dependence between coverage level and the type-I-error rate in any scenario; and (iii) the type-I-error rate remained relatively unchanged with increasing sample size, except at Days 7 and 14 when the lowest fold-change cutoff of 1.25 was used, in which case the type-I error showed a slight, gradual increase for each sample size considered even though power still improved.


While the magnitude of the fold change for the TDEGs was fixed in this simulation, the variance of these genes was allowed to change based on each simulated coverage dataset. Since variance plays an important role in power—higher variance directly results in lower power, all else equal—we investigated whether the mean-variance relationship across genes was affected by the different sequencing depth. Overall, the mean-variance trends across genes were maintained for different sequencing depth considered in this simulation; the curves shift left with lower coverage to produce fewer total counts, but the trend of lowly-expressed genes having higher variance compared to highly-expressed genes persisted (
Supplemental Figure 5A
). While the trends shifted vertically with increasing log mean expression, the corresponding log over dispersion values remained similar. Additionally, after applying TMM-normalization and obtaining LCPM values for the gene expression in the simulated coverage datasets, these values aligned with the LCPM values in the original dataset (
Supplemental Figure 5B
). Hence, this suggested that sequencing depth would also have a minimal differential impact on lowly-expressed gene filtering based on CPM. Thus, while we performed this analysis for genes with >8 CPM, given this result, our findings that coverage did not have a substantial impact on power can be generalized to other CPM cutoffs.






3  Discussion


RNA-Seq offers a large amount of flexibility in the design of experiments, and many technical parameters such as read length, sequencing depth, and replication (i.e. sample size) can be varied to match the needs of an experiment. In addition, choices of the lowly-expressed gene, and fold-change thresholds have an impact on downstream analysis. The goal of most RNA-Seq experiments is to detect genes with statistically significant differences in expression across conditions. Several studies in recent years have sought to investigate how technical parameters influence the composition of DEGs and to provide standards for the design of RNA-Seq experiments. The contributions of technical variation to RNA-Seq analysis have been reduced in recent years due to the improvements in library preparation methods and widespread use of Illumina sequencing; however, the contribution of biological variation remains unique to each dataset.


With this in mind, we sought to provide general recommendations for conducting RNA-Seq in clinical vaccine studies using real-world data generated from a vaccine clinical trial. To achieve this, we assessed human blood PBMC transcriptomes for 10 healthy subjects at Days 0 (pre-vaccination), 1, 2, 7, and 14 following vaccinations with a Francisella tularensis live vaccine strain (DVC-LVS) and compared results obtained from matching aliquots from two different sequencing laboratories addressing the following questions:




Inter-site reproducibility:
 How reproducible are data generated in separate laboratories? How can agreement be improved?





Technical Parameters

: What is the impact of altering lowly-expressed gene thresholds, read length, and coverage? How is PBMC transcript coverage impacted? How can lowly-expressed gene thresholds be derived empirically?





Sample Size & Statistical Power

: Given the biological variation and effect sizes observed in a clinical vaccine study, what relative role does sample size, effect size, and coverage play? What is the impact on false discoveries and the type-1 error?





3.1  Inter-site reproducibility


The seminal SEQC study investigated the concordance of samples processed in multiple sites performing contrasts of two reference samples (Universal Human Reference RNA vs Brain Reference RNA). One important conclusion from SEQC was that while RNA-Seq fold-change estimates were generally concordant between laboratories, read-count data could not be reliably combined (16). Normalization improved overall inter-site agreement but not to the level where read counts could be combined (31).


In this study, we showed that the inter-site agreement between log2 count per million and fold changes was strongly dependent on the degree of read-count filtering. While the commonly used cutoff of >1 CPM resulted in the biggest gain, inter-site agreement showed continuous further improvements with more stringent filtering and the observed Pearson correlation was modest with an average of r=0.7 for LCPM and r=0.50 between LFCs. This indicated that (i) genes that are lowly expressed disproportionally contribute to disagreement between sites, as demonstrated here by lower concordance of data between sites when not excluded; (ii) that these low abundance transcripts are most effectively negated by filtering; (iii) average explained variance was 92% and 24% for LCPM and LFC, respectively, when using >1 CPM demonstrating that a lot of the inter-site variability remained unexplained; and (iv) commonly used cutoffs such as 1 CPM might not be stringent enough to ensure a high level of reproducibility of LCPM and LFC obtained from data run at two different sites. For example, increasing the cutoff from 1 CPM to 8 CPM increased the explained variance for fold changes from 24% to 52%.


Several groups have demonstrated that correlations are not sufficient to allow the combination of datasets generated at distinct sites (16, 29). Thus, we extended our comparison to further investigate to what extent DEGs detected from Site 1 and Site 2 datasets were congruent after applying a >8 CPM low expressed gene cutoff and how gene filtering, fold change, and FDR cutoffs modulated this agreement. We found that when using >8 CPM, FDR <0.05, and FC ≥1.5 that (i) agreement increased with the strength of the biological signal (55-73% of DEGs agreeing between Days 1-14 with an average of 65% agreement) and (ii) the largest negative impact on inter-site DEG agreement was driven by genes meeting the FDR but not meeting the FC for one site but not the other (on average 68% of DEGs among genes with >8 CPM in both laboratories). These findings highlighted the importance of the accuracy of fold changes for inter-site DEG agreement. Based on these findings, our recommendation for improving inter-site DEG agreement is to apply gene expression filtering and determine DEGs using an FDR cutoff but to not use fold-change cutoffs. In our case, after removing the fold-change cutoff requirement, the agreement in DEGs increased from 65% to 82% on average between the two sites.


In addition to the aforementioned differences, global PCA and MDS analysis of LCPM across all 100 samples showed a strong separation of the two sites indicating that the data could not simply be merged, e.g., by using the sum of the read counts obtained for the two aliquots belonging to the same sample (
Supplemental Figure 6
). This effect could not be removed using TMM normalization, a common approach used for normalizing systematic differences between samples in RNA-Seq data. While sequencing technology was the same, each site utilized a similar, but distinct library preparation method: Site 1 used the Illumina TruSeq method and 500 ng of RNA as input, whereas Site 2 used a modified, in-house method similar to TruSeq and 1 ug of RNA for starting material. Thus, even when using highly similar library preparation methodologies, the random variation added by different sequencing laboratories is sufficient to discourage pooling the data. In addition, biological variation between aliquots derived from the same samples may explain some of these differences as well. These results have important implications for RNA-Seq experimental design considerations in the setting of large consortia, in which hundreds or thousands of samples are sequenced across multiple sites. These data indicate that, even under scenarios in which sequencing laboratories have harmonized library prep methodology, strategies that pool data at the read-count level directly should be avoided. However, biological conclusions drawn from each individual dataset on the DEG level were very similar including heatmap log2 fold change profiles showing clustering of all DEGs within aliquots from the same subject for all time points (
Supplemental Figure 7
). This indicated that, while differences were observed on the global gene expression level, these did not sufficiently confound the key signals in the data that these were accurately captured in either experiment.





3.2  Technical parameters




3.2.1  Choice of read length


We assessed the impact of differing read length on our ability to detect DEGs by truncating reads to mimic common Illumina sequencing configurations (100 nt SE, 75 nt SE, and 50 nt SE), and compared DEGs recovered to those found using 151 nt. Overall, for the strongest biological signal observed at Days 2-14, we found very little impact, the overlap in DEGs was >90% for all configurations, and it was 95% and 94% for the 100 nt and 75 nt simulations, respectively, based on Jaccard index. Our findings are largely in agreement with prior work examining this relationship: Chhangawala et al. (17), utilized commercial reference RNA samples (UHRR and Ambion FirstChoice Human Brain Reference RNA) and found very little difference in the sensitivity to detect DEGs when varying read length from 50-100 nt, but read lengths of 25 nt were inferior. In this regard, our study replicates and extends this principle to “real-world” samples from a vaccine trial. In contrast, recent data has emerged that indicates that short-paired end reads (i.e. 2x40 nt) outperform longer single-ended libraries for gene expression estimates (32). These findings are intriguing and warrant future investigation. However, it should be noted that the primary metrics for this determination were correlations of read counts to the “parent” dataset which comprised of 2 x 125 paired-end reads. Given the size of our dataset, we did not utilize paired-end sequencing and are unable to directly test these findings. Collectively, our data demonstrate that RNA-Seq studies with clinical PBMC datasets can reduce read length down to 50 nt with relatively minimal impact on the ability to detect DEGs compared to the untruncated data. While our observations on the relatively modest impact of read count are generally consistent with prior observations, our simulation was performed using a dataset with relatively deep coverage (~35 M reads per sample), and the impact may be more evident on datasets with less sequencing depth. Nevertheless, these results indicate that reducing read length can be a viable option for cost savings.





3.2.2  Choice of Coverage


For this analysis, we assessed the relative impact of reducing coverage from 35 to 25, 20, 15, and 10 M reads on DEG agreement. Our main findings were that (i) compared to read length when coverage was kept constant (35 M reads), coverage had a larger influence on DEG agreement when read length was kept constant (151 nt); (ii) the relationship was modulated by the strength of the biological signal; (iii) for the strongest biological signals (Day 7 and 14), an approximate linear relationship was observed with a 5% drop in agreement with each drop in 5 M sequencing depth (down to 80% agreement with 10 M reads); and (iv) for the weaker signal at Day 2, a non-linear relationship was observed with the biggest drop seen between 15 M and 10 M, indicating that weaker biological signals require higher coverage than stronger signals to produce robust DEG results.


In order to assess the impact of coverage on accurately covering genes expressed in the PBMC transcriptome, based on pooled data, we generated a “PBMC transcriptome compendium” comprised of 26,172 genes. Cumulatively, our results demonstrated that, even at relatively deep sequencing depth of 30 M, a significant percentage of the gene content expressed in PBMCs was not detectable (17-44% depending on read count filtering). This limitation in turn negatively impacts DEG detection contributing to an increased false negative rate.





3.2.3  Choice of lowly-expressed gene cutoff


Our analysis showed that stronger filtering improved the inter-site agreement—in particular, the correlation between fold-change estimates—by removing lowly-expressed genes. This prompted us to investigate the relationship between known fold changes using endogenous reference RNA (ERCC1 and ERCC2 controls) which were spiked into clinical samples in a way to evaluate fold-change accuracy (ERCC1 was spiked into 10 samples, and ERCC2 was spiked into the remaining 40 samples). Based on the observed non-linear trend, we devised a method to empirically determine a low gene expression LCPM cutoff that represents good Spearman correlation of observed vs expected ERCC control fold changes. Using this approach with each site’s data separately, we established low gene expression thresholds of 3 LCPM and 2 LCPM for Sites 1 and 2, respectively. These thresholds balance the trade-off between fold-change accuracy and filtering out too many genes for each site. These results were encouraging as they demonstrated that both sites retained a high level of technical precision to accurately quantify ERCC1/2 spike-in expression changes at relatively low CPM. However, differences remained with Site 1 requiring stronger filtering than Site 2 due to the slightly lower sequencing depth and increased noise (one globally outlying sample was identified) for Site 1. This highlights the usefulness of internal ERRC1/2 spike-ins for estimating empirical gene expression filtering cutoffs accounting for systematic experimental differences across sites. This strategy for determining the LCPM cutoff was implemented in the CpmERCCutoff R package and is available for download on CRAN.






3.3  Impact of sample size and sequencing depth on statistical power

One of the most important decisions to be made during the design of an RNA-Seq experiment is the number of samples to sequence. A set of “truly differentially expressed genes” or TDEGs was established based on a stringent FDR threshold and replication in both sites using different DEG detection methods. This strategy to define a “truth set” has been used effectively by prior studies examining the relationship of RNA-Seq parameters with power (33). We defined statistical power, or sensitivity, as our ability to detect TDEGs with a given effect size at varying sequencing depths and sample sizes for each post-vaccination day. The results unambiguously demonstrated that sample size was a much more important factor than sequencing depth for the detection of TDEGs in PBMCs after vaccination. A few other principles were identified:


	
the power to detect gene expression with variable sample sizes was highly influenced by the effect size (i.e. the fold change). When we restricted our analyses to genes with a greater than 2-fold change on Day 14, the power was 66% to 68% for all coverage levels considered with only n=3 samples, and this increased to >90% with n=8 samples. In contrast, when we lowered the threshold to 1.5-fold changes, the power to detect TDEGs fell to below 38% with n=3 and was below 79% with n=8. While we did not run a simulation using all genes, our simulation using a fold-change threshold of 1.25-fold contained between 70% to 88% of all DEGs found at each day at an FDR <0.05, and we reasoned that this was an acceptable threshold likely to screen out unreliable transcripts with extremely low effect sizes and allow us to estimate the power to detect most (if not all) of the TDEGs. Nevertheless, using the fold-change cutoff of ≥1.25-fold, even at a simulated sample size of n=8, we were only able to detect fewer than 58% of the TDEGs on Day 14. This relationship between effect size and power has been observed by others: Hart et al. found using simulated RNA-Seq datasets from PBMCs that genes with fold changes approaching 3 are nearly universally detected, but as the fold change becomes lower than 2-fold, sensitivity decreases sharply (34).


	
the sample size needed to sensitively detect the full complement of differentially expressed genes (i.e., all TDEGs at all fold changes) is remarkably high. Even with enforcing a ≥1.25-fold-change cutoff, our simulations indicated that a sample size of n=10 provided only 29% power to detect TDEGs on Day 1 and peaked on Day 14 with 68% power. This observation has been reported several times using a wide variety of datasets with differing samples: Wu et al. demonstrated that even using extremely high sequencing depth, sample sizes of >10 were needed to achieve sensitivities above 80%. Ching and colleagues examined a diverse array of datasets: whereas some datasets were able to achieve a high level of power at low replicates (i.e., n=3 to 5), these tended to be unique scenarios such as comparing reference samples from highly divergent tissues and employing technical replicates, where average fold changes of DEGs were high, and the gene-level dispersion extremely low (33). In contrast, our work demonstrated that when analyzing human samples from diverse individuals that mimic true biological variability and comparing responses in the same tissue induced by exogenous stimuli, the sample size to achieve power >80% across all fold-change cutoffs was n≥15 for the strongest biological signal observed at Day 14. At Day 7 and Day 2, power was ≥70% followed by Day 1 with ≥50%. Schurch et al.’s findings suggest that sample sizes should be larger than n=12 if the goal is to sensitively describe the majority of DEGs (20). Hart and colleagues demonstrated that the gene-level dispersion was the main driving factor determining the sensitivity of an RNA-Seq dataset and that while datasets with low coefficients of variation could achieve 80% power at n=8, other datasets needed n>20 or even n>40. In the context of these prior studies, our power simulations illustrate the utility and limitations of RNA-Seq data using PBMCs in clinical studies. First, in our PBMC dataset, we found that at a relatively low fold-change cutoff of ≥1.5, we achieved 80% power at n=9 for TDEGs on Day 14. At this sample size, we had extremely high sensitivity to detect the genes most dramatically influenced by the perturbation. Conversely, when the gene set is defined with the fold-change threshold of ≥1.25, we estimated approximately 62% power at n=9 and attained 80% power only at n>14. In practical terms, these results provide guidance on how RNA-Seq data can be interpreted from studies using similar data. Importantly, these results do not imply that datasets where the sample size is <10 are totally unreliable. Rather, we conclude that, at smaller sample sizes, if one employs a higher fold-change cutoff, then there is a higher degree of confidence to detect true DEGs. However, more caution must be placed on interpreting genes that do not pass the FDR or fold-change threshold as true negatives—the study may be underpowered to detect them. If the goal of the experiment is to catalog all (or nearly all) DEGs induced by a perturbation, then a large sample size is needed. While applying a fold-change cutoff increased statistical power, we have shown that inter-site agreement in DEGs was reduced when using ≥1.5 due to variation in fold-change estimates between sites. Thus, the ability to detect true TDEGs would need to be balanced with the ability to reproduce findings between different experiments.


	
the impact of sequencing depth on the power to detect TDEGs was minimal. The ability to detect TDEGs was indistinguishable ranging from 20 M reads to 60 M reads (at 10 M read intervals). A minor loss of sensitivity was observed when samples were subsampled down to 10 M reads. This result demonstrated that a sequencing depth of 20 M reads is sufficient to capture the majority of TDEGs in a PBMC-derived dataset. Ching et al. reported nearly identical findings, that minimal increased sensitivity was gained above 20 M reads (33). Similarly, others have simulated the increase in power at increased sequencing depths and found that at 2-fold depth, the increase in power only increased by 3-5%, and even at 10-fold depth, that power only increased by 2-3%.





While sequencing depth did not profoundly influence statistical power, we did observe that reducing sequencing depth had a stronger influence on transcript representation. We found that even at relatively deep sequencing depths, only approximately 65% of the total fraction of PBMC transcripts are reported in any individual sample. Decreasing sequencing depths led to a loss of content of approximately 5% of identifiable genes for each 10 M drop in depth. For example, reducing coverage from 30 M reads to 10 M reads detected 2,515 fewer genes. Taken together with our power simulations, this analysis demonstrates that while sequencing depth does not alter overall power, a substantial proportion of genes with lower expression will be lost or provide unreliable quantification. The true impact on the biological interpretation of reduced transcript representation needs to be evaluated for each RNA-Seq dataset independently. In summary, these results demonstrated that while it is possible to reduce costs in an RNA-Seq experiment with an overall loss of power by decreasing coverage, this step must be carefully considered as there is a tangible loss of gene content. As the cost-per-base continues to drop as sequencing technology improves, the relative savings in reducing sequencing depth are becoming minimal compared to the cost of gene-content loss in an RNA-Seq experiment.


	
(iv) the false discovery rate and type-I error was dependent on the biological signal strength. Day 14 produced the strongest biological signal, having a relatively high number of TDEGs and magnitude of fold changes compared to other days. The FDR was near or below the 5% level on Day 14, regardless of the sample size, coverage level, or fold-change threshold used. As we moved back toward Day 1, the strength of the biological signal weakened at each preceding time point, and the control of the FDR became more dependent on sample size. On Day 2 and Day 1, the sample size was the most important factor for ensuring the FDR was not inflated. As with power, the sequencing depth did not affect FDR as long as the depth was at or above 20 M.





The strength of the biological signal appeared to be the greatest influencer on type-I error, but this effect was balanced by the power and FDR. For example, Day 14 shows the highest type-I-error rates (although still below 2% in all cases), but this is accompanied by the highest power and lowest FDR. Sequencing depth had a negligible impact on the type-I-error rate, consistent with the findings for power and FDR.






4  Conclusion


In this study, our goal was to establish parameters and guidelines for RNA-Seq studies using patient PBMC samples obtained before and after vaccination with a live attenuated tularemia vaccine. Estimating statistical power in RNA-Seq studies is a complex endeavor, as power is strongly influenced by the biological variance of the particular experiment, the range of effect sizes, and the technical factors we have described in this study. The near-universal usage of Illumina sequencing has partially standardized the technical factors influencing RNA-Seq power. A number of recent studies have established a framework of statistical power and quality control for RNA-Seq experiments, and their findings are largely in agreement with our data (14, 16, 18). Here, we have extended these framework studies by demonstrating that the principles established hold true using “real world” clinical samples from a vaccine clinical trial. The main conclusions are: (i) filtering lowly-expressed genes is recommended, if possible guided via ERCC spike-ins, to improve fold-change accuracy and inter-site agreement—we produced an algorithm that is implemented in the R package CpmERCCutoff that is publicly-available through CRAN; (ii) read length did not have a major impact on DEG detection, and although shortening reads will result in some lost DEGs compared to longer reads, it may be a good option to save costs (iii) applying fold-change cutoffs for DEG detection reduced inter-set DEG agreement and should be used with caution, if at all; (iv) reduction in coverage had a minimal impact on statistical power but reduced the identifiable fraction of the PBMC transcriptome—20 M reads appear to be sufficient; (v) sample size is the most important driver of statistical power followed by effect size (i.e. the magnitude of fold change)—a sample size of n=15 captured TDEGs with ≥1.25 fold change at >80% power for the strongest signal (Day 14). As transcriptomics is being increasingly included in clinical drug and vaccine trials to understand biological molecular mechanisms and to provide more sensitive monitoring for toxicities, this study should provide useful guidelines for the design of multicenter RNA-Seq studies.





5  Materials and methods


Total RNA was extracted using the RNeasy kit (Qiagen, CA) and quantitated on a Thermo Nanodrop, quality assessment was performed on an Agilent Bioanalyzer. Samples with a RIN score >7.5 were used for library construction.




5.1  RNA-Seq library preparation and sequencing: Site 1


Libraries were prepared using the Illumina (Illumina Inc. San Diego, CA, USA) TruSeq™ mRNA stranded kit as per the manufacturer’s instructions. 500 ng of total RNA was used for library preparation. ERCC synthetic spike-in 1 or 2 (Thermo Fisher Scientific Inc., Waltham, Massachusetts) was added to each total RNA sample and processed in parallel. The TruSeq method (high-throughput protocol) employs two rounds of poly-A based mRNA enrichment using oligo-dT magnetic beads followed by mRNA fragmentation (120-200 bp) using cations at high temperatures. First and second strand cDNA synthesis was performed followed by end repair of the blunt cDNA ends. One single “A” base was added at the 3’ end of the cDNA followed by ligation of the barcoded adapter unique to each sample. The adapter-ligated libraries were then enriched using PCR amplification. The amplified library was validated using a DNA tape on the Agilent 4200 TapeStation and quantified using a fluorescence-based method. The libraries were normalized and pooled and clustered on the HiSeq3000/4000 flow cell on the Illumina cBot. The clustered flowcell was sequenced on the Illumina HiSeq3000 system employing a single-end 101 cycles run, each sample was sequenced to an average depth of 25 M reads.





5.2  RNA-Seq library preparation and sequencing: Site 2


Total RNA integrity was determined using Agilent Bioanalyzer or 4200 Tapestation. ERCC synthetic spike-in 1 or 2 (Thermo Fisher Scientific Inc., Waltham, Massachusetts) was added to each total RNA sample and processed in parallel. Library preparation was performed with 1 ug, of total RNA with a Bioanalyzer RIN score greater than 8.0. Ribosomal RNA was removed by poly-A selection using Oligo-dT beads (mRNA Direct kit, Life Technologies. In cases, where samples had less than 1ug of total RNA, the entire available amount was used. mRNA was then fragmented in buffer containing 40 mM Tris Acetate pH 8.2, 100 mM Potassium Acetate, and 30 mM Magnesium Acetate and heated to 94 degrees for 150 seconds. mRNA was reverse transcribed to yield cDNA using SuperScript III RT enzyme (Life Technologies, per manufacturer’s instructions) and random hexamers. A second strand reaction was performed to yield ds-cDNA. cDNA was blunt ended, had an A base added to the 3’ ends, and then had Illumina sequencing adapters ligated to the ends. Ligated fragments were then amplified for 14 cycles using primers incorporating unique index tags. Fragments were sequenced on an Illumina HiSeq 3000 using single-end reads extending 100 bases to an average of 35 M reads per sample.





5.3  RNA-Seq data processing and detection of DEGs


The latest version of the human reference genome (GRCh38), gene models, and associated gene annotation information at the time of the study start were obtained from the ENSEMBL database (Version 84, March 2016). The genomic reference was built by merging all human chromosomes except X and Y chromosomes to avoid gender-specific effects. Reads were mapped against the human reference genome using the STAR splice-aware read aligner (Version 2.5.2a) (35). Gene expression quantification was carried out using the featureCounts function as implemented in the Subread software (Version 1.5.0-p2) (36). TMM normalization was executed as implemented in edgeR (37).


Genes with expression levels ≤8 CPM for all 50 samples within site were filtered out and were excluded in the differential gene analysis. To identify genes that were significantly differentially expressed (DE) from baseline for each post-vaccination day (Days 1, 2, 7, 14), a negative binomial model was fit to read counts using the implementation provided by the edgeR software (37). Each model included fixed effects for subjects to account for paired samples and study visit day (baseline or post-vaccination day). For each gene, the statistical significance of the study visit day effect was evaluated using a likelihood ratio test. To control for testing multiple genes, the false-discovery rate (FDR) based on the Benjamini-Hochberg procedure as implemented in the p.adjust R function was applied for each model (38). Genes with a fold change from baseline ≥1.5 and FDR-adjusted p-value <0.05 were considered DEGs.





5.4  Simulation of datasets to assess the impact of sequencing depths, read length, and simulate power


The original 50 FASTQ files from Site 1 with a read length of 151 nt were right-truncated to obtain three additional FASTQ files per sample with 50 nt, 75 nt, and 100 nt long reads. Truncation of reads was carried out using the fastx_trimmer tool of the FASTX Toolkit. A set of four FASTQ files per sample to simulate different coverage levels were obtained by randomly down-sampling original reads to 25 million (25 M), 20 million (20 M), 15 million (15 M), and 10 million (10 M) reads. Random subsampling of reads was carried out using the sample tool of the seqtk Toolkit (Version 1.2-r95-dirty). An additional four FASTQ files were simulated for the power analysis using the same approach, which contained 30 M, 40 M, 50 M, and 60 M reads, respectively.





5.5  Empirical determination of a cutoff for filtering lowly-expressed genes using ERCC controls


The 92 ERCC 1 mix transcripts were added to pre-vaccination samples, and the ERCC 2 mix was added to each post-vaccination sample. ERCC spike-ins cover a range of concentrations from 0.014 to 30,000 CPM for both mixes, and the expected LFCs from mix 2 to mix 1 range from 0.25 to 2. For paired samples, the empirical fold change (based on fold change in CPM from the RNA-Seq experiment) and expected fold changes were determined for each of the 92 ERCC transcripts. Likewise, the mean LCPM of each ERCC transcript was determined by first calculating the average LCPM value for each paired sample, and then taking the mean of those averages. This results in a weighted average for each ERCC transcript across the pre- and post-vaccination samples. Based on the distribution of the mean ERCC LCPM, the 92 spike-ins were allocated into 7 bins of increasing abundance from low to high (≥13 transcripts per bin).


Next, for each paired sample, the Spearman correlation between the empirical and the expected fold changes was calculated for the subset of ERCC transcripts within each bin. The mean LCPM of the transcripts within each bin was also computed for each paired sample. This produces a pair of values—the Spearman correlation and the mean LCPM—for each paired sample within each bin of ERCC transcripts. A 3rd-order polynomial was fitted to these correlation data to estimate a trend line that captured the non-linear relationship between the correlation and average LCPM. To make this step more robust, outliers within each bin (points with correlation values exceeding Q3 + 1.5 IQR or less than Q1 – 1.5 IQR) were excluded from this step. The LCPM cutoff value was then chosen as the value at which the fitted polynomial gave a correlation of 0.9. Bootstrapping (sampling with replacement of paired samples) was used to determine the 95% confidence interval of the cutoff point; the lower and upper bound of the confidence interval represented the 2.5 and 97.5 percentiles, respectively, of the bootstrap cutoff values.


The CpmERCCutoff R package was developed to implement the method described above (https://CRAN.R-project.org/package=CpmERCCutoff). The getLowLcpmCutoff function takes the paired samples and the expected and observed fold changes as input, calculates the LCPM cutoff threshold, and returns the summarized results. The package also includes plotting capabilities to visualize the 3rd
 order fit with the empirically-derived LCPM cutoff highlighted, as seen in 
Figure 6
.





5.6  Calculation of statistical power


Statistical power was assessed using a modified version of the PROPER (39, 40) R package. The simulation strategy was designed to assess the effect of (i) the coverage level of the RNA-Seq experiment, (ii) the log fold-change cutoff used to filter genes, (iii) the sample size, and iv) the varying strength of the biological signal post-vaccination (Day 1, 2, 7, and 14).


For each post-vaccination day, we defined a gold standard set of genes that were “truly differentially expressed genes” (TDEG) as those genes with a maximum expression level of at least 8 CPM for all 50 samples within a site and an FDR-adjusted p-value below 0.05, independently detected in the data from both sites by both the edgeR (37) and DESeq2 R packages (41), using the original coverage data (
Table 1
). Using these criteria, these analyses yielded 444, 357, 2,300, and 3,284 TDEGs for post-vaccination Days 1, 2, 7, and 14 respectively. Each TDEG was associated with an effect size based on the estimated average fold change (FC) for that gene in the original dataset from Site 1. All non-TDEGs were associated with a null effect size (FC=1).


We used the most complete set (Site 2) that did not have any outliers for the power assessment. To estimate statistical power to detect TDEGs, different coverage levels were simulated by down-sampling the FASTQ files from Site 2 to 30 M, 20 M, 10 M reads and over-sampling them to sizes of 40 M, 50 M, and 60 M reads. We simulated FASTQ files for each of these different coverage levels for each subject and each of the five time points (pre-vaccination and each post-vaccination day). The simulated FASTQ files were aligned against the reference and processed to obtain corresponding gene count datasets as described for the original data. The same genes that were filtered out in the original analysis were also removed from these datasets. Finally, the average gene expression levels (normalized average LCPM) and dispersion estimates (trended dispersion) were calculated based on the pre-vaccination day data, resulting in paired mean and dispersion estimates for each gene and for each coverage level.


These estimates were then used to simulate gene count datasets for the power assessment: for each coverage level, post-vaccination day, and sample size (, 500 datasets were simulated using independent negative binomial models for each gene parameterized by its estimated mean expression, dispersion, and effect-size level. In each dataset, samples were simulated for both the pre- and post-vaccination day. The TDEGs were simulated so that the average difference in expression between the pre- and post-vaccination days was equal to its estimated effect size. The model did not include a dependence between paired samples. The simulated dataset was then analyzed with edgeR to identify differentially expressed genes. The estimated FC and p-value for each gene were calculated and recorded.


The statistical power for each combination of parameters was determined as the average proportion of TDEGs that were identified in the simulated datasets with an FDR-adjusted p-value <0.05. Four levels of fold-change cutoffs were considered: 1.25, 1.5, 1.75, and 2.0. The power calculation was conditioned on the given fold-change criteria, which means the TDEGs considered had an effect size above the cutoff value.
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A corrigendum on 


The Vacc-SeqQC project: Benchmarking RNA-Seq for clinical vaccine studies

 by Goll JB, Bosinger SE, Jensen TL, Walum H, Grimes T, Tharp GK, Natrajan MS, Blazevic A, Head RD, Gelber CE, Steenbergen KJ, Patel NB, Sanz P, Rouphael NG, Anderson EJ, Mulligan MJ and Hoft DF (2023) Front. Immunol. 13:1093242. doi: 10.3389/fimmu.2022.1093242


In the published article, there was an error in the Figure 7 legend as published. The figure legend effect size values were incorrectly displayed as “>1.25, 51.5, 51.75, 52” instead of “>1.25, ≥1.5, ≥1.75, ≥2”. The corrected Figure 7 and its caption appear below.




Figure 7 | Relative power by sample size, effect size, and sequencing depth at each post-vaccination day as simulated using the modified PROPER R package. Days were sorted by decreasing vaccination effect based on overall fold changes and DEG responses observed for this study (see Figure 3A). Power was assessed for different fold-change cutoffs (indicated by color-coded lines), sequencing depth (as indicated by the line type), and sample size (x-axis).
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Several vaccine platforms have been developed to fight pathogenic threats, with Virus-Like Particles (VLPs) representing a very promising alternative to traditional platforms. VLPs trigger strong and lasting humoral and cellular immune responses with fewer safety concerns and higher stability than other platforms. The use of extensively characterized carrier VLPs modified with heterologous antigens was proposed to circumvent the viral complexity of specific viruses that could lead to poor VLP assembly and yields. Although carrier VLPs have been successfully produced in a wide variety of cell-based systems, these are limited by low protein yields and protracted clone selection and optimization workflows that limit VLP screening approaches. In response, we have demonstrated the cell-free protein synthesis (CFPS) of several variants of the hepatitis B core (HBc) carrier VLP using a high-yielding tobacco BY-2 lysate (BYL). High VLP yields in the BYL system allowed in-depth characterization of HBc variants. Insertion of heterologous sequences at the spike region of the HBc monomer proved more structurally demanding than at the N-terminus but removal of the C-terminal domain allowed higher particle flexibility and insert acceptance, albeit at the expense of thermal and chemical stability. We also proved the possibility to scale the CFPS reaction up to 1L in batch mode to produce 0.45 grams of the native HBc VLP within a 48-hour reaction window. A maximum yield of 820 µg/ml of assembled VLP particles was observed at the 100µl scale and most remarkably the CFPS reaction was successfully scaled from 50µl to 1L without any reduction in protein yield across this 20,000-fold difference in reaction volumes. We subsequently proved the immunogenicity of BYL-derived VLPs, as flow cytometry and microscopy clearly showed prompt recognition and endocytosis of fluorescently labelled VLPs by human dendritic cells. Triggering of inflammatory cytokine production in human peripheral blood mononuclear cells was also quantitated using a multiplex assay. This research establishes BYL as a tool for rapid production and microscale screening of VLP variants with subsequent manufacturing possibilities across scales, thus accelerating discovery and implementation of new vaccine candidates using carrier VLPs.
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1 Introduction

Vaccination is the most effective method to prevent viral infections, a major cause of morbidity and early mortality in humans worldwide (1). Several vaccine platforms have emerged, from which Virus-Like Particles (VLPs) have gained increased interest over the past years. Virus-like particles (VLPs) are virus structures that lack the genetic material and molecular machinery required for viral replication. As VLPs are unable to replicate within the host, they pose none of the safety risks associated with attenuated vaccines (2). Nevertheless, given their resemblance to viruses, VLP vaccines confer strong protection against their cognate viruses by triggering robust and lasting immune responses (3–5).

Despite these advantages of VLP-based vaccines, only VLP products against Hepatitis B Virus (HBV), Hepatitis E Virus (HEV), Human Papillomavirus (HPV) and Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) are approved for human use (6, 7). The intrinsically complex assembly mechanisms of specific viruses, like human immunodeficiency virus (8), impose lengthy proof-of-concept studies and subsequent production optimization that render virus-specific VLP vaccine candidates as non-commercially viable (9). To circumvent virus complexity, the use of carrier VLPs as vaccination platforms has been proposed. Carrier VLPs are chosen based on the availability of prior characterization data and can be decorated with antigens or peptides from different pathogens, thus exploiting the advantages of VLP platforms without their drawbacks (10).

The hepatitis B core antigen (HBc) is a non-enveloped model VLP that has been extensively studied and applied as carrier to vaccinate against various heterologous pathogens (11). The HBc VLP is composed of a 21kDa monomer that self-assembles into two different and highly stable particle conformations of either 180 or 240 monomers termed T3 and T4, respectively (12–14). The structure of the HBc VLP is pliable for modification, allowing the introduction of small external protein sequences at three different sites: N-terminal, Spike (also known as major insertion region or MIR) and C-terminal. Furthermore, protein engineering techniques have been developed to further increase carrier pliability, allowing the insertion of bigger antigens into the HBc VLP with less concerns for structural constraints (15–17). The versatility of the HBc VLP in heterologous antigen decoration thus increases its potential to be employed as a carrier VLP for vaccine candidate generation. Nevertheless, there are still production challenges that must be addressed to maximize yields and support the clinical translation of engineered HBc VLP derivatives.

Although HBc VLPs have been successfully produced in cell-based systems, these platforms commonly struggle in terms of VLP yields (18). Additionally, cell-based expression requires lengthy processes of cell culturing, genetic transformation and expression optimization, rendering rapid library screening non-viable (19). Cell-Free Protein Synthesis (CFPS) systems have been explored as increasingly viable alternatives with unique advantages. The open nature of CFPS allows reaction conditions to be modified freely to maximize protein yields, as well as allowing simpler screening (20, 21). Screening of different carrier VLP and heterologous antigen combinations could be essential to ensure proper VLP assembly and immunogenicity (22, 23). Various CFPS systems are available, derived from different prokaryotic or eukaryotic origins. Prokaryotic CFPS systems show lower production costs, higher protein yields and better production scalability than eukaryotic systems but lack the chaperones and post-translational modification machinery necessary to produce complex proteins (24, 25). Therefore, a cheaper, high-yielding eukaryotic CFPS system, capable of manufacture-scale production would be necessary to produce effective HBc-based VLP vaccines decorated with complex antigens.

The BY-2 tobacco cell-free lysate (BYL) is a novel plant-based CFPS system that could serve as an effective alternative to previous eukaryotic platforms. BYL has shown higher recombinant protein production yields than other CFPS systems with the potential to cost-effectively scale both production and reaction volumes (26–28). The high yields, scalability, and possibility to produce complex proteins led to the commercialization of BYL as ALiCE® (29). Nevertheless, the capability to produce VLPs in BYL has still not been shown. Moreover, although previous research proved the production of VLPs in other CFPS systems, none were scaled to provide sufficient material for follow-up immunogenicity studies with purified particles (22, 30, 31). Therefore, exploring the ability to scale the BYL reaction and determining the immunogenicity of BYL-produced VLPs will be essential if BYL is to be used as a platform for vaccine candidate screening, selection, and manufacturing in the event of a pandemic. A graphical summary of the research performed in this study is shown in Figure 1.




Figure 1 | Research performed in this study. In this research we studied the possibility to use the BYL cell-free expression system to quickly screen different HBc VLP variants, scale the production and test the immunogenicity of a chosen candidate. The HBc VLP structure shown was retrieved from PDB (ID:1QGT). HBc, Hepatitis-B core; VLP, virus-like particle; BYL, BY-2 tobacco cell-free lysate; NK, natural killer; DC, dendritic cell. Figure created at biorender.com.



In our research, we aimed to study the production and assembly of different variants of the HBc VLP in BYL, more specifically to study the acceptability of heterologous inserts and other structural constraints related to particle modification. Overall, it was observed that BYL is a viable platform to quickly screen and produce different HBc VLP variants. Heterologous insertion at the MIR site of HBc VLPs proved more structurally demanding than at the N-terminal site. Removing the C-terminal domain of the HBc VLP positively affected the acceptance of inserts at the MIR but decreased particle stability. A maximum yield of 820 µg/ml of assembled VLP particles was observed at the 100µl scale and most remarkably the CFPS reaction was successfully scaled from 50µl to 1L without any reduction in protein yield across this 20,000-fold difference in reaction volumes. The produced VLPs were efficiently internalized by human dendritic cells and triggered strong immune inflammatory responses, observed as the release of pro-inflammatory cytokines upon human peripheral blood mononuclear cell (PBMC) stimulation. All in all, it was proven that BYL can be used to quickly screen VLP variants in terms of assembly and yield and as a tool to characterize VLP stability. Furthermore, BYL can also be used to produce immunogenic HBc VLP particles at manufacturing scale. This represents a step forward in broadening the use of VLPs for vaccination, and thus, in the fight against pathogenic threats.



2 Materials and methods


2.1 HBc VLP constructs used in this study

The coding sequence of the HBc VLP (adw2 serotype) was retrieved from NCBI (GenBank: E00120.1), and codon-optimized to match codon usage in Nicotiana tabacum using the codon optimization tool from Integrated DNA Technologies (IDT). Six HBc VLP constructs were designed, including the full native sequence (HBc) and the HBc lacking the CTD (NoC). These two constructs were further modified by the inclusion of a Strep-tag II insert at either N-terminus or MIR regions surrounded by a single GS (GSWSHPQFEKGS), resulting in the S-HBc, HBc-S, S-NoC and NoC-S constructs (Figure 2). The resulting sequences were cloned into the pALiCE01 BYL expression vector via Gibson cloning (32). Expression plasmids were purified from Escherichia coli DH5alpha cultures using the NucleoBond Xtra Maxi kit (Macherey Nagel) and their correct assembly was confirmed by sequencing (Eurofins).




Figure 2 | Overview of the HBc constructs used in this study. Schematic representation of the genetic constructs used to express the different HBc VLP variants in BYL. All constructs were cloned into the pALiCE01 BYL expression plasmid. The numbers under the construct indicate the amino acid position for each domain. N-HBc, N-terminal domain of the HBc monomer; MIR, major insertion region; CTD, C-terminal domain; Strep, strep-tag II insert with the GSWSHPQFEKGS sequence.





2.2 Small-scale and large-scale BYL reaction set-up

All the BYL used in this project was provided by LenioBio GmbH. Small-scale BYL CFPS reactions of 50 and 100µl were performed as suggested in published protocols (33). Lysate was thawed on ice and each expression plasmid was added to a final concentration of 5nM. Subsequently, reaction mixtures were aliquoted into half-well 96-well plates (50µl reactions) or full-well 96-well plates (100µl reactions) and incubated for 48h in a KuhnerShakerX at 25°C with 75% humidity and 500 rpm with a 12.5mm shaking diameter. The Duetz lid system (EnzyScreen BV) was used to ensure even evaporation rates along the plate. For 5, 10 and 100ml reactions, BYL supplemented with 5nM of plasmid were incubated in a KuhnerShakerX for 48h in sterile 100, 250 and 5000ml Erlenmeyer flasks, respectively, at 25°C and 95rpm with a shaking diameter of 50mm. For the 1L reactions, a Kuhner SB10 orbital shaker was used, and the supplemented lysate transferred to a Kuhner SB10 single-use bag. The one-liter lysate was then incubated at 25°C for 48h at a shaking frequency of 62rpm and 50mm shaking diameter.



2.3 BYL reaction analysis

After reaction completion, the lysate was collected and centrifuged at 15,000xg for 10 min to clarify the solution of insoluble lysate components. Supernatants were carefully collected, and the pellet fractions were resuspended in PBS buffer in the original lysate volume. The full-lysate, pellet and supernatant fractions could then be analyzed for VLP expression, as well as to give a preliminary view on VLP assembly. For that purpose, NuPAGE™ 4 to 12%, Bis-Tris (Invitrogen™) SDS-PAGE pre-cast gels were used. Protein samples were prepared according to the manufacturer’s instructions and a total of 1µl from each fraction was loaded onto the gel. 5µl of PageRuler ™ Prestained Protein Ladder (ThermoFisher Scientific) were also loaded as size standard. Gels were then run in 1x MES running buffer (ThermoFisher Scientific) for 25min at 200V or until sufficient resolution was obtained. Successively, gels were stained with Coomassie Blue-staining solution (25% (v/v) isopropanol, 10% (v/v) acetic acid and 0.05% (w/v) Coomassie brilliant blue R-250) and de-stained with 10% acetic acid until protein bands were clearly discernible. Gel images were captured using the Gel Doc XR+ UV transilluminator (Bio-Rad Laboratories, Inc.).

Dot blot analysis was used to give a pre-liminary view on VLP assembly using the anti-HBc antibody 3120 (Cosmo Bio). 1µl of each BYL fraction was spotted on an activated PVDF membrane and dried on a paper stack. After drying, the membrane was re-activated, and blocked for 1 hour with 5% (w/v) powder milk in PBS-T. The primary antibody was incubated at 1:5000 dilution and regular incubation and washing steps were followed. An HRP-linked Goat Anti-mouse IgG (Jackson ImmunoResearch) was used as secondary antibody at a 1:5000 dilution, and signal development was performed using the SuperSignal Chemiluminescent substrate (Thermofisher). Imaging was performed using ChemStudio Plus (Analytikjena).



2.4 HBc VLP purification and TEM analysis

Purification workflows began from CFPS reaction supernatant. Next, a heat treatment was applied for 1h at 70°C for the HBc VLP and its variants, and at 50°C for the NoC VLP and its variants. A centrifugation for 10 min at 15,000xg followed, after which the supernatant was collected and processed again equally for both HBc and NoC-based constructs. Hydrophobic interaction chromatography using a HiTrap Phenyl HP resin column (Cytiva) and size exclusion chromatography using a Superdex 200 column (Cytiva) were applied for further purification. All chromatographic procedures were performed on an ÄKTA purifier (Cytiva). Pure VLP samples were characterized via Transmission Electron Microscopy (TEM) to confirm particle assembly and integrity. Formvar-carbon coated 400 mesh copper grids (SigmaAldrich) were glow discharged in vacuum for 20 s. 10 µl of each VLP suspension was placed on a grid and incubated for 2 min. Negative staining was performed with 1% (v/v) phosphotungstic acid (PTA, pH 7.2) for 1 min. The specimens were examined in a JEOL 1400 transmission EM equipped with a Matataki (2K × 2K) camera.



2.5 Thermal and chemical stability analysis

To compare the thermal stability of the HBc and NoC constructs, 100µl lysate supernatant samples were incubated for 1 hour at the indicated temperatures. Afterwards, samples were centrifuged at 15,000xg for 10min, the supernatant was carefully collected, and the pellet was resuspended in PBS as to reach the original final volume. Gel protein analysis was performed as previously described. To assess chemical stability, pure HBc and NoC VLPs were precipitated by adding a saturated ammonium sulphate (AMS) to reach 40% v/v. Afterwards, the mixture was centrifuged at 4°C and 15,000xg for 30 min to drive VLP precipitation and the pellet was re-suspended in the indicated urea concentrations in 50mM phosphate buffer (pH 8.5) + 1mM DTT. After overnight incubation at 37°C, samples were run in a Superdex 200 SEC column (Cytiva). For the NoC construct, fractions containing the disassembled monomer fraction after SEC were collected and combined. For re-assembly, 200µl of the disassembled NoC monomer were dialyzed overnight against 50mM Tris (pH 7) + 800mM (NaCl). The resulting sample was then concentrated by AMS precipitation before SEC separation in PBS buffer (pH 7.4) to assess VLP re-assembly.



2.6 Native HBc VLP yield quantification

An in-gel quantification method was performed to assess expression yields within the lysate. 2, 1, 0.5 and 0.25 µg of Bovine Serum Albumin (BSA) were loaded on an SDS-PAGE gel alongside the samples to be quantified. Coomassie blue staining was performed as previously described and VisionWorks software was used to quantify the amount of HBc VLP on each sample given the BSA calibration curve. Background signal was subtracted using a rolling disc correction. To quantify only properly assembled HBc VLP and reduce background protein from the lysate, 100µl of each supernatant sample were heat treated at 70°C for 1 hour and then centrifuged at 15,000xg for 10 min to remove denatured protein. The supernatants from the heat treatment were used for quantifications. All scaling-up experiments were performed in triplicate except for the 1L expression.



2.7 Dendritic cell uptake assay

PBMCs were isolated via traditional Ficoll gradient (34). Myeloid immature dendritic cells (iDCs) were differentiated from monocytes purified from the isolated PBMCs by a monocyte adherence protocol (35). Briefly, PBMCs were seeded in a 6-well plate at a density of 2.5 x 106/cm2 in 3ml of RPMI medium. Two hours after plating, non-adherent cells were removed, and adherent cells were washed three times with RPMI medium. Cells were then incubated for 6 days in RPMI medium supplemented with 20ng/ml of both human IL-4 and GM-CSF, with a medium exchange on day 3. Detached iDCs were harvested at day 6 by pipetting up and down several times. HBc VLPs were fluorescently labelled using the Alexa-488-TFP ester (ThermoFisher). Non-bound label was removed using a G25 sephadex column (Cytiva). Two micrograms of labelled VLP were incubated with 1 x 106 iDCs for 2 hours for both, confocal and flow cytometry analysis. After incubation, cells were washed twice with PBS and then processed accordingly for each method. For flow cytometry studies the following marker-specific anti-human antibodies from BioLegend were used: CD14-Alexa488 (clone 63D3) and DC-SIGN-Alexa647 (clone 9E9A8). The gating strategies applied can be found in Supplementary Figure S1. The corresponding isotype controls were used for each antibody and fluorophore combination. The Human TruStain FcX™ Fc Receptor Blocking Solution (Biolegend) was used in all flow cytometry assays to block Fc sites and reduce non-specific signal. Flow cytometry acquisition was performed with a Cytoflex flow cytometer (Beckmann), and data was analysed with FlowJo software. For confocal microscopy, cells were seeded in a Nunc™ Lab-Tek™ Chambered Coverglass (ThermoFisher) and samples were then analyzed in a Stellaris 5 Confocal LSM (Leica).



2.8 PBMC stimulation assay

Native HBc VLPs produced using BYL were co-incubated with PBMCs from 6 different donors. To prevent interferences in the assay, residual endotoxins from the previously purified HBc VLP sample were removed using the EndoTrap® HD 1ml prepacked columns (Lionex), and endotoxin content was measured using the Endosafe Cartridges system (Charles River). Endotoxin content for the highest protein concentration in the assay was measured to be lower than 0.2 ng/ml. After endotoxin clearance, the buffer of the samples was exchanged to PBS and sterile filtered. Isolated PBMCs were plated in a 96-well plate at 5 x 105 cells/ml in 200µl RPMI 1640 medium (Thermofisher) supplemented with 10% (v/v) fetal bovine serum and 50 U/ml penicillin and 50 μg/ml streptomycin (from now own regarded as RPMI medium). Cells were then incubated 2 hours at 37°C, 5% CO2, after which stimulation was performed. Bacterial Lipopolysaccharide (LPS, Thermofisher) at 100ng/ml was used as a positive control for stimulation and sterile PBS was used as negative control. BYL-produced HBc VLPs were used for stimulation at 10, 1 and 0.1µg/ml and all conditions were tested in triplicate for 4 of the donors and in duplicate for 2 of them. After 24h incubation, the supernatants were collected, aliquoted and frozen at -80°C for further analysis. Cell viability after stimulation was assessed using the eBioscience Annexin V apoptosis kit (Thermofisher).

Cytokine content in the supernatants of stimulated PBMCs was measured using the LEGENDplex™ human inflammatory panel 1 kit (BioLegend), following the protocol suggested by the manufacturer (without dilution of the supernatant). The cytokine response for 13 different cytokines was measured: IL-1β, IFN-α2, IFN-γ, TNF-α, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, IL-33. Data was generated using a Guava-Flow flow cytometer, and the online LegendPlex software was used for analysis. A non-parametric Wilcoxon signed-rank test was performed to assess the difference in cytokine response of the LPS and VLP stimulated against the PBS negative control and each other. JMP software was used for all statistical analyses.




3 Results


3.1 Assembly screening of HBc VLP variants in BYL reveals enhanced insert acceptance upon C-terminal domain removal

Six different VLP constructs were designed to assess both the capabilities of BYL to produce functional HBc VLPs and the effect of removing the C-Terminal Domain (CTD) in particle assembly and insert acceptability. A heterologous insert was designed using a Strep tag II surrounded by a glycine and serine residues on each side. This insert was included at the N-terminus and in the MIR site of the HBc monomer, with and without the CTD (Figure 2). The resulting HBc VLP coding sequences were cloned into the pALiCE01 vector and expressed in BYL. VLP expression and solubility before and after centrifugation was analyzed by gel electrophoresis. To assess assembly, a dot blot assay using an antibody against a structural epitope of the HBc VLP and ultimately Transmission Electron Microscopy (TEM) were used.

From the expression studies, high protein yields were observed for all the different constructs at the expected sizes: 23 and 21kDa for the Strep-fused and native HBc VLP constructs respectively, and 18 and 17kDa for the respective VLP constructs lacking the CTD (Figure 3). From all the constructs expressed, only the full-length HBc with the Strep tag II insert at the MIR site showed monomers in the non-soluble fraction, indicating misfolding and aggregation (Figure 3A). In the dot blot assay, a clear signal was observed for the native and N-terminally fused HBc constructs, hinting at proper particle assembly. A weaker signal was also observed in the non-soluble pellet fraction for both constructs. No signal was observed for the MIR-fused HBc construct, nor for any of the VLP constructs lacking the CTD (Figure 3B). Dot-blot signal was recovered for the particles lacking the CTD upon disassembly and re-assembly (Figure S2). VLP formation was observed in TEM analysis for all the designed constructs, except for the HBc with Strep at MIR (Figure 4). Overall, BYL can be employed to quickly produce and analyze the assembly of different HBc VLP constructs. Furthermore, removing the CTD of the HBc VLP has a positive effect in insert acceptability at the MIR site but prevents direct dot blot analysis.




Figure 3 | Expression and assembly analysis of the different HBc VLP constructs in BYL. SDS-PAGE (upper panels) and dot-blot (lower panels) results for the different HBc constructs after expression in BYL. For the dot blot, the conformational antibody 3120 was used, binding only to properly assembled particles (A) Expression and assembly analysis for the HBc constructs (B) Expression and assembly analysis for the NoC constructs. NTC, non-template control; HBc, hepatitis-B core antigen; L, lysate after reaction P, pellet fraction after lysate centrifugation S, supernatant fraction after lysate centrifugation; NoC, HBc core antigen lacking the C-terminal domain; S, Strep-tag II insert, located either at N-terminus (S-) or spike (-S) of the HBc and NoC constructs.






Figure 4 | Transmission electron microscopy of HBc VLP constructs produced in BYL. The SDS-PAGE result after purification is shown on the left of each panel, and the corresponding TEM to the right for the different HBc VLP constructs. HBc, hepatitis-B core antigen; NoC, HBc core antigen lacking the C-terminal domain; S, Strep insert, located either at N-terminus or spike of the HBc and NoC constructs.





3.2 Removing the C-terminal domain from HBc VLPs decreases chemical and thermal stability

We hypothesized that the increased insert acceptance on the HBc VLP upon CTD removal was triggered by an increase in particle flexibility, which could in turn have a negative effect on VLP stability. As VLP stability is an important factor in vaccine production, the thermal and chemical stability of the HBc VLP with and without the CTD were assessed. Thermal stability was assayed by incubating the VLP samples for 1 hour at 50°C, 60°C and 70°C. Chemical stability was assessed by incubating the VLPs with increasing concentrations of urea from 4M to 8M, with disassembly determined by analytical Size Exclusion Chromatography (SEC). HBc VLPs produced in BYL showed high thermal stability, remaining soluble after heat treatment at 70°C without detectable loss due to denaturation (Figure 5A). The removal of the CTD reduced VLP thermal stability, observed as protein loss at temperatures above 50°C. Removal of the CTD also had a negative effect on chemical stability, as this VLP construct promptly disassembled at 4M urea whilst the native HBc particle could not be disassembled even when 8M urea was used (Figures 5B, C). The monomers lacking the CTD could be re-assembled upon buffer exchange (Figure 5B), forming properly assembled particles (Figure S2). In conclusion, CTD removal increases the flexibility of the HBc VLP particle, at the expense of a reduction in thermal and chemical stability.




Figure 5 | Thermal and chemical stability of HBc and NoC VLP particles produced in BYL. (A) Differences in thermal particle stability upon removal of the CTD as shown with SDS-PAGE results after 1 hour heat treatment of HBc and NoC VLP particles at the indicated temperatures. (B) Differences in chemical particle stability as shown using size exclusion chromatography of HBc VLP particles treated with the indicated urea concentrations and 1mM DTT. Reference indicates behavior for un-treated HBc VLP (C) Disassembly of NoC VLP particles treated with 4M urea and 1mM DTT and re-assembled in 50mM Tris-HCl (pH 7) + 800mM NaCl as shown by size exclusion chromatography. M, molecular weight marker; N, non-heat-treated; P, pellet after heat treatment; S, supernatant after heat treatment; HBc, hepatitis-B core antigen; NoC, HBc core antigen lacking the C-terminal domain; S, Strep insert, located either at N-terminus or spike of the HBc and NoC constructs.





3.3 Scaled manufacture of HBc VLPs using BYL

The native HBc VLP construct was chosen to examine the possibilities to scale-up the BYL reaction. More specifically, the effect of reaction scale on yield and particle assembly was studied. For this purpose, the reaction was performed in six increasing scales: 0.05, 0.1, 5, 10, 100 and 1000 ml, spanning a 20,000-fold range of CFPS reaction volumes across microplate, Erlenmeyer flask and bioreactor vessels. Post-expression, samples from the different reactions were heat-treated at 70°C for 1 hour to eliminate background proteins and improperly assembled HBc protein that could interfere with yield measurements. No discernible effect on particle assembly from increasing the production scales was observed under TEM (Figure 6A). Linear scaling was observed with nearly identical HBc VLP yields of around 450 µg/mL at 0.05, 5, 100 and 1000 mL BYL CFPS reaction volumes (Figure 6B). Higher yields of 820 and 630 µg/mL were obtained at the 0.1 and 10 mL scales, respectively, suggesting that further optimization of reaction conditions is possible to maximize production at larger scales. All in all, it was shown that BYL can reach considerably high expression yields for the HBc VLP, and that the reaction is scalable up to 1L without a discernible effect in particle assembly or yield, resulting in 445mg of purified VLP material from the 1L reaction.




Figure 6 | Effect of upscaling the BYL reaction volume on HBc VLP assembly and expression yield. (A) Transmission electron microscopy pictures of HBc VLPs produced at different scales in BYL (B) Calculated average of HBc VLP yields at the different BYL reaction scales. All expressions were performed in triplicate, except the 1000ml scale. HBc, hepatitis-B core antigen VLP.





3.4 BYL-produced VLPs trigger a robust innate immune response

To test whether the BYL-produced HBc VLPs can be recognized by the human immune system, fluorescently labelled HBc VLPs purified from the 100ml reaction were co-incubated with human immature dendritic cells (iDCs). Flow cytometry and confocal microscopy were used to determine whether the VLPs were recognized and endocytosed by the iDCs. Two cell populations were observed by flow cytometry after iDC differentiation: A CD209 (+) and CD14 (–) population that corresponded with the differentiated iDCs and an unidentified CD14 (–) and CD209 (-) population (Figures S1, 7A). iDCs showed a clear shift in fluorescence after incubation with the fluorescent VLP, indicating their recognition (Figure 7B). The unidentified cells were also shown to interact with the fluorescent VLP, but the increase in median fluorescence was 5x lower than for the iDCs (data not shown). Confocal imaging shows endocytosis by the bigger iDCs whereas the smaller unidentified cell population in the sample remained unstained (Figure 7C, D). Therefore, these results indicate that the HBc VLPs produced in ALiCE® are efficiently recognized and endocytosed by human iDCs.




Figure 7 | Recognition and endocytosis of fluorescently labelled HBc VLPs by human iDCs. Human iDCs were differentiated from isolated monocytes and incubated with a fluorescently labelled HBc VLP (A) Flow cytometry analysis of the cells after iDC differentiation, showing the two cell populations obtained (B) Flow cytometry analysis for the iDCs non-incubated (blue) and incubated (red) with fluorescent HBc VLPs (C) Fluorescent confocal imaging shows the composite fields of non-incubated cells and (D) fluorescent HBc VLP-incubated cells. HBc, hepatitis-B core antigen VLP; FSC, forward scatter; SSC, Side scatter; iDCs, immature dendritic cells.



Next, we aimed to determine whether a pro-inflammatory immune response would be triggered by immune cells upon VLP recognition. We stimulated human peripheral blood mononuclear cells (PBMCs) in vitro with the BYL-produced VLPs. VLP immunogenicity was then determined by measuring cytokine release 24 hours after VLP stimulation. Bacterial lipopolysaccharide (LPS) and PBS were used as positive and negative controls, respectively. Cytotoxic effects of the stimulation were assessed via propidium iodide and annexin V staining, showing no difference in cell viability compared to the PBS control 24h after stimulation (Table S1). Significant cytokine production was observed for the highest VLP concentration (10µg/ml) for the cytokines IL-1β, IFN-γ, TNF-α, MCP-1, IL-6, IL-8, IL-10, and IL-23 (Figure 8). The response level for the pro-inflammatory cytokines was in all cases lower than the positive LPS control, except for MCP-1, for which higher cytokine levels were observed for VLP-stimulated PBMCs. Also, lower levels of anti-inflammatory IL-10 were observed for the VLP-stimulated cells than for the LPS control, indicating a lower anti-inflammatory response. In the case of IL-8, most samples were at the upper detection limit (18ng/ml). Together, these data indicate that BYL-produced VLPs are both, effectively recognized by the immune system and capable of triggering a pro-inflammatory immune response in vitro.




Figure 8 | Cytokine responses of PBMCs stimulated with HBc VLPs produced in BYL. Cytokines were measured from supernatants of 6 different human blood donors stimulated for 24h with either PBS, 100ng/ml of LPS or 10µg/ml of HBc VLP. The average for each donor (dots) and the median of all donor measurements (bars) are shown for the measured cytokines: (A) Il-1β (B) IFN-γ (C) TNF-α (D) MCP-1 (E) IL-6 (F) IL-8 (G) IL-10 (H) IL-23. Different letters indicate statistically significant differences between the average of each cytokine concentration for each treatment: PBS, LPS and HBc-treated PBMCs (p<0.01, Wilcoxon signed-rank test). HBc, hepatitis-B core antigen VLP; LPS, lipopolysaccharide; PBS, Phosphate-buffered saline buffer.






4 Discussion

In this study, we successfully produced and studied the assembly and stability of several HBc VLP variants using the BYL CFPS system. The BYL CFPS reaction was effectively scaled up to 1 liter to produce 0.4 grams of native HBc VLP from a single 48-hour reaction, representing the largest ever CFPS reaction to produce a multimeric protein nanoparticle from either a eukaryotic or prokaryotic CFPS system. We also showed the in vitro immunogenic capabilities of the BYL-produced HBc VLPs, in terms of uptake by dendritic cells and cytokine response in PBMCs upon VLP stimulation. Together, these results proof the validity of the BYL system not only as a tool for fundamental research of VLP assembly, but also to support rapid candidate screening, production of clinically relevant amounts of a VLP vaccine candidate and lastly immunological testing (Figure 1).

The HBc VLP is a very promising platform for decoration with heterologous antigens as its structure, assembly dynamics, stability and structural constraints have been extensively studied (13, 36). The insertion site is of great importance for the immunogenicity of the insert, as it influences the presentation of antigens to the immune cells and thus, their immunogenicity (11). The MIR insertion is the most immunogenic, followed by the N-terminal insertion, and C-terminus being the least immunodominant (17, 23). We therefore aimed to determine the possibilities of producing different HBc VLP variants in BYL by designing 6 constructs with a Strep-tag II insert in the N-terminus or MIR insertion sites, with and without the CTD. Of the constructs designed, only the MIR-fused Strep-tag construct did not yield any assembled particles, whereas the equivalent construct without the CTD readily assembled into VLPs. These results indicate that the MIR region is more structurally demanding than the N-terminus regarding insertion and that the removal of the CTD allows the HBc VLP to accept the designed insert at the MIR. The structural constraints of the HBc VLP at the MIR are well studied, and several approaches have been developed to circumvent them, like splitting the monomer into two (Split core) or fusing two monomers (Tandem-core) (15, 16). Nevertheless, the mechanism by which the removal of the CTD allowed the MIR insertion in our research is unclear. This phenomenon could be caused by a decrease in the rigidness of the particle, translating to a more lenient VLP conformation, which is more amenable to modifications. In previous research, it was observed that when using tandem particles without the CTD and with two influenza inserts produced asymmetric particles, potentially indicative of this increased particle flexibility (22).

We hypothesized that the increase in particle flexibility upon CTD removal would have an effect in particle stability. Therefore, we studied the thermal and chemical stability of the native HBc particle against the one lacking the CTD. HBc VLPs without the CTD showed a lower thermal stability, with protein loss when temperatures higher than 50°C were applied for 1 hour. Furthermore, urea and DTT promptly disassembled the VLP without CTD into its monomers, that could then be re-assembled in vitro. These results are in line with previous research, where it was shown that the HBc particle lacking the CTD can withstand temperatures up to 70°C for 15 min without discernible VLP denaturation (37). Another study also suggests that the particle should be stable for one hour at 70°C (38). Native HBc particles showed a higher thermal resilience and could not be disassembled using urea even at the highest concentrations. In previous research, it was shown that 4M urea was enough to disassemble the full length HBc VLP produced in E.coli (39). This could indicate that the native HBc VLPs produced in BYL are somehow more stable than the ones produced in E. coli, which would be a desirable trait for a putative vaccine candidate.

Another noteworthy difference we observed between the native and the HBc VLPs lacking the CTD was the absence of signal in the dot-blot assay. We used a pre-established dot blot assay to determine VLP assembly prior to electron microscopy. The antibody 3120 was characterized to bind the capsid floor of the HBc VLP where 5 different monomers join together, thus being able to differentiate between assembled and non-assembled monomers (40, 41). In the case of the full HBc constructs, the signal correlated with the presence of assembled particles. A weaker signal was also observed in the non-soluble fraction, which could correlate with partially folded (but non-soluble) VLPs. Strikingly, no signal was observed for the constructs lacking the CTD, although assembled particles were found. The same antibody was used successfully for HBc VLPs lacking the CTD in previous research (37). A possible explanation could be the difference in purification process, as the antibody was always used in previous studies after disassembly and re-assembly of the VLP. Therefore, we performed the same dot blot assay including a disassembled and re-assembled HBc VLP without the CTD, and we observed that signal was recovered upon VLP re-assembly (Figure S2). This would indicate that the particles before and after reassembly are structurally different, at least regarding to the epitope that the 3120 antibody binds, although no structural differences were observed by TEM. Furthermore, the particles after assembly would be more structurally similar to the native HBc VLP, as it can bind the 3120 antibody without the need of disassembly and re-assembly. Together, these results would indicate that the dot-blot assay is a useful technique to assess assembly directly in the lysate only when using HBc VLP constructs containing the CTD.

Returning to the broader context of the CFPS reaction, a clear distinction is made in lysate origin between eukaryotic and prokaryotic systems. Eukaryotic systems can produce complex proteins that require meticulous folding or posttranslational modifications that the prokaryotic systems cannot provide. Nevertheless, this is at the expense of protein yields and lysate production and reaction scalabilities at which prokaryotic systems excel (24, 25). In our research we have shown the scaling of the BYL reaction in batch mode up to 1 liter for VLP production. To our knowledge, BYL is the only eukaryotic CFPS to reach these scales. The only other eukaryotic CFPS scaled above the microliter scale so far is the wheat-germ extract, which requires a complex discontinuous batch reaction reaching up to 10ml in volume (42). Reaching greater reaction scales would allow BYL to be used as a tool not only for VLP candidate screening, but also to quickly and economically produce the material needed for pre-liminary vaccination studies (43). Remarkably linear scaling of the BYL reaction from 0.05 to 1000 mL was observed with consistent yields of around 450 µg/mL across this 20,000-fold difference in CFPS reaction volumes. HBc VLP yields obtained in BYL are comparable to a previously reported E. coli-based CFPS (436 µg/L) (31) and considerably higher than an eukaryotic Pichia pastoris-based CFPS (6.4 µg/mL) (30) and an optimized E. coli cell-based system (3.2 µg/ml) (18). The BYL was previously reported to reach up to 3mg/ml of a recombinant reporter protein, indicating that further optimizations could be applied to further increment HBc VLP yields (33). Considering a reference dosage of 3.75µg from the SARS−CoV−2 VLP vaccine trial, this roughly equates to 100,000 doses that were produced in a 48-hour reaction in a single liter footprint of CFPS reaction, cementing BYL as a suitable system for rapid manufacturing scale production of VLP vaccine candidates.

VLPs are a promising platform for vaccination, given their capacity to induce strong humoral and cellular responses. For these reasons, several VLP-based vaccines have been approved for human use, and many others are under development (6). In particular, the HBc VLP model has been widely used to increment the immunogenicity of peptides from different pathogens, including malaria (44), influenza (45), Toxoplasma gondii (46) and many others (11). Hepatitis B core-based vaccines have proven to induce high titers of neutralizing antibodies, along with T-helper and cytotoxic responses (46–48). The production of the HBc VLPs in cell-free systems has been proven, but their immunogenicity and thus their applicability as putative vaccines has never been tested. Our research thus fills the gap from CFPS of VLPs to immunogenicity. Our results indicate that the BYL-produced HBc VLPs are efficiently recognized and endocytosed by human dendritic cells (DC) in vitro. The recognition and endocytosis of the VLPs by human iDCs indicate that the first steps in initiating an adaptive response are being taken, which is a mandatory requirement for any vaccine (49, 50). Furthermore, we proved that BYL-VLPs can induce a pro-inflammatory immune response in human PBMCs, inducing the production of pro-inflammatory cytokines such as IL-1β, TNF-α, IFN-γ, IL-6, IL-8 and IL-23. Interestingly, we observed a higher expression of monocyte chemoattractant protein-1 (MCP-1) than with the LPS positive control. MCP-1 is a chemokine that is produced by a wide diversity of cell-types, including macrophages and neutrophils, although non-myeloid cells have also been proven to be major mediators in MCP-1 responses (51, 52). MCP-1 mediates the recruitment of not only monocytes and macrophages, but also dendritic cells and T-lymphocytes into the inflammation site (53–55). Thus, a higher level of MCP-1 could indicate an increased recruitment of the APCs and lymphocytes required to elicit an adaptive immune response. In vivo, MCP-1 can lead to a Th1 or Th2 response, depending on other factors, such as the type of pathogen (56). Given our cytokine panel, the production of the IFN-γ and TNF-α could be indicative of a Th1 response, whereas the synthesis of IL-6 and IL-23 could indicate a Th17 response. Given that IL-17 was not produced in significant amounts upon stimulation, a Th17 response is unlikely. Further longer-term studies in animals are required to determine more specifically what kind of immune response is elicited, as well to study humoral responses. Altogether, these data indicate the immunogenicity of BYL-produced HBc VLPs, thus facilitating their implementation as carrier VLPs for heterologous antigens and ultimately to produce vaccine candidates in BYL.

All in all, our research sets the ground to utilize BYL as a system to rapidly study the assembly and stability of VLPs. The synthesis speed, the capability of scaling-up the VLP synthesis reaction together with their proven immunogenicity make BYL a promising platform to produce VLPs of clinical relevance. Combining these characteristics together with the decoration of carrier VLPs with antigens of interest poses an encouraging route to quickly develop vaccine candidates against new or re-emerging diseases.
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Vaccines remain the best approach for the prevention of infectious diseases. Protein subunit vaccines are safe compared to live-attenuated whole cell vaccines but often show reduced immunogenicity. Subunit vaccines in particulate format show improved vaccine efficacy by inducing strong immune responses leading to protective immunity against the respective pathogens. Antigens with proper conformation and function are often required to induce functional immune responses. Production of such antigens requiring post-translational modifications and/or composed of multiple complex domains in bacterial hosts remains challenging. Here, we discuss strategies to overcome these limitations toward the development of particulate vaccines eliciting desired humoral and cellular immune responses. We also describe innovative concepts of assembling particulate vaccine candidates with complex antigens bearing multiple post-translational modifications. The approaches include non-covalent attachments (e.g. biotin-avidin affinity) and covalent attachments (e.g. SpyCatcher-SpyTag) to attach post-translationally modified antigens to particles.




Keywords: particulate vaccine, cross-presentation, post-translational modification, dendritic cells, protective immunity, infectious diseases



Immunologic properties of soluble and particulate vaccines

Subunit vaccines contain selected immunogenic components of the pathogen to elicit an immune response (1, 2). Particulate vaccines involve the attachment of the antigens to microcarriers through chemical adsorption, encapsulation, conjugation, or biological self-assembly for enhanced delivery and induction of an efficient immune response (3, 4). Soluble vaccines are weakly immunogenic when compared to their insoluble counterparts such as when displayed on particulate carrier (5). Due to low immunogenicity, soluble vaccines often require the administration of multiple boosts (6, 7). The use of immunostimulatory adjuvants along with soluble vaccines would improve the immune responses but potentially increases the overall vaccine production cost (8). However, antigens immobilized on particulate carrier exhibit enhanced immunogenicity (9–11). Some particulate carriers themselves act as adjuvants resulting in enhanced and targeted immune responses. Particulate carrier also allow the codelivery of adjuvants and multiple antigens to the same antigen presenting cells (APCs) (12, 13). Therefore, particulate vaccines are promising and potent antigen delivery systems to overcome the low immunogenicity of soluble subunit vaccine formulations.

The proposed mechanism of antigen processing elicited by soluble and particulate vaccine formulations is illustrated in Figure 1. Soluble antigens can be internalized via endocytosis (14) and exclusively presented by major histocompatibility complex (MHC) II machinery in the endosomes, whereas particulate antigens above 500 nm can be phagocytosed by APCs into the phagosomes and presented by both MHC class I and II machineries in the cytosol (7). The maturation of the phagosome occurs after the formation of nascent phagosomes (pH 7.4) containing the engulfed particulate antigens which are then sequentially trafficked into progressive acidified compartments called early phagosome (pH 6), late phagosome (pH 5.5), and phagolysosomes (pH 5) (15). The efficient degradation of antigens into smaller peptides occurs in the phagolysosomes which contain a variety of digestive enzymes such as proteases, lipases, and glycosidases without degrading the epitopes (16). Further degradation of antigens into smaller polypeptides occurs in the cytosol by a protein complex called proteosomes (17). The degraded protein fragments will be transported into the endoplasmic reticulum, where the folding and assembly of the heavy and light chain of MHC molecules occurs and facilitates the MHC and peptide binding (18). Finally, the peptide-loaded MHC complex gets transported to the cell surface through the Golgi apparatus and attracts both CD4+ T cells and CD8+ T cells with specific receptors to mount a cell-mediated immune response eliminating the damaged/infected cells displaying corresponding peptide fragments (19). MHC class I and II pathways are usually involved presenting peptides from intracellular or extracellular pathogens, respectively. However, dendritic cells (DCs) possess the ability to divert peptides derived from extracellular pathogens to cytotoxic CD8+ T cells via the MHC class I presentation pathway (20). A phagosome is a key organelle in antigen cross-presentation which primarily induces cytotoxic CD8+ T cell responses. However, such responses mediated by the phagosome route are not achievable by endocytosed soluble antigens (21). In addition, B cell receptors (BCRs) are uniformly distributed on B cell surface in the absence of pathogen invasion. However, BCRs are brought together to bind multiple copies of antigens on the invading pathogen’s surface. This process is also called BCR cross-linking, required for B cell activation. Repetitive display of antigens on particles facilitates efficient recognition and BCR cross-linking, which allow strong B cell activation and antigen uptake for presentation to CD4+ T cells. It results in inducing higher levels of neutralizing antibodies and functional cellular immune responses than achieved by soluble antigens present in most subunit vaccines (22).




Figure 1 | Comparison of antigen processing pathways elicited by soluble and particulate antigen formulations.



Soluble antigens are engulfed by APCs through endocytosis and get presented to endosomes. Consequently, endosomes fuse with lysosomes and degrade the antigens into peptide fragments restricted to both MHC class I and II. MHC class II specific peptides bind to MHC class II molecules by replacing the class II-associated invariant chain peptide (23). This peptide-MHC class II complex will get presented to the cell surface and activates naïve CD4+ T cells. However, if the peptides are MHC class I specific, they will get cross-presented to proteosomes and follows MHC class-I pathway to expand cytotoxic CD8+ T cells (14). Even though the cross-presentation of soluble antigen was detected in vivo, it is not very efficient in generating strong immune responses (24). However, unlike soluble antigens, particulate antigens are sustainably presented by APCs in large quantities for a prolonged time resulting in enhanced immunogenicity (25).



Antigen delivery platforms and their immunological properties


Virus-like particles (VLPs)

Virus-like particles (VLPs) are nanostructures made up of self-assembled virus proteins. VLPs do not contain viral genomes and thus they do not have the capacity of infecting the host cell (26). VLPs can be generated by using bacterial, yeast, insect, plant, and mammalian cells (27). It has been reported that VLPs can serve as carriers for the delivery of various biomaterials and nanomaterials including vaccines (Figure 2) (26, 28, 29). Currently, VLP-based vaccines against human papillomavirus, hepatitis B virus and malaria are commercially available (Table 1) (26, 30).




Figure 2 | Flow diagram of precision-engineering of subunit vaccine particles.




Table 1 | Antigen delivery platforms and their immunological properties.



VLP-based vaccines are highly immunogenic and can induce both cellular and humoral immune responses and the use of adjuvants enhances their immunogenicity (32). VLPs were found to strongly activate DCs (32). DCs are well-known as the most effective APCs and have the ability to activate both naϊve and memory immune responses (52). Activation of DCs takes place owing to the binding of VLPs with the receptors that are present on the surface of DCs known as pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) (32, 53). VLP-based vaccines are then recognized and internalized by DCs and get presented to CD4+ helper T cells and cytotoxic CD8+ T cells via MHC class II and MHC class I molecules, respectively (32, 54). VLPs allow presentation of multiple copies of epitopes on their surface, which mediate cross-linking of B cell receptors and subsequent priming B cells toward generation of antibodies even without the help of CD4+ T helper cells (32). VLP-based vaccines are regarded safer as compared to attenuated or inactivated viruses. Nonetheless, instability of VLPs can compromise their immunogenicity and the production cost of some VLP-based vaccines can be high because of their low yields (28, 31).



Viral vector vaccines (VVVs)

Viral vectors are considered as an advanced approach for the development of vaccines. Viral vectors have been used to produce vaccines against multiple infectious diseases including SARS-CoV-2, Ebola, Malaria, and HIV (34, 55). Viral vector vaccines (VVVs) comprise a harmless, modified, and unrelated virus that delivers foreign genetic material (DNA) to human cells, which then produce the pathogen-specific antigens encoded by the DNA (33). Moreover, VVVs offer multiple advantages as compared to other vaccine platforms including long-lasting immune responses, high immunogenicity without the need for adjuvant co-administration, and strong cellular and antibody responses (34).

Viral vectors such as based on adenovirus, poxvirus, influenza viruses, and measles virus are currently widely considered for the development of VVVs (56). Among them, the adenoviral vector has been used extensively to develop COVID-19 vaccines (56, 57). VVVs can induce long-lasting and strong cellular responses to eliminate virus-infected cells. Cytotoxic CD8+ T cells rapidly proliferate and differentiate in response to antigens, while cell-mediated immunity induces natural killer cells and macrophages to eliminate intracellular pathogens (58). On the other hand, most of the VVVs can induce powerful humoral immunity, however it has been observed that immunogen design can affect VVV-mediated humoral immunogenicity (58). For example, Huang et al. (59) revealed that immunizing mice or hamsters with SARS-CoV-2 spike proteins lacking glycan shields induced potent and broadly reactive immune responses. Despite many advantages, the production process of VVVs is comparatively expensive and highly complex. Moreover, VVVs could pose a risk for the environment and human health (35).



Messenger RNA (mRNA) vaccines

Messenger RNA (mRNA) vaccines have already been found highly effective against various infectious diseases (36, 60). There are several advantages offered by mRNA vaccines including rapid development, and a cell-free manufacturing process (36). mRNA vaccine technology involves delivering a transcript of interest that encodes a target antigen (37). There are two categories of mRNA vaccines including self-amplifying and non-replicating mRNA vaccines (61). mRNA vaccines precisely encode the specific antigen of interest, and then cells that take up the mRNA can translate it into proteins (62, 63). Subsequently, the immune system mounts robust adaptive immune responses against the target proteins (63). mRNA vaccines are safer and more effective than DNA-based vaccines, since mRNA vaccines do not require nuclear entry and they do not pose a risk of integration into the host genome (38–40). In addition, since the outbreak of the COVID-19 pandemic, there is a growing research interest in mRNA vaccines because of their capacity to trigger strong immune responses, rapid development, and simple manufacturing process (64). Currently approved mRNA COVID-19 vaccines include Moderna (mRNA-1273) and Pfizer-BioNTech (BNT162b2) (41–43).

mRNA vaccines contain intrinsic self-adjuvant properties and exert potent cellular and humoral immune responses (65). Hence mRNA vaccines have the potential to induce both innate and adaptive immune responses. mRNA vaccines also generated strong immune responses in experimental animal models of various infectious diseases including rabies, Zika virus disease, and influenza (66, 67). Following the delivery of mRNA vaccines in the body, they are taken up by APCs such as DCs or macrophages. Subsequently, they escape the endosome and enter into the cytosol, where mRNA is translated into protein by the ribosome (68). In the lymph node, antigen derived peptides are presented via MHC class I or II to cytotoxic CD8+ T cells or CD4+ T cells, which ultimately results in the activation of cell-mediated and humoral immune responses (69). However, there are some drawbacks of mRNA vaccines that need to be addressed to develop more effective, stable, and safe mRNA vaccines. These drawbacks include limited transfection efficiency, degradation of free mRNA via nucleases, and degradation of exogenous naked mRNA in the endolysosomal compartments (44–46). In addition, rare evidence was found that severe anaphylaxis and myocarditis occurred after immunization with mRNA-containing lipid nanoparticles (mRNA-LNP). It is believed that the lipid component, polyethylene glycol (PEG) 2000, in the vaccine formulation causes anaphylactic shock, especially in those who already have pre-existing anti-PEG antibodies (70).



Polymeric vaccines

There is a growing interest in polymer-based vaccines because of their several beneficial properties including induction of enhanced levels of antigen-specific antibodies, extended antigen circulation, co-loading of antigens, elevated level of cytokine release, and potent cellular immune responses (47). Polymer-based particles can be used as vaccine platforms to deliver numerous antigenic molecules including nucleic acids, carbohydrates, cell lysates, lipopeptides, peptides, and proteins (71). Polymer-based particles have great potential in the prevention and treatment of infectious diseases (51). Lipid- and polymer-based NPs have already been extensively studied in vaccine development. NPs have the capacity to induce strong cellular and humoral immune responses owing to their unique properties including their pathogen mimicking size, controllable lipophilicity/hydrophobicity, modifiable surfaces, and high surface-to-volume ratios (48).

There are two major groups of biodegradable polymers such as natural and synthetic polymers. A range of both synthetic and natural biodegradable polymers have already been studied for the development of vaccines. Naturally occurring biomaterials including various proteins including silk, fibrin, and collagen, and several polysaccharides including hyaluronic acid derivatives, chitosan, alginate, and starch have widely been studied to prepare particulate vaccine formulations (72). On the other hand, many synthetic biodegradable polymers including polyanhydrides, polyphosphazene, and various polyesters including poly(lactic-co-glycolic acid), polyglycolide, polycaprolactone, and polylactides have been studied as potential vaccine delivery systems (73).

Polyhydroxyalkanoates (PHAs) have been identified as biocompatible and biodegradable biopolymers and that are produced by a range of bacteria serving as energy and carbon storage materials (74). PHAs have drawn a lot of attention because of their potential as particulate vaccines in delivering various antigens from diverse pathogens (75). Furthermore, PHA particles displaying one or more antigens already exhibited improved cell-mediated and humoral immune responses when compared to the corresponding soluble subunit vaccines (49). Extensive animal trials have already confirmed that PHA particle vaccine candidates are safe and have the potential to induce robust and protective immune responses against bacterial and viral pathogens (Table 2) (11, 76, 78, 79, 85). Despite the great potential of polymeric nanostructured vaccines, further clinical studies are needed towards regulatory approval (51).


Table 2 | PHA particle vaccines with protective immunity against various infectious pathogens.



In a recent study, the immunogenic carrier protein, CRM197 (non-toxic variant diphtheria toxin) was engineered for the assembly of antigen-containing submicron-sized particles (86). Chen et al. (2022) developed a bioprocess for high-yield production via efficient assembly inside engineered endotoxin-free Escherichia coli. These particles were ambient-temperature stable and were precision engineered to serve as vaccine candidates that induce protective immunity against SARS-CoV-2, Mycobacterium tuberculosis and group A Streptococcus, respectively. The study demonstrated the utility and versatility of engineering immunogenic carrier proteins, that have been approved in vaccine formulation, into a synthetic particulate vaccine for induction of functional humoral and T cell-mediated immune responses (86).




Strategies to enhance immunogenicity of particulate vaccines

The ultimate aim of vaccination is to induce protective immunity against pathogens (10). The addition of adjuvants can further enhance and/or modulate the immunogenicity of particulate vaccines resulting in enhanced vaccine performance (1, 84). Induction of protective immunity requires effective priming of T and B cells (10, 59, 87). The activation and effector phases of T cell-mediated responses require two signals, “signal one” through T cell receptor recognition of peptide-MHC complexes and “signal two” via costimulatory receptors on T cells. Both signals are provided by APCs that encounter pathogens (1). Adjuvants can stimulate the activation and maturation of APCs, such as DCs, and thus enhance the expression of MHC and co-stimulatory molecules, which are essential for the induction of adaptive immunity (1, 10). Adjuvants are usually categorized as the delivery system (such as lipid vesicles) or immunostimulatory molecules (such as PRR ligands) based on their proposed mechanism. Most adjuvants possess both properties (88). For example, alum salts promote Th2-type immunity and B cell differentiation, leading to tremendous antibody production (78). Adjuvant System 04 (AS04) is a combination adjuvant, consisting of alum salts and TLR4 ligand monophosphoryl lipid A, which respectively upregulate potent humoral (Th2) and cellular (Th1) immune responses (Figure 2) (88).

As PRR ligands enable innate recognition by PRR, such as TLRs, present on DCs, the fabrication of particulate vaccines with PRR ligands can lead to targeted delivery to DCs and enhance the effectiveness of particulate vaccines (89). This enhancement is achieved by inducing “signal two” through the expression of co-stimulatory molecules on DCs, which augments T-cell responses (89). Thus coupling PRR ligands with antigens confer innate activation and antigenic stimulation to the same DC that uptakes the particulate vaccine. This lead to the generation of both signals, MHC-peptide complex and co-stimulatory signal, required for T-cell activation (1). In addition, targeted delivery to DCs can alternatively be achieved through the co-delivery of the CD40 ligand with antigen. The ligation of the CD40 ligand with the CD40 receptor on DCs serves as a key co-stimulator for DCs maturation and induction of CD4+ T cell responses (90).

The ability of DCs to present extracellular antigens in the context of MHC class I, a phenomenon called cross-presentation, can be an ideal target for the targeted delivery of vaccine antigens (20). Adjuvants such as MF59 and QS-21 in combination with TLR ligands can facilitate cytosolic or vacuole pathways of cross-presentation (91). In addition, cell-penetrating peptides (CPPs) also known as protein translocation domains or membrane translocating sequences, are small peptides with strong membrane permeability. CPPs are comprised of 6 to 30 amino acid residues and majority of them are basic amino acid residues, leading to an overall positive net charge (92–94). Recently the use of arginine- and lysine-rich CPPs in conjunction with particulate vaccines promotes the MHC class I pathway cross-presentation effectively against viral and tumor antigens (20, 92, 93). Moreover, DC targeting peptides (DCpep) are strongly targeted to DCs. They can improve vaccine capture efficiency, and promote DCs maturation, cytokine secretion, and T cell proliferation. Vaccines with DCpep can significantly induce stronger immune responses than the vaccines without DCpep (95). For example, Clec9A is produced on various DC subsets, such as mouse CD8a+ DCs and CD103+ DCs, and responsible for antigen cross-presentation. CBP-12 has high affinity with Clec9A on DCs. Vaccines with CBP-12 has been shown to elicit both strong cytotoxic CD8+ T cell and antibody responses (96, 97).



Particulate vaccine fabrication strategies

Post-translational modifications (PTMs) regulate function of proteins including antigens and contribute to their immunological properties and stability (98). A study showed that PTMs are often required for antigens to induce functional immune responses (98). Over the last decade, an increasing number of PTMs have been detected and characterized in E. coli, and most PTMs are rarely found in bacterial antigens with the majority of modified antigens having a low sub-stoichiometric degree of modification (99). As a result, retaining the conformation and function of eukaryotic multi-domain antigens produced in E. coli is more challenging (100).

Although the E. coli expression system is commonly used to produce recombinant protein vaccines, mammalian or insect cells should be considered for antigens that require high levels of PTMs that are required for vaccine purposes (98, 101). These post-translationally modified complex antigens can then be incorporated into particulate platforms using a variety of methods (Figure 2). Non-covalent methods include the use of peptide tags like polyhistidine, protein tags such as maltose-binding protein and glutathione- S-transferase, DNA-directed immobilization, and the biotin–streptavidin pair (102). One of the most powerful non-covalent biological interactions known is the binding of biotin to avidin (103). Purified post-translationally modified complex antigens that have been biotin labelled are therefore highly effective for protein capture on particulate platforms for vaccine delivery, and the biotinylated antigens are subsequently recognized by avidin/streptavidin. Although chemical biotinylation frequently results in heterogeneous products with impaired function (104), enzymatic biotinylation with E. coli biotin ligase (BirA) attaches biotin to the 15 amino acid avidin tag (AviTag) peptide yielding a homogeneous product with a high yield (105). Streptavidin is used as a potent immunostimulant in less immunogenic antigen-based vaccines, most notably cancer vaccines, in addition to binding to the biotinylated antigen (106).

Although the interaction between streptavidin and biotin is strong, the binding can be destroyed by molecular motors (such as FtsK) in seconds (107) or shear forces in milliseconds (108), making it challenging to implement barriers or locks in cellular systems. Vaccine stability is required not just during storage but also following injection, where the lower concentration and other circumstances, such as endosomal pH and shear stress in the circulation, may mediate the dissociation of non-covalently attached antigens from particles (109). Therefore, covalent interaction between the target antigen and carriers is considered as a distinct, more robust, and long-lasting method of attaching antigens to the surface of an antigen carrier. Covalent linkage to peptide tags can be accomplished using SortaseA, SNAP-tag, split inteins, HaloTag, click reactions and Electrostatic Interaction Locks; however, SpyCatcher/SpyTag technology is most commonly used in vaccine delivery because SpyCatcher forms intermolecular isopeptide bonds selectively and spontaneously with SpyTag without the need for additional enzymes or chemical catalysis (102, 105). Furthermore, in comparison, SpyCatcher/SpyTag chemistry is reactive at the terminal and internal sites of a protein and can improve protein stability without changing its function (110). Thus, the bacterial production host can be bioengineered to produce vaccine particles displaying SpyCatcher to enable specific immobilization of SpyTag-fused target antigens with proper PTMs produced by such as mammalian or insect cell cultures (111, 112). However, several limitations typically may restrict the use of SpyCatcher/SpyTag in vaccine delivery. The final construct contains around 17 kDa molecular scar left by SpyCatcher/SpyTag coupling unlike the sortaseA with a smaller scar or split intein with no scar. Moreover, SpyCatcher/SpyTag is derived from Streptococcus pyogenes. The potential immunogenicity problem related to its bacterial origin may be an issue for vaccine design (113).



Conclusion and future perspectives

Antigens delivered in particulate form show superior immunological properties when compared to corresponding antigens in soluble forms. APCs, such as DCs, can cross-present antigens taken up in particulate form to potently activate both cytotoxic CD8+ and CD4+ T cells. Particulate vaccines are versatile as they can be formulated with adjuvants and/or bioengineered for the co-delivery of antigens with PRR ligands, CPPs, and DCpep for induction of protective immunity. Immobilizing antigens to particulate carriers significantly enhances their stability such as enabling the generation of ambient-temperature stable vaccine formulations. Bacterial production hosts are unable to produce complex antigens with high levels of PTMs. This review highlighted the advances of using various technologies via covalent and non-covalent attachments to incorporate antigens with PTMs on particles. Although particle vaccines possess a great promise to combat infectious diseases, there are still a number of unknowns. These include a profound understanding of how particle size, charge, and structure influence the induction of immune responses. Safety concerns, such as severe anaphylaxis and myocarditis, have also been raised due to the extensive use of some new nanoparticle vaccines, such as mRNA-LNP. Understanding the underlying mechanisms of nanoparticle vaccine properties and potential toxicity could significantly advance the rational design of prophylactic and therapeutic nanoparticle vaccines.
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The conserved protective epitopes of hemagglutinin (HA) are essential to the design of a universal influenza vaccine and new targeted therapeutic agents. Over the last 15 years, numerous broadly neutralizing antibodies (bnAbs) targeting the HA of influenza A viruses have been isolated from B lymphocytes of human donors and mouse models, and their binding epitopes identified. This work has brought new perspectives for identifying conserved protective epitopes of HA. In this review, we succinctly analyzed and summarized the antigenic epitopes and functions of more than 70 kinds of bnAb. The highly conserved protective epitopes are concentrated on five regions of HA: the hydrophobic groove, the receptor-binding site, the occluded epitope region of the HA monomers interface, the fusion peptide region, and the vestigial esterase subdomain. Our analysis clarifies the distribution of the conserved protective epitope regions on HA and provides distinct targets for the design of novel vaccines and therapeutics to combat influenza A virus infection.
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Introduction

Influenza A viruses are negative-sense RNA viruses, belongs to the family Orthomyxoviridae. Their genome consists of eight single-stranded negative-sense RNA fragments, that encode 10 essential proteins. Currently, 18 different hemagglutinin (HA) (H1–H18) and 11 different neuraminidase (NA) (N1–N11) subtypes have been identified or detected (1). Influenza A viruses evolve rapidly and can cause pandemics and epidemics of acute respiratory disease in domestic poultry, lower mammals, and humans, continuously challenging the poultry industry and human health (2). According to the World Health Organization (WHO), annual influenza epidemics result in an estimated about 3 to 5 million cases of severe illness and 290,000 to 650,000 respiratory deaths worldwide (3). Influenza A viruses have also caused pandemics, including the 1918 H1N1, 1957 H2N2, 1968 H3N2 and 2009 H1N1 pandemics, which caused millions of human deaths (4–7). Occasionally, zoonotic influenza A subtypes, such as H5Nx and H7N9, also infect humans through cross-species transmission, with a mortality rate of up to 52% (8).

Vaccination remains the best strategy for preventing influenza infections. Currently, vaccines are available against seasonal influenza viruses, the vaccines contain either three (trivalent) or four (tetravalent) influenza virus components, and are formulated every year based on worldwide influenza surveillance (9). However, the effectiveness of seasonal influenza vaccines is often quite low, only 10%–60% for the influenza seasons from 2004 to 2020 (10). Two types of influenza antiviral drugs that target the viral membrane protein (M2) ion channel and inhibitors of NA also have been approved for prophylaxis and therapy. However, the use of these antivirals is still limited (11). Therefore, a universal influenza vaccine that can elicit more broadly cross-reactive and long-term protection, and novel therapeutic agents would be highly desirable. Since HA is the most important and abundant surface glycoprotein of influenza viruses and the target of almost all neutralizing antibodies (12), the HA protein is a major target for the development of universal influenza vaccine and therapeutic agents.

Over the last 15 years, numerous broadly neutralizing antibodies (bnAbs) that cross-react and neutralize a wide range of subtype HAs of influenza viruses have been isolated from B lymphocytes of human donors and mouse models, and the epitopes recognized by these antibodies have mapped through the use of escape mutants and Cryo-electron microscopy. These works have figured out the conserved protective epitope region of HA, and provide hope for development of universal influenza vaccines and new targeted therapeutic agents. Multiple efforts have therefore been made to develop broad-spectrum, universal vaccines, such as sequential vaccination with chimeric HA (13, 14), and HA stem-based immunogens (15–17). At the same time, several bnAbs themselves have been used as passive immunotherapy (18). In addition, guided by structural knowledge of the interactions and mechanism of bnAb, series of therapeutic agents such as small proteins, peptides and molecules have been designed to mimic the function of bnAb (19–23). Here, we analyzed and summarized the antigenic epitopes and functions of more than 70 kinds of bnAbs reported since 1980s. Our analysis clarifies the distribution of the conserved protective epitope regions on HA and provides new insights for the design of novel vaccines and therapeutics against influenza A virus infections.



Overview of the HA protein

The structure of HA was identified in 1981 (24). Although the amino acid sequence homology of different subtype HAs can be as low as about 40%, HA always adopts the same protein folding and its architecture is highly conserved (25). However, the surface properties and glycosylation patterns of HA vary extensively between influenza subtypes. Influenza A viruses are divided into two phylogenic groups based on their HA, group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17 and H18 subtypes) and group 2 (H3, H4, H7, H10, H14, and H15 subtypes) (26, 27). Group 1 HAs has similar stem structures, whereas group 2 HAs display intra-group similarity in the stem (28). Mature HA is a trimer composed of three identical monomeric subunits (24) (Figure 1A). Every monomeric HA is synthesized as an immature single polypeptide chain (HA0) in the endoplasmic reticulum, and is cleaved at its cleavage site by host cell proteases to yield two subunits, HA1 and HA2, which are linked via a single disulfide bond (32). Each HA monomer subunit is divided into a head domain and a stem domain. The membrane-distal globular head domain composed of HA1, and contains the receptor-binding (RB) subdomain and the vestigial esterase (VE) subdomain (Figures 1A, B, C, H). The membrane-proximal stem domain is primarily composed of HA2 with some HA1 residues, and contains the F’ subdomains, the F subdomain, and the fusion peptide subdomain (33) (Figures 1A, D–H). The head domain mediates attachment of the virus to host cell surface receptors, and the stem domain mediates liberation of the viral genome into the cytoplasm through membrane fusion.




Figure 1 | Structure of the HA of influenza A virus. (A) Protein molecular model of H3 HA (A/Aichi/2/68). The RB subdomain is shown in pink, the RBS in dark red, the VE subdomain in yellow, the F’ subdomain in bright blue, the F subdomain in light purple, the fusion peptide in orange-yellow, and the hydrophobic groove region in orange-red (29). (B, C) are the RBS surface and cartoon representation, respectively (30). (D, E) are the hydrophobic groove region surface and cartoon representation, respectively (31). (F, G) are the fusion peptide surface and cartoon representation, respectively (29). (H) Amino acid sequence of HA (H3 numbering) (29).



The receptor-binding site (RBS) is a shallow hydrophobic pocket at the tip of the RB subdomain, and comprises four secondary structural elements: the 130-loop, the 150-loop, the 190-helix, and the 220-loop (Figures 1A–C). Several key residues in the base of the pocket that interact with sialic acid (SA) are conserved, including W153, H183, L194, and Y195 (34). HA binds to the host cell via RBS recognizing receptors–glycolipids or glycoproteins containing terminal SA moieties with van der Waals interactions and initiates membrane fusion (35–37). Most regions of the RB subdomain besides the RBS are highly variable and prone to antigenic drift. The VE subdomain is located at the junction between the RB subdomain and the stem domain, but their functions are not well-known. The sequence of the VE subdomain is highly conserved within subtypes, and variable between different subtypes (29, 38).

The stem domain anchors HA in the viral envelope. After HA binding to the host cell receptor, endocytosis transports the influenza viral particle to the endosome, where the low pH triggers conformational changes in HA2 that mediate fusion of the viral and endosomal membranes and release of the viral genome into the cytoplasm, establishing the onset of the replication cycle (39). During this process, the HA structure is dynamic and undergoes spontaneous and reversible transitions between multiple conformations (40). The stem domain of HA is also functionally conserved, with much less sequence variation across strains and subtypes.


Conserved protective epitopes on the head domain of HA

Despite the higher variation in the HA head domain, a series of bnAbs capable of binding and neutralizing multiple subtypes or subtype-specific influenza A virus were isolated. Their protective epitopes on the HA head domain are mainly concentrated in three regions: the RBS pocket and its surrounding area, the VE subdomain, and the occluded epitope region, which is hidden in the HA monomer interface of HA1. Anti-head bnAbs generally inhibit virus attachment to the host cell receptor, thereby blocking viral entry (41–50). However, some bnAbs targeting the VE subdomain and the occluded epitope can inhibit membrane fusion (51–53) or mediate Fc-Fcγ receptor (Fc-FcγR) interactions, antibody dependent cell-mediated cytotoxicity (ADCC) or complement dependent cytotoxicity (CDC) (54–58).


Epitopes of the RBS pocket and surrounding area

Residues at the rim of the RBS pocket are highly conserved, and the reactive breadth of bnAbs targeting the RBS is limited by the region of epitopes beyond the RBS pocket. Most of these antibodies show hemagglutination-inhibition (HAI) activity (41, 42, 50, 59–67), and inhibit viral entry by preventing HA binding to host receptors (41–50). They may also prevent HA conformational changes during membrane fusion by cross-linking neighboring subunits of the HA trimer, as has been reported for bnAbs HC63 (63, 68). To date, there have been no reports of anti-RBS bnAbs that can mediate Fc-FcγR responses.

Of the bnAbs that bind to the RBS pocket, the following seven possess cross-group or cross-subtype binding or neutralizing activities: S139/1 (41), C05 (42), F045-092 (60), K03.12 (69), 2G1 (59), FE17 (70) and 12H5 (71) (Table 1). S139/1, C05, and F045-092 can neutralize both group 1 and group 2 viruses in vitro. S139/1 provides heterosubtypic protection against H1N1 and H3N2 influenza virus passive immunization of mice (41, 72). C05 completely protects mice from a lethal challenge with H1N1 or H3N2 virus (42). F045-092 possesses broadly binding activity against H3 viruses that across five decades (1963–2011), also neutralized H1N1, H2N2, and H5N1 viruses (43, 60). The antibodies K03.12 and 2G1 also show broad binding activity against both group 1 and group 2 viruses (69). 2G1 was isolated from 1957 H2N2 pandemic healthy donors, inhibits the 2006 swine H2N3 influenza virus, and protects mice from a lethal challenge with H2N2 viruses (59, 73). The epitope footprints of these bnAbs are mainly concentrated within the RBS pocket, having little to no contact with the surrounding variable positions (Figures 2A, B). These bnAbs commonly insert a single heavy-chain complementarity-determining region (CDR) loop with hydrophobic residues into the RBS pocket.


Table 1 | Characteristics of broadly neutralizing antibody binding to the HA head domain.






Figure 2 | Conserved epitopes of the HA head domain. HA1 is shown in white, HA2 in gray. (A, B) are epitope footprints of cross-subtype bnAbs binding to the RBS. (A) H3 HA (PDB ID: 4FNK) as a model, the epitope of F045-092 (PDB ID: 4O58) is all overlapped shown in red, the non-overlapping residues are shown in light purple (S139/1, PDB ID:4GMS), dark blue (C05, PDB ID:4FQR), and green (K03.12, PDB ID: 5W08), respectively. (B) H2 HA (PDB ID: 4HLZ) as a model, the epitope of 2G1 (PDB ID: 4HG4). (C–F) are epitope footprints of subtype specific bnAbs binding to the RBS. (C) H1 HA (PDB ID: 4M4Y) as a model, the epitopes of 5J8 (PDB ID:4M5Z) and 1F1 (PDB ID: 4GXU) are overlapped in red. The non-overlapping residues are shown in dark blue (CH65, PDB ID: 5UGY), light purple (CH67, PDB ID: 4HKX), yellow (H2526, PDB ID: 4YJZ), blue-green (641I-9, PDB ID: 4YK4), respectively. (D) H2 HA (PDB ID: 4HLZ) as a model, the epitope of 8M2 (PDB ID: 4HFU). (E) H3 HA (PDB ID: 4FNK) as a model, the epitope of HC63 (PDB ID: 1KEN). (F) H5 HA (PDB ID: 4MHH) as a model, the epitope of AVFlulgG03 (PDB ID: 5DUP) is overlapped in red. The non-overlapping residues are shown in light purple (FLD21.140, PDB ID: 6A67), green (13D4, PDB ID: 6A0Z), and dark blue (H5.3, PDB ID: 4XNM), respectively. (G, H) are epitope footprints of bnAbs binding to the VE subdomain. (G) H3 HA (PDB ID: 4FNK) as a model, non-overlapping residues are shown in light purple (H3v-47, PDB ID: 5W42) and green (F005-126, PDB ID: 3WHE). (H) H5 HA (PDB ID: 4MHH) as a model, non-overlapping residues are shown in light purple (H5M9, PDB ID: 4MHH) and green (100F4, PDB ID:5DUR). (I) Epitope footprint of bnAbs binding to the occluded epitope region of the HA monomers interface. H3 HA (PDB ID: 2VIU) as a model, non-overlapping residues are shown in green (FluA20, PDB ID: 6OCB), dark blue (S5V2-29, PDB ID:6E4X), and light purple (H2214, PDB ID: 6E56), respectively.



Compared with the above-mentioned bnAbs, more bnAbs with subtype-specific reactivity have been reported and identified, including: the H1 subtype-specific antibodies 1F1 (62), 5J8 (61), CH65 (74), CH67 (45), H2526 (46), 641 I-9 (46) and 3D11 (75); the H2 subtype-specific antibodies 8M2 and 8F8 (59); the H3 subtype-specific antibodies HC63 (63) and A2.91.3 (64); and the H5 subtype-specific antibodies AVFlulgG03 (65), FLD21.140 (78), 13D4 (66), HAb21 (50), and H5.3 (79) (Table 1). The epitope footprints recognized by these bnAbs are also concentrated in the RBS pocket, but have more contact with the surrounding variable residues beyond the outer edges of the RBS pocket compared with the cross-subtype bnAbs (Figures 2C–F). This is because the surface area of the antigenic epitopes recognized by these antibodies (1200–1500 Å) is generally larger than that of the RBS pocket (800 Å) (93). Most of these subtype-specific bnAbs insert a single CDR loop into the RBS pocket, with more CDRs contacting the variable residues outside the RBS pocket; hence, these bnAbs have limited reactivity breadth (42).

The 1F1 antibody was isolated from a 1918 influenza pandemic survivor, aged 91–101 years (2–12 years in 1918), inhibits and neutralizes human H1 viruses (1918, 1930, 1943 and 1977 isolate strains), and protects mice from lethal challenge with 1918 H1 virus (47, 62). Antibody 5J8 has broadly neutralizing activity against 20th century H1N1 viruses and the 2009 pandemic H1N1 (44, 61). Antibodies CH65 and CH67 have naturalized seasonal H1 strains across three decades (1977–2007/2009) (45, 74). The H1 subtype-specific antibodies 1F1, 5J8, CH65, CH67, H2526, and 641I-9 approach the HA head from different directions and have somewhat different peripheral contact footprints outside the RBS pocket (Figure 2C).

Like 2G1, antibodies 8M2 and 8F8 were isolated from 1957 H2N2 pandemic healthy donors; however, 8M2 and 8F8 only react with human H2N2 viruses and a swine H2N3 strain (59, 73) (Figure 2D). Antibody HC63 was the earliest reported bnAb targeting the HA head in 1987; it reacts with most of the H3N2 viruses isolated between 1968 and 1982 (63). The epitope of HC63 is similar to that of 1F1 (47), but HC63 simultaneously binds two HA monomers (Figure 2E), effectively cross-linking them and blocking the pH-induced conformational changes in HA that drive membrane fusion (68).

Antibodies AVFluIgG03, FLD21.140, 13D4, HAb21, and H5.3 have widely cross-neutralizing activity with different clade of H5N1 viruses, and 13D4 protects mice against lethal challenge with H5N1 viruses of clades 1, 2.1, 2.2, and 2.3, even at the stage of infection when H5N1 virus has disseminated beyond the pulmonary system (66) (Table 1 and Figure 2F). Antibody CR8033, which was isolated from volunteers vaccinated with the seasonal influenza vaccine, protects mice against lethal challenge with either of the Yamagata and Victoria lineages of influenza B viruses; its epitope also targets the RBS pocket (81).

Till now, a series of viral attachment inhibitors have been developed targeting RBS, such as PAA-YDS (94, 95), 6SL-PAMAM (96), S2(1–5) (97), A22 (98), D-26 (99, 100). Some of these inhibitors have been shown to protect mice from influenza virus infection, such as PAA-YDS and A22 (94, 95, 98).



Epitopes of the VE subdomain

BnAbs binding the VE subdomain only possess subtype-specific neutralizing activity. They include: the H1 subtype-specific antibody PR8-23 (82); the H3 subtype-specific antibodies H3v-47 (57), F005-126 (51), and A2.4.1 (64); the H5 subtype-specific antibodies H5M9 (83), 9F4 (52), HA-7 (53), 100F4 (101), and 4F5 (89); and the H7 subtype-specific antibodies 1H5 and 1H10 (58) (Table 1). Their epitope footprints are mainly located on the VE subdomain, but some extend into the RB subdomain (Figures 2G, H). These bnAbs can play a role in inhibiting virus binding to the host receptor (89) or membrane fusion (51–53), and may possess dual functions, as is the case with antibody H5M9 (83, 84). Some of them can block viral egress from infected cells (57), and mediate Fc-FcγR responses (ADCC) (57, 58).

Antibody H3v-47 exhibits potent neutralizing activity against multiple human and swine H3N2 viruses that circulated from 1989 to 2014. The H3v-47 epitope spans the VE and RB subdomains (57). Antibody F005-126 can broadly neutralize H3N2 viruses, binds to the VE subdomain (site R) and RB subdomain (site L), spans a cleft formed by two HA monomers in the HA trimer, and cross-links them (51) (Figure 2G).

Antibody H5M9 can neutralize different clades of H5N1 viruses (Clades 0, 1, 2.3.4, and 7), and protects mice from lethal H5N1 viral challenge both prophylactically and therapeutically in vivo (83, 84) (Figure 2H). Antibody 9F4 can neutralize H5N1 viruses of clade 1, 2.1, 2.2, 2.2.2, 2.3.2.1a, and 2.3.4 in vitro, and neutralizes H5N1 viruses of clade 2.2.2 in vivo. Antibodies HA-7 and 100F4 can potently inhibit or neutralize multiple clades of H5N1 viruses, and completely protect mice from lethal challenges of H5N1 (53). Antibody 100F4 also protects mice from lethal challenges of H5N6 and H5N8 viruses (87, 88). HA-7 specifically targets the VE subdomain and does not inhibit virus binding to the host cell receptor but does affect membrane fusion (53).

Antibodies 1H5 and 1H10 can bind to a wide range of H7 strains, but lack HAI and neutralizing activity in vitro. Both antibodies can engage Fc-FcγR responses, and provide protection in vivo upon passive transfer in the mouse model (58). Antibody CR8071 also target the VE subdomain of influenza B viruses, can protect mice against lethal challenge from the Yamagata and Victoria lineages, but is less potent in vivo than CR8033, and lacks HAI activity (81).



Epitopes of the occluded epitope region of the HA monomer interface

During the adsorption and endocytosis of influenza virus, HA can undergo spontaneous and reversible transitions between multiple conformations. Acidification and receptor binding can shift the dynamic equilibrium of HA conformation (40). The interface, occluded at the contact surface between the HA monomers of the head domain, can then be exposed to antibodies. Antibodies bind to these temporarily exposed epitopes, disrupt the HA trimeric structure and affect influenza virus replication (54). Early to 1993, Yewdell and colleagues demonstrated that the epitope of murine antibody Y8-10C2 is located at the interface of adjacent subunits of the HA head of H1 (102), but the reactive range was not identified. More recently, several bnAbs targeting this region were identified, including antibodies FluA-20 (54), S5V2-29 (55), H2214 (55), 8H10 (56), FL-1066 (56), H7-200 (90) and H7.5 (91) (Table 1). Most of these antibodies possess cross-group HA binding activity, and generally lack neutralizing activity in vitro, but confer robust protection in vivo against multi-subtype lethal virus challenge by mediating Fc-FcγR responses (ADCC or CDC) (54–56). The epitope footprints recognized by FluA-20, S5V2-29, H2214, 8H10, and FL-1066 are located in a similar region in the contact surface between the HA monomers of the head domain (Figure 2I).

Antibody FluA-20 shows extraordinary reactive breadth and affinity for recombinant HA trimers from subtypes H1 through H15, except for H13, and protects mice from lethal challenge with group 1 and group 2 viruses when as prophylaxis or therapy. FluA-20 rapidly disrupts HA trimers, inhibits the cell-to-cell spread of virus, and mediates ADCC activity in vivo (54). Antibodies S5V2-29 and H2214 can also bind multiple HAs of group 1 and group 2 viruses, and provide protection against lethal challenges with H1N1 and H3N2 viruses in mice (55). Antibodies 8H10 and FL-1066 possess broad reactivity with historical H3 HAs across over 30 years, and can bind a representative H4 (56). The epitope of antibody H7.5 also includes residues in the inter-HA head contact region, which allows H7.5 to simultaneously bind two separate surfaces of two adjacent HA protomers, thereby blocking HA binding to SA (91, 92).




Conserved protective epitopes on the HA stem domain

In recent decades, tremendous effort has been invested in isolating and structurally characterizing bnAbs that target the HA stem domain. The conserved protective epitopes that these bnAbs recognize are mainly located in two regions: the hydrophobic groove and the fusion peptide. These bnAbs are generally encoded by a relatively restricted set of variable-heavy (VH) gene segments (103). Due to the high conservation of the stem domain, anti-stem bnAbs usually exhibit more widely reactive and neutralizing breadth to influenza A virus strains than anti-head bnAbs. All of the anti-stem bnAbs lack HAI activity. The mechanism of protection involves inhibiting the host cell protease cleavage of HA0 (104–108), or preventing membrane fusion via antibody binding to cleaved HA, inhibiting its low pH-induced conformational change (28, 81, 104–114). Anti-stem bnAbs mediating Fc-FcγR responses also play a critical role in vivo in the protection (104–106, 110, 115). In addition, antibodies S9-1-10/5-1 and 9H10 inhibit virus particle release from infected cells (114, 116).


Epitopes of the hydrophobic groove region

Among the bnAbs that bind to the hydrophobic groove region, some exhibit extremely broad binding properties to all subtype HAs from H1 to H18 (cross-group). Many antibodies exhibit group 1 virus-specific reactivity, whereas only one antibody (SD36) exhibits group 2 virus-specific reactivity (117).

In 2008, antibody CR6261 was the first bnAb reported to exhibit group 1 and group 2 reactivity (31). Since then, a series of this type of bnAb was isolated and identified, such as antibodies FI6(FI6v3) (104), 27F3 (118), 3E1 (119), SD38 (117), 39.29 (120), CT149 (110), 3I14 (105), 31.a.83 (121), 56.a.09 (121), CR9114 (81), MEDI8852 (106), 05-2G02 (122), S9-1-10/5-1 (116), 1.12 (116, 123) and 28-12 (124) (Table 2). Most of these antibodies exhibit broad neutralizing activity and protection against influenza A virus in vivo.


Table 2 | Characteristics of broadly neutralizing antibody binding to the HA stem domain.



The epitope footprints of antibodies CR6261, 27F3, 3E1, SD38, and Mab 3.1 are shown in the H1 HA model of Figure 3A. All of these antibodies bind to the hydrophobic groove region with CDRs of heavy and light chains. Antibody 3E1 also bind to the fusion peptide region (109, 119). CR6261 neutralizes viruses by blocking conformational rearrangements of HA associated with membrane fusion (28, 31, 115). The epitope footprints of antibodies FI6(FI6v3), 39.29, CT149, and 3I14 are shown in the H3 HA model of Figure 3C. FI6(FI6v3) inhibits the conformational changes of HA, prevents membrane fusion, and inhibits HA0 processing (104). CT149 binds residues of two adjacent protomers of HA, and CT149 and 3I14 neutralize viruses by inhibiting low pH-induced membrane fusion (105, 110). The epitope footprints of antibodies CR9114 and MEDI8852 are shown in the H5 HA model of Figure 3D. CR9114 exhibits extremely broad reactivity, including against 14 influenza A subtypes and both influenza B virus lineages, and it can neutralize 11 of these subtypes of virus. CR9114 also protected mice from lethal challenge with H1N1, H2N2, H2N3, H3N2, and influenza B viruses in prophylaxis studies (81, 115). MEDI8852 binds to the hydrophobic groove and a large portion of the fusion peptide through a coordinated movement of CDRs (106).




Figure 3 | Conserved epitopes of the HA stem domain. HA1 is shown in white, HA2 in gray. (A–E) are epitope footprints of bnAbs binding the hydrophobic groove region. (A) H1 HA (PDB ID: 4M4Y) as a model, the epitopes of CR6261 (PDB ID:3GBN) and Mab 3.1 (PDB ID: 4PY8) overlap in red. The non-overlapping residues are shown in light purple (27F3, PDB ID: 5WKO), green (3E1 PDB ID: 5GJT) and dark blue (SD38, PDB ID: 6FYT), respectively. (B) H2 HA (PDB ID: 4HLZ) as a model, the epitope of C179 (PDB ID: 4HLZ). (C) H3 HA (PDB ID: 4FNK) as a model, the non-overlapping residues are shown in light purple (FI6 (FI6v3), PDB ID: 3ZTJ), dark blue (39.29, PDB ID: 4KVN), blue-green (CT149, PDB ID:4UBD), and green (3I14, PDB ID: 6WF0), respectively. (D) H5 HA (PDB ID: 4MHH) as a model, the non-overlapping residues are shown in dark blue (CR9114, PDB ID: 4FQI), green (MEDI8852, PDB ID: 5JW4), light purple (F10, PDB ID: 3FKU), and blue-green (70-1F02, PDB ID: 6B3M), respectively. (E) H7 HA (A/tree sparrow/Shanghai/01/2013) as a model, the epitope of SD36 (PDB ID: 6FYU). (F) Epitope footprint of bnAbs binding to the fusion peptide region. H3 HA (PDB ID: 4FNK) as a model, the non-overlapping residues are shown in light purple (CR8020, PDB ID: 3SDY) and green (CR8043, PDB ID: 4NM8).



Antibody C179 was the first reported bnAb to neutralize influenza A viruses, and was isolated from a mouse in 1993 (111). In the last decade, many bnAbs with group 1 virus-specific reactivity targeting the hydrophobic groove region have been isolated, including antibodies F10 (112), D8 (112), A66 (112), 70-1F02 (130), 1009-3B05 (130), 09-3A01 (122), Mab3.1 (131), A06 (132), FE43 (70), 4C2 (133), 1H11 (113), 5G2 (113), and 2H5 (113) (Table 2). C179 cross-neutralizes H1, H2, and H5 subtype viruses, and protects mice from lethal challenge with H5N1 and 2009 H1N1 pandemic viruses (111, 127, 128). The epitope of C179 bound to the 1957 H2N2 HA is similar to that of bnAbs CR6261, F10, CR9114, and FI6(FI6v3) (Figures 3A–D) (127). F10 bound to H5 HA with heavy-chain CDRs inserts into the hydrophobic groove pocket and locks the fusion peptide (112) (Figure 3D).

As mentioned previously, of the bnAbs that bind to the hydrophobic groove region, only one exhibits group 2 HA reactivity, the llama single-domain antibody (sdAb) SD36 (Table 2). SD36 recognizes conserved epitopes that partially overlap with those of bnAbs CR9114, CR6261, and FI6(FI6v3) (117) (Figures 3A, C–E). Why are bnAbs with group 2 virus-specific reactivity that target the hydrophobic groove region so rare? It may be that a conserved Asn38 glycan in the HA1 of group 2 viruses may interfere with the accessibility of the conserved antigenic site on helix A (28, 112, 134). However, some antibodies, such as 27F3, can navigate around this N38 glycan to achieve cross-group neutralization (118, 135).

Llama sdAb SD83 can neutralize both influenza B virus lineages (Table 2), and its epitope is also in the hydrophobic groove region. This epitope is highly conserved, with the residues being >99% identical in influenza B viruses (117).

Till now, a series of small protein or peptide viral fusion inhibitors targeting conserved epitopes of HA stem have been developed, such as HB36 and HB80 (19), HB36.3 and HB80.4 (23), HB36.6 (21), JNJ4796 (22), P7 (20). Some of these inhibitors have been shown to protect mice from influenza virus infection, such as HB36.6 and JNJ4796 (21, 22), and four antibody drugs (CR6261, 39.29, CR8020 and MEDI8852) have entered phase II clinical trial (136–138). In addition, several universal vaccines based on the HA stem, such as headless HA and HA mini-stems, have also shown promising prospects, and chimeric HA has entered phase I clinical trial (136, 137).



Epitopes of the fusion peptide region

The bnAbs that bind to the fusion peptide region of the HA stem are only reactive with group 2 HA; these bnAbs include CR8020 (107), CR8043 (108), and 9H10 (114) (Table 2). The epitopes recognized by these antibodies are located lower down on the stem domain, close to the virus membrane, but accessible on virions (Figure 3F). Electron microscopy reconstructions shows that the three antibodies bind to a similar epitope footprint, but their sensitivities to mutations are distinct, due to their slightly different approach angles to the HA (114). These antibodies inhibit viral replication by blocking membrane fusion and mediating Fc-FcγR responses. In addition, CR8020 inhibits the host cell protease cleavage of HA0 (107) and 9H10 disrupts viral particle egress in the late stage of infection (114).

In summary, the highly conserved protective epitopes of HA in influenza A viruses are concentrated in five regions: the RBS pocket, the VE subdomain, the occluded epitope region between the HA heads, the hydrophobic groove region, and the fusion peptide region. The breadth of bnAbs targeting these five conserved protective epitope regions is summarized in Figure 4. The hydrophobic groove region is the most conserved protective epitope region of HA. Most bnAbs targeting these regions exhibit extremely broad reactivity to both group 1 and/or group 2 HAs of influenza A virus, and even to influenza B virus. The epitopes of the RBS pocket and the occluded epitope region are also conserved; some bnAbs targeting these two regions are broadly reactive, but bnAbs targeting the RBS pocket having higher potency than bnAbs targeting the occluded epitope region. To date, bnAbs targeting the fusion peptide region only neutralize group 2 HAs, and bnAbs targeting the VE subdomain are subtype-specific.




Figure 4 | The HA conserved epitope regions of influenza A virus. HA1 is shown in white, HA2 in gray. The five conserved protective epitope regions summarized in this review: (A) The hydrophobic groove region is shown in red; (B) the RBS in orange; (C) the occluded epitope region of the HA monomers interface in light orange; (D) the fusion peptide region in orange-yellow; and (E) the VE subdomain in yellow. The broad-spectrum breadth of the five conserved protective epitope regions are ranked A>B>C>D>E.







Conclusions

The constant antigenic drift and antigenic shift of influenza viruses and the outbreak of the SARS-CoV-2 pandemic since 2020 have further emphasized the urgent need for a universal influenza vaccine and therapeutic agents. The isolation of new bnAbs and identification of highly conserved protective epitopes of HA have identified more distinct targets for the development of novel vaccines and therapeutic based on HA. Because the epitopes of the HA head are more accessible, humoral responses to the head region of HA are more robust than those to the HA stem. In one study, about 14% of HA-specific memory B cells from healthy human donors, 76% B cell receptor were specific for epitopes present on the HA head (69). Generally, antibodies targeting the head of HA shown more potency by directly or indirectly blocking viral adsorption (61, 74). Such antibodies can neutralize infectious viruses at a low concentration, in contrast with antibodies to the stem (70, 112). So, the characteristics of the conserved protective epitopes on the HA head are more suited to the requirements of targets of novel vaccine development than those on the stem. The antibodies that target the stem of HA offer broader but less potent reactivity. The epitopes of HA stem are intrinsically less permissive for mutations, due to the need to maintain interchain packing and to undergo conformational changes during the fusion process (139). So, the characteristics of the epitopes on the HA stem are still compatible with therapeutic development.

In recent years, significant advances have been made in universal influenza vaccine research, and multiple strategies are currently being explored based on HA, including chimeric HA, mosaic HA, computationally optimized broadly reactive antigens (COBARs), Mini-HA, and mosaic nanoparticle vaccination approaches (140, 141). To date, series of universal influenza vaccine (136, 142, 143) and therapeutic agents (137, 144) that targeting HA have been tested in clinical trials. We are confident that as the highly conserved protective epitopes of HA are more clearly elucidated and the antiviral mechanism of bnAbs becomes clearer, universal influenza virus vaccines that provide higher vaccine efficacy and more novel therapeutic candidates that mimic the function of bnAbs will be developed.
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This work identifies the protein “macrophage infectivity potentiator” of Trypanosoma cruzi trypomastigotes, as supporting a new property, namely a pro-type 1 immunostimulatory activity on neonatal cells. In its recombinant form (rTcMIP), this protein triggers the secretion of the chemokines CCL2 and CCL3 by human umbilical cord blood cells from healthy newborns, after 24h in vitro culture. Further stimulation for 72h results in secretion of IFN-γ, provided cultures are supplemented with IL-2 and IL-18. rTcMIP activity is totally abolished by protease treatment and is not associated with its peptidyl-prolyl cis-trans isomerase enzymatic activity. The ability of rTcMIP to act as adjuvant was studied in vivo in neonatal mouse immunization models, using acellular diphtheria-tetanus-pertussis-vaccine (DTPa) or ovalbumin, and compared to the classical alum adjuvant. As compared to the latter, rTcMIP increases the IgG antibody response towards several antigens meanwhile skewing antibody production towards the Th-1 dependent IgG2a isotype. The amplitude of the rTcMIP adjuvant effect varied depending on the antigen and the co-presence of alum. rTcMIP did by contrast not increase the IgE response to OVA combined with alum. The discovery of the rTcMIP immunostimulatory effect on neonatal cells opens new possibilities for potential use as pro-type 1 adjuvant for neonatal vaccines. This, in turn, may facilitate the development of more efficient vaccines that can be given at birth, reducing infection associated morbidity and mortality which are the highest in the first weeks after birth.
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1 Introduction

Vaccines constitute one of the best ways to prevent infectious diseases. Conventional, “antigen-based” vaccines comprise live attenuated and inactivated pathogens or recombinant antigens. The lower immunogenicity of recombinant antigen vaccines requires the addition of adjuvants to evoke a strong immune response. Adjuvants aim to increase the amplitude of the immune response as well as to modulate their orientation towards the appropriated protective response. Only a limited number of adjuvants are currently approved for human applications, with aluminum salts (alum), monophosphoryl lipid A (MPLA) and saponin being the most commonly used (1, 2). Several reasons support the need to diversify adjuvants. Firstly, this would broaden the choice to allow the best possible association with a given antigen. Secondly, adjuvants should be adapted to distinct features of the immune system of defined vulnerable populations such as infants (3). Thirdly, the combination of adjuvants with different modes of action appears to better elicit optimal protective responses while limiting the risk of adverse effects by reducing the concentration of each of them and possibly by avoiding the repeated use of the same adjuvant (2).

Due to their potent immunostimulatory capacity, pathogen-derived substances constitute major potential sources of adjuvants (4). We showed that the protozoan parasite Trypanosoma cruzi, responsible for Chagas disease, displays adjuvant properties in neonates/infants. Indeed, both congenitally infected and uninfected infants born to T. cruzi chronically infected mothers display a pro-inflammatory environment associated with activated monocytes, probably by receiving circulating parasite molecules from their mothers (5). In addition, uninfected infants from these mothers develop boosted type 1 immune responses to vaccines routinely administered in early life like BCG or those against hepatitis B, tetanus and diphtheria (6). These data suggest the transplacental transmission of parasite compound(s) from infected pregnant women to their fetus, susceptible to stimulate T. cruzi-unrelated type 1 immune responses in early life by epigenetic reprogramming (7–9). This led us to identify the T. cruzi-derived macrophage infectivity-potentiator (TcMIP), a protein that displays interesting immunostimulatory properties on neonatal human cells and vaccines in mice. As such, TcMIP constitutes a potential adjuvant candidate for vaccines, particularly for those administered in early life. The current study describes the identification, production and immunostimulatory properties of this protein.




2 Material and methods



2.1 Obtention of live and lysed T. cruzi and soluble extracts of parasite

Live T. cruzi trypomastigotes (the extracellular parasite stage found in vertebrate hosts), of TcVI genotype [Tulahuen strain (10),] were obtained from supernatants of infected fibroblasts as previously described (11). T. cruzi epimastigotes (TcVI genotype, CL Brener strain) were cultured at 28°C in RPMI-1640 liquid medium supplemented with 0.5% (w/v) tryptone (Thermo Fisher Scientific, Merelbeke, Belgium), 20 mM HEPES buffer pH 7.2 (Thermo Fisher Scientific), 30 µM hemin (Sigma-Aldrich, Overijse, Belgium), 10% (v/v) heat-inactivated fetal calf serum, 2 mM sodium glutamate, 2 mM sodium pyruvate and 25 µg/ml gentamycin (Sigma-Aldrich) (12). Lysates of T. cruzi trypomastigotes or epimastigotes were prepared by resuspending the parasites in RPMI at a concentration of 3 x 105 parasites/mL and lysing them by 10 successive cycles of freezing-thawing in liquid nitrogen and 37°C. Lysates were aliquoted and conserved at -20°C until use.

For fractionation experiments, live parasites (trypomastigotes or epimastigotes) were resuspended at a concentration of 3 x 109 parasites/mL in PBS containing protease inhibitors (complete mini protease inhibitor cocktail, Cat. No. 04 693 124 001, Roche Diagnostics GmbH, Mannheim, Germany) and lysed by 3 freezing-thawing cycles in liquid nitrogen and 37°C. After centrifugation at 100,000 g during 30 min at 4°C, the membrane proteins present in the sediment were extracted by n-octyl-β-D-glucopyranoside (OG, Sigma-Aldrich O9882) 2% in ice-cold PBS during 30 min. The preparation was vortexed for 30s every 10 min. Insoluble material was discarded by centrifugation at 100,000g during 1h at 4°C. OG was eliminated from the supernatant by dialysis overnight at 4°C against PBS using Slide-A-Lyzer™ dialysis cassettes with a cut-off of 10 kDa (Thermo Fisher Scientific). The soluble extract was then concentrated 10-fold by freeze-drying and resuspended in apyrogen water. Based on preliminary results showing that the bioactivity of the trypomastigote extract was thermoresistant up to 70°C and with a molecular mass (MM) lower than 50 kDa, thermosensitive proteins were eliminated by heating the extract at 70°C during 30 min, and those of MM above 50kDa by centrifugation on Vivaspin 500 (Sartorius). The preparation was then again concentrated by evaporation on SpeedVac. This preparation, named OGE (for OG extract), was aliquoted and conserved at -20°C before fractionation.




2.2 Fractionation of T. cruzi OGE

OGE fractionation was performed by Fast Protein Liquid Chromatography on FPLC AKTA EXPLORER 2DLC using endotoxin-free reagents and material. The chromatography equipment was cleaned before use with 1 M NaOH overnight (0.5 mL/min). After installing the column, the system was cleaned again with NaOH 1 M during 1h, followed by 30% acetonitrile + 0.5% trifluoroacetic acid during 1h, again NaOH 1 M for 1h, and finally PBS to obtain a neutral pH. Different approaches were tried, and the following protocol adopted. The OGE was fractionated by high-resolution size exclusion chromatography on Superdex 75 GL (GE HealthCare Life Sciences, France), separating proteins of MM between 3 and 70 kDa. Column calibration was done with chicken lysozyme (14.4 kDa), trypsin (21 kDa), carbon anhydrase (31 kDa), ovalbumin (45 kDa) and bovine serum albumin (66.2 kDa). A 0.5 mL solution of OGE containing around 250 µg of proteins was loaded onto a 24mL Superdex, the column was washed with 1 vol PBS (0.5 mL/min) and 52 fractions of 1 mL collected. Each fraction was aliquoted in 2 parts for screening the bioactivity and analyzing the protein content by mass spectrometry.




2.3 Mass spectrometry of protein fractions

Samples were dialyzed against 500 mM ammonium acetate to replace salts and digested with trypsin (Promega, sequencing grade) in order to perform nanoflow liquid chromatographic (nHPLC) separation of subsequent peptides. The nLC (Dionex Famos-Switchos) was hyphenated to an electrospray ion-source (ESI) to produce cationized peptides and measure their mass to charge ratio using a Bruker Esquire ion-Trap Mass Spectrometer (MS). The analysis was performed either in one dimension directly using a 15 cm pepmap C18 reverse phase column or by intercalation of a second dimension of separation using a strong cationic exchange phase (all columns were from Dionex, Thermo Fisher Scientific). In some cases, the desalted samples were separated on reducing and denaturing SDS PAGE beforehand and extracted gel bands were in-gel digested with trypsin before injection to the nano-HPLC-ESI-MS and 1D analysis (C18 column). Whenever needed, 2D HPLC was used to improve the separation.

The MS data were extracted using the Bruker data analysis suite of software and compared to the Swissprot, MSDB and NCBI databases using the mascot algorithm (https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.matrixscience.com%2F&data=05%7C01%7Ccarine.truyens%40ulb.be%7Cf8a785c087104e3dd2db08dae76da34b%7C30a5145e75bd4212bb028ff9c0ea4ae9%7C0%7C0%7C638076755676235063%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C2000%7C%7C%7C&sdata=MOS9kplRHGw5FERK9Xld%2BNzeuZxthdxyt6EC6hIUiBk%3D&reserved=0). Proteins yielding at least 2 distinct peptides with a mascot score of minimum 20 were considered present under 5% risk of false positive hits. Besides, specific proteins were also selectively sought for by multiple reaction monitoring (MRM).




2.4 Preparation of recombinant TcMIP

The sequence of the gene of the macrophage infectivity potentiator of T. cruzi (Tcmip) has been published (13). The coding sequence of Tcmip from purified parasite DNA was amplified by PCR, using primers recognizing its signal peptide and designed from the published sequence of Tcmip (13) (forward: ATGCACAGAGAGAATTATTTTTCCAA, reverse: CATAATTACATGTCTTCTCTGTCTTCTTC). The obtained blunt-end DNA was cloned in pGEM-T Easy vector (Promega Benelux B.V., Leiden, the Netherlands) and the integrity of the construction verified by sequencing. This construct was used as template to amplify Tcmip without the signal peptide, i.e., the sequence corresponding to residues 30 to 196, using forward and reverse oligonucleotides flanked by the restriction sites BamHI et Not1 respectively (oligo BamHI-MIP forward: GGATCCCCAGTGGGGATGCGGCGTCG and Not1-MIP reverse: GCGGCCGCTTACATGTCTTCTCT). The PCR product of 518 bp was purified from an agarose gel using the GFX PCR DNA and Gel Band Purification Kit (Amersham, now Cytiva Europe GmbH, Freiburg im Breisgau, Germany) and this blunt-end DNA cloned in the pJET plasmid to verify its integrity. E. coli DH5α cells were transformed with this construct and several transformed clones cultivated. Their plasmids were isolated and digested with BamHI et Not1 to verify the presence of Tcmip. After control of the sequence, the BamHI-mip-Not1 insert was introduced in the expression vector pGEX-5x-1 (Amersham) previously digested by the same restriction enzymes. This cloning results in the fusion of the N-terminal part of Tcmip with the gene coding for glutathione-S-transferase (GST, 26 kDa). After transformation of E. coli DH5α with pGEX-5X-1+Tcmip, a clone containing the Tcmip gene was identified by PCR and cultivated again to obtain and purify the correct plasmid containing the Tcmip gene fused with GST (pGEX-5X-1+Tcmip). DNA and protein sequences are shown in Supplementary Figure 1).

The expression of the fusion protein was obtained in E. coli BL21 cells transformed with pGEX-5X-1+Tcmip. The fusion protein was purified from the supernatant of lysed cells on a column of Superdex 75 Prep Grade followed by affinity chromatography on GSTrap HP (GE Healthcare). The fractions were then analyzed by SDS-PAGE, those containing the protein pooled and the purity and integrity of the TcMIP-GST verified by SDS-Page (Figure 1A) and Q-tof mass spectrometry (Figure 1B). These analyses indicate the absence of contaminants and of degradation products. The fact that the MM of the fused protein found by Q-Tof spectrometry (45358 Da) corresponds to the expected mass based on the amino-acid sequence (45352 Da), implies the absence of any post-translational modifications, indicating that the fused protein is of proteinic nature only.




Figure 1 | Analysis of the purified recombinant TcMIP fused to GST. (A) SDS-Page analysis showing the purified recombinant protein TcMIP fused to GST (rTcMIP). (B) Deconvoluted mass spectrum of the purified rTcMIP analyzed by Q-Tof mass spectrometry. The spectrum shows two major peaks: one at 45358 Da corresponding to the mass of the fused recombinant protein supplemented with one H+ cation, and one at 45226.5 Da corresponding to the loss of a methionine.



It was attempted to cleave the GST tag with the Factor Xa Protease (Promega) without success although various conditions were tested. So, all results presented in this publication have been obtained with the TcMIP (167 aminoacids, i.e., without the signal peptide) fused to the GST, which is from now on referred to as rTcMIP in our experiments.

Endotoxins present in the purified rTcMIP were eliminated by chromatography on a polymixin column (EndoTrap® HD Endotoxin Removal Kit, Hyglos GmbH, Bernried, Germany) down to levels < 0.5 EU/mg TcMIP. The TcMIP concentrations mainly used in this work are between 2.5 and 5 µg/mL, containing thus less than 0.005 EU/mL ((i.e. 1 pg entotoxin/mL), which is well below the threshold of 0.5 EU/mL accepted by the FDA in medical devices (14) and endotoxin levels found in most commercialized vaccines (15).




2.5 Quality control of parasite-derived preparations and recombinant TcMIP

All procedures were performed under laminar flow with sterile endotoxin-free reagents and material. Before their use in bioassays and blood cell stimulation, each parasite preparation (lysate, OGE…) and batches of the rTcMIP were verified to be free of mycoplasma by ELISA detecting the four more common Mycoplasma species (Mycoplasma Detection Kit Enzyme immunoassay Cat. No. 11 296 744 001, Roche) as well as by PCR detecting 26 Mycoplasma species (Venor®GeM # 11-1025, Minerva Biolabs, Berlin, Deutschland), and we verified the endotoxin levels to be undetectable or very low, with the Limulus Amoebocyte Lysate test (Cambrex, Lonza Biosciences, Verviers, Belgium) or the LAL Chromogenic Endpoint Assay » (HyCult Biotechnology, Uden, The Netherlands). Protein concentrations were measured with the BCA test (Pierce #23235, Thermo Fisher Scientific), and the profile of components was verified by SDS-PAGE to be similar between batches. Each OGE batch was confirmed to induce the production of IFN-γ, CCL2 and CCL3 by cord blood cells (cf. bioassay) before being further used for fractionation.




2.6 Human blood samples

Umbilical cord blood samples were obtained from full-term healthy newborns at the maternity ward of Erasmus Hospital (U.L.B., Brussels). Blood samples were harvested in endotoxin-free heparinized tubes (Becton Dickinson, Erembodegem, Belgium]. They were kept at room temperature and processed within 8 hours of harvest. The study was approved by the Ethical Committee Erasme-U.L.B. of the Faculty of Medicine, U.L.B. (protocols P2011-254 and P2014-339). Informed written consent was obtained from the parents of newborns.




2.7 Set-up of a bioassay to screen the immuno-stimulatory properties of T. cruzi compounds

To identify parasite compound(s) able to induce the production of IFN-γ by cord blood cells from healthy newborns (not infected with T. cruzi), a quick and simple bioassay was developed. The release of IFN-γ was firstly chosen to select parasite compounds with pro-type 1 adjuvant-like activity. Preliminary assays, in which whole cord blood cells were stimulated with lysed T. cruzi trypomastigotes during 24 to 96h, in the presence or not of potential co-stimulatory factors, indicated that best results were obtained after 72h in the presence of 5U/mL IL-2 and 10 ng/mL IL-18. At these concentrations, these cytokines used alone barely induced an IFN-γ response but synergized with the parasite lysate (Figure 2A). This indicates that T. cruzi may exert an immuno-stimulatory effect independently of cell infection. We also searched, by ELISA and dot-blot arrays, for other markers of inflammatory/pro-type 1 factors produced in supernatants of whole cord blood cultured with the T. cruzi lysate in the absence of co-stimulatory cytokines. The inflammatory chemokines CCL2 (monocyte chemoattractant protein 1, -1) and CCL3 (macrophage inflammatory protein-alpha, MIP1-α) were selected as additional markers released after 24h of culture. Figures 2B, C show that the trypomastigote lysate reliably triggered IFN-γ and CCL3 release by several cord blood samples.




Figure 2 | IFN-γ and CCL3 release by whole cord blood cells in response to a T. cruzi trypomastigotes lysate. Ten-fold diluted whole cord blood from healthy newborns were cultured with (green symbols) or without (white symbols) T. cruzi trypomastigote lysate. IFN-γ and CCL3 were measured in the supernatants by ELISA. Results are expressed as mean ± SEM. (A) Cultures (n=4) were performed for 24 to 96h in the absence (square symbols) or the presence (triangle symbols) of IL-2 (5U/mL) and IL-18 (10ng/mL). Parasite lysate was at 106 equivalent parasites/mL. *P < 0.05 vs. unstimulated cells cultures in the presence of IL-2 and IL-18 (Two-way Anova). (B) Cultures (n=5) were performed for 72h in the presence of IL-2 (5U/mL) and IL-18 (10ng/mL), with two parasite lysate concentrations. #P<0.05 vs. the absence of parasite lysate (Wilcoxon test). (C) Cultures (n=5) were performed for 24h with two parasite lysate concentrations. #P<0.05 vs. the absence of parasite lysate (Wilcoxon test).



As a result, the final used bioassay protocol was the following: whole cord blood was diluted 10-fold in 96-well culture plates with RPMI supplemented with 1x non-essential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin and 100 µg/mL streptomycin. The 10-fold diluted T. cruzi fraction or the rTcMIP were added to cells at the indicated concentrations as stimulant, associated or not to the co-stimulatory cytokines IL-2 (5 U/mL) and IL-18 (10 ng/mL). A culture supernatant from non-stimulated cells was used as a negative control. GST (#PK-RP577-1243-1, Bio-Connect B.V., Huissen, The Netherlands) alone was used as control for rTcMIP (which, as said above, comprises the GST tag). Cells were then incubated at 37°C in 5% CO2 atmosphere. The amounts of CCL2 and CCL3 produced after 24h of culture (performed without the co-stimulatory cytokines IL-2 and IL-18), as well as the amount of IFN-γ after 72h of culture (performed in the presence of IL-2 and IL-18) were measured by ELISA. In some experiments, rTcMIP was heated at different temperatures immediately before use. In other experiments, rTcMIP was incubated for 30 min with either a protease (pronase E from Streptomyces griseus at 1 µg/mL - E = 3.4.24.31 – Sigma-Aldrich # P8811), or FK506 (or Tacrolimus, a macrolide that inhibits the PPIase enzymatic activity; used at 25 ng/mL, Sigma-Aldrich # F4679), before being added on cells. As a control of FK506 activity, its immunosuppressive effect was tested on cells stimulated with 1 µg/mL of phorbol myristate acetate (PMA, InvivoGen, Toulouse, France) combined to 10 µg/mL ionomycin (InvivoGen) (16).




2.8 ELISA detection of produced cytokines and chemokines

Levels of IFN-γ, CCL2 (MCP-1) and CCL3 (MIP-1α) in culture supernatants were determined by ELISA using antibody (Ab) pairs from InVitrogen (#CHC1233, 88-7399-88 and 88-7035-22 respectively, Thermo Fisher Scientific). Assays were performed in duplicate following the manufacturer’s instructions. Detection limits were 2 pg/mL for all three assays.




2.9 Immunization of mice with acellular tetanus-diphteria–pertussis vaccine or ovalbumin

BALBc mice were obtained from Janvier (Le Genest-St-Isle, France, or Harlan, now Envigo, Horst, The Netherlands). They were bred and maintained in our animal facility in compliance with the guidelines of the ULB Ethic Committee for the use of laboratory animals (protocols 529A and BUC-2013-03).

In one experiment, mice received two forms of acellular diphtheria-tetanus- pertussis vaccine (DTPa, kindly given by GlaxoSmithKline Biologicals SA-GSK-, Rixensart, Belgium), containing 4 IU/mL of tetanus toxoid, 40 IU/mL of diphtheria toxoid and three antigens of Pertussis (16 µg/mL of pertussis toxoid -PT, 16 µg/mL of filamentous hemagglutinin -FHA, and 5 µg/mL of pertactin -PRN). The first vaccine form was adsorbed on a mix of 0.6 mg/mL of hydrated aluminium hydroxide (Al(OH)3) and 0.4 mg/mL of aluminium phosphate (AlPO4), further called DTPa-alum (BOOSTRIX®). The second form was the same formulation non adsorbed on alum (crude DTPa). Six groups of 20 to 28 neonatal mice per group received at days 7 and 28 of life, sub-cutaneous (sc) injections of either 125 µL of crude DTPa, or crude DTPa combined with 5 µg rTcMIP as adjuvant, or crude DTPa combined with 2.5 µg GST (as control of GST-tagged rTcMIP), or DTPa-alum, or TcMIP alone (5 µg) or PBS. Blood plasma samples were collected 12 days after the second immunization.

In another experiment, three groups of 6 neonatal mice received, in a final volume of 50 µL, intraperitoneal (ip) injections of 2.5 µg of endotoxin-free ovalbumin (OVA, EndoGrade® Ovalbumin, Hyglos GmBH) associated with either rTcMIP (10µg) or GST (5 µg), or adsorbed on alum (Imject Alum Adjuvant, Thermo Fisher Scientific) according to the procedure described by the manufacturer. Another group of 6 mice received OVA combined with rTcMIP and alum together (same concentrations as above). Three control groups of 3 mice each received OVA, rTcMIP or GST alone. The same experiment where mice received sub-cutaneous (sc) in place of ip injections was performed in parallel. Immunizations were performed at days 7 and 21 of life. Blood plasma samples were collected just before the second immunization and 1, 2 and 4 weeks after the second immunization.




2.10 ELISA determination of antibody levels in immunized mice

IgG1 and IgG2a antibody (Ab) levels against each antigen of DTPa were determined by ELISA. GSK provided filamentous hemagglutinin (FHA), pertactin (PRN), pertussis toxin (PT), diphtheria toxin (DT) and tetanus toxin (TT). Nunc Maxisorp plates (VWR, Leuven, Belgium) were coated overnight at 4°C in carbonate buffer pH 9.6 with FHA (8µg/mL), PRN (6 µg/mL), PT, DT or TT (each at 2 µg/mL). After each step, plates were washed with 0.9% NaCl 0.05% Tween20. After blocking with 1% bovine serum albumin (BSA, Sigma-Aldrich #A7030) in PBS for 2h at 37°C, plasma samples were diluted in PBS containing 0.2% BSA and 0.05% Tween20 and incubated for 2h at 37°C. Sample dilutions were variable according to the antigens. Rat monoclonal antibodies (MoAb), specific for the Fc fragment of mouse IgG1 or IgG2a (5 µg/mL; clones LO-MG1-2 and LO-MG2a-9 respectively, SynAbs S.A., Brussels, Belgium), were incubated for 2h at 37°C, followed by horseradish peroxidase (HRP)-conjugated goat antibodies specific for rat IgG (H+L) (Jackson ImmunoResearch Europe Ltd, Ely, Cambridgeshire, UK). Finally, substrate and chromogen were added (hydrogen peroxide and 3,3′,5,5′-tetramethylbenzidine - BD Biosciences, Erembodegem, Belgium). After 30 min color development and stopping the reaction with 2N sulfuric acid, absorbances at 450 nm were measured. Results are expressed in absorbances.

OVA-specific total IgG and IgG1 were titrated by standard ELISA as described above. Coating was performed with OVA (Grade V, Sigma-Aldrich) at 10 µg/mL in PBS. Serum samples were tested as serial dilutions. Abs were detected with rat MoAb against mouse IgG kappa chain (for total IgG detection – clone LO-MK1, SynAbs) or mouse IgG1 (clone LO-MG1-2) used at 5 µg/mL followed by HRP-conjugated anti-rat antibodies (R&D System) and substrate. For IgG2a and IgE quantification, plates were coated with capture mAb to IgG2a (LO-MG2a-9) or IgE (LO-ME-3) and then incubated successively with serial dilutions of sera, biotinylated OVA at 5 µg/mL (Immunosource), HRP-labelled streptavidin diluted at 1/200 (R&D) and substrate. Results are expressed in titers, corresponding to the last dilution giving an absorbance above the cut-off, calculated as the mean + 3 SDs of absorbances given by negative controls.





3 Results



3.1 Identification of OGE fractions of T. cruzi trypomastigotes supporting immune-stimulatory activities

Preliminary experiments indicated that the immune-stimulating bioactivity of the parasite trypomastigote OGE increased by heating, showing thermoresistance up to 70°C and displayed a molecular mass lower than 50 kDa (Figure 3). The fractions obtained from trypomastigote OGEs using the size exclusion chromatography were tested in the bioassay for their ability to trigger the release of CCL2 and CCL3 by cord blood cells from healthy newborns. Figure 4A shows a typical chromatogram of OGE fractionation on Superdex 75GL. Several protein peaks were reproducibly present in fractions # 31 to 40-41. The ability of each fraction to induce CCL2 and CCL3 production by cord blood cells is shown in Figure 4B. A major bioactivity was found in fractions 35 to 41. In contrast, the major protein peak in fraction 33 does not possess immune-stimulatory activity. Conversely, despite the low protein concentrations in the fractions 35 to 41, their bioactivity was markedly higher than that detected in unfractionated OGE.




Figure 3 | Bioactivity of the octyl-glucoside extract (OGE) of T. cruzi trypomastigote lysate. Ten-fold diluted whole cord blood from healthy newborns were cultured with the OG extract of trypomastigote lysate, either pretreated at room temperature (RT), 70°C or 100°C for 30 min (A) or filtered in order to conserve molecules of molecular mass ≤ 50 kDa (B). Cultures were performed during 24h for CCL2 and CCL3 production or 72h, in the presence of IL-2 (5U/mL) and IL-18 (10ng/mL), for IFN-γ production). Results are expressed as mean ± SEM (A: n=4; B: n=10). *P<0.05, ***P< 0.005 vs. RT or unfiltered extract (“total extract”) (Wilcoxon test).






Figure 4 | Bioactivity of T. cruzi trypomastigote OGE fractions obtained by size exclusion chromatography. (A) Typical chromatogram of a T. cruzi trypomastigote OGE separated on Superdex 75 GL. (B) CCL2 and CCL3 produced by ten-fold diluted whole cord blood cells cultured during 24h in response to each OGE fraction collected by size exclusion chromatography. CCL2 and CCL3 levels were determined in supernatants by ELISA (detection threshold 2 pg/mL, dotted line). Results are expressed as mean ± SEM of 23 tests corresponding to 7 fractionated OGE batches, each batch of fractions being tested on 3 to 4 different cord blood samples.






3.2 Identification of TcMIP as an immuno-stimulatory protein of T. cruzi

A pool of the 5 to 6 bioactive adjacent fractions of each fractionated OGE batches from trypomastigotes was prepared and analyzed by mass spectrometry (2D HPLC ESI Trap). It allowed the recurrent identification of 19 to 29 proteins depending on the OGE batches (Table 1, OGEs 1 to 4). Eight proteins were common to the 4 batches, while the other proteins were found in 3 of them. Five of these proteins could be considered as non-bioactive since they were also detected in an OGE prepared from T. cruzi epimastigotes, that was found unable to induce CCL2, CCL3 and IFN-γ production by cord blood cells. These proteins are indicated in italics in Table 1. More information on protein identification is available in Supplementary Material. This yielded 24 candidate bioactive proteins.


Table 1 | Proteins identified in bioactive fractions of trypomastigote OG.



To narrow the list of proteins of interest, the fraction presenting the highest bioactivity (rather than a pool of fractions), prepared from a fifth fractionated OGE, was subsequently analyzed by mass spectrometry. Three proteins were identified in this fraction: 2 heat shock proteins and the macrophage infectivity potentiator of T. cruzi (TcMIP) (Table 1). We confirmed the presence of TcMIP in the bioactive fraction of a sixth trypomastigote OGE by multiple reaction monitoring. Of note, TcMIP could also be identified by mass spectrometry among major bands of MM < 50 kDa in an unfractionated OGE separated by SDS-PAGE (highlighted in bold in Table 1). For all these reasons, and since the sequence of TcMIP was published (13), this protein was produced in a recombinant form.




3.3 The recombinant TcMIP displays immuno-stimulating bioactivity

As shown in Figure 5, rTcMIP induced a dose-dependent production of IFN-γ, CCL2 and CCL3 by whole cord blood cells whereas GST alone had no effect. The IFN-γ response was maximal at rTcMIP concentrations between 0.5 and 50 µg/mL. Of note, at 5 µg rTcMIP/mL, all tested newborns (n=9) responded by the production of CCL2, CCL3 and IFN-γ. These results show that the rTcMIP reproduced the immune-stimulatory activities of the bioactive fractions of T. cruzi trypomastigotes OGEs on neonatal cells. We also observed that the bioactivity of rTcMIP increased after heating at 40°C and was thermoresistant up to at least 60°C, as expected from the earlier experiments of parasite fractionation (Figure 6A). Figure 6B further shows that the rTcMIP bioactivity was totally abolished after protease treatment, indicating that no contaminant LPS activity could account for the immuno-stimulatory activity of the recombinant protein.




Figure 5 | Production of CCL2, CCL3 and IFN-γ by cord blood cells in response to rTcMIP. Whole cord blood (ten-fold diluted) was incubated with increasing concentrations of rTcMIP during 24h (for CCL2 and CCL3 responses) or 72h in the presence of IL-2 (5 U/mL) and IL-18 (10 ng/mL) (for IFN-γ response). CCL2, CCL3 and IFN-γ were measured by ELISA in the supernatants. GST: control of the rTcMIP, used at 25 µg/mL. Results are expressed as mean ± SEM (n = 12). *P<0.05, **P<0.005, rTcMIP vs. GST (Wilcoxon test).






Figure 6 | Effect of temperature and protease treatment on the bioactivity of rTcMIP. Whole cord blood samples (ten-fold diluted) were incubated with rTcMIP during 24h for CCL2 response or 72h in the presence IL-2 (5 U/mL) and IL-18 (10 ng/mL) for IFN-γ response. CCL2 and IFN-γ were measured by ELISA in the supernatants. (A) IFN-γ response to rTcMIP (5 µg/mL) pretreated by heating during 30 min at the indicated temperatures. Results are expressed as % of the bioactivity of unheated rTcMIP (n=3). (B) CCL2 response to rTcMIP in the presence (P+) or not (P-) of proteases from Streptomyces griseus at 1 µg/mL in the culture medium.






3.4 The immunostimulatory activity of TcMIP is not associated with its PPIase activity

TcMIP belongs to the family of FK506 binding proteins (FKBPs) (13). Such proteins are peptidyl-prolyl cis-trans isomerases (PPIase), and this enzymatic activity can be inhibited by the macrolide antibiotic FK506 (17). To investigate if the immunostimulatory activity of rTcMIP depended on its PPIase activity, FK506 was added to cell cultures stimulated by rTcMIP. Cells stimulated by PMA and ionomycin were used as controls of the inhibitory effect of FK506. Figure 7 shows that FK506 did not affect the rTcMIP ability to induce IFN-γ release, while the response to PMA and ionomycin was significantly inhibited by 58 ± 14%. These results indicate that the bio-stimulating activity of rTcMIP does not depend on its isomerase activity.




Figure 7 | The rTcMIP bioactivity is independent of its PPIase enzymatic activity. Ten-fold diluted whole cord blood samples were cultured with rTcMIP (2.5 µg/mL), IL-2 (5U/mL) and IL-18 (10ng/mL) in the presence or not of FK506 (25 ng/mL). IFN-γ were measured in the supernatants by ELISA after 72h. Results are expressed as mean ± SEM (n=6). *P< 0.05 as compared to the absence FK506 (Wilcoxon test).






3.5 rTcMIP adjuvant property increases the IgG2a to IgG1 Ab ratio in a neonatal DTPa mouse vaccination model

The ability of rTcMIP to act as immunological adjuvant was investigated in vivo by studying its effect on the neonatal humoral immune response in mice that received the acellular diphtheria-tetanus-pertussis (DTPa) vaccine. Its effect was compared to that of alum, the adjuvant of the commercial DTPa vaccine. The IgG1 and IgG2a antibody (Ab) responses were specifically studied, since the switch to IgG1 or to IgG2a is strongly associated with Th2-type (IL-4) and Th1-type (IFN-γ responses respectively (18). Mice were immunized with either crude DTPa (i.e., without any adjuvant, n=20), or crude DTPa combined with rTcMIP (n=25), GST (n=15) or alum (n=25). Mice received intraperitoneal (ip) injections at days 7 and 28 of life. One week after the second immunization, the circulating levels of IgG1 and IgG2a Abs against the antigens present in this vaccine were measured: the filamentous hemagglutinin (FHA), pertactin (PRN), inactivated pertussis (PT)-, diphtheria (DT)- and tetanus (TT)-toxoids and the ratios between IgG2a and IgG1 Ab levels were determined.

Ab levels found in immunized mice are presented in Supplementary Figure 2. We observed that the adjuvant effect of alum considerably varied according to the vaccinal antigen, either increasing or reducing the Ab response, or having no effect, as compared to the Ab response triggered by the unadjuvanted crude vaccine. Interestingly, rTcMIP used in place of alum exerted an adjuvant effect, increasing the Ab levels (though slightly in most cases at the concentration used) against four of the five antigens present in the vaccine, as compared to the Ab levels observed in response to the crude vaccine associated with GST alone. Most interestingly, the analysis of the ratios between IgG2a and IgG1 Ab levels (absorbances) showed that rTcMIP significantly increased the IgG2a/IgG1 antibody ratio against some antigens (PRN and PT) as compared to DTPa adjuvanted by alum (Figure 8) whereas alum reduced the IgG2a/IgG1 ratio in response to these two antigens. Yet, IgG2a/IgG1 Ab ratios observed in response to FHA, TT or DT did not differ with the use of alum or rTcMIP. In no case this ratio was lower when rTcMIP was used in place of alum.




Figure 8 | Ratio of IgG2a to IgG1 antibody levels in neonatal mice immunized with DTPa adjuvanted by rTcMIP. Neonatal Balb/c mice received at days 7 and 28 of life, injections of 125 µL DTPa either unadjuvanted (“crude”, n=20) or adjuvanted with alum (n=25), with rTcMIP (n=25) or with GST (n=15) (cf. M&M). Ab levels directed against the indicated vaccinal antigens were measured by ELISA 7 days after the second immunization. Results are expressed as mean ± SEM or the individual ratios between absorbances of IgG2a and IgG1. *P< 0.05, **P< 0.005, ***P< 0.0005, ****P< 0.0001 (Mann Withney test).



Since switches to IgG2a and IgG1 Ab production are known to be associated with Th1-type and Th2-type responses respectively, these results suggest that rTcMIP exerts a preferential pro-type 1 immunostimulatory property in response to some antigens in neonatal mice immunized with DTPa.




3.6 Co-administration of rTcMIP with alum increases the IgG1 and IgG2a but not IgE antibody responses to OVA in neonatal mice

Neonatal mice were immunized with ovalbumin (OVA), administered alone, or associated with rTcMIP (or GST as negative control of the GST-tagged TcMIP), with alum, or with rTcMIP and alum together (6 mice/group). Control groups of 3 mice received rTcMIP or alum alone. Mice were immunized at days 7 and 21 of life by ip route and the circulating levels of IgG1, IgG2a and IgE OVA-specific Abs measured at different time points. No Abs were detected in mice receiving OVA, rTcMIP or alum alone. The OVA-alum combination induced IgG1 Abs whereas IgG2a Abs were not detectable (Figure 9A), while co-administration of OVA with rTcMIP did not induce any Ab response. However, the combination rTcMIP and alum with OVA markedly increased the IgG1 response as compared to the use of alum alone and, still more interestingly, IgG2a Abs were now produced at clearly detectable levels. This again highlights the ability of rTcMIP to trigger a switch of the Ab response to IgG2a and its pro-type 1 immunostimulatory property. Besides, rTcMIP alone did not modify the IgE Ab response triggered in the presence of alum. A similar response profile was obtained in another experiment where injections were performed by sub-cutaneous route (Figure 9B).




Figure 9 | Antibody levels in neonatal mice immunized against OVA adjuvanted by rTcMIP. Neonatal Balb/c mice (n = 6/group) were immunized with OVA (2.5 µg/injection) adjuvanted with alum, rTcMIP (10 µg), alum + rTcMIP or alum + GST (5 µg). Mice received intraperitoneal (A) or subcutaneous (B) injections at 7 and 21 days of age (arrows). OVA-specific circulating antibodies were titrated just before the second immunization and 1, 2 and 4 weeks after the second immunization. No Abs were detected in non-immunized mice neither in those receiving OVA, alum or rTcMIP alone (not shown). Antibody titers were determined by ELISA. *P< 0.05 alum + rTcMIP vs. alum (Mann Whitney test). Statistically significant results between other mouse groups are not shown.



No macroscopic local reaction (no swelling) was observed at the injection sites and all young mice survived and exhibited similar weight increases during their growth, whatever the group (data not shown).

These results strongly support the ability of rTcMIP to exhibit an adjuvant effect in vivo on neonatal Ab immune responses to various Ags. In addition, rTcMIP was able to shift some responses towards the production of IgG2a Abs.





4 Discussion

We have identified a protein derived from T. cruzi trypomastigotes, i.e., the macrophage infectivity potentiator (TcMIP), as a potent immunostimulatory molecule capable of triggering the release of IFN-γ, CCL2 and CCL3, by umbilical cord blood cells from healthy newborns in vitro. In addition, rTcMIP exerts adjuvant properties in neonatal vaccination models. Here, rTcMIP was shown to skew antibody secretion towards IgG2a, a hallmark of Th1 mediated immunity, to some antigens comprised in the DTPa vaccine or to ovalbumin. In addition, the ovalbumin vaccination study demonstrates that rTcMIP can act synergistically with alum in generating strong antibody response against albumin by neonatal mice. The quality control of rTcMIP utilized in this study allowed to attribute the immunostimulatory properties to rTcMIP itself, since despite the presence of a GST tag, the tag itself did not exhibit any of the reported activities in vitro nor in vivo. Furthermore, the total inhibition of the rTcMIP immunostimulatory properties was achieved by pre-treatment with a protease, eliminating a possibility of an artefact related to contamination with endotoxin. The latter was found well below the threshold accepted by the FDA (14) and most commercial vaccines (15). Additionally, our in vitro results are as close as possible to physiological conditions since whole cord blood cells were used to avoid the step of mononuclear cell purification and the associated risk of their artefactual stimulation. Also, whole cord blood cells include neutrophils, numerous immune-modulating cells such as regulatory T cells and CD71+ erythroid cells, and autologous plasma, that can also exhibit modulating effects on observed responses (19–21). Together, these observations strongly support the immunostimulatory property of TcMIP itself.

TcMIP belongs to the family of FK506 binding protein (FKBP)-type peptidyl-prolyl cis-trans isomerases and was initially described as playing a major role in T. cruzi cell infection (13). These authors showed that TcMIP is secreted by trypomastigotes and enhances parasite invasion of mammalian cells by an unknown mechanism that depends on its peptidyl-prolyl cis-trans isomerase (PPIase) enzymatic activity. Based on the ability of FK506, which is a strong and specific inhibitor of the PPIase activity, to reduce parasite entry into host cells, Moro et al. hypothesized that TcMIP’s enzymatic activity might interact with some proteins of the host cell membrane, contributing to render the host cell more susceptible to invasion through conformational changes of prolyl peptide bonds, but the molecular target(s) were not identified. The three-dimensional crystal structure of TcMIP and, more recently, its atomic-resolution structure, were described (22, 23). In this context, we have tested whether the immunostimulatory properties of rTcMIP depend on its PPIase activity, using FK506 inhibitor. We show that the ability of rTcMIP to trigger IFN-γ was not blocked by FK506, indicating that its immunostimulatory property was independent of its PPIase activity, confirming that FKBPs are multifunctional molecules that may display diverse cellular functions independently of their PPIase domain (24). Besides, rTcMIP showed improved biological activity after treatment at higher temperature, as did the native protein present in OGE extracts. This suggests that a native folding/conformation might not be crucial for its biological activity. As such, our work characterizes new properties of TcMIP, showing that this molecule is a pro-type 1 immune modulator of neonatal cells since it induces i) the production of IFN-γ, a key cytokine that primes differentiation of Th1 T cells by activating the transcription factor (TF) STAT1 in naive T CD4+ T cells (25–27), ii) the production of the chemokines CCL2 and CCL3 that favor the development of type 1 immune responses (28–30) and iii) a switch towards IgG2a humoral immune response in neonatal mice, known to be strongly dependent on IFN-γ production (18).

rTcMIP is a potent immune stimulator as low concentrations were sufficient to trigger the release of IFN-γ, CCL2 and CCL3 by cord blood cells. Interestingly, at a concentration of 5 µg/mL, rTcMIP could trigger a response in all tested cord blood samples. CCL2 and CCL3 release was observed after 24h while the IFN-γ response was measured after 72h and required co-stimulation with IL-2 and IL-18. Occasionally, IFN-γ release by cord blood cells could be detected after 24h and 48h (data not shown). In vivo, neonatal mouse immunization with DTPa or OVA showed that rTcMIP increased the IgG2a Ab response to some Ags, indicating that the stimulating effect was working without exogenous addition of co-stimulatory cytokines. Although we may not strictly compare an in vitro response of human cells to an in vivo response in mouse, this suggests that in vivo, either co-stimulatory factors might have been produced in response to the injected material, or that rTcMIP could be self-sufficient to exert a pro-type 1 response effect.

In mouse immunization models, the ability of rTcMIP to increase the Ab response and/or to skew the Ab isotype towards IgG2a, varied according to the used antigen and the co-presence or not of the commonly used adjuvant, alum. A variable effect was also observed for alum, when used alone. This is in line with observations that not every adjuvant can efficiently be coupled to every vaccine (31–33). In addition, as in our experiments of mouse immunization with OVA, the adjuvant effect of rTcMIP combined with alum was superior to that of alum alone, it might be interesting to combine both. This might possibly allow to reduce the concentration of each adjuvant as well as their potential side effects, a strategy already suggested otherwise (1, 2).

Our study also shows that trypomastigote lysate, OGE fractions and rTcMIP were all able to trigger IFN-γ, CCL2 and CCL3 responses by human umbilical cord cells, indicating that the immune-stimulating effect did not depend on cell infection. It can be hypothesized that in T. cruzi-infected pregnant women, TcMIP, secreted by circulating trypomastigotes, crosses the placenta as others parasitic bio-relevant molecules (9), thereby explaining our previous observations that chagasic mothers induce profound perturbations in the cytokine response of their neonates and boost type 1 immune responses to vaccines routinely administered in early life (5, 6), as well as why such effects can be observed in both congenitally infected and uninfected neonates. The latter are generally more vulnerable to infectious diseases than adults, mostly to infections requiring type 1 immune responses to be controlled, due to particular features of their immune system (34). Accordingly, neonates are also less prone to mount protective type 1 immune responses to vaccines. This highlights the need for pro-type 1 adjuvants for protein and peptide-based vaccines (3, 35, 36) to complement the limited number of adjuvants that are currently approved for human use (1, 2). In this context, our present work resulted in the discovery of a candidate pro-type 1 vaccinal adjuvant for pediatric vaccines. The mode of action of rTcMIP is under investigation. We may however underline some advantages of rTcMIP that make it an attractive adjuvant when compared to some currently licensed adjuvants. Firstly, it is a pure protein without post-translational modifications, easy to produce under recombinant form in E. coli, which opens the possibility of constructing a fusion protein with a vaccinal antigenic peptide, thereby improving the immune response (37, 38). Secondly, the immunostimulatory property of rTcMIP was preserved up to temperatures of 50-60°C, an interesting point eliminating the need for a cold chain. Thirdly, in OVA immunized mice, rTcMIP does not trigger IgE Ab production at higher level than alum, suggesting that the risk for inducing allergic adverse effects is minimal. Finally, when administered to neonatal mice, we did not observe any macroscopically signs of local inflammation, and young mice grew normally, gaining weight as did the mock-treated mice.

Some aspects deserve attention for the potential use of rTcMIP as adjuvant in vaccines. Firstly, we may not presume with certainty that the immunostimulatory property of rTcMIP observed in vitro on cord blood cells and in vivo in mice will be the same in vivo in humans. Although we have attractive preliminary results in mice, neither rodent models nor adult human leukocytes accurately model human newborn and infant responses (39). Secondly, molecules similar to TcMIP are expressed by various other pathogens such as Legionella pneumophila, Neisseria meningitidis, N. gonorrhoeae and Chlamydia trachomatis (24, 40–43). Like TcMIP, these MIPs act as virulence factors through their PPIase activity. Whereas some of them are proposed for use as diagnosis biomarkers or antigens for vaccinations (44), none have, as far as we know, been investigated for a potential adjuvant effect. On the other hand, in relation to its role in cell host invasion, TcMIP could also be considered for use as a vaccine candidate for Chagas disease, knowing that TcMIP-specific Abs inhibit the entry of parasites into host cells (13). This has not been investigated so far but could offer the additional advantage of displaying an auto-adjuvant effect. Thirdly, the family of FKBP–type PPIases is also widely distributed and highly conserved among various other organisms including humans (13, 45). For instance, the TcMIP amino acid sequence shares 26% similarity with human FKBP12. Homology concerns the PPIase catalytic domain of the protein (13). Thus, there is a possible risk that rTcMIP induces antibodies that could cross-react with host FKBPs, which might induce side effects (24). Further work could investigate the possibility to truncate the PPIase part of TcMIP, since its enzymatic domain is not involved in its immune-stimulatory action. This strategy has previously been used with the MIP from Neisseria meningitidis, which is a candidate vaccinal antigen (46). Finally, Abs against TcMIP, that will likely be induced in response to its administration, might thwart its repetitive use in vaccines requiring boosts, except if different adjuvants or strategies are used between priming and boost.

In conclusion, this study discloses the pro-type 1 immuno-stimulating property of the T. cruzi secreted TcMIP protein, that possibly contributes to the induction of the maternal immune inflammatory and pro-type 1 immune imprinting of neonates born to T. cruzi chronically infected mothers (5, 6). Further studies should better identify the immuno-stimulating part of the molecule and explore its mode of action. Its adjuvant activity and potentially immunogenic properties should be tested using specific pre-clinical models of vaccination against pathogens followed by challenge experiments. Vaccination against infectious disease should be given as early as possible in early life, preferably at birth, to gain protection as rapidly as possible and limit the infectious morbi-mortality which are the highest in the first weeks after birth (47). Our work might open such a possibility. As rTcMIP also stimulated the neonatal murine immune system, its use in veterinary vaccines may also be considered (48). As such, our current study opens new possibilities in neonatal vaccine design.
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Background

The cross-protective nature of Bacillus Calmette-Guerin (BCG) vaccine against SARS-CoV-2 virus was previously suggested, however its effect in COVID-19 patients with type 2 diabetes (T2D) and the underlying metabolic pathways has not been addressed. This study aims to investigate the difference in the metabolomic patterns of type 2 diabetic patients with BCG vaccination showing different severity levels of COVID-19 infection.





Methods

Sixty-seven COVID-19 patients were categorized into diabetic and non-diabetic individuals who had been previously vaccinated or not with BCG vaccination. Targeted metabolomics were performed from serum samples from all patients using tandem mass spectrometry. Statistical analysis included multivariate and univariate models.





Results

Data suggested that while BCG vaccination may provide protection for individuals who do not have diabetes, it appears to be linked to more severe COVID-19 symptoms in T2D patients (p = 0.02). Comparing the metabolic signature of BCG vaccinated T2D individuals to non-vaccinated counterparts revealed that amino acid (sarcosine), cholesterol esters (CE 20:0, 20:1, 22:2), carboxylic acid (Aconitic acid) were enriched in BCG vaccinated T2D patients, whereas spermidine, glycosylceramides (Hex3Cer(d18:1_22:0), Hex2Cer(d18:1/22:0), HexCer(d18:1/26:1), Hex2Cer(d18:1/24:0), HexCer(d18:1/22:0) were higher in BCG vaccinated non- T2D patients. Furthermore, data indicated a decrease in sarcosine synthesis from glycine and choline and increase in spermidine synthesis in the BCG vaccinated cohort in T2D and non-T2D groups, respectively.





Conclusion

This pilot study suggests increased severity of COVID-19 in BCG vaccinated T2D patients, which was marked by decreased sarcosine synthesis, perhaps via lower sarcosine-mediated removal of viral antigens.





Keywords: COVID - 19, SARS – CoV – 2, diabete mellitus, BCG vaccination, sarcosine, metabolomics, arachidonic acid (AA)




1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged as a novel human pathogen that led to world’s leading pandemic in the year 2019 (1). Bacille Calmette-Guerin (BCG) vaccination at infancy was suggested to alleviate the severe impact of the pandemic in some countries (2).

BCG vaccine was developed by Albert Calmette and Camile Guérin to protect against Mycobacterium tuberculosis infection, otherwise called Tuberculosis (TB). By procuring the attenuated strain of the bacteria Mycobacterium bovis, followed by several clinical trials, BCG vaccination has proved to be dependable (3). Much later into its introduction, it was reported that BCG was not only effective against Mycobacterium tuberculosis but also protective against several other infections in various studies (4, 5). BCG administration has shown a 45% reduction in mortality rate in West Africa (6) and decreased child mortality in Sweden (7) possibly due to its non-specific protective nature. These pilot studies suggested that BCG vaccine was responsible for lower incidence of neonatal sepsis and pulmonary infections that decreased infant mortality (8). Other examples include protection against yellow fever virus (9), HPV (human papilloma virus) (10), HSV (herpes simplex virus) (11), RSV (respiratory syncytial virus) (12) and Influenza A (H1N1) (13, 14). Automatously, the cross-protective effect of BCG vaccination can be delineated, partially, by training innate immunity based on temporary epigenetic reprogramming of macrophages, which enables them to produce more inflammatory cytokines, triggering powerful immunological responses (15). This innate immunity training mechanism was explained several years ago (9). Furthermore, the BCG vaccine also offers protection against immunological disorders including type 1 diabetes and multiple sclerosis (16–18). The mechanics underlying these numerous advantages are still being actively researched by scientists.

The controversy over whether the BCG vaccine can impact the immune response against the virus or other unrelated diseases was reignited in 2019 with the onset of the severe acute respiratory syndrome coronavirus (SARS-CoV-2) pandemic (15). The BCG vaccine is the only vaccine licensed against TB and due to the above observations regarding its cross-protectivity, it is proposed that many low- and lower-middle-income nations would probably have the infrastructure and medical staff necessary to distribute the novel BCG-based COVID-19 vaccine on a large-scale. This shows that BCG may be able to get over any remaining obstacles to vaccine adoption in nations with weak health-care systems and potentially catastrophic coronavirus consequences (14, 19). Although the effect of BCG against COVID-19 infection remains controversial due to minimal number of published clinical trials (2).

Currently, the impact of BCG vaccinations seems to be largely hypothetical or non-specific in decreasing the severity of COVID-19 infection. Our previous study suggested a difference in the metabolic signature of Type 2 diabetic patients with COVID-19 infection compared to non-diabetic population (20). In general, diabetic patients are at a greater risk of disease progression when infected with SARS-CoV-2. Compared to SARS-CoV-2-infected non-diabetic people, diabetics have a higher rate of hospital admission, severe pneumonia, and worse mortality rate (21, 22). A meta-analysis revealed that diabetes raises the probability of severity by 2.3 times and the risk of the COVID-19-related death by 2.5 times, making it a main contributing factor to the poor prognosis in COVID-19 (23). In this context, the effect of BCG vaccination should be evaluated in diabetic patients with COVID-19. Since an altered metabolic profile is evident in COVID-19 patients, there might be altered expression of disease in diabetic patients with respect to BCG vaccination. The objective of this study is to investigate the difference in the metabolic patterns of type 2 diabetic patients with BCG vaccination showing different levels of COVID-19 infection and identify the underlying metabolic pathways.




2 Methods



2.1 Study design

The study included 67 patients diagnosed with SARS-CoV-2 infection at Hamad Medical Corporation (HMC, Doha) between the period of June 2020 and March 2021. Participants were included if they were between 35 and 65 years of age, had a positive SARS-CoV-2 PCR test result (with a CT value <30), and were residents of Qatar. Upper respiratory tract specimens, specifically throat and nasopharyngeal swabs, were collected and tested for SARS-CoV-2 using the TaqPath COVID-19 Combo Kit (Thermo Fisher Scientific, Waltham, Massachusetts) or Cobas SARS-CoV-2 Test (Roche Diagnostics, Rotkreuz, Switzerland). The study recruited all consenting patients from Hammad Medical Corporation. Protocols were approved by the Institutional Review Boards (IRBs) of HMC (MRC-01-20-145) and Qatar University (QU-IRB 1289-EA/20). The patients were clinically identified as symptomatic, mild, moderate and severe based on WHO’s COVID-19 guidelines (24). For analysis, the cohort were categorized into Type 2 diabetic (T2D) and non-diabetic (non-T2D) and on the basis of BCG vaccination status as: BCG+/T2D (n=26), BCG-/T2D (n=8), BCG+/non-T2D (n=23), BCG-/non-T2D (n=10) and further dichotomized as mild and moderate-severe cases. The moderate and severe cases were grouped to differentiate RT PCR positive cases with no clinical findings (mild) from those with respiratory symptoms, pulmonary involvement (moderate), and SpO2 <94% on room air (severe). Figure 1 shows the categorization of study participants in each of the groups. Blood samples were drawn during the diagnosis, before quarantine, or hospitalization. Patients exhibiting moderate to severe disease symptoms were given inpatient treatment. Two patients in the severe group died due to respiratory failure. Data regarding the clinical parameters were retrieved from the hospital’s healthcare system following patients consent, which includes Body Mass Index (BMI), SARS-CoV-2 viral load, complete blood count (CBC), and specific blood tests.




Figure 1 | Study participants classified by disease severity (mild and moderate-severe), diabetes status (diabetic, non-diabetic), and BCG vaccination status (positive, negative). * signifies p-value <0.05.






2.2 Metabolomics

Using the Biocrates MxP® Quant 500 Kit (Biocrates, Innsbruck, Austria), assessed by tandem mass spectrometry at the Fraunhofer Institute for Toxicology and Experimental Medicine, targeted metabolomics was performed on serum samples obtained from all subjects between 24 and 48 h after diagnosis. As part of the MetIDQ™ MetaboINDICATOR™ module created especially for MxP® Quant 500 kit data, 630 metabolites were evaluated. Additionally, 202 metabolite-indicators were created from combinations of metabolite measurements that encapsulate significant biological processes, for example indicators of enzymatic activity (substrate/product metabolite ratio) and sum of functionally or structurally similar metabolites. Quantification of lipids and small molecules were performed using Flow injection Analysis Tandem Mass Spectrometry (FIA-MS/MS) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) respectively, using 5500 QTRAP® instrument triple quadrupole mass spectrometer (AB Sciex, Darmstadt, Germany). The “_” signifies that the fatty acid residue locations (sn-1/sn-2/sn-3) for the listed triacylglycerols are unknown. Potential isomers are described by the manufacturer: https://biocrates.com/wp-content/uploads/2020/02/Biocrates_Q500_isomers_isobars.pdf.




2.3 Statistical analysis

The metabolite measurements were log transformed and orthogonal partial least squares discriminant analysis (OPLS-DA) was performed using SIMCA (v.16). Linear regression model was run separately for T2D and non-T2D groups using RStudio version 4.2.1 with metabolites depicted as y-variable against BCG vaccination status while correcting for age and gender to deal with the imbalanced data. The nominal p-values were corrected for multiple testing using the false discovery rate (FDR) method. Metabolite classes were defined by Biocrates and those with more than three numbers were selected for functional enrichment analysis, which was conducted on list of metabolites ordered by p-value from the linear regression models using one-way Wilcoxon sum of ranks test and adjusted for multiple testing using FDR method. Metabolism indicators were excluded in functional enrichment analysis.





3 Results



3.1 Clinical characteristics of participants

As depicted in Table 1, COVID-19 patients with different severity levels (categorized as mild, moderate-severe) were classified according to their previous BCG vaccination and diabetes mellitus statuses. There was a significant difference between the 4 groups in terms of COVID-19 severity (p <0.05). Out of 34 diabetic patients, individuals with BCG vaccination (25, 96.15%) had higher moderate-severe cases than non-BCG group (5, 62.5%) (p < 0.05). On the other hand, in the non-diabetic population (n = 33) there was no significant difference between BCG vaccinated groups (14, 61%) and its non-vaccinated counterpart (7, 70%) with regard to COVID-19 severity. The comorbidities associated with diabetes and COVID-19 (hypertension, COPD, cardiovascular disease, cerebrovascular disease, and asthma) are depicted in Table 1 which shows no significant difference in their proportions among the study populations. A higher incidence of dyslipidemia was observed among diabetic individuals compared to non-diabetic individuals (p 0.0046). However, further investigation revealed no significant difference in the prevalence of dyslipidemia between BCG-positive and BCG-negative diabetic individuals (p 0.409).


Table 1 | Demographic characteristics of study participants categorized by diabetic status and BCG vaccination (positive and negative).






3.2 Metabolic signature of BCG vaccination in diabetic and non-diabetic groups with COVID-19 infection

Orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted to capture the metabolic profile of BCG positive vs BCG negative with different levels of COVID-19 severity in diabetic and non-diabetic individuals. Data revealed a clear separation between BCG positive and BCG negative in diabetic patients (R2Y = 0.69) (Figure 2A), and in non-diabetic patients (R2Y = 0.45) (Figure 2B). The corresponding loadings plot for each OPLS-DA models revealed lower abundance of cholesterols esters/glycosylceramides in BCG-positive diabetic (Figure 2C)/non-diabetic (Figure 2D) patients, respectively.




Figure 2 | Score plots of OPLS-DA models discriminating between BCG vaccinated (BCG-pos) and non-vaccinated (BCG-neg) patients with COVID-19 infection. The analysis was performed separately for (A) Diabetic individuals (B) non-diabetic individuals. OPLS-DA identified one predictive and one orthogonal component for each model. (C, D) are the respective loading plots for diabetic and non-diabetic COVID-19 patients with highlighted enriched pathways.






3.3 Metabolites associated with BCG vaccination in T2D patients

Targeted metabolomics of serum samples from 34 diabetic patients was employed to elucidate the metabolites that differentiated between BCG-positive and BCG-negative individuals with COVID-19. Linear regression analysis provided several nominally significant (p < 0.01) metabolic changes between the two groups in diabetic individuals (Table 2). The altered metabolic profile involved decreased level of sarcosine, metabolic indicators related to sarcosine, cholesterol esters (CE 20:0, 20:1, 22:2) and increased arachidonic acid, acylcarnitine (C12) in the BCG-positive diabetic group. Figures 3 shows examples of significantly different levels of these metabolites. Enrichment analysis revealed changes in cholesterol esters pathway in BCG positive patients compared to BCG negative patients at the nominal level of significance (p < 0.01).


Table 2 | Metabolites associated with BCG vaccination in diabetic patients with COVID-19.






Figure 3 | Metabolites associated with BCG vaccination in T2D patients with different levels of COVID-19 severity. **/* signifies <0.01/<0.05 p value.






3.4 Metabolites associated with BCG vaccination in non-T2D patients

Linear regression revealed several nominally (≤0.001) significant changes between the vaccinated and non-vaccinated groups (Table 3). These alterations include the difference in the levels of various glycosylceramides, triacylglycerols, amino acid related metabolites such as cystine, HCys, alpha-aminobutyric acid (AABA), and Betaine. Figure 4 shows examples of the top nominally significant levels of these based on vaccination status in non-diabetic patients. Enrichment analysis revealed changes in the glycosylceramide pathway in BCG vaccinated individuals compared to non-vaccinated counterpart (p = 0.01). Other significant pathways include amino acid related metabolites (p = 0.015).


Table 3 | Metabolites associated with BCG vaccination in non-diabetic patients with COVID-19.






Figure 4 | Metabolites associated with BCG vaccination in non-T2D patients with different levels of COVID-19 severity. **/* signifies <0.01/<0.05 p value.






3.5 Spearman’s correlation between clinical traits and significant metabolites in diabetic COVID-19 patients.

Correlation of clinical measurements of diabetic BCG-positive individuals and significantly altered metabolites using Spearman’s test revealed negative association of aconitic acid (p<0.01) and positive correlation of arachidonic acid (p<0.01) with SARS-CoV-2 infection average RT-PCR cycle threshold (CT). Arachidonic acid also shows negative association with hemoglobin and red blood cells (RBC) levels (p<0.05). The amino acid sarcosine shows positive correlation with bilirubin (p<0.05), lactate dehydrogenase (p<0.05), and average CT (p=ns). Data are summarized in Figure 5.




Figure 5 | Correlation matrix showing the Spearman’s association between the significant metabolites and clinical traits in BCG-positive diabetic individuals. ***/**/* signifies <0.001/<0.01/<0.05 p value.







4 Discussion

When a virus infects a human body, such as SARS-CoV-2, both the host and the virus influence each other’s metabolism. In fact, host cells support viral survival and reproduction, and as a result, undergo metabolic reprogramming (26). This metabolic alterations can affect the host’s immune response, resulting in a wide spectrum of outcomes, from asymptomatic illness to life-threatening respiratory distress syndrome, and death (25). Additionally, severity of the illness and mortality was closely associated with pre-existing comorbidities such as cardiovascular disease, hypertension, diabetes etc. (27, 28). During the early stages of vaccine development for COVID-19, it was reported that countries with neonatal BCG vaccination policy had fewer cases and lower mortality rate than the countries without BCG (29, 30), sparking interest in the cross-protective nature of BCG vaccine. Since then, several studies have only hypothesized on the safety of BCG for COVID-19 (2, 14, 15, 31).

BCG vaccine is suggested as a prophylactic adjuvant to decrease the severity of COVID-19 when no other agents are available (14). In order to understand if the BCG vaccine can help in reducing the sickness in high-risk group such as the T2D individuals, this study aimed to compare the effect of BCG vaccination status and investigate the metabolic signature associated with BCG vaccination in diabetic vs non-diabetic COVID-19 patients.

In this retrospective pilot study of 67 COVID-19 patients, BCG vaccinated T2D patients (25, 96%) presented with higher severity than BCG-negative T2D (5, 62.5%) patients. This study aimed to elucidate the potential metabolic differences between BCG positive T2D patients with COVID-19 and its BCG-negative counterpart, which could provide an insight into the underlying molecular mechanisms responsible for increased risk of disease progression. The discovery of these pathways would offer more information about the efficacy of BCG vaccination for COVID-19 disease management in T2D individuals.

In this study, targeted metabolomics of serum samples from T2D COVID-19 patients with different levels of disease severity has revealed alterations in amino acid sarcosine, cholesterol esters, and ceramides in BCG-positive group. Functional enrichment analysis revealed changes in cholesterol esters is associated with BCG vaccination in diabetic individuals with COVID-19 (Figure 2C, Table 3). Lower level of sarcosine, metabolic indicators (sarcosine/glycine and sarcosine/choline ratios) was observed in the BCG positive diabetic group compared to BCG-negative counterpart. Sarcosine is an amino acid that is crucial in COVID-19 pathology as it is responsible for boosting antigen-presenting cell activity (32) and autophagy (33), the body’s process of eliminating damaged cells and their immunostimulatory waste. In the course of COVID-19, autophagy functions as a protective catabolic process and is essential for the antiviral response via the direct removal of virus, the display of viral antigens, and the suppression of excessive inflammation (34). Furthermore, our data revealed that arachidonic acid (AA) was elevated in BCG-positive diabetic population. AA is highly potent antiviral agent that renders enveloped viruses, such as SARS-CoV-2 inactive by suppressing viral replication (35). Previous studies have also shown that AA pathway up-regulated due to BCG vaccination (36). Other COVID-19 specific ceramides-related metabolite Cer(d18:1/26:1) (37) was found to be increased in BCG positive in this study.

The non-T2D (general population) counterpart showed no statistical significant difference between BCG vaccinated (60%) and non-BCG vaccinated (70%) groups with COVID-19 severity, which was consistent with clinical trial in this study (31). However, when closely looked at the metabolic profile difference between the study groups, alterations in glycosylceramides, amino acid related metabolites and triacylglycerols were observed in the BCG vaccinated group. Functional enrichment analyses showed glycosylceramides enriched in the BCG vaccinated group (Figure 2D, Table 3). Glycosylceramides (Hex3Cer(d18:1_22:0), Hex2Cer(d18:1/22:0), HexCer(d18:1/26:1), Hex2Cer(d18:1/24:0), HexCer(d18:1/22:0)) were lower in the BCG vaccinated non-diabetic population, as previously suggested to be lower in severe COVID-19 patients (37). Higher levels of glycerophospholipids (Lyso PC a 26:0, lyso PC a 26:1) and triacylglycerols shown here are also consistent with previous studies that showed critically ill patients having increased levels of these metabolites (37, 38). The results in this study are on par with the published metabolic profile of severe COVID-19 patients. However, interestingly, increased level of spermidine and metabolic indicator spermidine synthesis from polyamine putrescine are seen in BCG vaccinated individuals. Spermidine has cardio-protective (39), anti-inflammatory and antioxidant properties (40, 41), which may be mediated via autophagy (42, 43). Indeed, studies have suggested the therapeutic effects of spermidine in COVID-19 affected individuals (44, 45). Additionally, viral replication blocks the conversion of putrescine to spermidine, preventing autophagy and slowing the hosts’ immune response (45). In this study, the increase of spermidine and spermidine conversion from putrescine suggests a conceivably positive effect of BCG in non-diabetic individuals as polyamine metabolism is altered by BCG vaccination (36), possibly due to innate immunity training mechanism.

Spearman’s correlation of clinical parameters and metabolites altered in BCG vaccinated group among diabetic individuals shows negative correlation between AA and SARS-CoV-2 average CT, hemoglobin and RBC measurements. As previously mentioned, higher value of AA is associated with suppressing viral infection, perhaps explaining the positive association between AA and average CT and lower viral load, although the negative association with hemoglobin and RBC levels could indicate increased oxidative stress exerted by high levels of AA in the BCG vaccinated patients (46). Sarcosine shows a positive association with average CT, although not significant, which indicates lower viral load with higher level of sarcosine. It also has a positive correlation with lactate dehydrogenase (LDH), a biomarker of COVID-19 severity and mortality (47). The latter association requires further investigation.

In both diabetic and non-diabetic patients, most of the metabolites identified in the BCG vaccinated cohort were also identified with COVID-19 patients in general population. Sarcosine, AA, and spermidine metabolites and their altered levels in the experimental groups suggest a difference in the efficacy of BCG vaccination for the management of diabetic COVID-19 patients (Figure 6). It must still be determined whether these alterations are mediators or consequences of the BCG vaccination.




Figure 6 | Venn diagram providing a snapshot of the BCG associated metabolites from diabetic and non-diabetic individuals with varying levels of COVID-19 severity.






5 Study limitations

There are several drawbacks in this study including the low number of participants in control groups (BCG negative) and the retrospective nature of the study, which has restricted the information required for interpreting the data from a pathological perspective. Additionally, the study cohort were predominantly males (62 males and 5 females), further studies are required with gender matched subjects to conclude that the findings reflect the metabolic profile of the whole general population. It is possible that other factors and comorbidities with T2DM, conditions such as tobacco usage, COPD, and pneumonia may have contributed to the results seen in the study population. Additionally, the duration between the BCG re-vaccination (if applicable) and SARS-CoV-2 infection was not corrected for in the analysis. Further research is required on a large-scale population which includes information on the patient medication history, comorbidities, smoking habits, and respiratory illness in order to determine the mechanistic involvement of the specific compounds/metabolites mentioned in this study. Nevertheless, to the best of our knowledge, no other study has highlighted the likelihood of negative effect of BCG in T2D individuals with COVID-19.




6 Conclusions

To conclude, our data indicates a possible change in the metabolic profile of diabetic patients with previous BCG vaccination compared to non-vaccinated patients. Our data highlights a possibility that BCG vaccination may have detrimental effect on the diabetic population with regard to COVID-19 severity.
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Several COVID-19 vaccine strategies utilizing new formulations for the induction of neutralizing antibodies (nAbs) and T cell immunity are still under evaluation in preclinical and clinical studies. Here we used Simian Immunodeficiency Virus (SIV)-based integrase defective lentiviral vector (IDLV) delivering different conformations of membrane-tethered Spike protein in the mouse immunogenicity model, with the aim of inducing persistent nAbs against multiple SARS-CoV-2 variants of concern (VoC). Spike modifications included prefusion-stabilizing double proline (2P) substitutions, mutations at the furin cleavage site (FCS), D614G mutation and truncation of the cytoplasmic tail (delta21) of ancestral and Beta (B.1.351) Spike, the latter mutation to markedly improve IDLV membrane-tethering. BALB/c mice were injected once with IDLV delivering the different forms of Spike or the recombinant trimeric Spike protein with 2P substitutions and FCS mutations in association with a squalene-based adjuvant. Anti-receptor binding domain (RBD) binding Abs, nAbs and T cell responses were detected up to six months from a single immunization with escalating doses of vaccines in all mice, but with different levels and kinetics. Results indicated that IDLV delivering the Spike protein with all the combined modifications, outperformed the other candidates in terms of T cell immunity and level of both binding Abs and nAbs soon after the single immunization and persistence over time, showing the best capacity to neutralize all formerly circulating VoC Alpha, Beta, Gamma and Delta. Although present, the lowest response was detected against Omicron variants (BA.1, BA.2 and BA.4/5), suggesting that the magnitude of immune evasion may be related to the higher genetic distance of Omicron as indicated by increased number of amino acid substitutions in Spike acquired during virus evolution.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to the Betacoronavirus genus and is the agent causative of coronavirus disease 2019 (COVID-19). COVID-19 outbreak has been declared a pandemic by the World Health Organization (WHO) in March 2020 and soon after has become a global health priority, with over 757 million confirmed infections and more than 6.8 million deaths as of February 2023 (1). As a consequence, a global effort started to develop effective preventative interventions against SARS-CoV-2.

SARS-CoV-2 utilizes the transmembrane homotrimeric Spike glycoprotein to enter into target cells via the angiotensin-converting enzyme 2 (ACE2) receptor (2). As a consequence, neutralizing antibodies (nAbs) against the viral Spike protein are an essential component of the protective immune response against SARS-CoV-2 (3). Several effective vaccines delivering Spike, including mRNA, protein subunit, adenoviral vector, and whole-cell inactivated virus, showed efficacy in phase III trials and have received approval for use in many countries (4), and more are under consideration (5). While these vaccination approaches have proved remarkably successful in limiting viral spread and disease, mutations that affect transmission and disease severity have occurred throughout the pandemic. Indeed, the high infection rates and the immune selection pressure induced by the vaccines at a population level have accelerated the development of escape mutants, as demonstrated by the insurgence and spreading of several variants of interest and of concern (VoI and VoC), thus posing a threat to the long-term effectiveness of these vaccines. In particular, VoC have specific mutations in their Spike proteins that have been associated with breakthrough infections, increased transmissibility (6–11) and decreased sensitivity against neutralization by monoclonal Abs (mAbs), sera from vaccinated individuals and convalescent plasma (12–24). Therefore, vaccines against COVID-19 need continuous optimization and updating as a matter of urgency. In addition, the lack of sterilizing immunity and the modest durability of the protective immune responses induced by currently approved vaccines require additional boosters in a relatively short interval of time, decreasing the overall vaccine compliance. As a consequence, persistent and cross-reactive vaccination approaches should be sought to prevent close vaccination cycles, especially in developing countries with a low-resource setting, where the cost and logistics of vaccine campaigns are difficult (25–28).

Integrase-defective lentiviral vectors (IDLVs) offer a safe alternative vaccination approach with features similar to live attenuated virus including sustained antigen expression from the episomal forms of the vector, but in the absence of integration- and replication-competent virus (29–31). IDLVs showed their efficacy to induce high magnitude and long-lasting antigen-specific cellular and humoral immunity in mice, non-human primates (NHPs) and humans (32–36). Importantly, recent reports showed efficacy of non-integrating lentiviral vector against SARS-CoV-2 in mice immunogenicity studies (37, 38). In order to improve immunogenicity, we demonstrated that IDLV can be exploited for delivering immunogens also after pseudotyping of heterologous viral envelope glycoproteins on the vector’s particles, in addition to VSV.G. In particular, pseudotyping of IDLV with influenza virus hemagglutinin (HA) resulted in the induction of an anti-HA nAb response in mice, which was persistent for up to 24 weeks after a single immunization (39). More recently, we demonstrated that truncation of cytoplasmic tail of HIV-Env and SARS-CoV-2 Spike glycoproteins greatly improved the pseudotyping of lentiviral particles (34, 40), leading to persistent immunogenicity in the NHP model of immunization using HIV-Env (34).

Although IDLVs provide strong and durable immune responses, the encoded antigen also dictates the quality and magnitude of those responses, and different design elements of the Spike protein may influence the performance of the immune response after immunization. In this report, we have developed and used Simian Immunodeficiency Virus (SIV)-based IDLV for the delivery of different conformations of Spike (IDLV-CoV2) in the mouse immunogenicity model. In particular, we evaluated the introduction of substitutions to stabilize Spike in the prefusion conformation, including mutations at the furin cleavage site (FCS) and of two consecutive prolines (2P) in the hinge region of S2 portion (2, 41), truncation of the Spike protein cytoplasmic tail to favour Spike membrane-tethering on IDLV particles (40), and the inclusion of the D614G mutation to enhance the exposure of the receptor binding motif (RBM) (42). When combined together, these mutations increased the magnitude of nAbs against the autologous Spike compared to IDLV delivering wild-type Spike and to the subunit vaccine and elicited higher cross-reactive nAbs against all VoC, including Omicron. Importantly, neutralizing activity persisted up to 6 months from a single immunization even at the lowest dose of the IDLV expressing the fully modified Spike, confirming the ability of IDLV to elicit cross-reactive long term functional immunity.





Materials and methods




Plasmids construction

A schematic representation of the plasmids, transfer vectors and coding sequences used in this study is shown in Supplementary Figure 1. All Spike sequences expressed from lentiviral transfer vectors were obtained after codon optimization and cloning into pUC57 vector (GenScript Biotech, Rijswijk, Netherlands). Spike sequences were removed from pUC57 plasmids with AgeI/SalI restriction sites and cloned into the corresponding restriction sites of pGAE-GFP self-inactivating lentiviral transfer vector plasmid by substituting the GFP coding sequence (43) (Supplementary Figure 1A). Plasmid pGAE-Spike encodes the codon optimized full-length wild type SARS-CoV-2 Spike protein open reading frame (ORF) (Wuhan-Hu-1, GenBank: NC_045512.2); plasmid pGAE-S2PF encodes the Spike ORF, stabilized by the introduction of 2 prolines (2P, K986P and V987P) and by functional mutation of RRAR into GSAS at the furin cleavage site (FCS); plasmid pGAE-S2PGC encodes the Spike ORF and contains a 21 amino acid (aa) deletion in the cytoplasmic tail (delta21) with 2P and D614G mutations; plasmid pGAE-betaS2PGC encodes the delta21 codon optimized B.1.351 (beta) Spike ORF with the 2P stabilizing mutation; plasmid pGAE-S2PFGC encodes the delta21 Spike ORF with the 2P, D614G and FCS mutations; plasmids pGAE-JR, pGAE-Luc and pGAE-GFP encode the HIV-1JR-FL gp120 envelope, the luciferase and the GFP ORFs, respectively (44). Plasmids pAdSIVD64V and pAdSIV3+ and are the Integrase defective and Integrase competent packaging vectors, respectively (43). Plasmid phCMV-VSV.G encodes the vesicular stomatitis virus envelope glycoprotein G (VSV.G), used for pseudotyping of lentiviral vector (43).

Expression plasmids encoding wild type and variants of concern (VoC) Spike ORFs used in the pseudovirus neutralization assay were previously described (45, 46) and are depicted in Supplementary Figure 1B. Briefly, plasmid pSpike-C3 encodes the wild type (Wuhan-Hu-1) codon optimized SARS-CoV-2 delta21 Spike protein open reading frame (ORF) (40); plasmids pSpike-UKC3, pSpike-SAC3 and pSpike-BRC3 encode the delta21 codon optimized B.1.1.7 (Alpha), B.1.351 (Beta) and P.1 (Gamma) Spike ORFs, respectively, while plasmid pSpike-INC3 encodes the B.1.617.2 (Delta) Spike ORF with a 19 aa deletion in the cytoplasmic tail (45, 46). For construction of plasmid, expressing the delta21 codon optimized B.1.1.529 (Omicron) BA.1, BA.2 and BA.4/5 Spike ORF VoC, a NheI/BamHI fragment of DNA was removed from pUC57-BA.1, pUC57-BA.2 and pUC57-BA.4/5 plasmids (GenScript) and inserted into the pSpike-C3 plasmid at the corresponding restriction sites, to obtain pSpike-BA1C3, pSpike-BA2C3 and pSpike-BA4C3 plasmids. The B.1.1.7 Spike utilized for these studies contains the mutations: del69-70, del144, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H. The B.1.351 Spike utilized for these studies contains the mutations: L18F, D80A, D215G, del242-244, R246I, K417N, E484K, N501Y, D614G, A701V. The P.1 Spike utilized for these studies contains the mutations: L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I. The B.1.617.2 Spike utilized for these studies contains the following mutations: T19R, del157-158, L452R, T478K, D614G, P681R, D950N. The BA.1 Spike utilized for these studies contains the mutations: A67V, del69/70, T95I, G142D, del143-145, N211I, del212, ins214EPE, G339D, S371L, S373P, S375F, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, D796Y, N856K, Q954H, N969K, L981F. The BA.2 Spike utilized for these studies contains the following mutations: T19I, L24S, del25/27, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K. The BA.4/5 Spike utilized for these studies contains the following mutations: T19I, L24S, del25/27, del69/70, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K.





Production of integrase defective lentiviral vectors for immunization

293T Lenti-X cells (Clontech, Mountain View, CA, USA) were utilized for the production of SIV-based IDLV by transient transfection, as described (34). Cells were kept in Dulbecco’s modified Eagles medium, with high glucose 4.5 g/L (Gibco, Life Technologies Italia, Monza, Italy) and were supplemented with 100 units/ml penicillin/streptomycin (Gibco) and 10% fetal calf serum (Corning, Mediatech, Manassas, VA, USA). Cells (3.5x106 cells) were plated on 10 cm Petri dishes (Corning Incorporated-Life Sciences, Oneonta, NY, USA) and transfected with each self-inactivating lentiviral transfer vector plasmid pGAE expressing the different Spike(s), RBD or HIV-1JR-FL gp120 envelope, the packaging plasmid integrase-defective pAdSIVD64V and the VSV.G pseudotyping plasmid phCMV-VSV.G, to allow entry into target cells in vitro and in vivo, with the CalPhos™ Mammalian Transfection Kit (Clontech Laboratories, Inc, Mountain View, CA, USA) by following the recommendations of the manufacture using a plasmid ratio of 1:2:1 (transfer vector: packaging plasmid: VSV.G plasmid). Forty-eight hours post transfections, the supernatants of the cultures containing the IDLV pseudotyped with different conformation of Spike (IDLV-CoV2) (IDLV-Spike, IDLV-S-2PF, IDLV-S-2PGC, IDLV-betaS-2PGC and IDLV-S-2PFGC) and IDLV-JR were collected, filtered with a 0.45 μm pore size filter (Millipore Corporation, Billerica, MA, USA) and concentrated by ultracentrifugation for 2.5 h at 65,000 × g using a 20% sucrose cushion. Vector particles were dissolved in 1× phosphate buffered saline (PBS, Gibco) and stored at −80°C. Each stock of IDLV was titered using the reverse transcriptase (RT) activity assay (34).





Production of lentiviral vectors expressing Luciferase and pseudotyped with Spike variants

Spike variants pseudotyped lentiviral vectors expressing Luciferase (LV-Luc) were generated by transient transfection of 293T Lenti-X cells as previously described (40, 45, 46). In brief, 293T Lenti-X cells (3.5x106 cells) were plated on 10 cm Petri dishes (Corning) and transfected with the lentiviral transfer vector plasmid pGAE-Luc expressing the luciferase coding sequence (44), the packaging plasmid pAd-SIV3+ and each of the pseudotyping plasmid expressing Spike protein described above (Supplementary Figure 1B) or control VSV.G (phCMV-VSV.G) utilizing the JetPrime transfection kit (Polyplus Transfection, Illkirch, France) using a plasmid ratio of 1:2:1 (transfer vector: packaging plasmid: Spike/VSV.G plasmid). Forty-eight hours post transfection, the supernatants containing the LV-Luc pseudoviruses were collected, filtered with a 0.45 μm pore size filter (Millipore) and stored in 0.5 mL aliquotes at -80°C.





Western blot

Concentrated preparations of IDLV were lysed in SDS loading buffer and resolved on SDS-PAGE (10% polyacrylamide) under reducing conditions. Nitrocellulose membrane was used to transfer gels with a Trans-Blot Turbo System (Bio-Rad Laboratories, Hercules, CA, USA). Filters were saturated with 5% nonfat dry milk dissolved in TBST (TBS with 0.1% Tween 20) for 1 hour and further incubated with anti-S2 polyclonal antibody (dilution 1:2000. Cat: 40590-T62, Sino Biological, Beijing, China), anti-S1 polyclonal antibody (dilution 1:1000. Cat: 40150-T62-COV2, Sino Biological, Beijing, China) or anti-HIV-1 SF2 p24 polyclonal Ab (dilution 1:4000. ARP-4250, NIH HIV Reagent Program, Manassas, VA, USA), followed by anti-rabbit horseradish peroxidase (HRP)-conjugated Ab (dilution 1:3000; Bio-Rad Laboratories, Hercules, CA, USA). Recombinant trimeric Spike with 2P and FCS mutations (47), RBD (45) and SIVmac239 p27 (ARP-13446, NIH HIV Reagent Program) proteins were used as positive controls, whereas preparations from unrelated LV or IDLVs were used as negative controls. WesternBright ECL detection system (Advansta, San Jose, CA, USA) was used as chemiluminescent substrate. Images were acquired and elaborated by ChemiDoc XRS+ System (Bio-Rad Laboratories, Hercules, CA, USA).





Flow cytometry

293T Lenti-X cells (3x105/well) were plated in 6-well plate and transfected with 1 µg of Spike-expressing plasmids or phCMV-VSV.G as a negative control using the CalPhos™ Mammalian Transfection Kit (Clontech). Forty-eight hours after transfection, cells were detached, counted and stained either with anti-S2 commercial antibody (Cat: 40590-T62, Sino Biological; 1:3000) followed by donkey anti-rabbit PE (Biolegend, San Diego, CA, USA; 4 µg/ml) or human monoclonal antibodies COVA2-15, COVA1-16, COVA1-18, COVA1-21 (47) (1 µg/ml) or CR3022 (Cat: ab273073, Abcam, Cambridge, UK; 5 µg/ml), followed by Goat anti-human IgG secondary AlexaFluor647 (Cat: 109-605-003, Jackson ImmunoResearch, 5 μg/ml). The expression of Spike was analyzed by flow cytometry utilizing a FACSCalibur (BD Biosciences, Milan, Italy), and the results were analyzed with Kaluza software (Beckman Coulter, Fullerton, CA, USA).





Transmission electron microscopy analysis

293T Lenti-X cells (3.5x106 cells) were transfected on 10 cm Petri dishes (Corning) to produce each IDLV-CoV2 as described above. At 48 hrs post transfection, cells were stained with anti-Spike COVA2-15 mAb (47), with the exception of IDLV producing beta Spike, which was stained with COVA1-16 mAb (47), followed by Goat Anti-Human IgG H and L (10 nm Gold) used as a secondary Ab (Abcam, Cambridge, UK). After staining, cells were fixed with 2.5% glutaraldehyde in cacodylate buffer 0.1 M, pH 7.2. Fixed cells were washed and post-fixed in 1% OsO4 using the same glutaraldehyde/cacodylate buffer. Fixed specimens were dehydrated by using a graded series of ethanol solutions and then embedded using an Agar 100 resin (Agar Scientific, Essex, UK). Ultrathin sections were placed on 200-mesh copper grids and then stained with lead citrate and uranyl acetate. Sections were analysed by using a Philips 208S transmission electron microscopy (TEM) at 100 kV.





Confocal laser scanner microscopy

293T Lenti-X cells (2.5x104/well) were plated onto L-polylysine (Sigma) treated 12-mm cover glasses inserted in 24-well microplates and then transduced with 5 MOI of each LV expressing Spikes used for immunization. At 48 hours post-transduction, the cells were washed and stained with anti-Spike COVA2-15 or COVA1-16 (47) mAbs followed by AlexaFluor 488 Goat anti-human IgG as a secondary Ab (Jackson ImmunoResearch, 0.4 µg/sample). The coverslips were extensively rinsed, fixed with cold methanol and then placed on the microscope slides using Vectashield antifade mounting medium, containing DAPI (Vector Labs, Burlingame, CA, USA).

Observations by confocal laser scanner mycroscopy (CLSM) were performed using a Zeiss LSM980 apparatus (Zeiss, Oberkochen, Germany), fitted with a Plan-Apochromat 63x/1.4 NA using the appropriate spectral laser lines. Acquisition and processing of images was performed by using Adobe Photoshop CS5 software programs (Adobe Systems, San Jose, CA, USA) and Zen Blue edition 3.3 (Zeiss). Cells which were stained with the secondary antibody were used to set up parameters of acquisition. Several fields (including >200 cells) were evaluated for each labeling condition, and shown are representative results.





Mouse immunization protocol

BALB/c mice, obtained from Charles River (Charles River, Calco, Como, Italy), were housed in the animal facility at the Istituto Superiore di Sanità (ISS, Rome, Italy) under specific pathogen-free conditions. All procedures have been performed in accordance with Italian legislation and European Union guidelines for animal care. All studies have been reviewed by the Service for Animal Welfare at ISS and authorized by the Italian Ministry of Healthy (Authorization n. 731/2020-PR, 21/7/20, prot. D9997.107). Mice (six animals per group) were immunized once intramuscularly (i.m.) with escalating doses (1.56x106 - 6.25x106 - 25x106 RT units/mice) of IDLV-CoV2 or Spike protein (10 and 1 µg/mouse) adjuvanted with Addavax (In vivogen Europe). Naïve and mice injected with the highest dose of IDLV-JR (mock), expressing the HIV-1JR-FL gp120 envelope (32), were used as negative controls. Retro orbital sampling of blood was carried out prior to immunization and at monthly intervals with glass Pasteur pipettes and sera were collected and stored at -80°C. Six months after the immunization, all mice were sacrificed and spleen harvested and processed for the analysis of T cell responses, as previously described (32). Briefly, single-cell suspensions of splenocytes were obtained after mechanical disruption of spleens in the presence of 3 mL of ACK followed by passage through cell strainers (Corning, Merk Life Science S.r.l., Italy). Splenocytes were then washed using RPMI 1640 medium supplemented with 1% penicillin/streptomycin, 2 mM L-glutamine, 10% FBS, and 50 mM 2-mercaptoethanol (complete medium). Splenocytes were centrifuged at 1500 rpm for 10 min at 4°C and then resuspended in complete medium, counted and stored in liquid Nitrogen.





ELISA

SARS-CoV-2 recombinant RBD (rRBD) protein produced in HEK293T cells (45) was used for coating 96 well plates (Greiner bio-one, Frickenhausen, Germany) using 0.1 µg/well of rRBD protein overnight at 4°C. Plates were washed and blocking was performed for 2 h by using 1% BSA (Sigma Chemicals) in 200 µL of PBS. Plasma from individual mice were added to wells in duplicate of serial dilutions and further incubated for 2 h at room temperature. After washing, the plates were incubated with biotin-conjugated goat anti-mouse IgG (Southern Biotech, Birmingham, AL, USA) for 2 h at room temperature. The plates were washed and streptavidin-conjugated horse radish peroxidase (HRP) (AnaSpec, Fremont, CA, USA) was added to the plates for 30 min at room temperature. The reaction was incubated with 3.3,5.5-tetramethylbenzidine substrate (SurModics BioFX, Edina, MN, USA) and then blocked using of H2SO4 1 M (50 µL). Endpoint titers were calculated as the reciprocal of the highest dilution with an absorbance value equal at least three times the values from naïve mice. Results were expressed as mean titer ± standard error of the mean (SEM) for each group.





Pseudovirus titration and neutralization assay

Preparations of LV-Luc pseudoviruses (LV-Luc/Spike-C3, LV-Luc/Spike-SAC3, LV-Luc/Spike-UKC3, LV-Luc/SpikeBRC3, LV-Luc/SpikeINC3, LV-Luc/SpikeOMC3 (BA.1, BA.2, BA.4/5) and LV-Luc/VSV.G) were titered in Vero E6 cells (Cercopithecus aethiops derived epithelial kidney, ATCC C1008). Cells (2.2x104 cells/well) were plated in 96-well plates (Viewplate, PerkinElmer). After forty-eight hours, luciferase expression was measured with a Varioskan luminometer (TermoFisher) by using the britelite plus Reporter Gene Assay System (PerkinElmer). In the neutralization assay were used dilutions providing 2x105 relative light units (RLU). In brief, serum serial 2-fold dilutions starting from 1:80 were incubated in duplicate with the LV-Luc pseudotypes at 37°C for 30 min in 96-deep well plates (Resnova, Roma, Italy). The mixture was then added to Vero E6 cells seeded in a 96-well Isoplate (Perkin Elmer, Groningen, Netherlands) at a density of 2.2x104 cells/well. Cell only and virus -only controls were included. After forty-eight hours, luciferase expression was measured as above by using the britelite plus Reporter Gene Assay System (Perkin Elmer). RLU numbers were transformed into percentage neutralization values, and relative to virus-only controls. Results were expressed as the inhibitory concentration (ID) 50, which corresponds to the dilution of serum providing 50% inhibition of the infection (corresponding to neutralization), compared to the virus-only control wells. ID50 was calculated with a linear interpolation method (40).





SARS-CoV-2 microneutralization assay

The SARS-CoV-2 isolate (GenBank: MT066156.1; Cat: NR-52284; SARS-Related Coronavirus 2, Isolate Italy-INMI1; BEI Resources, Manassas, VA, USA) was propagated by inoculation of 70% confluent Vero E6 cells in 175 cm2 cell culture flasks. The cells were kept in Dulbecco’s modified Eagles medium, high glucose 4.5 g/L (Gibco) supplemented with 2% fetal calf serum (Corning), 100 units/ml penicillin/streptomycin (Gibco), 1 mM sodium pyruvate (Gibco), and 1x non-essential amino acids (Gibco) (48). Briefly, cells were maintained at 37°C and supernatant collected at 72 hrs post inoculation, when a strong cytopathic effect (CPE) was observed. Supernatants were collected, clarified to remove cellular debris, aliquoted, and stored at -80°C. The tissue culture infectious dose 50 (TCID50) was determined on flat-bottom 96‐well culture plates of Vero E6 cells (2.2x103 cells/well) by end-point titration of serial 1 log dilutions (from 1 log to 11 log) of viral stocks. Cells were further incubated for 5 days and monitored daily for CPE. TCID50/ml of the SARS-CoV-2 was estimated as 7.5x106 TCID50/ml employing the Spearman-Karber method (49). Biosafety level 3 facilities were used for all viral manipulations.

The virus neutralization (VN) assay was executed as reported (50) using heat-inactivated samples (30 min at 56°C). Sera were mixed with an equal volume of 100 TCID50 SARS-CoV-2 and incubated for 1 hr at room temperature. A 100 µL of virus–serum mixture was subsequently added to 96-well plates containing a Vero E6 cell monolayer. After 4 days of incubation at 37°C and 5% CO2 in humidified atmosphere, the plates were inspected by an inverted optical microscope for presence/absence of CPE. The highest serum dilution that protected from CPE more than 50% of the cells was used to calculate the VN titer, which was expressed as the reciprocal of the highest serum dilution protecting from CPE.





IFNγ/IL-5 FluoroSpot assay

The assay was performed using Mabtech reagents and protocol (FluoroSpot Plus, Mabtech AB, Sweden). Briefly, 96-well plates were coated with anti-IFNγ and anti-IL-5 antibodies and then blocked with complete medium. Splenocytes were seeded at a density of 3x105/well and stimulated overnight with 1 µg/mL of SARS-CoV-2 Wuhan Spike peptide pool of 15-mer sequences with 11 amino acids overlap (PepTivator® SARS-CoV-2 Prot_S complete, Miltenyi Biotec, Bologna, Italy), as specific stimulation. Positive control included Concanavalin A (5 µg/mL, Sigma Chemicals), while the complete medium was utilized as a negative control. Wells were washed and incubated with anti-IFNγ and anti-IL-5 detection antibodies. After washes, wells were incubated with fluorophore-conjugates for 60 min and after washes a fluorescence enhancer was added. Spot Forming Cells (SFC) were counted using a FluoroSpot reader (AID iSpot, AID GmbH, Strassberg, Germany) and results were expressed as SFC/106 cells. The number of SFC counted in the wells treated with the medium (background) was subtracted from the number of SFC counted in the wells treated with the specific peptides. Samples were recorded positive when the number was equivalent to at least 50 specific SFC/106 cells and was two-fold higher than the background values.





Phylogenetic analysis

A total of 59 SARS-CoV-2 sequences were used for this study, 51 of which were downloaded from the GISAID database (51) and 8 were SARS-CoV-2 Spike protein sequences above described (Supplementary Table 1). The sequences were cut respect to the Spike protein positions of the Wuhan-Hu-1 Accession Number: NC_045512. The translation from nucleotide sequences to protein sequences was performed through Expansy tool (52). The sequence alignments were done using MAFFT v7 (53) with the Galaxy platform (54) and edited manually by utilizing BioEdit v. 7.2.6.1 (55). The maximum likelihood phylogenetic trees were estimated with the software PhyML version 3.0 (56). The statistical significance in the tree has been evaluated by using the Fast likelihood-based method, aLRT-SH like branch support. The Smart Model Selection software (57) was used to find the best-fit substitution models for protein alignments. In addition to the spike protein, three further protein alignments corresponding to the S1, S2, RBD portions were generated.





Genetic distance analyses

SARS-CoV-2 protein sequences of the S1, S2, RBD alignments were grouped according to the variant to which they belong and their genetic distances were calculated. The mean genetic distances between groups and the standard errors of the means were calculated using the MEGA v. 6 program by the bootstrap method with 1000 replicates (58). The amino acid distances were evaluated with the Equal Input Model (59).





Statistical analysis

Data were prepared using GraphPad Prism 9.4.1 (GraphPad Software Inc., San Diego CA, USA) and were expressed as the mean ± standard error of the mean (SEM) or median. Data were analyzed by ANOVA, Wilcoxon matched-pairs signed rank test, or Mann-Whitney to compare three or more groups. Pvalues < 0.05 were used as the threshold for statistical significance. The correlation between neutralization assays was evaluated by Spearman and Pearson correlation analyses.






Results




SARS-CoV-2 Spike immunogen design

In previous work we and other have shown that truncation of 13 to 21 amino acids (aa) at the cytoplasmic tail led to efficient incorporation of Spike (S) protein on lentiviral vectors (LV) (40, 60) and that functional mutation of FCS led to incorporation of Spike which was uncleaved at the S1/S2 junction (61, 62). We hypothesized that presence of different Spike conformations on lentiviral particles impacted on ensuing immune response after immunization, similarly to what has been shown with Ad26 vector (63). For immunogenicity studies in the mouse model, we engineered a series of lentiviral transfer vectors (pGAE) (44) expressing different membrane-tethered configurations derived from Wuhan-Hu-1 SARS-CoV-2 Spike protein coding sequence (GenBank: NC_045512.2) (Table 1 and Supplementary Figure 1A), including native full-length wild-type Spike (aa 1-1273, pGAE-Spike), full-length Spike with mutated FCS (RRAR to GSAS) and 2P substitutions (pGAE-S2PF), delta21 wild-type Spike with D614G mutation and 2P substitutions (aa 1-1252, pGAE-S2PGC) and delta21 wild-type Spike with D614G mutation, 2P substitutions and mutated FCS (pGAE-S2PFGC). The Beta (B.1.351) Spike sequence with delta21 and 2P substitutions (pGAE-betaS2PGC) was also generated to assess cross-neutralizing responses compared to the related Wuhan-based vaccine. The schematic representation of the plasmids and the characteristics of the vaccine candidates used in this study are shown in Table 1 and in Supplementary Figure 1A.


Table 1 | Description of vaccines used in the study.



Expression of different Spike proteins was evaluated by using flow cytometry on 293T Lenti-X cells transfected with each transfer vectors using a commercial rabbit anti-Spike S2 polyclonal Ab (pAb), three human neutralizing monoclonal Abs (mAbs) (COVA2-15, COVA1-16 and COVA1-18) that recognize different epitopes of RBD (47), one non-RBD-binding neutralizing mAb (COVA1-21) and the SARS-CoV-1 neutralizing mAb CR3022 (64), which recognizes a conserved weakly neutralizing cryptic epitope in SARS-CoV-2 Spike, accessible in the open conformation of the protein with at least 2 RBD in the up-conformation, not overlapping with the ACE2 binding site within SARS-CoV-2 RBD (65–67). All membrane-bound Spikes were recognized by anti-S2 antibody, indicating their correct expression on the membrane of transfected cells (Supplementary Figure 2). The human mAbs COVA2-15, COVA1-16, COVA1-18 and COVA1-21 recognized all Wuhan-Hu-1 derived Spikes, whereas the beta variant was not recognized by COVA1-18 mAb, and poorly recognized by COVA2-15 and COVA1-21 mAbs. Interestingly, mAb CR3022 was overtly reactive only against Spike with mutated FCS, suggesting that this mAb recognizes an epitope that is accessible only in this Spike configuration.





IDLV-CoV2 are decorated with membrane tethered Spike proteins

IDLV expressing the different conformations of Spike (IDLV-CoV2) were produced to evaluate incorporation on pseudovirions. Transmission electron microscopy (TEM) images of 293T Lenti-X cells producing the IDLV-CoV2 showed presence of S on the released IDLVs and plasma membranes of the producing cells after staining with COVA2-15 or COVA1-16 mAbs, the latter used to stain cells producing IDLV-betaS-2PGC (Figure 1A). To further assess incorporation of the different configurations of Spike on pseudovirus, recovered and concentrated preparations of IDLV-CoV2 to be used for immunization were normalized for amount of p27 Gag and analyzed by Western blot (WB) using anti-S2 (S2 fragment) and anti-p27 Gag polyclonal antibodies (Figure 1B). Gag protein was detected similarly in all IDLV preparations and bands corresponding to the Spike protein were detected in all IDLV-CoV2 concentrated preparations, except for IDLV-GFP and IDLV-JR, encoding the codon optimized HIV-1JR-FL gp120 (32), as expected. In particular, the highest amount of Spike was incorporated in the IDLVs delivering the delta21 C-truncated version of the protein (IDLV-S-2PGC, IDLV-betaS-2PGC and IDLV-S-2PFGC), compared to IDLV-S-wt and IDLV-S-2PF. Since the removal of the FCS results in less S1 shedding of the S protein, IDLV-S-2PF and IDLV-S-2PFGC showed mainly presence of the stabilized uncleaved full-length S protein, while in both IDLV-S-2PGC (Wuhan-Hu-1 and Beta) and IDLV-S-wt the majority of the protein was cleaved at the FCS and showing on WB the S2 portion with the anti-S2 polyclonal Ab (Figure 1B). Interestingly, the presence of S2’ fragment in IDLV-CoV2 preparations incorporating high levels of S might be due to Spike engagement of low levels ACE2 expression on 293T cells (Supplementary Figure 3) during IDLV production, which primes S2′ site cleavage (68). These results demonstrate that different configurations of Spike are incorporated differently and according to their design in the vector particles used to immunize mice. To appreciate the membrane location of Spike expressed by the vector, 293T Lenti-X cells were transduced with LV pseudotyped with VSV.G protein and delivering the different Spikes, stained with anti-RBD human COVA2-15 or COVA1-16 mAbs and examined by confocal microscopy (CLSM) (Figure 2). The membrane expression of Spike was evident in the cells transduced with any vector, confirming their ability to express membrane bound antigens.




Figure 1 | (A) IDLVs are pseudotyped with membrane-tethered Spike proteins. 293T Lenti-X cells producing the different IDLV-CoV2 were probed with anti-RBD COVA2-15 or COVA1-16 human mAbs and observed by TEM. Four representative images are shown for each sample. Bars, 0.2 μm. Shown are results from one representative of n = 2 experiments. (B) Spike incorporation on IDLV-CoV2 particles used for immunization. Western blot of lysates from concentrated preparation of IDLV-CoV2 pseudotyped with the different Spike conformations. IDLV-GFP and IDLV-JR are included as mock controls and SIV-Gag p27 protein (50 ng) as positive control. Filters were probed with polyclonal anti-S2 and anti-p27 Gag Abs. Molecular weights are indicated on the left. Bands corresponding to S, S2 and S2’ representing full-length and S2 or S2’ portion, are indicated. Blots derive from the same experiment and were processed in parallel. Shown are results from one representative of n = 3 experiments.






Figure 2 | Spike expression from lentiviral vectors. Analysis by CLSM of 293T Lenti-X cells transduced with the indicated lentiviral vectors expressing the different Spike conformations. Cells were stained with anti-RBD COVA2-15 or COVA1-16 human mAbs followed by anti-human IgG Alexa Fluor 488 as secondary Ab (green). Nuclei were stained in blue with DAPI. Two images representing single central optical sections are shown for each sample. Shown are results from one representative of n = 3 experiments. Scale bar is 10 μm.







A single immunization of IDLV-CoV2 elicits strong and persistent antibody responses

To evaluate the magnitude, quality and persistence of anti-Spike immunity, BALB/c mice were injected once intramuscularly (i.m.) with escalating doses of IDLV-CoV2 vaccines (1.56x106, 6.25x106 and 25x106 RT Units/mouse, hereafter indicated as Low Dose-LD, Medium Dose-MD and High Dose-HD) and compared to mice immunized with a subunit vaccine based on the purified S-2PF trimeric protein, at two different doses (10 and 1 µg/mouse) together with Addavax as an adjuvant. The kinetics of anti-RBD IgG titers in serum was evaluated by ELISA at 0, 1, 2, 3 and 6 months after immunization, using the Wuhan RBD monomer as coating protein (45). The kinetics of serum Ab response of each group and at each dose are depicted in Figures 3A, B. All vaccine candidates induced anti-RBD IgG Abs, according to the injected dose, starting from 1 month (the first point post-immunization evaluated) and increasing over time, mostly reaching a plateau at 3 months. All groups maintained the response up to 24 weeks, the experimental endpoint, at different levels. Overall, IDLV-S-wt induced the lowest and IDLV-S-2PFGC the highest anti-RBD Ab response at all injected doses (ANOVA, p<0.05). IDLV-S-2PF, IDLV-S-2PGC and the subunit vaccine induced similar Ab responses (ANOVA, p>0.05). IDLV-S-wt showed a peculiar kinetics of Ab response, increasing over time up to 6 months, reaching levels of Abs similar to the other vaccine candidates (Figures 3A, B).




Figure 3 | Kinetics of anti-RBD binding antibodies in immunized mice. BALB/c mice (N=5-6 animals per group) were vaccinated once with escalating doses (High dose, HD: 25x106; Medium dose, MD: 6.25x106; Low Dose, LD: 1.56x106 RT units/mouse) of SIV-based IDLVs expressing Spike or HD and LD of the purified Spike protein (10 and 1 µg/mouse) adjuvanted with Addavax. Anti-RBD IgG antibodies were evaluated at different time points (month) from immunization in sera of mice immunized with the indicated vaccines. Results are expressed as log10 mean endpoint titer ± SEM. The dotted line indicates the assay cut off (minimum serum dilution tested 1:100). (A) Each graph shows the results from mice of the same vaccine group at HD, MD and LD. (B) Each graph shows different vaccine groups at the same dose.







Level, kinetics and cross-neutralization of neutralizing antibodies are dependent on the immunogen configuration

Analysis of neutralizing Abs (nAbs) in serum of immunized mice was performed utilizing the pseudovirus assay, which is based on LV expressing luciferase (LV-Luc) pseudotyped with the truncated form of Spike derived from Wuhan-Hu-1 and VoC, as we previously described (40, 45, 46). A virus neutralization (VN) assay using the original infectious SARS-CoV-2 (isolate SARS-CoV-2/human/ITA/INMI1/2020) was initially performed using 31 serum samples to compare the assays and correlate the titers (ID50). The neutralization titers calculated using the two different assays correlated well with each other, as indicated by Spearmen and Pearson r values (Supplementary Figure 4). We observed a statistically significant difference between ID50 values, being the ID50 calculated using the pseudovirus neutralization assay higher than ID50 derived from infectious virus based test (median ID50: 1589 and 1280 in pseudovirus and infectious virus assays, respectively) probably due to higher sensitivity of the Luc-based assay.

The pseudovirus-based assay was used for the evaluation of presence and magnitude of nAbs over time in all immunized mice (Figure 4). All IDLV-CoV2 vaccines induced different levels of nAbs according to the injected dose within the same vaccine formulation (Figure 4A). Interestingly, the level of nAbs increased over time up to 6 months, especially in the HD treated animals, including mice immunized with the subunit vaccine at HD. Overall, IDLV-S-2PFGC induced the highest nAb response, while IDLV-S-wt induced the lowest response compared to all the other IDLV groups and at any dose, particularly evident at early time points (Figure 4B), thus in part paralleling the results obtained after evaluation of the binding Abs (Figure 3), but with a more evident difference among groups. In particular, IDLV-S-2PF and IDLV-S-2PGC consistently induced a higher and more rapid nAb response compared to that in mice immunized with S-2PFp+Addavax (ANOVA, p<0.05). The nAb response was barely detectable at 6 months in the sera of mice immunized with the subunit vaccine at LD.




Figure 4 | Kinetics of neutralizing antibodies in immunized mice. Anti-Wuhan neutralizing antibodies (nAbs) were evaluated at different time points (month) from immunization in sera of mice immunized with the indicated vaccines. Results are expressed as mean ID50 ± SEM with N=5-6 animals per group. HD, MD and LD: high, medium and low dose of vaccine, respectively. The dotted line indicates the assay cut off (minimum serum dilution tested 1:80 dilution). (A) Each graph shows results from mice of the same vaccine group at HD, MD and LD. (B) Each graph shows different vaccine groups at the same dose.



IDLV-betaS-2PGC vaccine, expressing the Beta Spike, was evaluated in the immunization protocol in order to assess and compare the cross-neutralizing responses using a Spike from the VoC able to better escape from the Wuhan-Hu-1 S vaccine induced nAbs, at the time when this study was conducted (69). A comparison of the anti-Wuhan Ab and nAb responses after immunization with IDLV-S-2PGC and the corresponding Beta variant IDLV-betaS-2PGC is shown in Supplementary Figure 5. The levels of both binding and nAbs were very similar in both vaccine groups at any dose and time point tested (Wilcoxon matched-pairs signed rank test, p>0.05).

Serum samples from all IDLV-CoV2 HD vaccinated mice, including IDLV-betaS-2PGC, were assayed for cross-neutralization ability using pseudoviruses pseudotyped with Spike from Alpha, Beta, Gamma, Delta and Omicron BA.1 VoC. Due to the small amount of mouse serum collected at each time point, 4 and 5 month-sera were dedicated to this analysis. As shown in Figure 5, the pattern of cross-neutralization is similar to that observed in human subjects vaccinated with Wuhan-based vaccines (46, 70, 71). Overall, compared to the Wuhan strain, homologous to the vaccine sequence, ID50 values of Alpha were >Gamma>Delta>Beta>Omicron. However, pattern and magnitude of neutralizing responses were different according to the Spike configuration delivered by each IDLV. In particular, we observed a high fold reduction of the ID50 against Delta compared to the vaccine strain in all vaccinated mice (Table 2), except for the IDLV-S-2PFGC group (2.41 fold reduction), where the vaccine induced nAbs were efficiently able to block the Delta pseudoviruses on target cells (Figure 5A and Table 2). Overall, IDLV-2PFGC, combining all modifications, outperformed the other candidates in terms of nAbs magnitude at early and later time points and breadth of neutralization against all VoC, including the Omicron BA.1 variant, although the latter at lower levels (Figure 5B). The IDLV-betaS-2PGC delivering the Beta Spike induced a better neutralization against Beta and Gamma pseudoviruses compared to the corresponding parental Wuhan-Hu-1 S immunogen (IDLV-S-2PGC), but neutralization against the Omicron BA.1 VoC was substantially reduced (Figure 5 and Table 2). Sera from IDLV-S-2PFGC immunized mice were also evaluated for neutralization of pseudoviruses enveloped with Spike protein from additional circulating Omicron BA.2 and BA.4/5 variants. As shown in Figure 5C, both at 4 and 24 weeks after immunization, BA.2 and BA.4/5 pseudoviruses were neutralized to levels lower than the parental BA.1.




Figure 5 | Cross-neutralization with VoC. (A) NAbs against each VoC were measured in serum samples collected at 4-5 months after immunization with HD vaccines, using LV-Luc pseudotyped with Spike from the indicated VoCs. Results are expressed as mean ID50 ± SEM. Each dot represents a single mouse. (B) Serum samples from early and late time points after immunization with HD vaccines were analyzed for cross-neutralization against the Omicron BA.1 variant. Results are expressed as median ID50. (C) Sera from IDLV-S-2PFGC were assayed for cross-neutralization against Omicron VoC at early and late time points after vaccination. Each dot represents a single mouse. The black line indicates the median ID50. The dotted lines indicate the assay cut off (minimum serum dilution tested 1:80 dilution).




Table 2 | Median ID50 fold reduction compared to the vaccine strain.







Th-type T cell immunity persists up to six months from the immunization in IDLV-immunized mice

Since the S-specific T cell response may contribute to the vaccine efficacy, at least in terms of control of the clinical manifestation, IFNγ/IL-5 FluoroSpot was performed on splenocytes at 6 months after immunization in the HD groups using pools of peptides covering the entire Wuhan-Spike protein. As shown in Figure 6, Spike-specific IFNγ producing T cells were induced in all mice vaccinated with any IDLV, with IDLV-S-2PFGC showing the highest response compared to the other groups (Mann-Withney test p<0.001 vs S-2PF protein immunized animals; p<0.05 vs all other groups). Mice immunized with the protein subunit vaccine showed instead IL-5-producing T cells, as expected, since Addavax is a Th2-type adjuvant, which favours the induction of IL-5 (Figure 6) (72). Conversely, none of IDLV-vaccinated mice showed IL-5-producing T cells when stimulated with the Spike peptide pool, confirming the Th1-type profile of T cells induced by IDLV vaccination.




Figure 6 | T cell immunity persists for six months after a single immunization. Splenocytes from HD groups recovered at 6 months after immunization were assayed for IFNγ (left panel) and IL-5 (right panel) producing T cells by IFNγ/IL-5-FluoroSpot. Cells were stimulated over night with Wuhan-Spike peptide pool. Data are expressed as mean ( ± SEM) specific Spot Forming Cells (SFC) per million splenocytes. Each dot represents a single mouse.







Genetic distance among Wuhan and Omicron helps explain the escape from nAb responses

In order to better understand the limited antibody cross-reactivity to Omicron in sera of mice immunized with the optimized Wuhan-derived Spike, a phylogenetic analysis using amino acid sequences for the full-length Spike, RBD, S1 and S2 portions was performed. The maximum likelihood (ML) phylogenetic trees for the Spike, S1, S2 and RBD were shown in Figure 7A and Supplementary Figure 6. The ML tree performed on the Spike (Figure 7A) showed the SARS-CoV-2 variants located into two main supported clades. At one end of the tree the Wuhan strain and the Alpha, Beta, Gamma and Delta VoC were identified. On the other end, a supported clade including the Omicron variants (Omicron BA.1, BA.2, BA.4/5) was shown. In particular, the Omicron BA.2 appeared related and closer to BA.4/5 (Figure 7A), in respect to BA.1.




Figure 7 | Phylogenetic analysis. (A) Maximum likelihood phylogenetic tree inferred from Spike amino acid sequences. The ancestral SARS-COV-2 sequence (Wuhan/Hu- 1/2019), the Alpha, Beta, Gamma, Delta and the Omicron (BA.1, BA.2, BA.4/5) variants are highlighted with different colors. The scale bar at the bottom of the tree corresponds to amino acid substitutions per site. The authors, originating and submitting laboratories of the sequences from GISAID used to generate the figures are listed in Supplementary Table 1. (B) Mean distances ± SEM at amino acid level for S1, S2 and RBD.



The phylogenetic analysis (Supplementary Figure 6) showed a higher distance (Figure 7B) between the group including Wuhan, Alpha, Beta, Gamma, Delta and the group including the Omicron (BA.1, BA.2, BA.4/5) in S1 respect to S2 portion, and a higher distance in RBD respect to S2 or to S1 (Figure 7B). In particular, the mean diversity at amino acid level between Wuhan and Omicron BA.1, BA.2, BA4/5 increased from 0.7% ± 0.3% (distance ± standard error) for S2 alignment to 3.7% ± 0.7% (Omicron BA.1, BA.2) and to 3.9% ± 0.8% (Omicron BA4/5) in the S1 alignment (Figure 7B), meanwhile increased to 5.3% ± 1.6% (Omicron BA.1) to 5.8% ± 1.7% (Omicron BA.2) and to 6.3 ± 1.7% (Omicron BA4/5) in RBD. Similarly, the mean genetic distance between Beta and Omicron increased from 0.8% ± 0.4%/0.9% ± 0.4% in S2 alignment to 3.6% ± 0.7% (Omicron BA.1, BA.2) and to 3.9% ± 0.7% (Omicron BA4/5) in the S1 alignment (Figure 7B); meanwhile the mean distance in RBD increased to 4.8% ± 1.5%, 5.3% ± 1.6%, 5.8% ± 1.6% respectively for Beta and Omicron BA.1, Beta and BA.2, Beta and BA.4/5.






Discussion

In this study we exploited SIV-based IDLVs delivering different configurations of SARS-CoV-2 Spike in order to induce a long-term, high-magnitude and cross-lineage neutralizing Ab response. We hypothesized that a strategy combining a rationally optimized trimeric Spike on the vector particles together with the sustained immunity provided by IDLV could enhance the quality of the humoral response after a single immunization.

In previous works, we and others showed that membrane-tethering of HIV-1 Env on the surface of a virus-like particles (VLP) or IDLV elicited broader immune responses compared to soluble HIV-Env (34, 73) and that lentiviral vectors can be successfully pseudotyped with SARS-CoV-2 Spike glycoprotein (40). Here, we show that IDLV-CoV2 can be pseudotyped with different configurations of membrane-tethered Spike, and that Spike protein design strongly affects incorporation on vector particles and the resulting immune responses elicited by IDLV. In particular, we evaluated the incorporation of different forms of Spike protein on lentiviral particles and investigated the importance of the immunogen design in the context of the IDLV, an enveloped viral vector which we have started exploiting for its ability to be pseudotyped with membrane-tethered glycoproteins. We reasoned that modifications aimed at increasing incorporation of full-length Spike on IDLV particles would have improved the immune response induced by immunization with IDLV expressing rationally designed immunogens. Our results confirmed that truncation of 21 aa at the C-terminus of the cytoplasmic tail greatly enhanced membrane incorporation of Spike on viral particles, as also observed in other settings (40, 69, 74, 75). Importantly, replacement of RRAR with GSAS at the FCS prevented S1/S2 cleavage, leading to incorporation of a higher amount of full-length Spike protein on IDLV. We hypothesized that this feature may favour the elicitation of nAbs compared to IDLV expressing Spike with an intact FCS, due to the higher amount of S1-associated neutralizing epitopes present on IDLV particles that can be sensed immediately by immune cells after the immunization. To further ameliorate the quality of the anti-Spike humoral response, we evaluated mutations aimed at improving exposure of neutralizing epitopes, including the introduction of 2P substitutions (K986P and V987P) for stabilizing Spike in the prefusion conformation (76, 77) and the inclusion of the D614G mutation, for enhancing RBM exposure (42) and Spike protein density (78) in the IDLV. These modifications have been already adopted, alone or in combination, using different Spike delivery systems, including adenoviral vectors (63, 79, 80), MVA (81) and mRNA vaccines (82, 83).

To assess and compare the immunogenicity of IDLV delivering different configurations of membrane-tethered Spike, mice were immunized once i.m. with scalar amounts of different IDLV-CoV2. Data clearly indicated that the prefusion stabilized Spike with 2P substitutions and mutated FCS, preventing S1/S2 cleavage, was a more effective immunogen in terms of level and persistence of autologous Ab and nAb response compared to the wild-type Spike which showed the poorest humoral immunity (IDLV-S-wt vs IDLV-S-2PF), in line with data from other studies (81, 84). We also investigated the role of the delivery system in the induction of humoral response, comparing IDLV delivering the purified prefusion stabilized Spike with 2P substitutions and mutated FCS (IDLV-S-2PF) with the same version of the Spike delivered as subunit vaccine administered with a squalene-based adjuvant. The level and quality of nAb responses following immunization with IDLV were significantly higher at any dose and time point analyzed.

Immunization with IDLV expressing membrane-tethered D614G Spike with truncated cytoplasmic tail induced higher IgG and autologous nAb levels compared to IDLV expressing full-length Spike (IDLV-S-wt vs IDLV-S-2PGC and IDLV-S-2PF vs IDLV-S-2PFGC), which was more evident at the early and late time points and with any dose of the injected IDLVs. Overall, IDLV-2PFGC, combining all the Spike modifications, outperformed the other candidates, in terms of level of both binding Abs and nAbs at early and later time points, showing the best ability to neutralize all tested VoC, including the circulating Omicron variants, although to a lesser extent. The high-density exposure of the full-length, stabilized and cytoplasmic tail truncated Spike trimers on the IDLV particles, avoiding S1 shedding, was likely responsible for the optimal induced immunity. Interestingly, the pattern of cross-neutralization was different among the tested Spike delivered by IDLVs, underlying the key role of the immunogen in driving the induction of functional nAbs. The Beta Spike variant delivered by IDLV (IDLV-betaS-2PGC) induced a better neutralization against autologous Beta and heterologous Gamma variants compared to the corresponding parental Wuhan-Hu-1 Spike immunogen (IDLV-S-2PGC), but did not improve the cross-neutralization of the other VoC, especially Omicron BA.1. Interestingly, recent data showed that the use of a vaccine adapted to the Omicron VoC may be beneficial to counteract the homologous variant (85), but can be detrimental for blocking the other known variants and potentially also some future new variants (86). This further underlines the importance of iterative testing and optimization of the antigen/vector combination to be included in the vaccine formulation. Indeed, in this study, immunization with IDLV-S-2PFGC, delivering fully optimized Wuhan Spike, led to high level of vaccine-induced immunity to SARS-CoV-2 against all early VoC including Alpha, Beta, Gamma and Delta. On the other hand, the same sera exhibited increased resistance to neutralization against Omicron VoC (BA.1>BA.2>BA.4/5). Evasion of immunity by the Omicron VoC may be attributable to the high number of amino acid substitutions which are present mostly in the S1 subunit of the Spike protein, as indicated by the higher genetic distance between Omicron and all the other VoC. Given the higher number of mutations in Spike, Omicron subvariants may be considered as belonging to a distinct SARS-CoV-2 group or serotype, as recently suggested (87). In addition to the number of mutations, also the effect on the conformation, structure and the combination of the effect of several mutations need to be considered. In this context, previous works have shown that the numerous mutations observed in the Omicron variants alter the conformation of antigenic sites (88, 89), leading to immunological escapes from neutralizing antibodies induced by the Wuhan-based vaccine. The procedure we followed for improving immunity against Spike may be successful against variants within a viral strain that contains a limited number of mutations, whereas a vaccine active against highly divergent strains should focus on portions of Spike that are more conserved, such as the S2 portion (90) where the genetic distance among VoC is much lower. Also, the vaccine should include more conserved viral proteins that induce effector CD8 responses in addition to humoral responses (91). Finally, since intranasal immunization with a different IDLV delivering the ancestral full-length unmodified Spike in ACE2+ rodent animal models showed evidence of protection after challenge (37, 38), a mucosal vaccine based on the optimized Spike delivered by IDLV may be the key for the induction of persistent and cross-neutralizing responses at the portal entry of the virus.

In this study, after a single immunization in mice, nAbs increased over time, suggesting a maturation of B cell response allowing for the maintenance of B cell memory and the development of long lived plasmacells. This phenomenon is not observed in vaccinated humans, where nAb response wanes over time (46, 92) and suggests that some immunological aspects, including analysis of persistence of immunity and breadth of immune responses, should be verified in other animal models, such as non-human primates (93). Interestingly, a recent report showed that after three doses of mRNA vaccine in humans, the Spike-specific repertoire of human B cells was significantly increased, allowing for the development of high affinity and cross-neutralizing antibodies (94), suggesting that multiple antigen exposure is essential for B cell maturation. A recent report elegantly demonstrated that a slow-delivery (12 days) immunization approach and a long-prime in the non-human primate immunogenicity model induced a remarkable germinal center duration and B cell maturation resulting in an enhanced quality of antibody response (95). In this context, we previously demonstrated the persistence of antigen expression at the site of immunization and in draining lymph nodes after IDLV immunization (96) and the durability of IDLV-induced immunity in mice using IDLV delivering different viral antigens, including HBV-HBsAg (97), Influenza HA (39) and a membrane tethered HIV-1 Envelope sequence, the latest confirmed also in non-human primates (34). Persistent production of Spike protein upon immunization with IDLV may favour triggering of maturation of immune response, eventually resulting in higher antibody potency and breadth.

In addition to the humoral response, the T cell immunity represents a key element of the adaptive immune response to SARS-CoV-2 that contributes to reduce the virus replication and eventually the disease progression (91, 98). Previous work has shown that most of the SARS-CoV-2 T cell epitopes defined by different studies (99, 100) are conserved within VoC and consistently with this observation, the antigens containing the sequence variations are cross-recognized by infected and/or vaccinated individuals (101). Due to the high number of different epitopes and the epitope breadth on an individual level, the T cell escape appears unlikely. Those observations underline the importance of inducing T cell immunity following vaccination. In this study, Spike-specific IFNγ producing T cells were detected in all IDLV vaccinated mice at 6 months after immunization, confirming the ability of IDLV to elicit effective and durable T cell immunity (102).

The induction of long-term immunity provided by IDLV combined with rationally designed immunogens delivered both as transgene and pseudotyping glycoprotein on the lentiviral particles, resulted in a versatile and efficient platform to be exploited as a successful vaccine candidate against SARS-CoV-2. To confirm and validate these promising results, IDLV-S-2PFGC will be used in the non-human primate model of immunogenicity and infection, compared with the mRNA vaccines.

This study has some limitations. While IDLV pseudotyping and cross-lineage S-specific nAbs were demonstrated, the study was conducted using a small-animal model, without challenging with live virus. Although presence of nAbs correlates with protection (103), it is yet unknown the minimum level of nAbs which are required for providing protection after the infection, particularly in the mucosa of the respiratory tract. In this context, a study using an HIV-based IDLV expressing full-length wild type Wuhan-Hu-1 Spike in a prime-boost regimen in hamsters, showed strong reduction of viral copies after challenge with homologous SARS-CoV-2 (37), suggesting that an optimized Spike delivered by IDLV will be a promising vaccine strategy.
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Background

Understanding the humoral immune response towards viral infection and vaccination is instrumental in developing therapeutic tools to fight and restrict the viral spread of global pandemics. Of particular interest are the specificity and breadth of antibody reactivity in order to pinpoint immune dominant epitopes that remain immutable in viral variants.



Methods

We used profiling with peptides derived from the Spike surface glycoprotein of SARS-CoV-2 to compare the antibody reactivity landscapes between patients and different vaccine cohorts. Initial screening was done with peptide microarrays while detailed results and validation data were obtained using peptide ELISA.



Results

Overall, antibody patterns turned out to be individually distinct. However, plasma samples of patients conspicuously recognized epitopes covering the fusion peptide region and the connector domain of Spike S2. Both regions are evolutionarily conserved and are targets of antibodies that were shown to inhibit viral infection. Among vaccinees, we discovered an invariant Spike region (amino acids 657-671) N-terminal to the furin cleavage site that elicited a significantly stronger antibody response in AZD1222- and BNT162b2- compared to NVX-CoV2373-vaccinees.



Conclusions

Understanding the exact function of antibodies recognizing amino acid region 657-671 of SARS-CoV-2 Spike glycoprotein and why nucleic acid-based vaccines elicit different responses from protein-based ones will be helpful for future vaccine design.
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Introduction

The global pandemic “coronavirus disease 2019” (COVID-19) has been caused by the zoonotic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Its high socioeconomic impact is evidenced by a total of approximately 680 million confirmed infections as of March 2023, an estimated pandemic-related death toll of 6.88 million, and an unpredictable long-term post-COVID impact [https://www.arcgis.com/apps/dashboards/bda7594740fd40299423467b48e9ecf6 (1)].

To combat the pandemic, science, medicine, and industry have joined forces to rapidly develop safe vaccines that aimed to prevent severe disease and possibly restrict the propagation of the virus. Among the most used vaccines are those that are based on nucleic acids, either encoding the genetic information for SARS-CoV-2 Spike protein within a replication-deficient DNA adenoviral vector (e.g. vaccine AZD1222, Vaxzervria from Astra Zeneca (2);) or as stabilized mRNA packed within lipid nanoparticles (e.g. vaccine BNT162b2, Comirnaty from Pfizer/BioNTech (3); and mRNA-1273 from Moderna (4);). Later on, more classical protein-based vaccines such as NVX-CoV2373 (Nuvaxovid from Novavax (5);) were produced and authorized. The sequence of the SARS-CoV-2 Spike protein of all four vaccines mentioned above is derived from the wildtype Wuhan-Hu-1 virus (NCBI accession MN908947). However, unlike AZD1222, the three vaccines BNT162b2, mRNA-1273, and NVX-CoV2373 contain the double proline exchange of amino acids KV at positions 986 and 987 that stabilizes Spike in the so-called prefusion conformation, which is beneficial to raise neutralizing antibodies (6). Furthermore, three arginines within the furin cleavage site separating the S1 and S2 parts of Spike were mutated in the NVX-CoV2373 protein vaccine [so-called 3Q modification 679-NSPQQAQSVAS-689). All four vaccines were shown to be safe and effective (reviewed in (7, 8)].

Antibody epitope mapping enables the in-depth study of the humoral immune response towards SARS-CoV-2 antigens after both infection and vaccination (e.g (9–13).). Analyses of the resulting antibody landscapes provide essential insights into understanding and combating COVID-19: Antibody epitope patterns allow for the stratification of patients and may help distinguish groups with different pathophysiological backgrounds or clinical outcomes ( (12, 14). Knowing the exact epitopes that are recognized by antibodies can help to develop better and/or cheaper diagnostic assays, not only for specialized laboratories but also for point-of-care units. Patterns of immune reactivity may explain the lack of full protection against SARS-CoV-2 viral variants and serve as the basis for informed vaccine improvements. Moreover, antibodies that are tailor-made based on epitope mapping and that have high capacities for binding and neutralizing variants of concern (VOC) will yield substantial therapeutic potential.

While there is a large body of literature on Spike B cell epitopes related to infection by SARS-CoV-2 (e.g (11–13).; see 68 references at www.iedb.org for SARS-CoV-2 Spike protein Uniprot P0DTC2 as of February 2023), studies that compare antibody epitope profiles resulting from the different vaccines are still scarce. We, therefore, used peptide microarray and peptide-ELISA approaches to profile IgG-type antibody patterns against linear 15mer sequences in plasma samples of three vaccine groups. In detail, we compared AZD1222, BNT162b2, and NVX-CoV2373 vaccinated blood donors to COVID-19 patients and a pre-pandemic cohort. Our results show individual landscapes of immune reactivity without strong cohort-specific clustering. However, region 657-671 within the subdomain 2 of the SARS-CoV-2 Spike protein, just prior to the S1/S2 furin cleavage site, was discovered to distinguish the nucleic acid-based from the protein-based vaccine groups. Since these residues have not yet been mutated in variants, the sequence 657-671 should be considered when developing vaccines and therapeutics that prevent viral escape.



Materials and methods




Study participants and sample collection

The study was approved by the ethics committee of the Rostock University Medical Center under file number A 2020-0086. All donors filed their written informed consent for participation. Apart from sex, age, sampling dates, SARS-CoV-2-related PCR, and serological data, no other clinical parameters or comorbidities were recorded. COVID-19 patient and pre-COVID cohorts were recruited between September 2020 and January 2021, before the advent of routine vaccination for the general population (15). In detail, pre-COVIDs were recruited from the local test center that they visited for the exclusion of COVID-19. Inclusion in our study required a negative PCR result for SARS-CoV-2. Patients with COVID-19 were recruited from the Division of Tropical Medicine and Infectious Diseases at Rostock University Medical Center within the first two weeks of infection. Infection was confirmed by a SARS-CoV-2-specific diagnostic PCR. Blood samples were collected via venipuncture in the presence of EDTA as an anti-coagulant and plasma was harvested after centrifugation. Plasma aliquots were stored at -80°C. Subjects for the vaccine cohorts were enrolled from clinical, scientific, and administrative staff members of the Rostock University Medical Center (AZD1222, BNT162b2, and NVX-CoV2373) and from the local population at municipal vaccination centers (NVX-CoV2373). Vaccinations followed the recommendations of the German Standing Committee on Vaccination (STIKO). The AZD1222 “A” cohort received two doses of AZD1222 at a mean interval of 12 weeks. Boost immunizations with an mRNA-based vaccine (either BNT162b2 or mRNA-1273) were administered at a mean interval of 39 weeks after priming. The BNT162b2 “B” cohort received two doses of BNT162b2 at a mean interval of 29 days. Boost immunizations with either BNT162b2 or mRNA.1273 were administered at a mean interval of 44 weeks after priming. The “N” cohort received two doses of NVX-CoV2373 at the recommended interval of 21 days. Inclusion into any of the vaccine groups at any time point required negative test results for anti-nucleocapsid antibodies. Blood samples were collected between July 2021 and October 2022.




Evaluation of SARS-CoV-2 Spike, nucleocapsid, and neutralizing antibody reactivity in plasma samples

Antibodies of type IgG against SARS-CoV-2 Spike RBD domain or nucleocapsid protein were quantified using commercial anti-SARS-CoV-2S and anti-SARS-CoV-2N Elecsys® immunoassays (Roche Diagnostics, Mannheim, Germany). The assays were done by the central laboratory of the Institute of Clinical Chemistry and Laboratory Medicine of the Rostock University Medical Center. Antibody reactivity is referred to as the international WHO standard for SARS-CoV-2 immunoglobulins and is expressed as binding antibody units (BAU) (16). A commercial surrogate virus neutralization assay (sVNT, GeneScript) was used to determine the neutralization capacities of plasma samples as described previously (17).




Peptide microarray

We employed a commercially available peptide microarray slide (JPT Peptide Technologies GmbH, product RT-WCPV-S-V04-2) carrying 21 identical microarrays that include 318 peptides derived from SARS-CoV-2 Wuhan-Hu-1 wildtype Spike protein sequences (P0DTC2; Uniprot release 2021_02). The annotated peptide content of a microarray can be found as part of the data record in Supplementary Table S1. The peptides are 15mers with 11 amino acid overlaps and are covalently attached to the glass slide via an N-terminal spacer. Because of technical reasons, they carry an additional glycinate residue at their C-terminus. A 96-well frame (JPT Peptide Technologies GmbH) that carries up to four slides separates the subarrays into individual wells. To get replicate measurements, each sample was applied to three subarrays. Subarrays that were only probed with secondary antibodies served as a baseline for later quantitation. Incubations of the microarray slide were done on a plate shaker (Thermo Fisher) at 30°C. The staining workflow commenced with the blocking step using SuperBlock/TBS (Thermo Fisher) with 0.5% Tween 20 for 1 hour and two rinses with washing buffer (TBS, 50mM TRIS/HCl pH 7.4, 150mM NaCl plus 0.1% Tween 20). Next, the subarrays were probed with plasma pools of different sample groups diluted in the blocking buffer for 2 hours. Each pool was made up of 10 plasma samples in which each sample was diluted 1:100. Subarrays were rinsed five times with washing buffer and then incubated for 1 hour with a secondary antibody Fab preparation of goat anti-human IgG conjugated with Alexa Fluor 647 (Thermo Fisher Z25408), diluted to 0.8 µg/ml in blocking buffer. After five rinses in washing buffer and two rinses in distilled water, the microarray slide was dried by brief centrifugation and then scanned in a fluorescence scanner (Agilent G2505C) at 5µm per pixel resolution and with 16-bit sample depth. Image analysis, including spot detection, outlier correction, and filtering for reactive peptides over background, was done as described in detail in a previous study (18). Briefly, GenePix Pro version 6.1 (Molecular Devices) was used to determine the median foreground fluorescence of each spot. Then, the fluorescence intensity of the three replicates was averaged. The list of peptides with specific signals over background was derived by using the MAID approach with a signal threshold of 400 that considers the criteria signal intensity as well as fold change to the buffer control. The selection of peptides for further study was done manually using the following criteria: We first built groups of all peptides with signals over background according to their reactivity with plasma samples from the cohorts. These included groups “vaccinees and patients”, “vaccinees NOT patients”, “AZD1222 only” and “BNT162b2 only”, “patient only”, “pre-pandemic only” and “pre-pandemic & patient”. We then removed all peptides present only in Spike protein sequences from SARS-CoV-2 variants. Within each of the peptide reactivity groups, we chose the peptides with the highest reactivity. This could be the maximum for single cohort groups or the sum of signals when more than one cohort contributed to a selection group. When peptides were overlapping, we selected the one with the highest signal.




Peptide ELISA

Peptides of 15 amino acid length with N-terminal biotin, spacer, and an additional glycinate at their C-terminus were obtained from a commercial source (JPT Peptide Technologies GmbH, BioTides™). Prior to first use, peptides were dissolved at 0.2mM in dimethylsulfoxide and stored at -80°C. Further dilutions were done in TBS (50mM TRIS/HCl, 150mM NaCl). Polystyrene 96-well plates (NUNC Maxisorp, Thermo Fisher) were coated with 100µl of a solution of 5µg/ml Neutravidin (Thermo Fisher) in 0.1M carbonate buffer pH 9.6 at 4°C for 18 hours. After rinsing twice with TBS, wells were loaded with 50 pmoles per well biotinylated peptide in 100µl TBS for 1 hour at 37°C. Wells were rinsed twice with PBS and then blocked with 300µl Superblock/TBS (Thermo Fisher) at 37°C for 1 hour, followed by another two rinses with TBS. The plasma samples were diluted 1:200 in antibody dilution buffer (Superblock/TBS plus 0.5% Tween20 and 10µg/ml Neutravidin, the latter to pre-adsorb potential Neutravidin-reacting immunoglobulins) and incubated in 100µl volumes per well at room temperature for 2 hours. Each well was rinsed once, washed twice (5 min incubations), and rinsed again with washing buffer (TBS, 0.1% bovine serum albumin, 0.5% Tween 20). Bound primary antibodies from the plasma samples were probed with goat anti-human IgG antibodies conjugated to peroxidase (Jackson Dianova 109-035-088) at room temperature for 1 hour. Following the washing steps as described after the plasma sample incubation, the substrate reaction with TMB (BioLegend #421101) was initiated until the OD at 620nm (blue) of a chosen peptide/plasma sample used on each ELISA plate reached 0.5, usually approximately 20 minutes. Then the reaction was stopped with 2N sulfuric acid and the OD was read at 450nm (yellow). Plasma-specific peptide reactivity was calculated by subtracting the OD 450nm of a well without peptide from the raw OD 450nm of the well with peptide probed with the same plasma sample. If this difference was negative, the value was set to zero. Preliminary testing in independent triplicate experiments and using only a selection of nine peptides and 19 plasma samples resulted in overall robust ELISA data with high Pearson correlation (median values 0.94; minimum 0.73). For this reason, we decided to determine the whole dataset by single measurements.




Computational tools, statistics, and figure preparation

We used packages of the R software environment (www.r-project.org) as well as the methods and tools implemented in JASP v 0.16.4 (Sept 29, 2022; https://jasp-stats.org) to draw data illustrations and to statistically evaluate them as indicated in the figure legends and in the text. Initial graphs were imported into Corel Draw X8 for post-processing to get the final figure layout and to add labeling. The data of multiple groups were compared with the Kruskal-Wallis test and, if a significance level of p < 0.05 was reached, the data was subjected to Dunn’s post-hoc analysis with Benjamini-Hochberg correction for multiple testing. The longitudinal series were evaluated using the Friedman test followed by a Conover post-hoc analysis when initial p-values were smaller than 0.05. Correlations of anti-peptide signal intensities with values of the commercial anti-RBD ELISA as well as the neutralization assay are based on Spearman’s rank correlation coefficient (rho and p-value; https://www.wessa.net/rwasp_spearman.wasp). To compile known B-cell epitopes, we searched the Immune Epitope Database and Analysis Resource (www.iedb.org (19); accessed on 2023-01-23) for hits within Spike protein of SARS-CoV-2 Wuhan-Hu-1 (Uniprot P0DTC2). In particular, we focused on sequence S-657 using the search options “linear peptide”, “substring” “B cell assay: any” and “Host: human”. In addition, we screened publications with the subject “B-cell epitope mapping” of SARS-CoV-2 Spike protein and extracted the reported immunodominant hits. The display of 3D protein structures was done with the help of PyMol 2.5.0 (Schrödinger, LLC).




Results




Landscapes of Spike peptide reactivity indicate overlapping as well as individual profiles

In the first approach, we compared linear B-cell epitopes recognized by IgG-type antibodies in the plasma of SARS-CoV2 vaccinees who received either vector-based AZD1222 (n=20) or mRNA-based BNT162b2 (n=20). The samples from the vaccinated cohorts were compared to a control group of 10 pre-COVID plasma samples and 10 samples from COVID-19 patients with active disease. The groups were matched for age and sex (Table 1). To obtain an overview of the various reactivity profiles, we used pools of plasma representing the sample groups and stained a commercially available peptide microarray carrying overlapping 15mer peptides that cover the whole Spike protein sequence from wildtype Wuhan-Hu-1 (Supplementary Figure S1). The quantitative evaluation of the peptide microarray images revealed that 115 out of 318 wildtype peptides were specifically recognized by at least one of our plasma pools. The summary of all peptides and heatmaps illustrating the reactivity landscape are documented in Supplementary Table S1 and Supplementary Figure S2, respectively.


Table 1 | Demographics of the study participants.



We filtered the data for hits in SARS-CoV-2 Spike wildtype peptides that showed either high reactivity or potentially interesting patterns. Among the latter, we considered reacting with plasma from patients and/or vaccinees (see Methods for details). The curation of all signals resulted in the selection of 28 peptides for further analyses (Figure 1). Note that peptide S-813 covering part of the “fusion peptide” around the S2’ sub-cleavage site did not pass our background selection filter. However, since we found very high reactivity among all vaccinees and patients cohorts and because this region is important for virus entry into the host cell (21), we decided to include this peptide in our further study. Of note, the 28 selected peptides are distributed throughout the Spike protein sequence, including its receptor binding domain (RBD). Nevertheless, Figure 1 shows a more dense coverage of the Spike S1 SD1 and SD2 domains as well as of CD and HR2 domains within the S2 part.




Figure 1 | Plasma from vaccine groups and COVID-19 patients revealed overlapping and individual reactivity profiles. Top: Schematic of the SARS-CoV-2 Spike protein. Domain annotation of Uniprot P0DTC2 according to (20). Peptides shown in the heatmap are indicated as pink bars. SP, signal peptide; NTD, N-terminal domain of part S1; RBD, receptor binding domain; SD1, SD2, subdomains 1 and 2; S1/S2, furin cleavage site; S2’= S2 sub-cleavage site; FP, fusion peptide; HR1, HR2, heptad repeats 1 and 2; CH, central helix; CD, connector domain; TM, transmembrane domain; and CT, cytoplasmic tail. Bottom: Heatmap of selected peptides after quantitative analysis and filtering of peptide microarray data obtained with pools of plasma samples from the different cohorts as described in A. Names of the peptides derived from the antigen (“S” for Spike) and their first amino acid numbered according to position in the full-length protein. Peptides are further annotated by the respective protein domains they derive from (“Domain”, see Spike drawing.). Hierarchical clustering of the peptides used Euclidean distance and complete linkage.



The overall signal patterns of the 28 selected as well as all reactive peptides (Figure 1; Supplementary Figure S2B) showed many overlaps between the sample cohorts. For example, six of the selected peptides (S-553, S-657, S-813, S-937, S-1145, and S-1177) displayed very high antibody signals for both vaccinees and patients. Others showed a more focused distribution with prevalent reactivity only for one cohort, e.g.S-213 for AZD1222, S-409 for BNT162b2, or S-789 for the patient samples. A formal analysis of the cohorts with respect to all reactive peptides corroborated overlapping as well as cohort-specific reactivity profiles (see Supplementary Figure S3; Venn diagram). Since peptide-specific signals were derived from pools of 10 plasma samples each, which in turn may contain polyclonal and polyspecific antibodies, the recorded signals reflect the summation of the reactivity of many antibodies.




Linear B cell epitopes around SD1, the fusion peptide, and the connector domain of S2 distinguish COVID-19 patients from vaccinees

We next set out to resolve the sample pools. To that end, we used ELISA and determined the reactivity of each individual plasma against the 28 selected peptides. For this series of experiments, we included a total of 71 samples: 20 BNT162b2 vaccinees, 20 AZD1222 vaccinees, 10 COVID-19 patients with active disease, 10 pre-COVID samples, and an additional 11 samples representing NVX-CoV2373 vaccinees (Supplementary Table S2). Against expectation, one of the pre-COVID plasma samples, pre-COV5, displayed very high reactivities towards 11 peptides and was therefore defined as an outlier and excluded from further analyses (Supplementary Table S2).

Clustering of the ELISA results showed high signals beyond OD 2.0 (orange and red tiles in the heatmap) in five of the 10 samples from patients with active disease, whereas in the vaccine and pre-COV cohorts, only one sample each from groups AZD1222 and BNT162b2 reached this level (Figure 2). In particular, sample COV5C stood out with the highest reactivities for seven out of the 28 peptides (S-537, S-553, S-573, S-657, S-685, S-1145, and S-1161) In total, we found eight peptides with significant differences between groups (Kruskal-Wallis p < 0.05 and Dunn’s post hoc values p < 0.05) with prominent reactivities against S-553, S-813, and S-1145 (median signals > 0.5 OD; maximum value >1 OD) among patients (Figure 3). These peptides derive from the subdomain SD1 region of Spike S1 (S-553), the fusion peptide (S-813), and the connector domain CD of Spike S2 (S-1145), respectively. The statistical post-hoc analyses confirmed robust differences between patients and NVX-CoV2373 vaccinees (S-553), between patients and all vaccination groups (S-813), and between patients and nucleic acid-based vaccine cohorts (S-1145) (Figure 3).




Figure 2 | The antibody reactivity landscape against Spike-derived peptides indicated robust humoral immunity for the patient and vaccine cohorts Overview heatmap of background-corrected OD450nm values for 28 individual peptides and plasma samples of the COVID-19 patient cohort (COV; n = 10), three vaccine groups (AZD1222, n = 20; BNT162b2, n = 20; and NVX-CoV2373, n = 11) in comparison to pre-COVID-19 samples (pre-COV, n = 9) using peptide-ELISA. Samples are color-coded to the left of the heatmap according to cohort (legend to the right). Clustering of both samples and peptides, with Euclidean distance and complete linkage.






Figure 3 | Viral infection in COVID-19 patients elicits stronger immune reactivity towards peptides S-553, S-813, and S-1145 than vaccination. Reactivity of plasma samples from the pre-pandemic group (pre-COV), the three vaccinee cohorts (A = AZD1222; B = BNT162b2; and N = NVX-CoV2373), and the patients with peptide S-553 (A), S-813 (B), and S-1145 (C) as measured by peptide ELISA. Signals represent the background-corrected optical density values (OD). Significance levels for the comparison of the cohorts shown on the top right of each plot (Kruskal-Wallis) with individual group post-hoc comparisons on brackets (Dunn’s test; *p < 0.05; **p< 0.01; ***p< 0.001).






A linear B-cell epitope close to the furin cleavage site of Spike S1 distinguishes the protein- from the nucleic acid-based vaccine groups

The heatmap in Figure 2 illustrates high variability and sample-specific reactivity patterns rather than cohort-specific ones. When focusing on the vaccine cohorts, there was only one small vaccine-specific cluster consisting of three NVX-CoV2373 samples (N8, N4, and N10). Other than that, most peptides reacted selectively with a small subset of plasma samples. With respect to signal intensities, nine peptides displayed signals above 1 OD, while eight never reached values over 0.8 OD. Interestingly, peptide S-445, featuring the highest number of recognitions with many values above 1 OD (7/51 of all vaccine cohort samples; three of them from the NVX-CoV2373 cohort), is part of the Spike RBD. Altogether, the humoral response to vaccination turned out to be individually diverse yet relatively limited in its breadth with respect to the recognition of the 28 selected peptides. However, six peptides stood out because of their differences between cohorts (Kruskal-Wallis p-value < 0.05; see Supplementary Table S3). At closer inspection though, five of these, S-293, S-309, S-805, S-849, and S-937 yielded very low signal intensities and upon post-hoc tests, three of them (S-805, S849, and S-937) failed to reveal group-specific differences (Dunn’s test p > 0.05).

In contrast, peptide S-657 exhibited robust signals that distinguished the AZD1222 and BNT162b2 vaccinees not only from the pre-pandemic control group but also from the NVX-CoV2373 vaccinees (Figure 4A; Dunn’s post hoc test p-values < 0.05). Though the BNT162b2 plasma samples exhibited a trend towards higher median values (0.461 vs. 0.337), the difference to the AZD1222 group was not statistically significant (Dunn’s post hoc p-value = 0.278). The differences between AZD1222 and BNT162b2 on the one hand and NVX-CoV2373 on the other were also apparent for Spike RBD recognition as measured by the diagnostic immunoassay (Figure 4B). This latter finding suggested that the differences in the extent of the humoral response between vaccine groups were not limited to S-657. As opposed to our linear peptide ELISA, the diagnostic anti-SARS-CoV-2 immunoassay uses a recombinant protein representing the whole RBD as antigen and can therefore detect antibodies towards discontinuous epitopes. In summary, our approach yielded the linear peptide S-657 – located close to the S1/S2 furin cleavage site - that elicited antibody responses following vaccination with AZD1222 and BNT162b2, but significantly less so after NVX-CoV2373 vaccination.




Figure 4 | The humoral immune response towards peptide S-657 distinguished subjects immunized with nucleic acid-based vaccines from those that received the protein-based vaccine and from pre-COVID-19 samples. (A) Reactivity of plasma samples from three vaccinee cohorts (A = AZD1222; B = BNT162b2; and N = NVX-CoV2373) and the pre-pandemic group (pre-COV) with peptide S-657 as measured by peptide ELISA. Signals represent the background-corrected optical density values (OD). Data were statistically evaluated for changes between sample groups. (B) Measurement of anti-S (RBD = receptor binding domain) antibody levels using a diagnostic sandwich immunoassay. Signals standardized as “BAU”= “binding antibody units” (WHO standard). Significance levels for the comparison of the cohorts shown on the top right of each plot (Kruskal-Wallis) with individual group post-hoc comparisons on brackets (Dunn’s test; *p < 0.05; **p< 0.01; ***p< 0.001).






Linear B-cell epitope reactivity is strongest after booster vaccination with longitudinal responses varying among individuals

Access to plasma samples from vaccine groups AZD1222 and BNT162b2, who received a third, i.e. booster immunization, allowed us to look at the dynamics of the response to selected linear B-cell epitopes. We compared the time point 6 months (T1) to 12 months (T2, i.e. 3 months after the booster) and 18 months (T3, 9 months after the booster) after primary immunization. Of note, AZD1222 participants were vaccinated following a heterologous regimen, since boosters consisted of mRNA vaccines (n=7 BNT162b2 and n=1 mRNA1273 from Moderna). In addition, two vaccinees from the BNT162b2 cohort received a second booster at 15 months.

For longitudinal analyses, we focused on seven peptides that showed either group-specific differences or high individual responses. The resulting profiles over the three-time points showed individual time courses (Figure 5; data in Supplementary Table S4). Most frequently, ELISA signals increased from T1 to T2 and waned again towards T3 with overall robust reactivity. Examples for this scenario are AZD1222 cohort members A18 and A51 or BNT162b2 vaccinee B18 (all for the three peptides S-657, S-1145, and S-1177). The statistical analysis stated that within the AZD1222 cohort, six of seven peptides had the highest response at time point T2 (Friedman test p < 0.05; exact values given in Supplementary Table S5). The same was true for two peptides (S-657 and S-1177) among the BNT162b2 vaccinated cohort. In another scenario, high ELISA signals remained elevated over the three-time points, as seen in donors A28 (S-1177), A46 (S-813), or B1 (S-409). However, there was also a scenario where initial reactivity was not boosted, e.g. cases A13, B1, and B43 (all for peptide S-593). Looking for differences between the AZD1222 and BNT162b2 vaccine cohorts, we found significantly higher reactivities for the AZD1222 group and peptides S-813 (at T2 as well as T3) and S-1177 (T3; Mann-Whitney test with p < 0.05; Supplementary Table S5). In summary, vaccinees benefited from booster vaccines in terms of increased antibody reactivities against various epitopes.




Figure 5 | Antibody dynamics of the AZD1222 and BNT162b2 vaccine groups showed individual responses, with the highest reactivity predominantly three months after the booster immunization. Heatmaps of peptide-ELISA data (background-corrected OD450nm) obtained for the indicated vaccinees (A = AZD1222 and B = BNT162b2) at time points T1, T2, and T3 (6, 12, and 18 months after initial immunization). The temporal relation of sampling and immunization schemes is depicted below each heatmap. The time of immunization is indicated with A and B for the two vaccines, respectively. Note that all donors of the AZD1222 group received a booster injection with an mRNA vaccine, usually, BNT162b2 (in one case, mRNA1273 from Moderna), and two donors from the BNT162b2 cohort received a fourth injection at about 15 months (indicated by an asterisk).






Increased antibody reactivities to peptide S-657 after booster immunization correlated with antibody levels against Spike(RBD) protein and neutralizing capacities

In order to evaluate whether changes in linear peptide reactivity paralleled the more general anti-Spike(RBD) response, we focused again on peptide S-657 and compared its reactivity to anti-RBD titers and neutralizing capacities. Indeed, we found significant correlations for the individual donors between linear peptide and S(RBD) reactivity and between linear peptide reactivity and neutralizing capacity for the time point T2 at 12 months (Figure 6; Supplementary Table S5). Spearman correlations were at ρ > 0.8 and significance level p < 0.012 for the AZD1222 cohort for both correlations. For the BNT162b2 plasma samples, we determined ρ = 0.6 at p = 0.048 for the peptide to S(RBD) antibody value correlation and ρ = 0.9 with p < 0.001 for the comparison between peptide reactivity and neutralization capacity. In summary, the linear S-657 peptide response appeared as a surrogate for both anti-S(RBD) binding antibody units (BAU) and international units (IU) of neutralizing capacity.




Figure 6 | Increase of peptide S-657 reactivity three months after the booster immunization largely paralleled S(RBD) and neutralizing antibody levels Courses of antibody-derived signals from time points T1 (6 months), T2 (12 months) to T3 (18 months) against peptide S-657, S(RBD) protein and with neutralizing activity as measured with peptide ELISA (background-corrected OD 450), diagnostic ELISA (BAU = binding antibody units) and surrogate neutralization test (IU = international units), respectively. Samples of the same participant are color-coded. Each longitudinal series within an assay was statistically evaluated using a Friedman test. If p was smaller than 0.05, individual time points were compared using a Connover post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001).






Discussion

We aimed to discriminate antibody binding patterns in different vaccine and SARS-CoV-2 patient cohorts. Including vaccinees who received either AZD1222, BNT162b2, or NVX-CoV2373, we found two important results: i) the linear peptide S-657, covering amino acids 657-671 of the Spike protein, discriminated nucleic acid- from protein-based vaccine cohorts and ii) peptides S-553, S-813, and S-1145 discriminated patients from vaccinees.

Information on the humoral immune response of vaccinees against sequences overlapping S-657 is very limited. One study found substantial reactivity for nine out of 14 BNT162b2 cases using a peptide microarray (9) while in a second study, the BNT162b2 cohort (25 subjects) was inconspicuous (10). A third investigation defined a large 151 amino acid segment including S-657 to be immunoreactive for BNT162b2-vaccinated donors. However, given the large antigen size, reactivity cannot be solely attributed to S-657 (22). In contrast to vaccinees, profiling of COVID-19 patients and/or convalescents evinced antibody binding to the S-657 sequence region in many cases (see Supplementary Table S6). The stretch of amino acids of S-657 covers a region within SD1 that has not yet been found mutated in variants of interest/concern. The closest amino acid exchanges found are H655Y, N679K, and P681H/P681R in variants Gamma, Omicron, or Alpha/Delta, respectively (Figure 7A). This sequence stability could indicate the importance of viral function. Likewise, mutations in this region might not confer a sufficient evolutionary advantage to transmit into viral isolates. Of note, the S-657 sequence of SARS-CoV-2 is highly homologous to Spike residues of other members of the betacoronavirus family, in particular SARS-CoV-1 and bat coronavirus (13 and 14 identical residues (11, 13);, see Figure 7A), supporting functional relevance.




Figure 7 | Mapping of the phylogenetically conserved sequence of peptide S-657 on a 3D cryo-EM structure of the Wuhan-Hu-1 wildtype Spike trimer implicates partial surface localization and antibody accessibility (A) Alignment of S-657 peptide of SARS-CoV-2 Spike protein (WT = wildtype) with related sequences from betacoronavirus family members (two from human and one from a bat as host; identifiers from Uniprot). The alignment is extended to contain amino acids 655-681 to include mutations (highlighted in yellow) in SARS-CoV-2 variants of concern nearby. However, these amino acid changes are not part of epitope S-657. Amino acids that are identical to those in S-657 are colored pink. (B) Surface representation of Spike trimer (PDB 6XR8) with one highlighted protomer and close-up cartoon view of the peptide S-657 region within SD2. Domains RBD (red), SD1 (darker purple), SD2 (lighter purple; colored as in Figure 1), and peptide sequence 657-671 (pink).



On its C-terminal side, peptide S-657 is flanked by amino acids R685 and S686 that define the S1/S2 junction and a furin cleavage site. This polybasic furin recognition site has been shown to be important for efficient virus propagation (23, 24) and variants of concern carrying mutations at this position obtained higher transmissibility (reviewed in (25)). Mapping to a 3D structure of the trimeric Wuhan-Hu-1 wild-type Spike protein (26) revealed that the S-657 sequence consists of a larger and smaller loop between short beta-sheet secondary structures (Figure 7B). The overall topology suggests that a portion of the segment is exposed at the surface of the mature Spike trimer and in particular the residues that form the loops may be accessible for antibody binding. We did not find direct evidence in the literature that antibodies against the sequence covered by S-657 can neutralize infection. Intriguingly, however, one report demonstrated in vitro that patient plasma with high levels of antibodies against the region 655-672 inhibited furin proteolysis (27). This report and the fact that antibody Fc-mediated effector functions are likely to contribute to protection from SARS-CoV-2 infection as well (28, 29) support the notion that vaccine-elicited antibodies to S-657 might be functionally relevant.

We observed with S-657 an epitope that distinguished the NVX-CoV2373 protein vaccinees from the other two vaccine cohorts. This raises the question of whether this was merely circumstantial or whether it was based on molecular or immunological reasons. Any aspect related to the presentation of the antigen to the immune system that differs between vaccines could have an impact. On the sequence level of the presented Spike protein, NVX-CoV2373 has a crucial difference to AZD1222 and BNT162b2 in that it carries the 3Q replacement (R682, R683, and R685 switched to Q) that inactivates the furin cleavage site. The rationale for this sequence change was to maximally stabilize the pre-fusion conformation of Spike to raise potent neutralizing antibodies (30). The direct structural impact of the 3Q exchange on the S1 SD2 domain immediately preceding the furin cleavage site remains unclear. The reason is that the available 3D structures of Spike do not resolve the furin cleavage site, which is also the case for the 3Q structure (31). However, since S-657 is just about 30 amino acids N-terminal to the furin cleavage site in SD2, it is tempting to speculate that the 3Q stabilization leads to a different presentation of Spike to the immune system and in effect a lower probability to raise antibodies against the S-657 sequence. With respect to the pathways of presentation to the humoral immune system, the NVX-CoV2373 protein vaccine is directly exposed together with an adjuvant to immune cells, e.g. dendritic cells for antigen presentation. In contrast, the adenoviral and mRNA vaccines are taken up by various cell types that eventually express and present Spike protein on their plasma membrane where B-cells can engage it [for review see (32)]. These differences might, therefore, also play a role in a different B-cell epitope pattern.

The sequences of S-813 and S-1145 stood out as targets of our patient cohort in comparison to pre-COVID and vaccinee samples. S-813 overlaps with a region known as the ‘fusion peptide that follows the S2’ cleavage site at residue R815. It is mechanistically involved in SARS-CoV-2 entry into the host cell (21). The reactivity of antibodies in the blood of COVID-19 patients and convalescents towards this part of Spike S2 has been described numerous times (11–14, 33–37). Importantly, it has been shown that patients´ antibodies that target the fusion peptide can have robust virus-neutralizing activity (38, 39). Peptide S-1145, on the other hand, resides in an alpha helix of the S2 stem part of Spike in the “connector domain”. Sequences that overlap with this peptide are already known targets of antibodies from SARS-CoV-2-infected people (11–14, 33–37). Patient-derived monoclonal antibodies targeting such epitopes neutralize viral infection, probably by inhibiting conformational changes of Spike required for membrane fusion, but also by Fc-dependent antibody effector activities (40, 41). The importance of antibodies against sequences covered by S-813 and S-1145 has been reinforced in a recent publication: Both sequence regions consist of evolutionarily conserved residues (named “coldspots”) and elicit neutralizing antibodies that cross-react not only with the Spike protein of all tested SARS-CoV-2 variants but also Spike from many other coronaviruses (42). Optimized vaccine design and informed selection of therapeutic antibodies will therefore provide new opportunities to counteract viral evolution.

Our study has some limitations, among them the investigation of only linear 15mer peptides that were attached to a matrix via their N-terminus. While even small peptides can adopt secondary structures that are recognized by the humoral immune response, larger portions or the whole Spike protein fold into 3D conformations that also present discontinuous epitopes. Such assembled epitopes are known to be the target of neutralizing antibodies, in particular within the RBD region of Spike S1 (43). We have not investigated here whether any of the linear peptide-specific antibodies that we have discovered in patient and vaccine plasma have a neutralizing capacity, and thus we can only speculate on their significance. On the other hand, S-657 signals correlated well with anti-RBD titers obtained via a standard diagnostic immunoassay. The S-657 antibodies may therefore be part of a larger humoral immune signature targeting immune dominant epitopes on Spike (11, 44–46).

Another limitation lies within our experimental setup, which consisted of initial screening with plasma pools obtained from either SARS-CoV-2 patients with active disease or AZD1222 and BNT162b2 vaccinated groups at six months after initial immunizations. Subsequent analyses of plasma from NVX-CoV2373 vaccinees via ELISA, therefore, prevented the identification of novel peptides not previously recognized by AZD1222 or BNT162b2 vaccinees. Likewise, antibodies that developed at later time points yet were specific for additional peptides could not be picked up by our ELISA screen. It is therefore possible that we missed epitopes. Moreover, our results may have experienced some skewing by the fact that the patient´s plasma had been collected during the first two weeks after infection (15), while the vaccinees´ plasma was obtained 6 months after initial vaccination (47). Indeed we could show in a previous study that a heterologous prime-boost with AZD1222 and BNT162b2 increased overall antibody levels and the neutralization capacity of plasma samples from vaccinated persons (47). Such observations support a scenario for novel epitopes to emerge upon heterologous vaccination.

In conclusion, our study contributed comparative landscapes of linear B-cell epitopes for three vaccine cohorts, among them NVX-CoV2373 vaccinees. We identified with S-657 an immunodominant region within subdomain 2 of the Spike S1 part that elicited higher immune reactivity after vaccination with the nucleic acid-based vaccines than with NVX-CoV2373. This sequence region is so far unaltered in viral variants and, based on literature information, a target of antibodies that may inhibit virus function. Understanding the epitope patterns is essential to optimize vaccine design, diagnostic assay development, and even therapy, e.g. generation and use of antibodies as drugs. In particular, the knowledge of immunodominant and immutable targets on Spike protein will be instrumental to designing vaccines and therapeutic antibodies that likely do not lose efficacy in circulating SARS-CoV-2 variants or those to come.
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We previously identified the recombinant (r) macrophage (M) infectivity (I) potentiator (P) of the protozoan parasite Trypanosoma cruzi (Tc) (rTcMIP) as an immuno-stimulatory protein that induces the release of IFN-γ, CCL2 and CCL3 by human cord blood cells. These cytokines and chemokines are important to direct a type 1 adaptive immune response. rTcMIP also increased the Ab response and favored the production of the Th1-related isotype IgG2a in mouse models of neonatal vaccination, indicating that rTcMIP could be used as a vaccine adjuvant to enhance T and B cell responses. In the present study, we used cord and adult blood cells, and isolated NK cells and human monocytes to investigate the pathways and to decipher the mechanism of action of the recombinant rTcMIP. We found that rTcMIP engaged TLR1/2 and TLR4 independently of CD14 and activated the MyD88, but not the TRIF, pathway to induce IFN-γ production by IL-15-primed NK cells, and TNF-α secretion by monocytes and myeloid dendritic cells. Our results also indicated that TNF-α boosted IFN-γ expression. Though cord blood cells displayed lower responses than adult cells, our results allow to consider rTcMIP as a potential pro-type 1 adjuvant that might be associated to vaccines administered in early life or later.
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1 Introduction

Vaccines aim to prevent morbidity and mortality due to infectious diseases by triggering a long-lasting protective memory immune response against pathogens before their natural encounter. Vaccination is one of the most effective public health interventions to reduce the burden of infectious diseases (1). However, owing to inherent differences of the immune system between neonates/infants and adults, it is generally more difficult to induce protective immune responses in early life. It relates to, among others, an inherent skewing to anti-inflammatory innate responses and to Th2 and regulatory T cell adaptive responses at the expense of the Th1 response in early life (2–5). Additionally, neonatal T cells seem less prone than adult ones at forming memory (6). These features represent a drawback to protect infants as soon as possible by vaccination. Nonetheless, some vaccines given at birth or in the first months of life, like vaccines against tuberculosis, hepatitis B or poliomyelitis, provide rapid protection, either because their efficacy relies mostly on neutralizing antibodies preventing the entry and the replication of viruses, and less on T cell responses, or because they induce a high initial inflammatory response able to overcome the difficulty in early life to mount type 1 immune responses (6, 7). It is indeed well recognized that the innate response shapes the adaptive response, regulating its orientation toward type 1, type 2 or other types of T cell responses adapted to efficiently fight the type of pathogen, and controls the development of memory T cells (8, 9).

There is an imperative need to improve vaccine efficacy in early life to still reduce the life cost of infectious diseases in children, predominantly in the first months of life. One of the key elements is to optimize and develop new adjuvants adapted for neonatal immunization, particularly for enhancing type 1 immune responses (1, 7). Based on our observation that T. cruzi maternal or congenital infection boosted type 1 responses to vaccines given to infants in the first months of life (10), we have identified a protein of this protozoan parasite (Tc) able to induce rapid and robust IFN-γ production by cord blood cells, the macrophage (M) infectivity (I) potentiator (P) (TcMIP) (11). This protein had previously been described as a virulence factor secreted by the parasite, which favors its entry and survival into host cells (12, 13). We thus recently disclosed another property of this protein, i.e., its ability to immuno-stimulate human blood cells. We also showed that the recombinant TcMIP (rTcMIP) increased antibody responses in mouse models of neonatal vaccination against ovalbumin and pertussis, skewing the response towards higher production of the Th1-related isotype IgG2a (11). These results supported that rTcMIP might be a candidate adjuvant for vaccines administered in early life. In this study, we have analyzed further the effects of rTcMIP and its mechanism of action on neonatal and adult innate immune cells. We found that rTcMIP engaged TLR1/2 and TLR4 independently of CD14 and activated the MyD88 but not the TRIF signaling pathway. Through these receptors, rTcMIP induced the release of IFN-γ by cord blood IL-15-primed NK cells, and of TNF-α by monocytes and myeloid dendritic cells, which boosted the release of IFN-γ. Though the responses of neonatal cells were inferior to that of adult ones, it reinforces considering rTcMIP as a potential adjuvant for pediatric vaccines.




2 Material and methods



2.1 rTcMIP recombinant protein

The sequence of the macrophage infectivity potentiator of T. cruzi (rTcMIP – UniProtKB - Q09734) is published (12, 13). The recombinant macrophage infectivity potentiator of T. cruzi (rTcMIP) was produced as previously described (11). It is a fusion protein between TcMIP (~22kDa) and glutathione-S-transferase of Schistosoma japonicum (GST, ~26 kDa). The fusion protein is referred to as rTcMIP in the text. All experiments include the GST alone (#PK-RP577-1243-1, Bio-Connect B.V., Huissen, The Netherlands) as a control. Endotoxins present in the purified rTcMIP were eliminated as described in (11), till reaching levels < 0.5 EU/mg rTcMIP. The rTcMIP concentrations mainly used in this work are between 2.5 and 5 µg/mL, containing thus less than 0.005 EU/mL (i.e. 1 pg entotoxin/mL), which is well below the threshold of 0.5 EU/mL accepted by the FDA in medical devices (14) and endotoxin levels found in most commercialized vaccines (15).




2.2 Ethics statement

The study was conducted according to the principles expressed in the Declaration of Helsinki and was approved by the Ethical Committee Erasme-U.L.B. of the Faculty of Medicine, U.L.B. (protocols P2011-254 and P2014-339). Informed written consent was obtained from adult voluntary donors and from the parents of newborns to collect peripheral blood and umbilical cord blood respectively.




2.3 Blood collection

Umbilical cord blood was collected from healthy newborns at the delivery room of the Erasme hospital, Brussels, Belgium. Adult blood samples were collected from healthy volunteers aged between 20 and 60. Blood samples (10 mL) were drawn in endotoxin free sodium heparinized tubes (Vacutainer, BD Benelux N.V., Erembodegem, Belgium) and kept at room temperature before being processed within one (adult) or eight (cord) hours after collection.




2.4 Blood cells and cell lines

Cultures were performed either with whole blood 10-fold diluted in culture medium, with cord blood mononuclear cells (CBMCs) or peripheral blood mononuclear cells (PBMCs) isolated on NycoPrep 1.077 density gradient (#AXI-1114550, Axis-Shield, Oslo, Norway), or with blood NK cells purified by negative selection using MACS and the NK Cell Isolation Kit according to the manufacturer’s instructions (#130-092-657, Miltenyi Biotec B.V., Leiden, The Netherlands). Purity of CD3- CD56+  NK cells was above 90% as assessed by FACS analysis. The human monocytic cell line THP-1 was kindly provided by Fabienne Willems (Institute for Medical Immunology, Faculty of Medicine, U.L.B., Gosselies, Belgium). HEK-Blue™ cells stably transfected with human TLR2 or TLR4 or untransfected (HEK-Blue Null) and transfected with the reported gene SEAP (secreted embryonic alkaline phosphatase) (#hkb-htlr2, hkb-htlr4, hkb-null1) were purchased from InvivoGen (Toulouse, France). To note that HEK293 cells transfected with TLR2 constitutively express TLR1 and TLR6 (and not TLR4) while cells transfected with TLR4 do not express TLR2. They neither expressed TLR3, TLR5, TLR7, TLR8 and TLR9.




2.5 Cell stimulation

Ten-fold diluted whole blood or 150,000 CBMCs, PBMCs, NK or THP-1 cells were seeded in 96-well U-bottom sterile, polystyrene culture plates (#650180, Greiner Bio One, Vilvoorde, Belgium) and cultured at 37°C in humidified atmosphere of 5% CO2 in RPMI 1640 medium with L-glutamine 2 mM and HEPES 25 mM (BE12-115F/12), non-essential amino acids 0.1 mM (#BE13-114E), Na pyruvate 1 mM (#BE13-115E), penicillin 100U/mL, streptomycin 100 µg/mL (all from Lonza, Verviers, Belgium) and fetal bovine serum 10% (#FBS-LE-12A, Capricorn Scientific, Ebsdorfergrund, Germany). The following stimulants were used, at concentrations indicated in the figures: rTcMIP, GST (#PK-RP577-1243-1, Bio-Connect B.V., Huissen, The Netherlands), lipopolysaccharide from E. coli 055:B5 (LPS-B5, #tlrl-pb5lps, InvivoGen), Pam3CSK4 (#tlrl-pms, InvivoGen), Pam2CSK4 (#tlrl-pm2s-1, InvivoGen), rhIL-2 (Sigma-Aldrich, Overijse, Belgium), IL-12 (#219-IL, R&D systems, Abingdon, UK), IL-15 (#247-IL, R&D Systems), IL-18 (#rcyec-hil18, InvivoGen). THP-1 cells were pretreated with phorbol myristate acetate (PMA) 500 nM (#tlrl-pma, InvivoGen) for 3h at 37°C. After 24h or 72h, cell viability evaluated by Trypan blue dye exclusion was always > 95%, supernatants were collected and stored at -80°C until cytokine measurements and cells were analyzed by flow cytometry for identification of IFN-γ and TNF-α producing cells. In some experiments, rTcMIP was pre-incubated at room temperature with FK506 (tacrolimus, #F4679, Sigma Aldrich) at the concentrations indicated before being added to cultures.

Reported HEK cells transfected with TLR2 or TLR4 or untransfected were cultured at a density of 2.8 x 105 cells/mL and treated with the indicated stimuli for 24 h at 37°C in DMEM with glucose, glutamine and Na pyruvate (#BE.12.604F, Lonza) complemented with penicillin 100U/mL, streptomycin 100 µg/mL and fetal bovine serum 10%. Secreted alkaline phosphatase (SEAP) activity in supernatants was measured using QUANTI-Blue reagent (#rep-qbs, InvivoGen) according to the manufacturer’s instructions.

Endotoxin contamination has been ruled out in all reagents not announced to be endotoxin-free by the Pierce LAL test (#88282, Thermo Fisher Scientific, Belgium) and mycoplasma contamination has been ruled out in cell lines with the PCR Mycoplasma Test Kit (# A3744, PanReac AppliChem, Darmstadt, Germany). All procedures were performed under laminar flow with sterile endotoxin-free reagents and material.




2.6 Cytokine assays

IFN-γ and TNF-α levels in culture supernatants were determined by ELISA using CytoSet kits (#CHC1233 and #CHC1753 respectively, Thermo Fisher Scientific). Assays were performed in duplicate following the manufacturer’s instructions. Detection limits were 2 pg/mL.




2.7 Antibody neutralization assays

The following antibodies (Abs) were used (all from InvivoGen): anti-TNF-α (htnfa-mab1), anti-TLR1 (#mabg-htlr1), anti-TLR2 (#mab-mtlr2), anti-TLR4 (#mab2-htlr4), anti-TLR6 (#mabg-htlr6) or anti-CD14 (#mabg-hcd14). They were added to cell cultures at a concentration of 5 µg/mL 1h before rTcMIP stimulation. Mouse IgG matched isotype Abs (#mabg1-ctrlm) were used as a control.




2.8 NF-κB inhibition assays

Resveratrol (#tlrl-resv) and dexamethasone (#tlrl-dex) were purchased from InvivoGen. Resveratrol 80 µM or dexamethasone 40 ng/mL were added to cell cultures 1h before rTcMIP stimulation (at 5 µg/mL) for 24h. As concentrated stock solutions of these reagents were prepared in DMSO and ethanol respectively, diluted DMSO or ethanol was used as control. The reagents and the solvents had no effect on cell viability evaluated by the Trypan blue dye.




2.9 MyD88/TRIF inhibition assay

MyD88 and TRIF specific inhibitory peptides (Pepinh-MyD: #tlrl-pimyd and Pepinh-TRIF: #tlrl-pitrif) and the control peptide (Pepinh-Control) were purchased from InvivoGen. They were added at a concentration of 10 µM to cell cultures 6h before rTcMIP stimulation for 24h.




2.10 Intracellular cytokine staining and flow cytometry

Brefeldine A (#B7651, Sigma) was added at 5 µg/mL for all the culture duration or the last 24h of culture to block cytokine release. After each incubation time (4h, 24h or 72h), cells were harvested, washed with Stain Buffer (#554656, BD) and permeabilized with the Fixation/Permeabilization solution (#554714, BD) for 20 min at 4°C. Cells were then stained for 30 min at 4°C with a mix containing predetermined optimal concentrations of antibodies and FcR Blocking Reagent following manufacturer’s instructions (#130-059-901, Miltenyi) in Perm/Wash™ Buffer (#554714, BD). Cells were washed with the Perm/Wash buffer after each incubation time. Labelled cells were suspended in Stain Buffer before flow cytometry analysis. The antibodies directed against the following human markers, purchased from BD Biosciences unless otherwise indicated, were used: for intracellular IFN-γ detection: CD3-BV421 (#562426) or CD3-PerCP (#345766), CD56-FITC (#562794) or CD56-APC (555518), CD14-PE (#21620144x21/2, Immunotools, Friesoythe, Germany), CD16-APC (#21278166x2, Immunotools) or CD16-PE (555407), IFN-γ-AF700 (#557995) or IFN-γ FITC (340449); for intracellular TNF-α detection in monocytes and NK cells: CD3-FITC (#555916), CD14-APC-H7 (#560180), CD16-APC (#302012, BioLegend Europe BV, Amsterdam, The Netherlands), CD56-BV421 (#562751), HLA-DR-PE-Cy7 (#560651), TNF-α-PE (#559321); for TNF-α detection in dendritic cells (DCs): anti- Lineage Cocktail (CD3, CD14, CD19, CD20, CD56)-FITC, (#348701, BioLegend), CD34-FITC (#345801, used only on CBMCs), HLA-DR-PE-Cy7 (#560651), CD123-PerCPCy5.5 (#306016, BioLegend), CD11c-BV711 (#563130), TNF-α-PE (#559321). The gating strategy allowing to delineate the CD56bright and CD56dim subsets of NK cells is described in (16). The gating strategy to identify myeloid CD11c+ CD123- and plasmacytoid CD11c- CD123+ DCs is described in (17). Matching anti-mouse Ig isotypes were used as a control. Single stained Microbeads (#552843, BD Biosciences) were used for compensations. Data acquisition was performed on FACSCanto II or Fortessa X20 flow cytometers (Becton Dickinson, California, USA) with the FACSDivaTM software. Data were analyzed using FlowJo software V9.9.5 (Treestar, California, USA).




2.11 Expression of results and statistical analysis

Data are expressed as means ± standard error of the mean (SEM) or as Box and Whisker plots. Differences between groups were tested for significance using the Mann Whitney Wilcoxon test. Statistical significance was accepted if P was <0.05. Statistical analyses were performed with GraphPad Prism 6.07 (GraphPad Software, La Jolla, California, USA).





3 Results



3.1 rTcMIP stimulates cord blood CD56bright NK cells to produce IFN-γ

To identify by flow cytometry the IFN-γ producing cells, whole cord blood cells were stimulated with rTcMIP in the presence of IL-2 and IL-18 as in the experiments allowing the identification of this protein (11). Figure 1A, B shows that IFN-γ was produced by NK cells and not T cells. Amongst the NK cells, the CD56bright subset was the main source of IFN-γ. A low proportion of CD56dim NK cells produced IFN-γ and T cells remained almost negative. No IFN-γ was detected in other blood cells (data not shown). The response of CD56bright NK cells to rTcMIP increased with rising amounts of IL-2 and IL-18. At the highest concentrations of IL-2 and IL-18, all tested newborns and adults produced IFN-γ, which was not the case at lower IL-2 and IL-18 concentrations. Noteworthy, the proportions of responding CD56bright NK cells from neonates and adults were similar (Figure 1A vs. 1C) (mean ± SEM: 51.5 ± 12.7 vs. 58.6 ± 16.5% respectively, p=0.457). It is worth mentioning that in the absence of IL-2 and IL-18, we occasionally observed a low response by CD56bright NK cells (detailed in Supplementary Figure 1A). When mononuclear neonatal (CBMCs) or adult (PBMCs) cells were used in place of whole blood samples, NK cells remained the only producers of IFN-γ in response to rTcMIP (Supplementary Figure 1B). All subsequent experiments were performed with mononuclear cells.




Figure 1 | rTcMIP stimulates cord blood and adult blood NK cells to produce IFN-γ. Whole cord (A, B) or adult blood cells (C) were stimulated with rTcMip 2.5 μg/mL in the absence or presence of two concentrations of IL-2 (0.5 or 5 U/mL) combined to IL-18 (1 or 10 ng/mL) for 72h. GST 1.25 μg/mL alone was used as a control. The frequency of IFN-γ positive cells in CD56bright and CD56dim NK cells and T cells was determined by flow cytometry. Results are presented as mean ± SEM from (A) 5 cord blood samples and (C) 5 adult blood cells. (B) A representative histogram of the response of cord blood CD56bright NKcells is shown. *P ≤ 0.05, **P<0.05 as compared with cells cultured with GST (Mann Whitney Wilcoxon test).



These results raise the question whether rTcMIP activates NK cells either directly and/or indirectly through signals delivered by accessory cells such as monocytes or dendritic cells.




3.2 IL-15 synergizes with rTcMIP to induce IFN-γ production by cord blood mononuclear cells

We investigated the co-stimulatory effect of IL-15, IL-12 and IL-18, cytokines potentially produced by monocytes and dendritic cells and known to prime/co-stimulate NK cells (18, 19). We used cytokine concentrations that did not induce IFN-γ production when used alone (Supplementary Figure 2). The IFN-γ response of CBMCs and PBMCs to rTcMIP associated with these cytokines was measured by ELISA after 72h of culture (Figure 2A). We observed that rTcMIP induced IFN-γ production by CBMCs and PBMCs even in the absence of co-stimulatory cytokines, though the adult response to rTcMIP alone was markedly higher than the neonatal one (adult: 822 ± 298 pg/mL, n=20, neonatal cells: 19 ± 10 pg/mL, n=18, p < 0.0001). IL-12 or IL-18 did not increase the IFN-γ response of neonatal and adult cells at the used concentrations, while IL-15 increased it by meanly 5-fold (PBMCs) and 40-fold (CBMCs). This suggests a synergistic effect between IL-15 and rTcMIP, particularly on neonatal cells. A higher concentration of IL-18 could also synergize with rTcMIP, but the response in the presence of IL-15 remained the most efficient (Supplementary Figure 3). Combinations of low doses of cytokines two by two with rTcMIP did not significantly modify IFN-γ production as compared to cytokines alone (Figure 2A). These results pinpoint IL-15 as the most efficient cytokine (amongst the cytokine tested) that synergizes with rTcMIP for IFN-γ production by cord blood and adult mononuclear cells.




Figure 2 | Effect of co-stimulatory cytokines on the rTcMIP-induced IFN-γ response of cord blood and adult mononuclear cells and purified NK cells. Mononuclear cells (A) or purified NK cells (B) were stimulated with rTcMIP (2.5 µg/mL) or GST as control (1.25 µg/mL) for 72h in the absence or presence of IL-12 (0.5 ng/mL), IL-15 (2.5 ng/mL) or IL-18 (0.25 ng/mL) or a combination of these cytokines as indicated, used at the same concentrations. Supernatants were assayed for IFN-γ secretion by ELISA. Results are expressed as mean ± SEM of 6 (with exogenous cytokines) to 20 (without cytokines) CBMCs or PBMCs, and of 3 (experiments with IL-12 or IL-18) to 6 (experiments with IL-15) purified NK cells samples. **: P<0.005, ****: P<0.0001 vs. GST. $: P<0.05, $$: P < 0.005, $$$: P < 0.005, $$$$: P< 0.0001 vs. rTcMIP alone (Mann Whitney Wilcoxon test). NS, non-stimulated cells.






3.3 rTcMIP can directly activate NK cells

We investigated the effect of rTcMIP on purified cord blood and adult NK cells in the presence or not of added IL-12, IL-15 and/or IL-18. rTcMIP alone did not trigger IFN-γ production by neonatal NK cells and triggered very occasionally a low production of IFN-γ by adult cells (Figure 2B). In the presence of IL-15, markedly higher levels of IFN-γ were produced by both cord and adult NK cells. The response of neonatal NK cells increased meanly 60 times and that of adult NK cells around 200 times, reaching levels strongly higher than in supernatants of neonatal NK cells. This indicates that rTcMIP itself can directly activate NK cells provided they are primed/sensitized by IL-15, and that adult NK cells are more sensitive to rTcMIP associated with IL-15 than cord blood NK cells. We also noticed that IL-12 or IL-18, alone or together, did not or hardly elicited IFN-γ release by cord or adult NK cells culture with rTcMIP.




3.4 rTcMIP induces expression of TNF-α by cord blood monocytes, dendritic cells and NK cells

We investigated the production of TNF-α, as it is an essential mediator of inflammation required for efficient maturation of myeloid cells into mature APCs, also involved in Th1 polarization in association with IFN-γ, and in memory cell formation (20, 21). rTcMIP triggered significant TNF-α release by CBMCs and PBMCs cultured with rTcMIP for 24h (without any addition of exogenous cytokines) (Figure 3). Though the response of neonatal cells was lower than the adult one (medians: 292 and 872 pg/mL respectively), the difference was not statistically different. No co-stimulatory cytokines were needed for an efficient production of TNF-α. Flow cytometry investigation showed significant TNF-α expression in response to rTcMIP by neonatal and adult classical CD14high CD16- monocytes after 4h (% of TNF-α positive cells: medians = 12.4% and 37.4% respectively), and after 24h by conventional, myeloid CD11c+ dendritic cells (DCs), (22) (% of TNF-α positive cells: medians = 5.61% and 12.7% respectively). The difference between neonatal and adult responses was statistically significant for monocytes (p= 0.008) but not for DCs. Intermediate CD14+ CD16+ monocytes and plasmacytoid CD11c- CD123+ dendritic cells, NK cells and T cells remained negative (Supplementary Figure 3).




Figure 3 | rTcMIP stimulates cord blood and adult blood cells to produce TNF-α. (A) CBMCs (n = 5) and PBMCs (n = 20) were stimulated with rTcMIP (2.5 µg/mL) or GST (1.25 µg/mL) as control for 24h. TNF-α released in the supernatants was measured by ELISA. Results are expressed as mean ± SEM (B) The frequency of TNF-α expressing cells among CD14+CD16- classical monocytes after 4h and CD11c+ CD123- myeloid dendritic cells at 24h, was analyzed by flow cytometry (n = 5 in each group). Results are expressed as box-and whisker plots. *: P < = 0.05, ***: P < 0.005 vs. GST (Wilcoxon test). NS: non-stimulated cells.






3.5 TNF-α contributes to the IFN-γ response of NK cells

TNF-α has been shown to favor IFN-γ production by NK cells (23). We investigated whether the rTcMIP-induced TNF-α contributed to the IFN-γ response of CBMCs by using TNF-α neutralizing Abs. When cells were cultured in the presence of IL-15, TNF-α neutralization resulted in a significant decrease by meanly 62% of the IFN-γ production by CBMCs (Figure 4). In the absence of IL-15, the IFN-γ response was very low (as mentioned above – Figure 2A) but nevertheless became undetectable in the presence of the TNF-α neutralizing Abs (data not shown). This indicates that rTcMIP-induced TNF-α contributed to the IFN-γ response of NK cells.




Figure 4 | Effect of TNF-α neutralization on the IFN-γ response of CBMCs to rTcMip. CBMCs were cultured during 72h with rTcMip (2.5 µg/mL), GST (1.25 µg/mL) as control, or left unstimulated, in the presence of IL-15 (2.5 ng/mL) and in the presence of TNF-α neutralizing mAb or of control IgG (5 µg/mL). IFN-γ was measured in the supernatants by ELISA. Results are expressed as box-and whisker plots (n=4). *: P < = 0.05 vs. control IgG (Wilcoxon test).






3.6 rTcMIP engages TLR2/1 and TLR4

Other pathogens express MIPs, that present a certain degree of homology with rTcMIP (13). Knowing that the MIP of Chlamydia trachomatis was shown to interact with TLR2 (24, 25), we investigated the potential implication of TLRs in rTcMIP activity using HEK293 cells with TLR2 and TLR4. Pam3CSK4 (TLR2 agonist) and LPS (TLR4 agonist) were used as positive controls. We found that rTcMIP strikingly activated both cell lines in a dose-dependent manner (Figure 5A). rTcMIP did not induce any response by HEK null cells transfected with an empty vector.




Figure 5 | rTcMIP activates TLR2/1 and TLR4. (A) HEK-Blue cell line stably transfected by hTLR2 (n = 5) or hTLR4 (n = 5) were stimulated with increasing concentrations of rTcMIP or GST as control. Pam3CSK4 (TLR2/1 agonist), Pam2CSK4 (TLR2/6 agonist) and LPS (TLR4 agonist) were used as positive control for TLR2 and TLR4 activation. HEK-Blue Null cell line (n = 5) transfected with an empty plasmid that does not express neither TLR2 nor TLR4 was used as a control. After 24h incubation, SEAP activity in supernatants was assessed. (B) Response of HEK-Blue hTLR2 cells to rTcMIP (2.5 µg/mL) in the presence of anti-TLR1, anti-TLR6 or control IgG (5 µg/mL). The effect of anti-TLR1 and anti-TLR6 mAb on activation by Pam3CSK4 (20 ng/mL) and Pam2CSK4 (0.2 ng/mL) was used as control of the mAb efficacy. Results are expressed as mean ± SEM (n = 5). **: P < = 0.05, ***: P < 0.005 vs. control IgG (Wilcoxon test).



TLR2 can recognize ligands mostly in an heterodimeric form with TLR1 and TLR6 (26). Since HEK-Blue hTLR2 cells constitutively express TLR1 and TLR6, we investigated their involvement by using neutralizing mAb. Specific TLR1/2 (Pam3CSK4) and TLR2/6 (Pam2CSK4) ligands were used as controls. Pam3CSK4 and Pam2CSK4 responses were reduced by TLR1 and TLR6-specific mAb respectively, demonstrating their efficacy and specificity at the used concentrations. TLR1 but not TLR6 neutralization significantly tailed away rTcMIP TLR2-dependent activation on HEK-Blue hTLR2 cells (Figure 5B).

These results pinpoint TLR2/1 and TLR4 as rTcMIP receptors.




3.7 rTcMIP-induced IFN-γ and TNF-α responses of blood cells involve TLR2 and TLR4 independently of CD14

CBMCs, PBMCs or adult purified NK cells and monocytes cultured with rTcMIP were exposed to specific TLR2 and TLR4 blocking antibodies. TNF-α release induced by control TLR ligands (Pam3CSK4 and LPS) was reduced by TLR2 and TLR4-specific mAb respectively, demonstrating their efficacy at the used concentrations. Neutralization of TLR2 or TLR4 significantly reduced the release of IFN-γ and TNF-α by neonatal as well as adult mononuclear cells (Figure 6A). Addition of these neutralizing mAb to purified NK cells or monocytes also reduced the release of IFN-γ and TNF-α respectively, indicating that rTcMIP can directly activate NK cells and monocytes via TLR2 and TLR4 (Figure 6B).




Figure 6 | rTcMIP acts through TLR2 and TLR4 independently of CD14. (A, B) CBMCs (n = 9 for IFN-γ, 5 for TNF-α), PBMCs (n = 12 for IFN-γ, 5 for TNF-α), purified NK cells (n = 5) and monocytes (n = 5) were stimulated with rTcMip (2.5 µg/mL) in the presence of TLR2 or TLR4 neutralizing mAb or control IgG mAb (5 µg/mL), for 72h in the presence of IL-15 (2.5 ng/mL) for IFN-γ measurement (A), or during 24h without IL-15 for TNF-α measurement (B). (C) The neutralizing effects of anti-TLR2 and anti-TLR4 mAb were verified on the response to Pam3CSK4 (TLR2 agonist, 10 µg/mL) and LPS (TLR4 agonist, 0.1 µg/mL). (D) PMA-primed THP-1 cells (n = 7 independent experiments) were cultured with rTcMIP (5 µg/mL) or LPS (0.1 µg/mL) for 24h in the presence of anti-CD14 neutralizing mAb or control mAb (5 µg/mL). TNF-α was measured by ELISA in supernatants. Cytokines were measured in supernatants by ELISA. All results are expressed as mean ± SEM. *: P<0.05, **: P < = 0.05, ***: P<0.005 vs. control IgG (Wilcoxon test).



CD14 is a well know co-receptor of TLR2 and TLR4. This surface GPI-anchored molecule transfers some ligands to TLRs and can help promoting TLR-mediated activation (27, 28). We therefore also investigated its involvement in rTcMIP induced responses using neutralizing mAb. Blockage of CD14 by mAb did not inhibit the ability of rTcMIP to induce TNF-α release, indicating that engagement of TLR2 and TLR4 by rTcMIP is independent of CD14 (Figure 6C).




3.8 The TNF-α response to rTcMIP involves NF-κB activation through the MyD88-dependent pathway

NF-κB plays a key role in TLR-induced pro-inflammatory cytokine production (26). We investigated the involvement of NF-κB in the rTcMIP-induced TNF-α response. CBMCs and PBMCs were stimulated with rTcMIP and treated with resveratrol and dexamethasone, two drugs able to prevent NF-κB activation (29, 30). Both strongly inhibited the release of TNF-α by CMBCs and PBMCs (Figure 7A). Resveratrol inhibited the CBMC and PBMC responses by meanly 66.6 and 45.6% respectively, the dexamethasone by 94.6 and 92.6% respectively. The effect of LPS was similarly inhibited by both drugs.




Figure 7 | The TNF-α response to rTcMIP depends on MyD88 and NF-kB. (A) PMA-primed THP-1 monocyic cells (n = 6 independent experiments) were cultured for 24h with rTcMip (5 µg/mL) in the presence or not of Pepinh-MYD, Pepinh-TRIF or Pepinh control (ctrl) peptides (10 µM). (B) CBMCs (n = 5) and PBMCs (n = 5) were cultured with rTcMip (5 µg/mL) in the presence or not of resveratrol (80 µM - Res) or dexamethasone (40 ng/mL – Dex) for 24h. Secreted TNF-α in the supernatants was measured by ELISA. Results are expressed as mean ± SEM. *: P < 0.05, **: P < 0.005, ***:P < 0.001 vs. rTcMIP treated with control pepinh (A) or TcMIP alone (B) (Wilcoxon test).



TLR2 activates NF-κB by recruiting the adaptor molecule MyD88 while TLR4 can activate NF-κB via MyD88 and TRIF adaptors (26). We investigated if rTcMIP activates both pathways. We treated PMA-primed THP-1 cells with the MyD88 and TRIF specific inhibitory peptides Pepinh-MYD and Pepinh-TRIF prior to the addition of rTcMIP. MyD88 inhibition significantly reduced the TNF-α response to rTcMIP by 35.3% (inhibition of the TRIF pathway did not affected the response (Figure 7B). Meanwhile, as expected, both inhibitory peptides inhibited the response to LPS (by 61.3 and 63.7% with Pepinh-MYD and Pepinh-TRIF respectively). We confirmed in mice the essential role of the MyD88 pathway in the response to rTcMIP, where the deletion of the MyD88 gene totally abolished the TNF-α response (Supplementary Figure 4).

These results indicate that rTcMIP induces TNF-α production through the MyD88-dependent pathway, leading to NF-κB activation.




3.9 FK506 did not affect rTcMIP-induced IFN-γ and TNF-α neither TLR2 nor TLR4 activation

rTcMIP belongs to the family of FK506 binding proteins (FKBPs) (12). Such proteins are peptidyl-prolyl cis-trans isomerases (PPIase), and this activity can be inhibited by the macrolide antibiotic FK506 (31). To investigate if the immunostimulatory activity of rTcMIP was associated with its PPIase activity, FK506 was added to the culture of mononuclear cells stimulated by rTcMIP. We used cells stimulated by PMA and ionomycin as control of the inhibitory effect of FK506 (32). Figure 8A shows that FK506 did not affect the rTcMIP ability to induce IFN-γ and TNF-α release, while the response to PMA and ionomycine was significantly inhibited by 57.4 ± 13.6%. Besides, to study whether FK506 could affect TLR2 and TLR4 activation by rTcMIP, we cultured HEK-Blue hTLR2 and HEK-Blue hTLR4 cells with rTcMIP and increasing amounts of FK506. Figure 8B shows no significant difference in TLR2 neither TLR4 activation by rTcMIP after FK506 treatment. These observations strongly suggest that TLR2 and TLR4 activation by rTcMIP and the ensuing IFN-γ and TNF-α responses do not depend on its PPIase enzymatic activity.




Figure 8 | FK506 did not affect TcMIP-induced IFN-γ and TNF-α productions nor TLR2 and TLR4 activation. (A) PBMCs (n = 6) were cultured for 72h with rTcMIP (2.5 µg/mL) that was pre-treated or not with FK506 (25 ng/mL). Cultures were performed in the presence of IL-15 (2.5 ng/mL). We controlled the inhibitory potential of the same concentration of FK605 on the response of cells stimulated with PMA (1 µg/mL) and ionomycin (10 µg/mL). IFN-γ and TNF-α were measured by ELISA in supernatants. Results are expressed as mean ± SEM, *: P<0.05 vs. the absence of FK506 (Wilcoxon test). (B) Similarly, HEK-Blue hTLR2 and HEK-Blue hTLR4 cells were stimulated with rTcMIP (2.5 µg/mL) pre-incubated with increasing amounts of FK506 (0, 12.5 and 25 ng/mL). Results are expressed as mean ± SEM of 4 independent experiments.







4 Discussion

We previously identified the immunostimulatory potential of the macrophage infectivity potentiator of the protozoan parasite Trypanosoma cruzi (rTcMIP), which induces the release of IFN-γ by cord and adult blood cells (11). IFN-γ is a key cytokine to direct, with IL-12, the differentiation of Th1 CD4+ T cells and CD8+ T cells (33). This let us consider rTcMIP as a potential pro-type 1 adjuvant that might be associated to vaccines, particularly to pediatric vaccines since the immune system in early life is skewed against type 1 responses (4). Vaccine adjuvants act mostly by engaging components of the innate immune system (34, 35). The present study, based on experiments performed with cord and adult blood cells, brings some light on the mechanisms by which rTcMIP activates innate immune responses. We found that rTcMIP engaged TLR1/2 and TLR4 independently of CD14 and activated the MyD88 but not the TRIF signaling pathway. rTcMIP induced, through these receptors, the release of IFN-γ by NK cells and of TNF-α by monocytes and myeloid dendritic cells. The NK-cell co-stimulatory cytokine IL-15 greatly increased their IFN-γ response to rTcMIP. Neutralization experiments showed that TNF-α could also boost IFN-γ expression, though it was not mandatory.

rTcMIP is a peptidyl-prolyl cis-trans isomerase (PPIase) belonging to the FK506 binding protein (FKBP) family of proteins (12). Our results indicated that the engagement of TLR2 and TLR4 by rTcMIP and the IFN-γ and TNF-α responses of PBMCs were independent of its enzymatic site. This is consistent with diverse cellular functions exerted by other FKBPs which are also independent of the PPIase activity (31, 36). Some bacteria also express MIPs, that present 26 to 38% sequence homology with rTcMIP (12, 13). To our knowledge, the only other MIP having been shown to bind a TLR is the MIP of Chlamydia trachomatis (24, 37). Both MIPs engaged TLR2 associated with TLR1 and activated the MyD88 pathway while contrary to rTcMIP, the MIP of Chlamydia did not engage TLR4. The MIP of Chlamydia is a lipoprotein, and its TLR-dependent bioactivity was shown to rely on its lipid moiety. At odds, our recombinant rTcMIP is a pure protein without any post-translational additives (11), except it is bound to a GST tag. We cannot exclude that this tag affects somehow the binding of rTcMIP to TLRs or its bioactivity in an unknown way (38). Nevertheless, GST alone did not display any rTcMIP-like bioactivity. We may be surprised that a pure protein can engage TLR2 and TLR4 as most ligands reported to bind these receptors are lipidated components. Proteinic TLR2 and TLR4 bacterial ligands have however been identified [reviewed in (39)]. A common feature of TLR2 ligands is to be amphiphilic (40). In line with this, rTcMIP possesses a rather large hydrophobic area which is, interestingly, exposed at its surface (13) and might perhaps contribute to its binding to TLR2 and TLR4.

Another difference between rTcMIP and the MIP of Chlamydia concerns the involvement of CD14, which was required as TLR2 co-receptor by the MIP of Chlamydia but not by rTcMIP (24). CD14 is a surface glycoprotein expressed by monocyte/macrophages. It can bind a wide range of microbial ligands and acts as an adaptor or a co-receptor for several TLRs, including TLR2/1 and TLR4 (41). CD14 can have multiple effects, from only increasing the affinity of a ligand for a TLR to being mandatory for the TLR response, depending on the ligand, the TLR itself and the cell type (28, 42). TLR2 and TLR4 are expressed at the plasma membrane and initially transduce a signal from the cell surface via MyD88. Both may be endocytosed and transduce signals from the endosomal compartment. Importantly CD14 plays a central role in driving the endocytosis of these TLRs and the ensuing second wave of signaling (43, 44). This second wave, which remains Myd88-dependent for TLR2 but switches to the TRIF pathway for TLR4, can strengthen the expression of inflammatory cytokines (via NF-κB) as well as induce type I IFNs expression (through IRF3 and IRF7) and IL-10 production (28, 43–48). Since rTcMIP seems to not engage CD14 we may infer that it will not trigger TRIF signaling. This is further supported by the following observations. First, specific inhibition of TRIF did not affect the production of TNF-α meanwhile the deletion of MyD88 abolished TNF-α release. Secondly, we did not detect type I IFNs by ELISA in supernatants of blood cells stimulated with rTcMIP (results not shown). Thirdly dexamethasone inhibited nearly totally the TNF-α response. Dexamethasone is reported to exert an inhibitory effect only if the response does not result from the concomitant activation of the MyD88 and the TRIF pathways (49), supporting that the TNF response resulted from only one of these pathways.

IFN-γ was predominantly produced by the CD56bright subset of NK cells. Although both CD56bright and CD56dim NK cells constitutively contain IFN-γ transcripts (50), this is not surprising since CD56bright NK cells produce IFN-γ preferentially in the presence of co-stimulatory cytokines while the CD56dim subset responds rather to other activating receptors (51). CD56bright NK cells generally require at least two signals to produce IFN-γ. Hence, in our conditions, we assume that one signal is delivered by rTcMIP, another by cytokines that we exogenously added in CBMCs/PBMCs cultures. Several cytokines are able to co-activate NK cells (52). We found that IL-15 was the best one to work together with rTcMIP, over IL-12 and IL-18, at least at the concentrations we used. Of note, at these concentrations, they did not alone induced IFN-γ production by neonatal or adult CD56bright NK cells while rTcMIP did, although faintly in cord blood cells. There was a synergistic effect between IL-15 and rTcMIP, particularly pronounced with neonatal cells.

Optimal NK cell production of IFN-γ requires co-stimulation by more than one signal (53). How would rTcMIP and IL-15 work together to induce IFN-γ expression by CD56bright NK cells? Based on the literature and our results, we propose the following hypothesis (Figure 9). IL-15 is a critical cytokine for NK cell activation (54). Resting NK cells express the three chains of its high affinity receptor, IL-15Ra, IL-2/15Rβ (CD122) and the γχ chain (CD132) and are very quickly primed by free IL-15 (54, 55). The ensuing activation of the transcription factor (TF) STAT5 enhances the expression the γχ and the IL-15Ra chains, allowing higher signal transduction by a positive feedback loop (55) (Figure 9, point 1). IL-15 favors survival of NK cells by inducing SCOS2 expression, which in humans directs ubiquitination and proteasomal degradation of phosphorylated Pyk2, a protein which can auto-phosphorylate following homotypic interactions between CD56 expressed by NK cells (56, 57) and which inhibits cell cycle progression and survival (58, 59) (Figure 9, point 2). IL-15 also allows sustained expression of T-bet meanwhile favoring the accessibility of the IFNG locus to T-bet (Figure 9 point 3) (51, 60–64), and may possibly contribute to NF-κB activation (Figure 9 point 4) (65). Together, this might prime NK cells for IFN-γ expression. Beside, IL-15 can endow NK cells to respond to IL-12 and IL-18 by increasing the expression of their receptors (66). However, in our experiments, rTcMIP could induce IFN-γ in synergy with IL-15 by purified NK cells in the absence of exogenous IL-12 or IL-18. As such, we may suppose that IL-15 mainly promoted NK cell survival and contributed to T-bet and NF-κB-dependent priming for IFN-γ expression, without the involvement of IL-12 and IL-18.




Figure 9 | Synergy between IL-15 and rTcMIP for IFN- γ secretion by purified NK cells. We propose the following hypothesis, based on our results and the literature (see text for references): 1) resting NK cells are initially primed/activated by IL-15 (free IL-15 that we exogenously added, or IL-15 that might be produced by local macrophages ref. The ensuing activation of STAT5 enhances the expression the IL-15R, allowing higher signal transduction by a positive feedback loop. 2) STAT5 activation concomitantly favors survival of NK cells by inducing SCOS2 expression, which in human NK cells directs the degradation of phosphorylated Pyk2, a protein that inhibits the cell cycle progression. Pyk2 phosphorylation may derive from signals given by chemokines, such as CCL2 triggered by rTcMIP ou autophosphorylation ref. 3) Through the PI3K/AKT/mTOR pathway (ref) IL-15 leads to sustained T-bet expression and favors the accessibility of IFNG promoter to this transcription factor. 4) Meanwhile, NF-kB is activated by both IL-15 and rTcMIP. However, binding of NF-kB to IFNG promoter occurs only in the presence of stable expression of the transcription co-activator IKBζ. Whereas transcription of the gene coding for IKBζ is transiently induced by NF-kB, its stable expression is driven by a signal delivered by the MyD88 pathway but independent of NF-kB, signals that in our model can only be delivered by rTcMIP (5). T-bet and NF-kB then synergize to induce IFN-γ expression.



What could be the role of rTcMIP in its synergy with IL-15? An attractive hypothesis relies on the mandatory requirement of the protein IKBζ for IFN-γ expression by NK cells. This nuclear protein is a transcriptional coactivator that binds to the promoter region of IFNG, allowing the binding of STAT4 and NF-κB, which cooperate to trigger IFNG transcription. In the absence of IKB-ζ, these TFs do not bind (67, 68). A stable expression of IKBζ is necessary in order it exerts this positive influence. Stable expression of IKBζ requires two signaling events: one leading to activation of NF-κB, which drives transient expression of IKBζ, and another, which is independent of NF-κB but depends on the MyD88 pathway, which stabilizes IKBζ transcripts (69, 70). rTcMIP may fulfill these two requirements since we showed that it induced signaling trough MyD88 and activated NF-κB (Figure 9 point 5). Moreover, by triggering CCL2 release (11), rTcMIP might contribute to NK cell survival since CCL2 induces Pyk2 phosphorylation (71), which thereby becomes the target of IL-15-driven SOCS2 (cf. supra). In summary, the synergy between IL-15 and rTcMIP for IFN-γ expression by NK cells may encompass priming and signals for sustained expression of T-bet given by a low dose of IL-15, signals leading to NK cell survival (given by IL-15, and indirectly by rTcMIP via CCL2) and to NF-κB activation (provided by IL-15 and rTcMIP), and signals driving stable expression of IKBζ which allows binding of NF-κB to IFNG promoter (provided by rTcMIP). This leads to a synergy between T-bet and NF-κB resulting in IFN-γ expression (Figure 9).

In contrast to IL-15, IL-12 and IL-18 used at low concentrations did not potentiate the stimulating action of rTcMIP on NK cells neither significantly increased the IFN-γ response of rTcMIP associated to IL-15. IL-12 is largely reported as crucial for IFN-γ expression by NK cells (52, 72). Yet, IL-12-independent mechanisms of NK cell activation have been reported (73). Our experiments with purified NK cells suggest that IL-12 was not mandatory in our model. This does not discard the possibility that, in mononuclear cell cultures, IL-12 was produced endogenously by DCs or monocytes (74). We could not detect IL-12 in supernatants of PBMCs stimulated during 24h with rTcMIP and IL-15 or of PMA-primed THP1 cells stimulated during 24h with rTcMIP, even with the sensitive assay using HEK293-IL-12 reporting cells (InvivoGen) (unpublished results), arguing against an endogenous production of IL-12. It should however deserves further investigation, knowing that IL-12 may be very difficult to detect as it is produced in very low amounts and confined to immune synapses (75). The lack of effect of IL-18 on the IFN-γ response to rTcMIP likely relies to the fact that this cytokine acts mainly at a post-transcriptional level by stabilizing the IFNG transcripts (76), which seems not sufficient to increase the low IFNG expression induced by rTcMIP alone.

rTcMIP also induced TNF-α expression by neonatal and adult cells. TNF-α was mainly produced by classical monocytes and myeloid (or conventional) dendritic cells. In view of the dominance of the cDC2 subset amongst CD11c+ myeloid DCs (77, 78), we may suppose that this subset contributes to the TNF-α response to rTcMIP. These cell types are known to highly express TLR2/1 and TLR4 and to be good producers of TNF-α (21, 77). The regulation of TNF-α expression is complex. TNF-α transcription depends on several TFs coordinately activated by the TLR/MyD88 pathway, comprising NF-κB (44). However its expression is essentially regulated post-transcriptionally, mainly through a pathway initiated by p38MAPKs (79). In addition, TNF-α is first produced as transmembrane trimers at the plasma membrane, that have to be cleaved by the metalloprotease ADAM17 to be released (21). Many signals can activate ADAM17 (80), including p38MAPKs (81). The TLRs/MyD88 pathway activates NF-B and p38MAPKs (44), supporting that TNF-α expression by monocytes and cDC2 in response to rTcMIP likely relies on its ability to engage TLR2 and/or TLR4. Although TNF-α is not usually cited as a NK cell co-activating cytokine (18), it activates NF-κB involved in IFNG expression (82) and has been shown to augment the IFN-γ response of NK cells stimulated by a combination of IL-2 and IL-12 (23). In line with this, our results indicate that TNF-α acted as a significant co-stimulatory cytokine for the IFN-γ response of NK cells to rTcMIP, used alone or associated with IL-15. We may speculate that rTcMIP activates monocytes and cDC2 to produce TNF-α that, in combination with a direct effect of rTcMIP on NK cells, licenses them to produce IFN-γ. However, TNF-α was dispensable since purified NK cells, which did not express TNF-α in our conditions, produced IFN-γ in response to rTcMIP (combined with IL-15).

TNF-α can act through two receptors. TNFR1 signaling is activated by both soluble and membrane TNF while TNFR2 is reported to be activated primarily by membrane TNF (82). As NK cells express mainly the TFNR2 (23), it implies that the action of TNF-α on NK cells would rely mostly on membrane TNF-α expressed by monocytes and/or DCs (82). This suggests that contacts between NK cells and monocytes and/or DCs occurs. It might explain why rTcMIP alone was not able to induce IFN-γ by purified NK cells while it did (though at low levels) in CBMCs/PBMCs cultures.

Together, our results indicate that besides accessory cells, rTcMIP exerts a direct action on NK cells. The stronger inhibitory effect of TLR2 over TLR4 neutralization suggests that NK cells preferentially responded to TLR2. In line with this, it has been reported that direct TLR2 signaling may be critical for NK cell activation (83).

The early inflammatory environment considerably influences the orientation of the adaptive immune response as well as its memory potential, which are of upmost importance for vaccine efficacy (9, 84). TLRs are considered as excellent targets for adjuvants to provide danger signals that induce an immune response leading to long-lasting protection (85). We therefore speculate that rTcMIP, through its ability to trigger TLR-dependent innate IFN-γ and TNF-α production and to activate innate cells such as NK cells, monocytes and cDCs, might be an interesting vaccine adjuvant molecule. TNF-α is a highly pleiotropic cytokine that, among other functions, plays an important role in the maturation of APCs licensed to activate T cells (21). This effect of TNF-α relies on its ability to induce NF-κB. We may assume that rTcMIP, by binding TLR2 and TLR4 expressed by cDCs, could reinforce the effect of TNF. rTcMIP also activates classical monocytes to produce TNF-α. Classical monocytes are reported to be prone to infiltrate inflammatory sites as well as to differentiate into monocyte-derived DCs (86). It is possible that rTcMIP would also activate macrophages present at the site of vaccine administration. This would create a micro-environment that, alongside with IFN-γ released by NK cells in response to rTcMIP, might upregulate monocytes/macrophages IL-15 expression (87, 88) and maybe also IL-12. Moreover, CD56bright NK cells are reported to migrate to lymph nodes (89) where, by producing IFN-γ, they will contribute to drive a type 1 immune response characterized by the activation of Th1 CD4+ T cells, CD8+ T cells and the production of type 1 Ab isotypes (90). In addition, TNF-α favors Th1 response in association with IFN-γ (20, 91). Altogether, our results argue for a pro-type 1 effect of rTcMIP, in agreement with our previous results in mouse models of vaccination with ovalbumin and pertussis, where Abs of IgG2a isotype, witnessing of IFN-γ skewing (92), were preferentially produced (11).

An important requirement for vaccine efficacy against intracellular pathogens is to trigger a long-lasting T memory immune response. Interestingly, activated tissue monocytes have recently been disclosed to play a key role in inducing the formation of tissue-resident memory CD4+ and CD8+ T cells (93). If rTcMIP would endow monocytes to achieve this, merits to be investigated. The induction of innate IFN-γ by adjuvants has anyway been reported as central to drive protective immune responses to vaccines (94), emphasizing again that rTcMIP might be a promising vaccine adjuvant.

Interestingly, rTcMIP activated cord blood innate cells. Though the neonatal responses of NK cells and monocytes were globally lower than the adult ones, our previous experiments in neonatal mice supported the adjuvant property of rTcMIP (11). It might even be advantageous to induce a type 1 immune response while not triggering a too strong inflammatory response, since high inflammation is deleterious in early life (95, 96), which is one of the reasons why the neonatal immune system physiologically moderates inflammation and is skewed towards preferentially mounting Th2 and regulatory T cell responses (4).

Nonetheless, if our work pinpoints rTcMIP as a potential efficient adjuvant for pediatric vaccines, huge work has still to be done. The mechanism of action should be further investigated with high-throughput approaches in human in vitro systems vaccinology (97–99). It should also be examined if rTcMIP would induce cross-antibodies to human FKBPs. Indeed, rTcMIP is a FKBP presenting homology with human FKBP12 (13). Interestingly, the exposed hydrophobic part of rTcMIP, which we hypothesize to be involved in its binding to TLR2 and TLR4 (cf. supra), is absent in human FKBP12 (13). Investigating the relation between the immunostimulatory properties of rTcMIP with its structure should perhaps allow identifying a rTcMIP-specific fragment that could avoid the problematic of cross-antibodies with human FKBP. Another drawback is that a protein would induce antibodies against itself, which might limit its repeated administration. However, this handicap might turn into a benefit. rTcMIP was first described for its role as promoting invasiveness of the parasite into host cells (12). If neutralizing Abs would be induced, it might perhaps afford some protection against Chagas disease and even against other MIP-expressing pathogens. In line with this, MIPs expressed by several pathogenic bacteria have these recent years been identified as potential vaccine antigens (36). Another advantage of rTcMIP “side-effects” such as cross-Abs, together with activation of innate cells, might offer a “pathogen-agnostic” protection in the neonatal period, i.e. might boost resistance through non–pathogen specific mechanisms (100).

Finally, we would like to point out that the engagement of two different TLRs by rTcMIP might be a benefit for its use as adjuvant associated with sub-unit vaccines (both peptide- or nucleic acid-based) (101). Indeed, the concomitant activation of multiple innate receptors accounts for the better efficiency of live attenuated vaccines in inducing protective immune responses. A such, it has been reported that TLR2 agonists enhance T cell and antibody responses without altering the Th1/Th2 cell balance, while TLR4 agonists drive polarized Th1 cell responses (34). On the other hand, the fact that rTcMIP is a recombinant protein opens the possibility to use it in “built-in, self adjuvanting” vaccines, which may present several advantages such as ensuring that the APCs activated by the adjuvant are the same APCs exposed to antigen (34, 102, 103). Moreover, Mc Donald et al. report that an amphiphilic self-adjuvanting vaccine, by giving rise to multiple order structures, improves vaccine efficacy by enabling multimeric antigen presentation. Interestingly, the macrophage infectivity potentiator of T. cruzi is an amphiphilic protein (13), a property that hence might be an advantage. In line with this, analysis of our rTcMIP fusion protein by native PAGE indicated it indeed forms aggregates in physiological conditions (unpublished result).
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Vaccine efficacy determined within the controlled environment of a clinical trial is usually substantially greater than real-world vaccine effectiveness. Typically, this results from reduced protection of immunologically vulnerable populations, such as children, elderly individuals and people with chronic comorbidities. Consequently, these high-risk groups are frequently recommended tailored immunisation schedules to boost responses. In addition, diverse groups of healthy adults may also be variably protected by the same vaccine regimen. Current population-based vaccination strategies that consider basic clinical parameters offer a glimpse into what may be achievable if more nuanced aspects of the immune response are considered in vaccine design. To date, vaccine development has been largely empirical. However, next-generation approaches require more rational strategies. We foresee a generation of precision vaccines that consider the mechanistic basis of vaccine response variations associated with both immunogenetic and baseline health differences. Recent efforts have highlighted the importance of balanced and diverse extra-neutralising antibody functions for vaccine-induced protection. However, in immunologically vulnerable populations, significant modulation of polyfunctional antibody responses that mediate both neutralisation and effector functions has been observed. Here, we review the current understanding of key genetic and inflammatory modulators of antibody polyfunctionality that affect vaccination outcomes and consider how this knowledge may be harnessed to tailor vaccine design for improved public health.
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Introduction

Vaccines provide variable protection to different demographics as a result of complex interactions between host and environmental factors (1). This host diversity, if appropriately defined and characterised, may inform an era of precision vaccinology that accounts for inherent immunological differences between both individuals and populations (2–7). As vaccine clinical trials typically only recruit healthy adults and, unintentionally, often only from dominant ethnicities in developed countries, the data is typically not representative of vaccine efficacy in vulnerable populations (8–10). In an attempt to counter these known biases, vaccination recommendations frequently suggest prioritising early and additional doses for elderly and other immunocompromised individuals who experience reduced vaccine immunogenicity, as well as increased susceptibility to disease (11–15). Consequently, present vaccination regimens targeting specific populations are largely guided by rudimentary demographic and clinical parameters such as age and baseline health status (16–20).

However, rapid advances in molecular and systems biology along with materials science may facilitate a new frontier in population-based vaccination strategies informed by molecular mechanisms (6, 21–28). Technological and conceptual developments in vaccinology have led to numerous vaccination strategy modifications that can enhance immunogenicity and protection (1, 20, 29, 30). Concurrently, systems biology analyses of these vaccine regimens are beginning to elucidate the spectrum of protective immune interactomes (24, 27, 31, 32). These computational approaches facilitate investigation of complex biological interactions. As such, in-depth immune profiling of antibody features beyond the typically examined measures of titre and neutralisation has revealed nuanced qualitative features of antibodies that promote protection and distinguish individuals with impaired immunity (21, 33–37). Notably, a common signature associated with protection is the presence of antibody features that promote polyfunctional antibody effector functions (21, 33–37). These data may be key to informing the design of vaccines tailored to vulnerable populations.





Importance of antibodies for vaccine-induced protection

Antibodies have been identified as a correlate of protection or control of numerous infectious diseases (38). Neutralising antibodies provide sterilising immunity by binding target epitopes leading to steric hindrance that prevents pathogen entry into host cells or inhibits toxin activity. As such, elevated neutralising titres are the principal goal of most vaccination strategies and are highly predictive of protection against many viral and bacterial diseases (38, 39). However, while neutralisation is ideal as a primary humoral defence, eliciting broadly neutralising antibodies (bnAbs) via vaccination against complex, rapidly evolving, or diverse pathogens such as malaria (40), influenza (41), human immunodeficiency virus type 1 (HIV-1) (42), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (43) remains an elusive goal.

Antibodies comprise of two functional components: the fragment antigen binding (Fab) region which determines target specificity and is essential for neutralisation, and the fragment crystallisable (Fc) region which engages the innate immune system via numerous mechanisms (Figure 1). As such, Fc functions bridge the innate and adaptive immune systems by enhancing viral, bacterial, and parasite degradation and clearance as well as lysis of infected host cells in an antigen-specific manner (44). Importantly, unlike neutralising antibodies, the specificities of Fc functional antibodies are not restricted by proximity to amino acids involved in pathogen binding and fusion with host cells. Instead, Fc functional antibodies can target any conformationally accessible epitope, making these antibodies less sensitive to pathogen mutation (45–53). Nevertheless, studies of HIV-1, influenza A virus, Ebola, and SARS-CoV-2 have demonstrated that antibody specificity can substantially alter Fc potency (49, 54–57). For this reason, vaccination strategies eliciting robust extra-neutralising functions against carefully selected epitopes may be an effective approach to counter the challenges associated with bnAb generation.




Figure 1 | Antibodies comprise two fragment antigen binding (Fab) region and one fragment crystallisable (Fc) region connected by a ladder-like hinge region. The Fab is responsible for antigen recognition and mediates pathogen and toxin neutralisation. The Fc engages effector cells and molecules of the innate immune system to mediate Fc effector functions. Neutralisation and Fc effector functions each have various advantages and disadvantages but largely counterbalance the shortcomings of the other. *Durable neutralisation capacity and prophylactic Fc functions observed for antibodies against some bacterial pathogens.







Fc effector functions enhance antibody-mediated protection

Beyond neutralisation, target-bound antibodies can initiate a range of potent effector functions via simultaneous Fc region engagement with host activating Fc receptors (FcR) on various phagocytic and cytotoxic effector cells. In addition, engagement with the neonatal Fc receptor (FcRn) increases antibody half-life (58, 59). Table 1 and Figure 2 detail the multifaceted Fc functions that antibodies mediate along with the key effector cells and molecules involved in each process. Figure 2 also defines abbreviations of key antibody mediated functions that are referenced subsequently throughout this review.


Table 1 |
Human Fc Receptors (FcRs) referenced throughout this review.






Figure 2 | Antibody-dependent Fc effector functions referenced throughout this review. Fc effector functions are initiated upon simultaneous antibody engagement with a pathogen antigen and an innate effector molecule (complement component 1q (C1q) or mannose-binding lectin (MBL)) or Fc receptor (FcR) expressed by innate immune cells. Activation of C1q or MBL following antigen binding triggers the complement cascade leading to pathogen or infected cell death via antibody-dependent complement deposition. FcR cross-linking via antibody-antigen complexes triggers downstream signalling cascades within innate effector cells leading to pathogen killing and clearance a range of antibody-dependent cellular effector functions, listed in the figure. Finally, these effector functions trigger downstream cytokine release which may enable further recruitment of effector cells.



Fc effector functions are appreciated as correlates of protection for multiple bacterial pathogens (38). Bactericidal antibodies underpin protection following meningococcal vaccination (67), and vaccine-induced antibody-dependent neutrophil phagocytosis (ADNP) is recognised as a correlate of protection against Streptococcus pneumoniae (68). Fc effector functions have also been highlighted as a key correlate of malaria protection in studies of the RTS,S/AS01 vaccine (69–72). Antibody titres alone were not associated with protection, however, protection following parasite challenge was predicted by capacity for antibody-dependent cellular phagocytosis (ADCP) and FcγRIIIa engagement (69, 71) as well as an immunoglobulin G (IgG) subclass distribution skewed towards IgG3 and away from IgG2 which would favour enhanced FcR engagement and effector functions (70, 72). Furthermore, in the case of HIV-1 (73), human papillomavirus (HPV) (74, 75), influenza (76, 77), and SARS-CoV-2 (78), neutralising antibodies do not fully explain vaccination-induced humoral protection, suggesting a pertinent role for Fc effector functions in antibody-mediated immunity (51, 79, 80). This phenomenon has been well-described for the only moderately protective HIV-1 vaccine trial, RV144, which demonstrated partial efficacy in the absence of bnAbs (73, 81); further antibody profiling indicated this phenomenon to be a consequence of robust Fc effector functions (73, 82, 83). Similarly, protection from respiratory syncytial virus (RSV) is poorly predicted by serum IgG levels or neutralising titres. Instead, Fc effector functions may be a better correlate of vaccine-induced protection (84, 85).

The importance of Fc functions in protection against pathogens has been demonstrated in animal models of HIV-1 (86), SARS-CoV-2 (87–89) and influenza challenge (49) in which neutralising monoclonal antibodies (mAbs) required Fc-functional capacity for optimal prophylaxis and treatment. The value of Fc functions was demonstrated in macaque models of HIV-1 infection whereby administration of neutralising mAbs with an Fc LALA mutation (two consecutive leucine to alanine substitutions which abolish antibody binding to FcγRs) impaired protection compared to intact mAbs (86). In the case of SARS-CoV-2, humanised mice and Syrian hamsters administered Fc-functional mAbs exhibited reduced viral load and immunopathology compared to those administered mAbs with an Fc LALA mutation (88). These protective effects were only observed in the presence of monocytes, but the absence of neutrophils or NK cells had no effect on weight loss, indicating a dominant role for ADCP (88). In addition, mAbs containing the GASDALIE mutation that promotes enhanced FcγRIIIa binding showed improved protection against lethal SARS-CoV-2 challenge compared to wild-type mAbs (87). In the case of influenza, while bnAbs against the variable head region of the hemagglutinin (HA) protein did not require Fc functional capacity for protection, bnAbs directed against the conserved stalk region required FcγR-driven antibody-dependent cellular cytotoxicity (ADCC) to confer protection against lethal H1N1 challenge (49). Given the importance of cross-reactive anti-HA stalk antibodies to counter the high mutation rates of influenza, Fc functions have great value in influenza protection (90).

Immune responses associated with reduced infection risk and severity can guide vaccine development. Indeed, the parallel identification of ADCP and antibody-dependent natural killer cell activation (ADNKA) as correlates of protection against malaria in both vaccinated and unvaccinated individuals (69, 71, 91–93) suggests a level of homology between the protective mechanisms induced by vaccination and those required for disease resolution. Similarly, ADNKA has been associated with protection against RSV following vaccination or infection (84, 94, 95). In addition, enhanced ADCC is associated with HIV-1 viremic control (96–99) and was also identified as a correlate of protection following RV144 HIV-1 vaccination (34, 82). Given the wide-ranging benefits of a coordinated Fc response, it follows that robust Fc functions are implicated in protection against most diseases for which vaccines are licenced or in clinical trial (Table 2). Furthermore, for highly fatal infections, such as Ebola virus disease (57, 193) and Marburg virus disease (159), Fc effector functions promote protection and survival, as well as reduction of long-term sequelae. Therefore, targeting generation of broad and highly potent Fc effector functions is likely a valuable goal of many vaccines currently under development.


Table 2 | Infectious diseases for which Fc effector functions are involved in protection or antimicrobial activity, and for which vaccines are licenced or in clinical trial.









Advantages of Fc mediated functions

Even when sterilising immunity is achievable via vaccination, neutralisation escape is frequent as a result of viral evolution. The effect of even a few amino acid mutations upon neutralisation has been extensively studied in the face of SARS-CoV-2 variants, where significantly weaker neutralising titres are observed against Omicron subvariants in comparison to the ancestral strain, and this remains true despite repeated vaccine boosts (194–196). Although boosting with Omicron BA.5 or BA.4/BA.5 adapted bivalent booster vaccination recovers neutralisation of the BA.4/BA.5 variant, neutralisation capacity is again lost against more recently emerged variants such as BQ.1.1 and XBB.1 (195). Given that perpetually updating vaccines to protect against continuously emerging viral variants is highly challenging, design of vaccines eliciting broadly protective functions, such as Fc-effector functions, is warranted. Indeed, the extent of this Fc functional antibody cross-reactivity is demonstrated by the ability of a chimeric Japanese encephalitis virus (JEV) vaccine (consisting of JEV structural genes upon the yellow fever virus vaccine YFV-17D scaffold) to protect mice against lethal yellow fever virus challenge via FcγRIIIa-mediated ADCC (187). Of note, although ADCC-mediating antibodies may exert selective pressure on HIV-1 evolution (197), the likelihood of Fc functions to drive evolution of viral escape mutations is reduced compared to that of neutralising antibodies (198, 199). This constraint of neutralisation escape mechanisms further supports prioritisation of Fc functions in vaccine development.

Fc-functional antibodies are also more durable than neutralising antibodies (178) given the increased abundance of non-neutralising antibodies, which, for example, may constitute up to 95% of antibodies against the SARS-CoV-2 spike protein (46). In human cohorts, a study characterising various antibody features of convalescent plasma from 36 mild-moderate coronavirus disease 2019 (COVID-19) recovered patients up to five months post-infection, 100% and 94% of participants maintained ADCP and ADCC functions, respectively, while neutralisation was only detectable in 70% of participants (178). Independent studies have also detected persistence of neutralising antibodies against SARS-CoV-2 five months following infection (200), however, the longevity of the response is dependent upon disease severity (201). Similar to the kinetics of post-infection responses, neutralising antibodies induced by SARS-CoV-2 vaccination have been found to decay within four to six months, particularly against SARS-CoV-2 variants of concern (202) and among immunocompromised populations (43). As such, this data reinforces the value of Fc functions in protecting vulnerable populations against evolving pandemics.

A further benefit of Fc functional antibodies is their dual capacity for both protection against infection as well as control of disease through collaboration with neutralising antibodies and T cells, respectively, as demonstrated by both mechanistic (203) and systems serology (78, 204) studies of SARS-CoV-2. Furthermore, enhanced Fc engagement with FcγRIIa supports increased dendritic cell maturation and CD8+ T cell responses, facilitating improved protection against influenza (205). In the case of SARS-CoV-2, although neutralising titres remain predictive of protection against symptomatic disease in the face of variants (206), with up to log-fold reductions in neutralisation (195), cross-reactive Fc functions likely mitigate, at least in part, the severe disease outcomes that might be expected with such drastic losses in neutralisation. As such, it is likely that, along with T cell responses (207), highly conserved Fc effector functions directed against novel variants (47, 48) may protect against severe outcomes.





Fc modifications predict effector functions

Despite the Fc portion belonging to the antibody constant region, numerous Fc modifications contribute to antibody diversity (208, 209). Antibody quality can be enhanced by heritable and inducible genetic variation of the Fc region in the form of antibody isotypes, subclasses, and allotypes, as well as post-translational Fc modifications such as glycosylation. This variation can greatly impact FcR interactions, and therefore, alter potency of Fc functions, with antibody isotype and subclass modulation typically having the greatest effects (208). Importantly, changes to the abundance of various antibody isotypes, subclasses, and glycosylation patterns can be induced via both vaccination and disease (110, 210–213). Critically, regulation of these Fc modifications is a complex, multilayered process influenced by a range of innate and adaptive immune cells and cytokines (214–218).




Isotypes and subclasses

Upon B cell activation, early IgD+ and IgM+ lymphocytes undergo affinity maturation and DNA recombination in the form of class switch recombination (CSR). CSR enables selective usage of a single immunoglobulin heavy constant (IGH) gene (Cμ through to Cα2) per transcript, with a bias towards downstream genes with increasing antigen exposure. As such, this process converts antibody constant regions to more mature isotypes (Figure 3), generating higher affinity, Fc-functional IgA, IgG, or IgE antibodies, depending on the antigen encountered. IgA production is largely driven by mucosal antigen exposure, with IgA1:IgA2 subclass ratios partially dependent on the anatomical site of exposure (219) and host age (220). IgG1-4 subclasses may be selectively induced depending on antigen characteristics, exposure frequency, or host age (213, 220, 221). CSR is further influenced by signalling molecules as well as numerous immune cell subsets, including antigen presenting cells, conventional T cells, and unconventional T cells, as discussed in detail in the following reviews (214–218). Importantly, cytokines secreted by CD4+ helper T (Th) cells, including interleukin (IL)-4, IL-10, IL-13, and IL-21, have dominant roles in class switching to IgG, with IgG subclass distributions influenced by Th cell subsets ratios and innate immune cells (222–227).




Figure 3 | The immunoglobulin heavy (IGH) locus encodes the constant regions of immunoglobulin (Ig) M, IgD, IgG, IgA, and IgE. The constant heavy genes are located downstream of the joining region heavy (JH) genes. One pseudogene (ψCϵ) is also located within the IGH locus. IgG and IgA comprise four and two subclasses, respectively. Additional antibody variation is introduced by the single nucleotide polymorphisms which, alone or in combination, define a range of IgG1, IgG2, IgG3, IgG4, and IgA2 allotypes. Allotypes are listed according to the WHO/IUIS nomenclature in bold, followed by the previous alphabetical notation italicised in brackets. ‘Gm’ or ‘Am’ designates a marker of IgG1-4 or IgA, respectively, followed by a number corresponding to the named allele. ^The prefix ‘n’ or suffix '..' indicates the absence of the allotypic marker at the named allele; these are referred to as isoallotypes and contain an amino acid distinct to the subclass but common across the isotype. (Note that ‘nG1m1’ may be written as ‘G1m-1’ to indicate the absence of the G1m1 allotype). Each named allele is located at a distinct amino position except G1m17 and G1m3 which represent allotypes at the same position.



IgG3, followed by IgG1, has the highest affinity for FcγRs and, consequently, the greatest Fc-functional capacity, granting this subclass its so-called ‘cytophilic’ nature (228, 229) (Table 1). As such, elevated levels of IgG1 and IgG3 are correlated with superior protection against a range of diseases following infection or vaccination (229, 230). The robust polyfunctionality of IgG3 can be further complemented by the increased neutralisation potency observed for certain IgG3 variants (231–233). On the other hand, IgG2- or IgG4-skewed responses with reduced Fc functionality have been associated with non-protective HIV-1 trials (34, 82, 234). However, in diseases such dengue fever in which a hyperinflammatory response can be pathological, increased induction of IgG4 is more protective (108).

CSR is coordinated by multiple enzymes with dual functionality in somatic hypermutation (SHM)—the process enabling antibody Fab region diversification. Most notably, activation-induced cytidine deaminase (AID) initiates CSR and SHM and is indispensable for these mechanisms (235). The importance of AID to polyfunctional antibody responses is demonstrated by the positive association of AID expression with increased neutralisation breadth, IgG subclass diversity, and Fc responses following HIV-1 infection (236), as well as the diminished production of mature isotypes and reduced affinity maturation in individuals with impaired AID expression, such as the elderly or those with chronic inflammatory conditions (237–239).





Allotypes

Evolutionary pressures imposed by pathogens, particularly malaria, upon human populations for millennia have made immunoglobulin genes are a key target for genetic diversification mechanisms (240–242). As such, single nucleotide polymorphisms (SNPs), and combinations thereof, within the antibody constant region introduce a further layer of variability to the variable Fc-functional capacity of IgG subclasses. Initially defined via serological detection methods and termed ‘allotypes’, these antibody variants now form part of a continuously growing collection of IGH gamma (IGHG) chain alleles (243–245). IgG1 possess four classical allotypic markers present only in the IgG1 subclass, as well as two supernumerary markers occurring in IgG3 in some populations; one allotype is present in IgG2, and 13 IgG3 allotypes exist, including the two IgG1 supernumerary markers. In addition, two IgG4 isoallotypes which possess amino acids unique within the subclass but occurring in other antibodies across the isotype have been identified (245, 246) (Figure 3). Notably, IGHG genes are inherited in a Mendelian fashion and are in linkage disequilibrium such that specific allotypes are typically inherited within haplotype blocks (247–249). This is particularly evident in IgG3 which exhibits exceptional allelic diversity, and as such, IgG3 nomenclature is simplified to indicate commonly inherited combinations of alleles, annotated as G3m5* or G3m21*, for example (229). Notably, the G1m1 allotype is commonly inherited with G1m17 and, to a slightly lesser extent, G3m21* (250). As such the antithetical high prevalence allotype is Gm-1,3,5*.

Notably, advances in molecular biology and inclusion of Indigenous populations in biomedical research has enabled recent identification of additional polymorphisms (209, 243, 251). This extensive antibody diversity likely reflects the variable evolutionary selective pressures of different disease burdens imposed upon distinct populations, resulting in the selection of numerous low frequency polymorphisms in genetically isolated populations (252). However, a subset of dominant allotypes underpin variable responses to infection and vaccination. Across a diverse array of viral, bacterial, and protozoan infections, these IgG variants are associated with altered disease susceptibility possibly driven by IgG subclass distribution and titres of antigen-specific antibodies (Supplementary Table). In addition, IgG allotypes are reported to influence subclass titres and distribution of total IgG (253, 254). These variations to subclass distribution are suggested to impact Fc effector functions if antibody subclasses with reduced Fc functional capacity, such as IgG2 and IgG4, are expressed at the expense of more functional subclasses such as IgG3.

Allotype-associated regulation of Fc-functional capacity remains under-studied (244). However, recent monoclonal antibody studies revealed that IgG3 allotypes bind FcγRIIIa with different affinities and, therefore, have varied capacity to trigger ADCC, ADCP, and antibody-dependent cellular trogocytosis (ADCT) (233, 255). In addition, substitution of arginine to histidine at position 435 in some IgG3 allotypes can triple the half-life of this typically short-lived subclass via enhanced binding to FcRn (256–258). This polymorphism has been associated with increased transplacental transfer of malaria-specific IgG and improved protection against malaria during infancy (257). However, the mechanisms by which other IgG polymorphisms confer altered protection against infectious diseases or why allotypes are associated with drastic changes in IgG subclass expression remains poorly understood and warrants further investigation.





N-linked glycosylation

Beyond genetic polymorphisms and gene rearrangements which impact protein sequence and structure, post-translational glycosylation of IgG is an additional key regulator of Fc functions. Enzymatic addition of polysaccharide chains to the antibody Fab, hinge, and Fc regions can modify both antigen specificity and Fc receptor engagement, with Fc glycosylation at asparagine 297 (N297) within the constant heavy chain two (CH2) region influencing antibody polyfunctionality most substantially via modulation of Fc effector functions (259–263). Typical IgG Fc glycan chains are biantennary in nature, consisting of N-acetylglucosamine (GlcNAc) subunits from which mannose subunits form two branching structures allowing for the orderly addition of further GlcNAc, followed by galactose and then sialic acid. In addition, monomeric fucose can be linked to the N297 proximal GlcNAc (Figure 4). Variations to this N-linked glycosylation are associated with modulation of the inflammatory capacity of IgG, given the associated changes in affinity during IgG-FcγR interactions (264). It follows, therefore, that Fc glycosylation patterns predict antibody effector functions (265).




Figure 4 | IgG is post-translationally glycosylated. Biantennary N-linked glycan chains are added at asparagine 297 within the Fc portion of the constant heavy (CH) regions of IgG. Two N-acetylglucosamine (GlcNAc) subunits and three mannose subunits form two branching structures upon which additional GlcNAc, followed by galactose and then sialic acid are added. Fucose can be linked to the N297 proximal GlcNAc and is present on the majority of human IgG.



Fucose has the best characterised role in modulating IgG-FcγR interactions and downstream Fc effector functions. A unique carbohydrate-carbohydrate interface exists between the glycans of afuscosylated IgG and FcγRIIIa that greatly enhances affinity compared to when core fucose is present and consequently interferes with formation of this interface (266). As such, afuscosylation is associated with upregulated FcγRIIIa signalling and enhanced ADCC and possibly ADCP (266–271).

Galactose is reported to modulate Fc effector functions, with increased galactosylation associated with increased IgG1 and IgG3 binding to complement component 1q (C1q) and, therefore, enhanced antibody-dependent complement deposition (ADCD) (271, 272). Increased galactosylation is also correlated with enhanced FcγRIIIa engagement and ADCC (271, 273, 274). However, galactose only subtly improves affinity for FcγRIIIa and does not further promote ADCC in an environment of highly afucosylated IgG (273, 275). Most critically, as galactose is the building block required for addition of sialic acid, it is essential for the anti-inflammatory properties associated with sialyation (276).

Sialic acid may inhibit FcγRIIIa binding and activation by IgG, thereby downregulating ADCC (263). However, the mechanism by which this occurs remains disputed owing to conflicting structural data (277–279). Alternatively, sialic acid may dampen inflammation by upregulating expression of inhibitory FcγRIIb (280, 281) or shifting IgG Fc receptor specificity towards C-type lectins that mediate anti-inflammatory functions (277, 282, 283). Nevertheless, these explanations which purportedly underpin the anti-inflammatory properties of intravenous immunoglobulin (280–283), are also contested (284, 285). Importantly, given the dominant role of afucosylation in modulating ADCC via enhanced FcγRIIIa binding, Fc sialyation has been suggested to only adversely impact the ADCC capacity of fucosylated, but not afucosylated IgG (286).

Critically, Fc glycosylation is under the control of a combination of genetic, hormonal, and cytokine regulatory mechanisms (287) which remain to be fully elucidated. However, IL-6 and IL-23 play relatively well-described roles in modulating Fc sialyation in mice (288, 289). IL-6 and IL-23 promote IL-17 secretion by T follicular helper 17 (Tfh17) cells which downregulates β-galactoside α-2,6-sialyltransferase I (St6gal1) expression in germinal center B cells and consequently inhibits IgG Fc sialyation (288). Furthermore, IL-23-activation of Th17 cells drives decreased Fc sialyation via IL-21 and IL-22-dependent downregulation of St6gal1 expression in plasmablasts and plasma cells (289).

Given the direct role of IgG Fc glycosylation in Fc effector functions which are both influenced and regulated by inflammation (264), glycosylation has been identified as a useful biomarker of chronic and acute inflammation as well as disease progression and severity in the context of both infectious and noncommunicable diseases (110, 111, 290–297). IgG afucosylation is a pro-inflammatory hallmark, owing largely to ADCC upregulation (296). Afucosylation is associated with heightened COVID-19 and dengue fever severity owing to the excessive inflammation to which afucosylated IgG contributes (110, 111, 290, 292, 296). However, in the setting of chronic infection, upregulated effector functions may be a protective adaptation enabling relatively slower disease progression. As such, reduced fucose abundance is associated with favourable disease outcomes, contributing to HIV-1 control and tuberculosis (TB) latency (53, 79). Whether increased abundance of fucosylated IgG is ultimately pathogenic or protective is highly disease specific and is underpinned by whether enhanced ADCC can promote pathogen clearance without inducing detrimental hyperinflammatory responses.

Reduced IgG galactosylation during chronic infection may be beneficial or detrimental to disease control depending upon the protective capacity of the upregulated Fc effector functions in the specific disease context (271–274). Indeed, agalactosylation of both bulk and antigen-specific IgG is associated with spontaneous HIV-1 control (79) as well as longer time to viral rebound following cessation of antiretroviral therapy (298), while increased IgG galactosylation is associated with tuberculosis latency (53). On the other hand, galactose is a key biomarker for the progression of non-communicable inflammatory diseases (297). Increased galactosylation of total IgG is generally associated with improved metabolic health (299, 300), while increased total IgG agalactosylation is associated with progression of inflammatory and autoimmune diseases such as rheumatoid arthritis (297, 301) and systemic lupus erythematous (302). Although this observation appears somewhat counterintuitive given the role of galactose in enhancing inflammatory processes such as ADCD and ADCC, it has been hypothesised that discrepancies in total compared to antigen-specific glycosylation may mediate this effect (303). When global IgG agalactosylation is high, thereby impairing general FcγR engagement, this environment would favour enhanced C1q engagement and FcγR activation by more highly galactosylated antigen-specific autoimmune antibodies with a consequently increased affinity for FcγRs. When global IgG agalactosylation is low, total IgG outcompetes autoantigen-specific autoimmune antibodies for FcγR binding, thereby increasing the threshold required for immune activation by pathologic antibodies (303). In addition, via a separate FcγR-mediated mechanism, terminal galactosylation of IgG1 immune complexes mediates anti-inflammatory activity by promoting FcγRIIb driven inhibition of complement-dependent inflammatory pathways (304).

IgG glycosylation is central to maintaining the fine balance between induction of protective and pathogenic Fc functions, highlighting a critical immunomodulatory role for Fc glycosylation in control of infectious disease, but also the regulatory influence of inflammation upon Fc glycosylation. Indeed, post-translational glycosylation is dynamic and highly sensitive to changes within the B cell microenvironment (288, 305, 306), and as such, may undergo relatively rapid modification dependent upon hormonal (307), vaccine or pathogen-derived stimuli (287, 308), as well as more gradual changes associated with ageing and disease (299, 309).






Dysregulated Fc effector functions characterise vulnerable populations

Priority populations can be defined by key host factors that influence the vaccine response, including age, sex, immunogenetics, pregnancy, chronic comorbidities, and malignancies (1, 4, 310–313). These clinical and demographic features are further associated with changes to well-characterised and emerging molecular predictors of vaccine-induced protection (22, 314). Some of these predictive biomarkers are highly linked to lifestyle and health status, such as baseline host inflammation and the gut microbiota (315, 316). Other features are more closely tied to age and genetics, such as pre-existing immunity as a result of prior antigen exposure, immune cell frequencies and activation, antibody titre and function, and capacity for antigen processing (37, 317–326). Notably, characteristic modulation of these host variables results in distinct vaccine responses within specific populations (22). Consequently, tailoring vaccine design to elicit the precise immune features lacking in target populations may prove essential for enhancing vaccine effectiveness.

The underlying mechanisms of immune dysregulation observed in immunocompromised populations is an active area of investigation. However, a perturbed cytokine milieu appears to be central to impaired vaccine responses (327, 328). Notably, many of these immunologically vulnerable groups, including the elderly, individuals with chronic inflammatory conditions and autoimmune disorders, as well as cancer patients, share characteristic patterns of cytokine dysregulation related to imbalances in CD4+ T cell subsets (329–334), immunoglobulin class switching (323), and IgG glycosylation (299, 309, 335), both between and within groups (Figure 5 illustrates IgG glycosylation-specific population trends). As cytokines secreted by CD4+ T cells are important B cell stimuli for the regulation of both class switching (336–338) and IgG glycosylation (305)—features which heavily influence Fc functions—a perturbed baseline cytokine milieu may drive Fc effector function dysregulation.




Figure 5 | IgG Fc glycan structures have variable inflammatory properties. IgG Fc glycans differentially modulate Fc effector functions and, therefore, inflammation, depending on the interactions of the sugars with various Fc receptors and complement proteins. In general, lack of fucose is highly inflammatory while the presence of galactose and sialic acid is anti-inflammatory. Total IgG Fc glycosylation varies considerably with age, sex, and health status. In general, there is a greater abundance of pro-inflammatory Fc glycans in elderly individuals with chronic comorbidities, such as obesity, and this is particularly elevated in post-menopausal women. On the other end of the spectrum, pregnancy is associated with increased abundance of anti-inflammatory Fc glycans. Among healthy young adults, women typically have a slightly more anti-inflammatory Fc glycan profile.



Although poor vaccine immunogenicity in vulnerable populations may, in some instances, be restored by additional vaccine doses (15), boosting is not a universally effective strategy for all vaccines and across all immunocompromised groups (339). Furthermore, modelling suggests that the benefits of boosting may be transient for some immunosuppressed individuals (340). Therefore, in order to design more effective vaccines for immunocompromised groups, a deep understanding of the dysregulated immune networks characteristic of these populations, as well as how these altered immune responses are influenced by different vaccination strategies, is required. Recent systems serology studies have highlighted differences in Fc functions between young, healthy, non-pregnant adults and various vulnerable populations including, children, pregnant women, elderly individuals and patients with various co-morbidities (37, 310, 324, 341–343). Importantly, identification of shared characteristic immunomodulatory mechanisms underlying impaired protection across multiple immunocompromised groups (328, 330, 341) may enable design of more broadly generalised first-generation population-specific vaccine modifications.




Pregnant women

During pregnancy, to ensure the developing foetus is not rejected, the body maintains a precisely modulated immunosuppressive, anti-inflammatory state that is reflected in generally diminished Fc functions (310, 344) underpinned by a global decrease in inflammatory glycan structures (344, 345). Distinct Fc effector functions have been observed in pregnant and lactating women compared to healthy controls following prime-boost SARS-CoV-2 vaccination, despite equivalent vaccine-specific antibody titres post-boost (310). Pregnant and lactating women displayed delayed Fc kinetics, requiring two doses to generate responses that were comparable, though still reduced, to nonpregnant controls (310). In contrast, post-boost, ADNKA and ADNP trended higher in lactating women than in both pregnant and nonpregnant women (310). Varied functional antibody responses have also been described during pregnancy following influenza vaccination. Compared to their non-pregnant counterparts, pregnant women demonstrated impaired overall Fc function driven by reduced capacity for ADCP and ADCD, which was linked to an increase in anti-inflammatory Fc fucosylation and sialyation (344). Nevertheless, increased galactosylation of both bulk and vaccine-specific Fc antibodies was correlated with improved ADNKA in pregnant compared to non-pregnant influenza vaccinated women (344). Finally, the timing of maternal vaccination may impact Fc-mediated protection, with trends of higher functional antibody responses induced by third trimester SARS-CoV-2 vaccination, followed by first then second trimester vaccination (346).

Chronic infection may further influence pregnancy-induced differences in Fc capacity. For example, pregnancy during HIV-1 infection creates a complex environment of opposing immunomodulatory mechanisms (347). Pregnancy-driven immunosuppression competes with HIV-1 associated chronic inflammation thereby driving a unique IgG Fc glycan profile of decreased galactosylation in pregnant women living with HIV-1 (WLWH) (348). Influenza vaccine-induced Fc effector functions are variably regulated in pregnant WLWH compared to HIV-1-uninfected women (349). Following vaccination, ADCP boosting was evident in otherwise healthy pregnant women but not in pregnant WLWH; ADCD was boosted in both groups but was significantly higher in uninfected women (349). Altogether, these differences in Fc effector capacities may point to baseline IgG glycosylation impacting post-vaccination antigen-specific Fc glycoforms, and therefore, effector functions. These studies suggest there may be value in further tailoring vaccination strategies for vulnerable populations who fall into more than one risk group given the marked effect of highly nuanced baseline inflammation on Fc effector functions.





Neonates and infants

The health of neonates and infants is inextricably linked to that of the mother (350–353). As such, pregnancy is a unique window during which maternal and infant health can simultaneously be benefitted by a single course of vaccination (354–357). Placental transfer of maternal antibodies is a key mechanism of neonate protection against numerous infectious diseases, including RSV, influenza, pertussis, measles, and tetanus (358, 359). However, studies of HIV-1, malaria, and SARS-CoV-2 infected pregnant women have revealed that placental transfer of related and unrelated antibodies can be compromised by maternal infection (360–364). This outcome may partially explain the increased childhood disease susceptibility of HIV-1 exposed but uninfected infants as well as infants affected by placental malaria (365, 366). Critically, altered IgG subclass distribution and Fc glycosylation has been implicated in the mechanism of impaired placental transfer of antibodies generated both during and prior to infection (361, 367).

In healthy pregnant women, digalactosylated Fc functional antibodies are preferentially transferred during the gestational period in contrast to antibodies lacking the capacity to bind FcRn, FcγRIIa, and FcγRIIIa (358, 359). Most notably, there is preferential transfer of ADNKA capacity to neonates correlating with enhanced binding of digalactosylated IgG1 to FcRn and FcγRIIIa (358). In contrast, ADCP functionality is retained by the mother (358). Furthermore, equivalent antibody Fc functional capacity has been demonstrated in preterm and full term neonates with robust early transfer of ADNKA capacity (359). This early selective sieving of Fc functional capacity, ADNKA, likely points to an evolutionary advantage of increased Fc capacity in early life (358, 359). Indeed, placentally transferred NK cell activating antibodies drive elevated cytokine release by umbilical cord NK cells compared to adult NK cells (358).

The nature of this placental sieve has implications for the rational design and timing of vaccines administered to pregnant women. For example, vaccine regimens that elicit highly galactosylated antibodies with enhanced affinity for FcRn may be more efficiently transferred and, therefore, afford elevated neonate protection. Indeed, increased placental transfer efficacy of Fc functional SARS-CoV-2 specific antibodies has been observed following mRNA-1273 or BN162b2 lipid nanoparticle mRNA vaccination compared to Ad26.COV2.S adenoviral vector vaccination, with further subtle increases elicited by mRNA-1273 compared to BN162b2 vaccination (346). This suggests that vaccine formulation may substantially alter the functional capacity of antibodies transferred to neonates. On the other hand, maternal antibodies may limit humoral responses in infants following vaccination (368). Although the mechanism remains contested, epitope masking and inhibitory FcγRIIb engagement by maternal antibodies may contribute to this outcome (369, 370). Given that different epitopes drive differential Fc functions (371), immunogen selection for maternal vaccines should also consider the possible impacts on early childhood vaccine responses.





Children

Children under five are highly susceptible to infectious diseases. Numerous cellular and humoral deficiencies define the immature immune system, however, altered antibody class switching (220, 221) and IgG glycosylation (372, 373) confer young children unique Fc effector profiles. Rational vaccine design which exploits the elevated Fc capacity (37, 324, 374, 375) of childhood humoral immunity may promote optimised protection.

While age-related variation in IgG glycosylation is well-recognised (309, 335, 376), detailed data from paediatric cohorts is limited. Nevertheless, evidence exists for variation across childhood and adolescence, with an overall trend of decreased inflammatory agalactosylation with increasing age (372, 373, 376–378). However, further dissection of IgG glycosylation patterns in the first two years of life has revealed increased anti-inflammatory IgG glycoforms with increased digalactosylation, sialyation, and core fucosylation in children aged 9 months to 2 years compared to older children up to 5 years. Between ages 2 to 5 years, IgG glycosylation shifts to a more pro-inflammatory profile of increased agalactosylation and reduced sialyation, before the production of increasingly galactosylated IgG commences (372, 373). Notably, IgG glycosylation patterns have been identified as a potential biomarker of recurrent respiratory infections (RRI) in childhood (372). Interestingly, increased anti-inflammatory digalactosylated and sialyated IgG were enriched in the RRI group—suggesting that decreased effector potency of these antibodies could leave children more vulnerable to repeated infections.

Increased class switching to more mature IgG2 and IgG4 isotypes gradually occurs from infancy to adolescence (220). As such, the baseline production of increased levels of IgG1 and IgG3 in young children under 3 years may be advantageous for the generation of highly Fc functional antibodies by early childhood vaccines. Indeed, children develop elevated IgG1 titres and enhanced Fc functional responses, including ADNP and ADCD, as well as FcγRIIIa binding upon SARS-CoV-2 vaccination in comparison to adults (324). This increase in Fc functional capacity was especially evident when children were administered the full adult dose of Moderna mRNA-1273 vaccine, rather than the reduced paediatric dose (324), underscoring the impact of vaccine dosage on Fc functions.

Robust Fc effector functions in antiretroviral therapy-naïve HIV-1 infected children have also been observed (379, 380), and are especially elevated in paediatric HIV-1 non-progressors (PNP; i.e., children who maintain normal CD4+ T cell counts despite ongoing high viral replication in the absence of antiretroviral therapy) compared to in progressors (380). ADNKA, likely driven by robust IgG1 responses, is consistently observed across cohorts (379, 380), and, along with decreased Fc fucosylation, may contribute to disease control in PNP (380). Notably, coordination of Fc effector responses (379) and increased antigen-specific IgG Fc sialylation (380) were positively associated with neutralisation breadth, suggesting dual benefit to vaccines targeting the generation of Fc functional antibodies.





Elderly individuals

The ageing humoral immune system is characterised by immunosenescence induced by both chronic low-grade inflammation and prior antigen exposure leading to reduced antibody titres and largely diminished vaccine responses (327, 334, 381). The resultant upregulation of inflammatory cytokines such as IL-6, IL-1β, tumour necrosis factor α, as well as decreased anti-inflammatory cytokines such as IL-10, may contribute to impairments across a broad range of humoral immune system features, including B cell activation, antibody class switching, affinity maturation, and Fc glycosylation (300, 382–384). Reduced expression of AID, associated with transcription factor E47 downregulation, is suggested to dampen capacity for CSR, as reflected by the diminished pool of switched memory B cells in elderly individuals (385). Consequently, class switching to cytophilic IgG1 and IgG3, may be diminished in elderly individuals (237, 238, 386, 387). Increased age is also associated with increased baseline abundance of pro-inflammatory agalactosylated and asialylated IgG (300, 309, 335, 376) which may contribute to generation of dampened or uncoordinated Fc effector functions upon vaccination. Overall, these antibody impairments likely underpin the decreased FcγR binding and Fc effector functions observed in elderly individuals (37, 388).

Beyond the current approach of early and additional vaccine doses for elderly individuals, a combination of more targeted strategies may benefit this population (13, 15, 389). In the case of influenza, poor vaccine immunogenicity in the elderly may be partially overcome by high-dose vaccination (390, 391) and inclusion of adjuvants such as MF59 (391, 392) and AS03 (393). However, this population may further benefit from vaccines specifically formulated to elicit potent Fc effector functions upon a background of dysregulated IgG class switching and Fc glycosylation. Although MF59 selectively boosts IgG3 titres and may bolster generation of Fc functional antibodies (394) when class switching is impaired, eliciting Fc glycosylation patterns that support enhanced FcγR engagement may further improve vaccine effectiveness. Notably, the influence of age upon FcγR engagement and effector functions following SARS-CoV-2 vaccination is conflicting, with studies reporting positive (395), negative (396), and no association (50). However, these trends were determined via small to moderately sized patient cohorts, underscoring the need for larger clinical trials to adequately address this critical question.





Patients with chronic comorbidities

Many non-communicable diseases associated with chronic low-grade inflammation have increased in prevalence in recent decades, particularly in high- and middle-income countries (397–399). This phenomenon may reduce effectiveness of vaccines which are typically less immunogenic in patients experiencing chronic inflammation as a result of malignancies, autoimmune diseases, and obesity. Furthermore, both immunosuppressant drugs—used to mitigate symptoms of inflammatory autoimmune diseases and manage solid organ transplants (400)—as well as the chemotherapy and radiation regimens—used to treat malignancies—may render vaccines less immunogenic.

Rheumatoid arthritis, systemic lupus erythematous, renal disease, and inflammatory bowel disease as well as other chronic conditions associated with dysregulated inflammation, such as obesity and type 2 diabetes, contribute substantially to the global burden of comorbidities that reduce vaccine effectiveness (401). Most notably, research investigating vaccine responses in obese patients has revealed a proinflammatory cytokine milieu associated with a dysregulated humoral response, similar to that observed in elderly individuals (330, 332, 402, 403). Impaired humoral immunity upon vaccination is most readily evidenced by reduced antibody titres and neutralisation capacity (311, 404, 405). However, Fc effector capacity in these populations may also be highly dysregulated, largely driven by aberrant IgG Fc glycosylation underpinned by increased IgG Fc agalactosylation, asialyation, and afucosylation (299, 302).

Large networks of genes which regulate Fc glycosylation are pleiotropic with inflammatory diseases such as rheumatoid arthritis and inflammatory bowel disease (406). However, it has long been appreciated that increased pro-inflammatory agalactosylation is a biomarker of disease onset and severity for many of these conditions (301, 302, 377). Increased proinflammatory IgG glycosylation has also been defined for a variety of malignancies, including multiple myeloma (407), colorectal cancer (CRC) (408, 409), thyroid cancer (335), and ovarian cancer (410). Notably, in a study of patients receiving allogeneic hematopoietic stem cell transplantation, post-procedural recipient IgG glycosylation more closely resembled their pre-transplantation profiles than that of donor IgG glycosylation (411). This reinforces the predominant role for the B cell microenvironment in driving IgG glycosylation patterns and suggests that the persistence of patient-specific immunomodulation such as hormone dysregulation, CD4+ T cell perturbances, and inflammatory cytokines may have long-term consequences for the vaccination of patients with haematological malignancies.

Although likely dysregulated, Fc functions appear to be better preserved than neutralisation capacity in immunosuppressed populations. In a study of SARS-CoV-2 vaccination of cancer patients, anti-spike antibody titres were generally concordant with neutralising titres against the wild-type virus (405). However, this trend was not observed against variants of concern where over half of individuals generating anti-spike antibody responses were unable to neutralise SARS-CoV-2 variants (405). Although alterations to IgG Fc glycosylation and effector functions are heavily studied in the context of tumour clearance and cancer progression and survival (269, 412, 413), the effect of these malignancy-induced modifications upon immune responses to vaccination and infection remains understudied.

As IgG Fc glycosylation contributes substantially to Fc effector function potency, designing vaccines that counter perturbed IgG Fc glycosylation patterns and elicit coordinated Fc functions may enhance protective responses in populations experiencing dysregulated inflammation. Indeed, pro-inflammatory IgG glycan abundance has been associated with impaired influenza (414) and SARS-CoV-2 (395) vaccination. Increased baseline level of agalactosylated total IgG was a signature of influenza vaccine non-responders, while elevated IgG galactose abundance predicted robust vaccine response (414). Similarly, elevated baseline abundance of anti-inflammatory galactosylated, sialylated, and fucosylated IgG1 correlated with higher anti-SARS-CoV-2 IgG titres following vaccination (395).

Finally, dysbiosis of the gut microbiome is frequent in obese individuals, as well as patients with malignancies and chronic inflammatory conditions (401, 415–421). There is an established role for the gut microbiome in regulating antibody titres following vaccination (315, 316, 422). Hence, it is plausible that gut dysbiosis may also impair Fc effector functions by modulating inflammatory cytokine levels and subsequently influencing IgG Fc glycosylation and downstream effector functions.






Modulation of Fc effector functions in healthy adult populations

Distinct groups of healthy individuals may also benefit from population-based vaccination strategies. Biological sex-specific differences can impact both antibody quantity and quality, with age-dependent variation in glycosylation patterns (423) likely influencing Fc functional responses (37). Immunogenetics further impact functional antibody responses via allotype associated variations in IgG subclass distribution and FcγR polymorphisms that alter affinity for IgG. Finally, the gut microbiome within healthy individuals may also influence Fc functions by promoting inflammatory processes that modulate IgG glycosylation.




Sex-based differences in vaccine responses

Across age groups, females typically generate more robust humoral responses to many vaccines than do males, with higher antibody titres observed following vaccination against influenza, HBV, yellow fever virus, dengue virus, and measles, mumps and rubella (424–426). However, females may generate a more functional antibody response with increased class switching to IgG3 directing more robust Fc effector functions against some pathogens (427) while males may generate increased titres of poorly functional IgG4 (428). Furthermore, young to middle-aged women typically have increased abundance of anti-inflammatory galactosylated IgG than their male counterparts. However, elderly women have increased abundance of agalactosylated IgG—a phenomenon associated with onset of menopause, likely owing to reduced estrogen levels (307, 309, 429). In addition, females typically have increased phagocytic effector cell frequencies while males have higher NK cell counts but with decreased effector capacity compared to females (430, 431). Differences in IgG Fc glycosylation and innate cell frequencies result in nuanced differences in effector functions between the sexes. For example, males typically generate more robust ADCC in the context of measles (432) or HIV-1 infection (433). As such, men and women may benefit differently from vaccination regimens that aim to either elevate antibody titre or enhance FcγR engagement. Males may benefit from inclusion of adjuvants that enhance class switching to IgG3 (e.g. MF59). On the other hand, given heightened vaccine immunogenicity and reactogenicity, females may benefit from reduced dose regimens that elicit more coordinated Fc functions and fewer adverse effects.





Immunogenetics

Polymorphisms within IGHG and FCGR genes, as well as FCGR copy number variations, are associated with differential responses to infection and vaccination for a range of pathogens (Supplementary Table). The potential for IgG allotypes to modulate Fc functions is largely driven by the altered subclass distributions associated with different haplotypes, and to a much lesser extent, the altered FcγRIIIa affinity of specific allotypes, as previously discussed (255). On the other hand, FcγR polymorphisms influence Fc functions via the increased affinity of FcγRIIa-131H and FcγRIIIa-158V for IgG subclasses (60).

Epistatic interaction of FcγRIIIa polymorphisms and IgG1 allotypes has been observed in HSV-1 infection such that, as a result of enhanced ADCC, the high affinity FcγRIIIa-158V/V genotype was only associated with asymptomatic infection in individuals homozygous for the G1m3 IgG1 allotype (434), typically linked to reduced IgG1 responses against viral infections. This protective effect may not have been observed in G1m17 homozygotes given the increased affinity of G1m17 IgG1 for the HSV-1 decoy FcγR compared to the antithetical G1m3 allotype (435), possibly resulting in increased clearance of G1m17 IgG1. Notably, whether high or low affinity FcγR alleles confer a protective or deleterious effect is likely a disease specific phenomenon, which is presented in detail within the Supplementary Table.

In addition, the influence of human leukocyte antigen (HLA) alleles has long been understood to impact vaccine outcomes. Given the ethnic clustering of HLA allomorphs, different populations demonstrate varying levels of vaccine-induced protection and disease susceptibility (312, 436–440). Although not directly responsible for shaping the functional antibody response, certain HLA allomorphs have been associated with increased antibody titres against SARS-CoV-2 (438), and the potential interaction of HLA, immunoglobulin kappa chain, IgG constant region and FcγR polymorphisms cannot be ignored in the design of population-based vaccines informed by immunogenetic features (434, 441–443). The interplay of these genetic polymorphisms is of particular importance in Indigenous populations who are frequently underrepresented in vaccine studies (8, 9) and whose unique immunogenetic backgrounds may underlie differential vaccine responses and infection susceptibility (250, 437, 439).

The potential value of considering immunogenetic influences upon vaccine responses has recently emerged through comparisons of analogous HIV-1 vaccine trial efficacies derived from different study populations. The RV144 trial, conducted in Thailand with participants of predominantly South-East Asian ethnicity, demonstrated 31.2% efficacy (81). When the RV144-inspired HVTN702 follow up trial was conducted in South Africa, modified to reflect the dominant circulating HIV-1 subtype, the vaccine showed no efficacy (444). Subsequent computational analyses indicated immunogenetics may have contributed to variable protective outcomes between the trials (445, 446). Host immunogenetic diversity, particularly within the IGHG locus varies substantially between the Thai and South African populations (447). Importantly, given IGHG, FCGR, and HLA genotypes show distinct geographic clustering (248, 447, 448), the possibility exists for their influence to be modelled into future population-based vaccines. Figure 6 illustrates the geographic clustering of dominant IgG haplotypes.




Figure 6 | Geographic distribution of dominant IgG haplotypes. IgG allotypes are inherited as haplotype blocks and thus show geographic clustering within ethnicities. Data compiled from (449).








Vaccination strategies modulate Fc effector functions

There is growing consensus that precise modulation of Fc effector functions is a valuable goal of future vaccines and may be key to optimising vaccine responses in certain populations (445, 450). Dysregulated total IgG subclass ratios and global IgG glycosylation are not altered following vaccination (210, 308, 414). However, antigen-specific IgG subclass distribution and antigen-specific IgG glycosylation—key modulators of Fc effector functions—are tuneable via vaccination (210, 211). Furthermore, vaccination can override differences in baseline IgG glycosylation observed between healthy populations from distinct geographic locations (210, 308). As such, these antibody features are rational targets of vaccines designed to boost Fc effector functions in vulnerable populations.

However, given the challenge of eliciting precisely selected Fc functions, most data indicating vaccination-induced differences in functional antibody responses are derived from serendipitous observations following variations to immunogen, vaccine platform, adjuvant, dosage, and administration route. As such, defining the mechanisms of modulation along with strategies that enable fine-tuning of Fc effector functions via vaccination is of high priority for the precision vaccination field.




Immunogen selection

Although Fc effector functions can theoretically be initiated upon binding to any epitope, certain epitopes can drive more potent effector functions than others. The influence of Fab specificity upon Fc-FcR interactions and effector functions has recently been demonstrated in studies of influenza, HIV-1, and Ebola (49, 54, 55, 371). Emerging data has also implicated Fab-FcγR interactions in ADCC potency (451). In addition, antigen valency may impact Fc functions in a Fab-specific manner given that FcγR activation requires dimerisation facilitated by cooperation between at least two antibodies. Furthermore, IgG is glycosylated in an antigen-specific manner (70, 213). Different antigens from the same pathogen (210) or even the same protein (452), may induce differential IgG glycosylation which may impact Fc effector functions. As such, carefully informed choice of immunogen is critical to rational vaccine design.

However, immunogen-specific modulation of Fc functions is largely underpinned by the conformational accessibility of different epitopes as both Fab-antigen and Fc-FcR interactions must be simultaneously accommodated. Indeed, angle of approach of certain Fab-antigen interactions may result in steric hinderance of Fc-FcR engagement (56) or allosteric changes to antibody conformation upon binding which promote or impair FcR interactions (453, 454). Epitope proximity to the viral envelope or target cell membrane has been suggested to influence Fc functions (57, 455, 456). However, studies of ADCP in this context are conflicting, with reports of both enhanced (455) and impaired (456) potency with increasing distance from target cells. Nevertheless, studies of mAbs against the Ebola virus surface glycoprotein indicated that antibodies against epitopes farthest from viral envelope were the most polyfunctional (57, 457). These findings resonate with observations across of a variety of antigens that IgG1 and IgG3 hinge length polymorphisms contribute to ADCC and ADCP potency, with increasing hinge length promoting enhanced ADCP (228, 232, 233, 458) but decreased ADCC (255).

In a study of influenza A mAbs, anti-HA stalk-specific antibodies induced ADCC while those targeting the head region antibodies did not (49). However, the authors later demonstrated that this observation was not a broadly generalisable rule and that other anti-HA head antibodies mediate protective Fc functions (154). This suggests that the precise antibody footprint may have a greater influence over ADCC induction than the general epitope location. Nevertheless, a separate study found that across mouse and human mAbs, as well as polyclonal human IgG, anti-HA head antibodies did not induce ADCC and further inhibited anti-stalk mAb directed ADCC (54). Consequently, suggestions have been posited to increase Fc effector function via immunogen design. For example, shielding the immunodominant HA head via glycosylation may bias responses towards the stalk and enhance Fc functional responses (459).





Vaccine platform

Recent innovations in materials science have expanded licenced vaccine platform options beyond traditional live attenuated, inactivated, recombinant, and viral vector vaccines to include a range of nanoparticle vaccines (28). Of note, the value of lipid nanoparticle mRNA vaccines was demonstrated by their increased effectiveness in comparison to traditional platforms during the COVID-19 pandemic (39, 460). Unique features of each vaccine platform enable varied interactions with the immune system. As such, delivery of the same antigen via different modalities can elicit markedly different responses, including distinct changes to IgG glycosylation and downstream antibody effector functions, which impact vaccine efficacy.

Previous studies have identified an increased abundance of vaccine-specific galactosylated and sialylated IgG following tetanus toxoid and inactivated influenza and vaccination (308, 452). However, comparison of different SARS-CoV-2 vaccines regimens has allowed for more granular dissection of the impacts of vaccine formulation upon IgG glycosylation (212). Pfizer BioNTech BNT162b2 SARS-CoV-2 mRNA vaccination induces an initial transient pattern of increased spike-specific IgG1 Fc galactosylation and sialylation but decreased fucosylation (212, 461). Over time, antigen-specific IgG1 fucosylation levels gradually increased to above that of total IgG1, while galactosylation and sialylation levels gradually decreased, with levels of galactosylated vaccine-specific IgG1 falling below that of total IgG1 by day 190 post-vaccination (212). On the other hand, vaccination with AstraZeneca SARS-CoV-2 AZD1222 adenoviral vector produced a less pronounced decrease in fucosylation immediately post-vaccination, falling to only 95% as compared to the 80% fucosylation induced by BNT162b2 vaccination (212). Similarly, the increase in IgG1 Fc galactosylation was less pronounced after one dose of AZD1222 than BNT162b2 vaccination (212). These kinetics of IgG glycosylation following SARS-CoV-2 mRNA vaccination are in line with previous studies reporting increased antigen-specific IgG fuscoylation in the weeks following vaccination (395, 462), which may promote coordinated Fc effector functions by limiting inflammation (462).

The mechanisms by which varied vaccination platforms induce distinct Fc functions is poorly understood. However, nanomaterial vaccine platforms appear to offer a more defined strategy for enhancing antibody polyfunctionality. Nanomaterials facilitate highly ordered, repetitive antigen array that mimics the immunogenicity of many live pathogens (28). Compared to soluble antigen, the multivalent antigen presentation afforded by nanomaterials drives swift trafficking and concentration within germinal centres (463) as well as rapid B cell activation and differentiation (464). This increased antigen deposition and lymph node expansion facilitating improved B cell and Tfh cell responses is associated with generation of higher antibody titres and improved protection against influenza challenge (465, 466). Nevertheless, although B cell stimuli are known to impact IgG glycosylation (305), knowledge gaps remain in our understanding of the mechanism by which nanomaterials alter IgG Fc glycosylation and effector functions.

Recently, a nanomaterial-based HIV-1 vaccine was demonstrated to induce potent Fc effector functions correlating with unique antigen-specific antibody glycosylation (467). Q11—a frequently utilised vaccine nanomaterial—was conjugated to gp120, and co-administered with the Fc effector function enhancing adjuvant STR8S-C. This combination stimulated increased neutralisation and antibody breadth, as well as enhanced ADCC and, to a lesser degree, ADCP in rabbits (467). These enhancements to ADCC were correlated with changes in IgG Fc glycosylation patterns, including increased fucosylation and monogalactosylation of gp120-specific antibodies. Furthermore, similar glycan profiles were observed for both mice and rabbits vaccinated with or without the STR8S-C adjuvant. Altogether, these findings suggest that while the impact of STR8S-C adjuvant on glycosylation could not be excluded, the Q11 nanofiber itself was responsible for Fc glycosylation modifications. Afucsoyation of IgG Fc glycans is one of the best-defined divers of increased engagement with ADCC-mediating FcγRIIIa (266–268). That the Q11-gp120 vaccine elicited robust ADCC regardless of overall fucose abundance (467) raises important questions regarding the effects of specific combinations of Fc glycans upon antibody-dependent effector functions and warrants further investigation.

There is emerging appreciation of the role of Fc glycosylation in enhancing neutralisation breadth and affinity maturation (380, 468). The Q11-gp120 vaccine induced both increased IgG Fc sialyation and increased Fab binding breadth (467). Increased sialyation has previously been shown to enhance HIV-1 antigen-antibody complex deposition which in turn was associated with increased neutralising antibody breadth, suggesting that specific Fc glycosylation patterns may impact affinity maturation (380, 468). Fc sialylated immune complexes have similarly been shown to enhance affinity maturation and breadth of anti-influenza antibodies (452, 469). Mechanistically, this is explained by increased binding of sialylated immune complexes to inhibitory FcγRIIb, thereby elevating the B cell receptor threshold of activation (452, 469). As such, it is possible that the improved binding breadth generated by Q11-gp120 vaccination was a consequence of increased sialylation. This would suggest dual benefit to precise modulation of IgG glycosylation for the generation of robust polyfunctional antibody responses: enhanced Fc effector functions and increased Fab binding breadth.

The HIV-1 vaccine trials VAX003 and B003/IPCAVD-004/HVTN 091 comprising vaccines based upon recombinant protein subunit and adenoviral vector systems, respectively, induced differently glycosylated IgG against gp120—a key HIV-1 viral entry envelope glycoprotein (210). The VAX003 regimen induced a more inflammatory response of decreased IgG sialylation and galactosylation compared to that raised by B003/IPCAVD-004/HVTN 091 participants (210). VAX003 consisted of 7 doses of recombinant gp120 protein which resulted in reduced IgG3 titres but enhanced IgG4 titres that inhibited both ADCC and ADCP, potentially contributing to the inefficacy of VAX003 (82, 83). In comparison, the moderately protective RV144 vaccine regimen consisted of a canarypox vector prime followed by only two doses of the same gp120 recombinant protein boost used in VAX003 and was associated with increased antigen-specific IgG3, which was identified as a correlated of protection (82, 83). Intriguingly, low IgG4 levels, similar to that observed in RV144 vaccinees, were observed after only two doses of VAX003, suggesting that repeated protein boosting may have contributed to skewed IgG4 subclass profile (82). On the other hand, the zoster vaccine, consisting of two doses of adjuvanted recombinant glycoprotein E elicited improved ADCC against herpes zoster compared to the live virus vaccine (388). This suggests that muted functional responses are not necessarily inherent to recombinant protein vaccine platforms and are likely also influenced by number of doses.

Interestingly, repeated mRNA SARS-CoV-2 vaccination with either Pfizer BioNTech BNT162b2 or Moderna mRNA-1273 has been shown to induce elevated titres of noninflammatory IgG2 and IgG4 against the viral spike protein (211, 212). Six months following second dose vaccination, in a cohort of 29 individuals, IgG4 increased from 0.04% to 4.82%, which further increased to 19.27% six months following third dose vaccination. Increased IgG4 correlated with increased avidity. However, in line with the non-inflammatory properties of IgG4, this shift in subclass distribution hindered Fc effector functions, with significantly decreased ADCP and ADCD observed following the third compared to the second mRNA vaccine dose (211). In contrast, this phenomenon of elevated IgG4 induction was not observed for adenoviral based SARS-CoV-2 vaccines (212). However, primary two-dose mRNA-1273 vaccination followed by Novavax NVX-CoV2373 recombinant protein nanoparticle booster also promoted elevated IgG4 titres in rhesus macaques (470). Whether the increase in IgG4 and associated decrease in Fc effector functions reduces protection or is beneficial to mitigating potential ADCC-driven immunopathology following SARS-CoV-2 infection remains to be determined (211).





Dosing quantity and schedule

The magnitude and timing of vaccine doses can also vastly impact the quality and quantity of antibody responses. For example, two highly similar vaccination platforms delivered in an altered format and dose (Moderna mRNA-1273 and Pfizer BioNTech BNT162b2 SARS-CoV-2 mRNA lipid nanoparticle vaccines) have recently been shown to yield differential functional responses (471). Compared to BNT162b2, mRNA-1273 vaccination induced higher levels of ADNP and ADNKA (471). It has been suggested that the increased dosing interval of the mRNA-1273 vaccine regimen allowed for a more coordinated functional response to develop (471). Likewise, a subsequent study observed that an increased BNT162b2 dosing interval was also associated with enhanced vaccine immunogenicity (340). However, it is possible that the greater mRNA-1273 antigen dose or lipid nanoparticle formulation and mRNA modifications specific to each vaccine may additionally contribute to generation of superior Fc effector capacities via mRNA-1273 vaccination. Nevertheless, this study highlights the potential for fine-tuning Fc effector functions via precision vaccination strategies.

Characterisation of the impact of SARS-CoV-2 adenoviral and protein subunit vaccine dosage has provided more detailed evidence that the quality and durability of antibody Fc effector functions is regulated by antigen quantity per exposure. However, these trends do not appear consistent across different vaccine platforms (78, 204). A nonhuman primate study of the dose-dependent effects of Johnson & Johnson Ad26.CoV2.S adenoviral vector vaccination observed that increased FcγR receptor binding and Fc functional antibody levels, trended strongly with increased dosage, whereas neutralising antibody titres and T cell responses were minimally affected (204). In contrast, a second nonhuman primate study using the Novavax NVX-CoV2373 recombinant SARS-CoV-2 spike protein nanoparticle vaccine with Matrix M adjuvant demonstrated that increased ADNP and ADNKA were associated with the administration of a lower antigen dose (78). Importantly, lower ADCP, ADNP, and ADNKA were observed within single dose groups as compared to their two dose counterparts (78). As such, a single NVX-CoV2373 dose provided only partial protection, in contrast to the near-complete protection of two doses associated with marked maturation of Fc effector functions. In addition, although long priming of germinal centres with sustained antigen delivery in escalating dose vaccination strategies has been shown to improve antibody titres and affinity (472, 473), investigation into the impact of escalating dosage upon Fc effector functions is warranted.

A systems serology analysis identified that delayed fractional dosing of the RTS,S/AS01 vaccine in controlled human malaria infection models increased Fc polyfunctionality (69). Qualitative enhancement of both the Fab and Fc in vaccinees was underpinned by increased ADCP, ADNP, and antibody-dependent dendritic cell phagocytosis (ADDCP), particularly against subdominant epitopes, and correlated with increased Fab region avidity (69). Importantly, this malaria vaccine regimen maintained the immunodominant NANP6 region-specific ADCP and ADNKA (69) which were previously defined as correlates of protection for the standard vaccination schedule (92). However, a separate study associated delayed fractional dosing of the RTS,S/AS01 regimen with increased IgG4 titres that inhibited phagocytosis (474). Although delayed fractional dosing increased vaccine efficacy in malaria naïve adults (475), the efficacy of this regimen in malaria exposed populations for whom the vaccine is most relevant remains controversial (476). Nevertheless, the substantially different Fc functions induced by different dosage and timing of the RTS,S/AS01 vaccine (69) reiterate the importance of both antigen quantity and dosing interval in driving an optimised Fc response.

In addition to the effects of antigen dosage within a single vaccine regimen, prior antigen exposure as a result of infection or vaccination may further influence the magnitude, breadth, and function of post-vaccination antibody responses via several mechanisms (477). Prior antigen exposure can induce immune imprinting which can restrict de novo immune responses to antigens related to those previously encountered (478). Furthermore, increased pre-vaccination antibody titres may drive accelerated clearance of immune complexes and a decreased window of vaccine antigen presentation (478). However, the presence of pre-existing antibodies can also be beneficial. Influenza vaccination studies have observed that elevated baseline FcγRIIb binding, along with elevated pre-existing IgG2 and decreased pre-existing IgM levels, are associated with increased neutralisation breadth (479). It has been suggested that this may result from decreased immune complex clearance owing to poor FcγR engagement by IgG2, as well as enhanced antigen presentation on follicular dendritic cells via FcγRIIb-binding antibodies. In addition, engagement with inhibitory FcγRIIb on B cells may increase the threshold of activation, thereby driving selection of higher affinity antibodies (480).

Finally, in early childhood vaccines, the timing of initial vaccination may play a role in functional antibody durability. The long-term functional capacity of measles-specific antibodies appeared to be more durable if children were vaccinated at 14 months compared to those vaccination between 6-8 months (160). Despite similar functional antibody responses in both groups one-year post-vaccination, children vaccinated later in life had more robust anti-measles functional responses at three years post-vaccination (160). No variation in isotypes or IgG subclasses were observed between age groups, suggesting that other mechanisms of Fc modulation may have contributed to functional differences. For example, variable B cell programming during different stages of early childhood may have led to enduring differences in IgG glycosylation patterns (160), and should be considered when designing childhood immunisation schedules. Alternatively, variable epitope selection driven by waning interference from maternal antibodies with increasing age (369, 370) may have contributed to differential Fc functional responses.





Adjuvants

A wide range of adjuvants that enhance vaccine immunogenicity—via diverse mechanisms leading to distinct immunological profiles—are approved for human use or in trial (481). This may be highly advantageous for the design of precision vaccines tailored to the unique requirements of distinct immunologically vulnerable populations. Most notably, emulsion adjuvants, such as MF59 and AS03, as well as toll-like receptor (TLR) agonist adjuvants, particularly when used in combination, have been advantageous for generating polyfunctional antibodies and further boosting Fc functional capacity of nanoparticle-based vaccines (467, 482, 483). Nevertheless, comprehensive studies that systematically compare the impact of a spectrum of adjuvants upon Fc functions are lacking. However, systems serology has reiterated the value of TLR agonist-based and emulsion adjuvants for enhancing Fc effector functions (484, 485).

Various TLR agonists that drive differential IgG glycosylation are employed as adjuvants. Macaque studies of simian immunodeficiency virus (SIV) vaccination have shown that distinct TLR agonist adjuvant combinations induce unique antibody Fc functions (486). Further studies have defined a role for differential Fc glycosylation in the modulation of Fc functions by TLR agonists (487). Although different adjuvants induced equivalent protective antibody responses of similar magnitudes, quantitative antibody differences were evident between the groups. A TLR4 plus TLR7 agonist (glucopyranosyl lipid plus imiquimod) adjuvant system stimulated increased ADNP and ADCC, while the TLR4 agonist plus the saponin-derivative adjuvant QS21 was associated with ADCD and anti-inflammatory digalactosylated monosialylated IgG. Although the healthy macaques were equivalently protected, differentially induced Fc effector functions may be of value to vulnerable human vaccinees experiencing dysregulated baseline inflammation. Dissecting which qualitative antibody features may have the greatest protective capacity in this context remains to be determined.

MF59—a squalene oil and surfactant adjuvant—boosts CD4+ T cell and Tfh cell activity to induce robust germinal centre responses (488). This leads to long-lived plasma and memory B cells, as well B cell repertoire expansion, resulting in elevated antibody titres. Importantly, however, MF59 may also support class switching to IgG in a CD4+ T cell-independent manner (489). Consequently, MF59 is a useful adjuvant for boosting responses in individuals experiencing reduced vaccine immunogenicity and has been successfully trialled in influenza vaccines for the elderly (490, 491), with especially pronounced benefits for elderly individuals with chronic comorbidities (492). Importantly, MF59 also induces a highly functional antibody response with selective induction of IgG3, resulting in pronounced boosting of Fc effector functions (394). An H5N1 avian influenza human vaccine immunogenicity trial revealed that participants adjuvanted with MF59 had elevated IgG1 and IgG3 titres, as well as ADNP and ADCD, in comparison to those boosted with alum (394). As such, MF59 may override the unfavourable subclass biases or impaired class switching experienced by certain vulnerable populations.

Non-human primate studies of MF59 compared to alum adjuvanted HIV-1 vaccines further point to the ability of adjuvant selection to regulate IgG glycosylation and Fc effector functions (493). A comparison of SIV vaccination with gp120, adjuvanted with either MF59 or alum indicated that although MF59 induced the expected higher titre antibody responses, the alum adjuvanted vaccine was associated with increased protection (493). The alum adjuvant induced decreased galactosylated IgG which was suggested to drive a more coordinated polyfunctional antibody response compared to MF59. On the other hand, MF59 induced elevated titres of anti-inflammatory sialylated gp120 antibodies. Indeed, observations in human trials of H5N1 vaccines suggested MF59 associated improvements to ADCP were driven by titre rather than Fc glycosylation modulation (394). In addition, the lack of enhanced FcγRIIIa engagement and ADCC despite increased IgG1 and IgG3, suggest an inability of MF59 to induce coordinated Fc functional responses, possibly associated with inhibitory Fc glycosylation (394).

In a second rhesus macaque study of a HIV-1 poxvirus vector vaccine administered with either alum alone or a liposomal monophosphoryl lipid A formulation plus alum (Army Liposome Formulation (ALFA)), the ALFA adjuvanted regimen was associated with enhanced ADNP and ADCP and 90% protection against mucosal challenge compared to the 100% infection risk observed for the alum adjuvanted regimen (494). The discrepancy between these studies regarding the effects of alum upon Fc functions may be related to use of different combinations of antigen choice, vaccine platform, or dosage. As such, these data underscore the need for detailed understanding of the interactions between various vaccine modifications upon polyfunctional antibodies.

Fortunately, a more detailed mechanistic understanding regarding how adjuvants alter IgG subclass ratios and IgG glycosylation is beginning to develop (288). Experimental water-in-oil emulsion and Mycobacterium tuberculosis-derived adjuvants appear to selectively program germinal centres to produce differentially Fc-glycosylated antibodies. Mouse model studies of the mechanism by which these adjuvants influence Fc functional antibodies identified unique transcriptome alterations distinguished by St6gal1 mRNA levels which control sialyltransferase expression and, therefore, IgG Fc sialylation (288). The use of water-in-oil emulsion adjuvants and mycobacterium cord factor created germinal centre environments enriched in IL-6 which programmed Tfh cells to stimulate germinal centre B cells into producing IgG with reduced IgG Fc sialylation (288). Given the inflammatory properties of reduced Fc sialylation, inclusion of these adjuvants may support rational vaccine design targeting antibodies with enhanced effector functions. In addition, priming viral immunisation schedules with the unrelated TB Bacillus Calmette–Guérin (BCG) vaccine modulates production of IL-6, as well as other pro-inflammatory cytokines, upon target antigen stimulation (495–498). This suggests a possible role for BCG vaccination in the modulation of IgG Fc glycosylation, and consequently, regulation of Fc effector functions.





Route of administration

Comparison of systemic versus mucosal vaccination is important for the many pathogens entering via the mucosa, such as HIV-1 and respiratory viruses. For example, for respiratory viruses, vaccines administered at the anatomical site of entry (i.e., intranasally) may elicit more biologically relevant, and therefore, protective, responses. However, traditionally, most vaccines are delivered intramuscularly, and historically have not facilitated optimal humoral immune responses at mucosal surfaces for influenza, SARS-CoV-2, and HIV-1 vaccination (499). Insights into the regulation of Fc effector functions can be gleaned from the comparison of intramuscular and aerosol delivery of a SIV vaccine in nonhuman primates (500). These two delivery modes of an otherwise identical vaccine mediated equivalent protection, but distinct effector functions. Intramuscular delivery facilitated enhanced IgG-driven ADCP, while aerosol delivery facilitated enhanced ADNP bolstered by IgA activity. Although a mechanism for this observation was not fully explored, shared patterns of IgG galactosylation were associated with the different modes of phagocytosis induced by each immunisation route, highlighting key glycoforms of potential clinical relevance (500).

In addition, combining different routes of administration within prime-boost vaccination regimens against infections where both mucosal and systemic protection is required may prove beneficial. Systems serology studies have shown COVID-19 convalescent vaccinated individuals induce markedly altered Fc functions compared to those exposed only to vaccination (501). Individuals with hybrid immunity (SARS-CoV-2 infected individuals who then received a single SARS-CoV-2 intramuscular vaccination) had increased Fc functional capacity in comparison to otherwise healthy individuals given two doses of intramuscular vaccination despite antibody titres being comparable between the two groups (501). This suggests combined aerosol and intramuscular vaccine delivery may be beneficial for the generation of enhanced functional antibody responses, potentially leading to improved protection. Alternatively, FcRn-targeting vaccines with the capacity to generate antibodies that are selectively transferred from systemic circulation to mucosal sites may overcome the issues associated with conflicting anatomical sites of vaccination and infection.






Computational strategies to inform population-based vaccine design

Computational approaches can serve as safe, rapid, and cost-effective hypothesis testing tools to screen through multiple complex antibody scenarios, integrating and assessing for the influence of different geographic, genetic and clinical parameters that are rarely accounted for in traditional vaccine efficacy trials. The primary strength of these approaches is that they are able to integrate large amounts of complex data to gain insight into mechanisms that underpin variability in vaccine-induced protection (34, 502). Computational methods in systems serology can be divided into two groups, depending on the questions being asked and the data that is available.

Data-driven modelling involves the application of statistical and machine learning methods to high-throughput serology data to uncover ‘signatures’ of antibody features associated with a vaccine outcome (21). These methods can also be used to classify subpopulations of vaccinees based on responses within a given cohort (21). The advantage of data-driven approaches is that they require little prior knowledge of mechanism, making them broadly applicable to any data set of interest (21, 503). Data-driven approaches applied to plasma samples from the RV144, VAX003, HVTN204, and IPCAVD001 HIV vaccine trials identified antibody signatures that defined each vaccine response uniquely (34). Further, these approaches could also select for the humoral features (i.e., IgG titres, IgG-FcγR engagement) and functional responses (i.e., ADCP) most closely associated with protection against HIV infection (34). Results highlighted the key antibody features and functions that may be unique to each vaccine platform that was evaluated. Similarly, computational approaches applied to convalescent plasma data from COVID-19 patients revealed a signature of antibody features, primarily driven by SARS-CoV-2 Spike-specific IgG3 titres, that was associated with disease severity (504). Separate analysis of SARS-CoV-2 convalescent plasma samples has noted key differences in humoral profiles between children and elderly patients, with mature IgG and IgA responses to SARS-CoV-2 Spike 2 and Nuclear Protein antigens being associated more with elderly patients (37). These analysis reveals both the differences in immune signatures between populations and a possible reason for the vastly different clinical outcomes between them. In all, these findings illustrate how data-driven computational approaches can classify responses and identify subpopulations based on a distinct humoral signature rather than any single antibody feature.

In contrast, mechanistic (“theory-driven”) modelling requires knowledge of the underlying system and uses mathematical relationships to link system components. This trade-off sacrifices broad applicability for added depth of analysis. As these models describe the underlying system in detail, they allow for the investigation of the relationships between the components (e.g., antibodies and FcγR engagement) even at the individual level, thus allowing for the incorporation of personalised parameters (e.g., clinical history or immunogenetics) to evaluate how one individual may respond to a vaccine differently from another individual with different personalised parameters (446). Further, it can be used to evaluate not just how individual changes affect the system output (e.g., vaccine-induced antibody responses), but how combinations of changes to multiple system parameters (e.g., combinations of different immunogenetics and/or clinical history) can result in synergistic changes that are greater than the sum of individual perturbations.

Understanding these mechanistic details will be of high value for future efforts to optimise precision vaccines. For example, IgG1 allotypes and FcγR polymorphisms have the potential to influence protective responses via associated changes in antibody concentration and binding to Fc receptors as previously discussed in the sections above (60, 254). Mechanistic-modelling approaches have been applied to unravel mechanisms by which IgG1 allotypes and Fc receptor polymorphisms influence protective Fc effector functions following HIV-1 vaccination (445). An ordinary differential equation model illustrated how individuals with the G1m-1,3 IgG1 allotype would be predicted to be more responsive to changes in IgG1 concentration (titres) that arise from traditional boosting regimens, whereas G1m1 and G1m1,3 individuals may require a modification to IgG1-FcγR affinity (via glycosylation) to improve Fc effector functions. Furthermore, results suggested that Fc receptor engagement may be unaffected by FcγR polymorphisms until IgG titres reached a very high level, such as those that would be acquired with vaccine boosting. The model was also able to test vaccine design hypotheses in simulated populations of individuals with heterogeneous genetic compositions and suggest specific interventions that would be most effective. Combined, these insights provide specific target design criteria for vaccines tailored to different populations.

Improvements to these computational methods combined with broader application of the techniques will continue to increase the utility of computational approaches for population-based vaccine design. These approaches may directly inform current strategies, such as vaccine boosting, by identifying which populations may benefit most from a given intervention based on infection history, host genetics, or other clinical parameters that influence antibody levels. For vaccine parameters that are not yet modifiable, computational approaches will help prioritize targets for future modifications, overcoming challenges related to time and cost.





Potential pitfalls of Fc functional antibody targeting vaccines

Eliciting potent Fc-functional responses via vaccination in immunologically vulnerable populations has clear benefits for the generation of durable, cross-reactive humoral protection. However, the potential to induce adverse antibody responses should also be acknowledged. Antibody-dependent enhancement (ADE) of disease has been observed following administration of the formalin inactivated RSV (505) and measles vaccines (506) as well as tetravalent dengue vaccine (507, 508). Although these vaccines did not specifically aim to elicit Fc functions, aberrant FcγR engagement appears to have facilitated viral replication within FcγR-expressing cells, and consequently, more severe disease outcomes when vaccinees encountered the virus (61). In the case of vaccines specifically designed to elicit potent Fc functions, careful delineation of protective versus pathogenic Fc responses is required to ensure vaccine safety (509).

Induction of beneficial Fc functional responses is a careful balancing act between protective and pathogenic inflammation. Downstream, Fc functions may trigger inflammatory cytokine release which in turn regulates further recruitment and programming of innate and adaptive immune cells (510). Notably, ADCC must balance viral clearance with immune activation and, therefore, if poorly regulated, can lead to increased morbidity and mortality during some diseases such as dengue fever (507, 508). Although ADCC may contribute to SARS-CoV-2 control (511, 512), uncoordinated Fc functions are a feature of COVID-19, contributing to excess FcγR mediated activation of the innate immune system and consequent induction of cytokine storms (513, 514). The requirement of precise induction of select Fc effector functions has also been demonstrated in protection against Salmonella Typhi (174). Following vaccination, ADNP and antibody-dependent neutrophil oxidative burst (ADNOB) were associated with vaccine-induced protection, whereas breakthrough infection was associated with elevated ADCD, ADCP, and ADNKA (174).

In addition, given the importance of Fc functions in protection against infectious diseases, several pathogens have evolved Fc evasion mechanisms (515–517). Notably, the decoy Fc receptors expressed by members of the herpes virus family, such as glycoproteins gp34 and gp68 in human cytomegalovirus (HCMV) and gE and gI in HSV (518–520), may present unique challenges for the development of vaccines aimed at eliciting protective Fc functional antibodies. Strategies to promote preferential engagement with host FcγRs rather than viral decoy receptors will need to be devised. Several HSV-1 and HSV-2 vaccine candidates have been trialled, but without sufficient efficacy for licensure (125, 521). Interestingly, individuals bearing different IgG1 allotypes have been shown to differently engage HSV decoy Fc receptors (435), suggesting possible differences in susceptibility to HSV infection. Efficacy of HCMV candidate vaccines has similarly been low, particularly in vulnerable target populations such as pregnant women and transplant recipients (522). However, it is suggested that generation of robust Fc effector functions may provide protective responses against infection. As such, it is important to consider that HCMV expresses similar decoy Fc receptors with preferential binding by some human IgG1 allotypes (523, 524) which may add further complexity to the design of vaccines targeting robust FcγR engagement.





Conclusion and future perspectives

The success of current population-based vaccination strategies which prioritise immunocompromised and vulnerable individuals for early, additional, and/or high-dose vaccines has demonstrated the value of selectively tailoring immunisation programmes (15, 390, 391). Furthermore, this precedent lays the groundwork for what can be achieved, if more subtle immunological differences between distinct populations are considered in vaccine implementation and design.

Immunogenetic regulation, age- and disease-induced differences in host inflammatory status have emerged as potent modulators of vaccine-induced antibody responses (1) (Figure 7). Importantly, given that antibody features are similarly dysregulated across multiple vulnerable groups, there may be potential for broad implementation of population-based vaccination strategies aimed at bolstering protective Fc functions. For example, the elderly and individuals with chronic inflammatory comorbidities share similar dysregulated inflammatory Fc glycosylation states and impaired Fab affinity maturation (328, 330, 341). Therefore, future studies should consider focusing on the identification of appropriate adjuvants or vaccine platforms that modulate antibody glycosylation (288). In addition, strategies that increase antigen-specific antibody binding to FcγRIIb may be beneficial, given that FcγRIIb binding has been associated with enhanced neutralisation breadth as a result of increased affinity maturation (479). However, eliciting an optimally functional antibody response will require systematic assessment of the ideal combination of vaccine platform, adjuvant, dosage, and administrative route (Figure 7). Unfortunately, few clinical trials, or even licenced vaccine platforms, have assessed vulnerable groups for such nuanced variation. This highlights the need for more extensive population-based vaccine immunogenicity studies as well as standardisation of assays to assess functional antibody responses.




Figure 7 | Considerations for the design of precision vaccines for vulnerable populations. Age, sex, immunogenetic, and baseline health variations within a vaccinated population can impact vaccine effectiveness. This population variation influences immune features known to modulate vaccine immunogenicity. However, precision vaccines designed to selectively boost the immune features that are impaired or dysregulated in vulnerable populations may enhance vaccine-induced protection. Design of such population-based precision vaccine strategies will require elucidation of the best combinations of antigen and adjuvant, vaccine formulation, and delivery mode which in order to elicit an optimised polyfunctional antibody response and promote increased protection response.



It is also important to note that the precise antibody features and effector functions constituting a coordinated Fc response are highly pathogen-specific. For example, while afucosylated IgG and excessive ADCC are detrimental for dengue fever (110, 111, 290, 292, 296), they are beneficial for HIV-1 and Tuberculosis (53, 79). Therefore, elucidation of the antibody features that should be targeted via vaccination will require detailed characterisation of the protective mechanisms employed against each disease, before being tailored to specific vulnerable populations. Despite the undeniable complexity of eliciting protective, polyfunctional antibodies, advances in vaccine formulation and administration may enable more precise modulation of IgG subclass ratios and Fc glycosylation which mitigate dysregulated Fc functions in vulnerable populations. However other target strategies should not be overlooked, such as the optimisation of FcRn engagement for vaccines which can be administered during pregnancy to simultaneously protect mother and infant, as well as systemic vaccines against mucosal pathogens.

Although personalised vaccination against infectious disease is likely not imminently practical at the individual level, population-based precision vaccination approaches appear feasible within the current global health infrastructure (5, 22, 525). Ideally, next-generation vaccination strategies will promote maximal responses not only in at-risk populations, but also in healthy individuals bearing genetic variations that necessitate differential boosting of specific immune features. Such population-based vaccination accounting for immunogenetic variation may be enabled by the ethnic and, therefore, geographic clustering of key heritable genetic features (313, 445, 446).

Finally, translating the observed differences between vaccine regimens into actionable vaccine design improvements for vulnerable populations remains a key public health priority. Indeed, a generation of population-based vaccination strategies informed by molecular mechanisms may enhance vaccine effectiveness against a broad range of diseases. Critically, such strategies may enable not only maximised protection of diverse, healthy individuals, but also markedly improved protection of the globally increasing population of immunologically vulnerable individuals.
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Introduction

The primary goal of this work is to broaden and enhance the options for induction of protective CD8+ T cells against HIV-1 and respiratory pathogens.





Methods

We explored the advantages of the parainfluenza virus 5 (PIV5) vector for delivery of pathogen-derived transgenes alone and in combination with the in-human potent regimen of simian adenovirus ChAdOx1 prime-poxvirus MVA boost delivering bi-valent mosaic of HIV-1 conserved regions designated HIVconsvX.





Results

We showed in BALB/c mice that the PIV5 vector expressing the HIVconsvX immunogens could be readily incorporated with the other two vaccine modalities into a single regimen and that for specific vector combinations, mucosal CD8+ T-cell induction was enhanced synergistically by a combination of the intranasal and intramuscular routes of administration.





Discussion

Encouraging safety and immunogenicity data from phase 1 human trials of ChAdOx1- and MVA-vectored vaccines for HIV-1, and PIV5-vectored vaccines for SARS-CoV-2 and respiratory syncytial virus pave the way for combining these vectors for HIV-1 and other indications in humans.





Keywords: CD8+ T cells, HIV vaccine, ChAdOx1, MVA, PIV5





Introduction

CD8+ T cells impose selective pressure on HIV-1 and their effector functions should be harnessed for vaccine protection (1–7). We aim to develop a vaccine strategy capable of inducing protective T-cell responses. This could reinforce antibody-mediated prevention and galvanize a cure for HIV-1. While our vaccine program is mainly informed by small rapid iterative studies in humans, animal models play an important part in the search for novel vaccine modalities, alternative delivery modes and their combinations. Our first clinically tested vaccine immunogen was termed HIVA and consisted of HIV clade A Gag p24 and p17 coupled to partially overlapping T-cell epitopes (8, 9). Following the field’s full appreciation of the enormous HIV-1 ability to change, the 1st-generation HIVconsv vaccines focused on the functionally conserved regions of the HIV-1 proteome with a high degree of similarity among all global variants (10, 11). This has now been replaced by 2nd-generation conserved mosaic immunogens HIVconsvX dealing more efficiently with the residual global HIV-1 diversity within the conserved vaccine regions (12). Vector delivery has progressed from weakly immunogenic DNA-poxvirus MVA of HIVA to the current simian adenovirus ChAdOx1-MVA regimen shown to induce robust T cells in humans (8, 10, 13, 14). Despite the ChAdOx1-MVA human potency, we continuously search for novel alternative vaccine platforms to extend options for HIVconsvX delivery, improve T-cell induction, boost protection in low responders, facilitate long-term maintenance of responses and gain access to anatomical niches of HIV-1 transmission and persistent replication. To date, peptide-pulsed dendritic cells (NCT03758625), integration-deficient dendritic cells-targeting lentivirus (15), BCG (16), self-amplifying mRNA of BioNTech (17) and mRNA formulated in lipid nanoparticles of Moderna (18) have been explored as vaccine modalities for the HIVconsvX immunogens, some of which have entered and others are in search of funds for clinical development.

As mucosal surfaces are the primary route of HIV-1 infection, it is likely that mucosa-associated immunity, both cellular and humoral, would provide additional protection against HIV-1. To induce a localized immune response, it is advantageous to administer vaccines at the site of pathogen infection (19). Vaginal, rectal, and intranasal routes of HIV vaccine delivery have been investigated for DNA, MVA, fowl poxvirus and bacterial vectors with varying levels of efficacy (20–22). A vector with natural mucosal tropism might outperform other non-mucosal vectors (19). Parainfluenza virus 5 (PIV5), formerly known as simian virus 5 (SV5), is a respiratory virus that utilizes sialic acid as its receptor. It has a non-segmented negative-sense RNA genome of 15,246 bases, which has 7 genes that encode 8 proteins (23). PIV5 can infect virtually any mammalian cell without causing cytopathic effect (24) and has not been linked to disease in any animals. The kennel cough vaccine contains live PIV5 and has been administered intranasally to dogs for over 40 years without causing any safety or environmental concerns. In additional to inducing systemic, antigen-specific humoral and cellular immunity, PIV5-vectored vaccines can induce mucosal IgA antibodies (25, 26). Furthermore, pre-existing anti-PIV5 antibodies do not interfere with the induction of immune responses to the transgene product (27). During a phase 1 clinical trial in the United States, PIV5 expressing SARS-CoV-2 spike protein was intranasally administered to humans and shown to be safe and immunogenic (NCT04954287; unpublished, B.H.), prompting approval of phase 2 clinical trial (NCT05736835). Additionally, an intranasal PIV5-vectored RSV vaccine showed excellent safety in the phase 1 clinical trial and was approved for a phase 1/2a clinical trial in infants (unpublished, B.H.; NCT05281263; NCT05655182). Collectively, these features support the use of engineered PIV5 as a vaccine vector with the potential to become one of the future broadly used ‘plug-in-and-go’ vaccine platforms.

In this work, we inserted the HIV-1 2nd-generation HIVconsvX conserved mosaic immunogens into PIV5 and characterized the transgene products expression and immunogenicity in a mouse model with emphasis on intranasal vaccine administration, which leads to efficient induction of HIV-1-specific T cells in the lungs and other mucosae. The ramification of these results for further HIVconsvX vaccine development is discussed.





Materials and methods




Cell lines

Human embryonic kidney 293T (HEK293T) cells were maintained in DMEM10 [Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum (FBS), and 100 IU/ml penicillin, 100 µg/ml streptomycin (1% P/S) (Mediatech Inc., Manassas, VA, USA)]. Vero cells were maintained in DMEM5 supplemented with 5% FBS and 1% P/S. All cell lines were maintained at 37 °C with 5% CO2 and obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA).





Construction of the PIV5.HIVconsv2 and PIV5.HIVconsv5 vaccines

PIV5 strain canine parainfluenza (CPI) virus was used as the backbone for recombinant viruses P2 and P5. DNA fragments encoding for HIVconsv2 or HIVconsv5 were synthesized by Genscript (Piscataway, New Jersey, USA) and inserted as an additional open reading frame (ORF) between the PIV5 SH and HN ORFs as previously described (28). Briefly, to generate the recombinant P2 and P5 vaccines, plasmids encoding for the full-length genome cDNA of either P2 and P5, as well as helper plasmids pT7 polymerase, pPIV5-NP, pPIV5-P, and pPIV5-L, were co-transfected into HEK293T cells at 60-80% confluency in 6-cm2 plates. One day post-transfection, the HEK293T cells were trypsinized and combined with 106 Vero cells in a 10-cm2 plate. After incubation at 37 °C, 5% CO2 for 7 days, the cell medium was harvested, and the viruses were plaque purified in Vero cells. For plaque purification, harvested cell medium was serially diluted and inoculated onto Vero cells, which were subsequently overlayed with 2% low melting point (LMP) agarose in DMEM5. After 7 to 14 days of incubation, individual plaques were picked and expanded in Vero cells. After 5 to 7 days, the cell medium was harvested, and cell debris was pelleted by centrifugation at 1000 rpm for 5 min. The supernatant was mixed with 0.1 volume of 10X sucrose-phosphate-glutamate (SPG) buffer and stored at -80 °C. Plaque assays were performed to titrate P2 and P5. Vero cells were infected with a serially diluted virus and overlayed with 2% LMP agarose in DMEM5. Following 10-14 days of incubation, the overlay was removed, the cells were fixed with 2% paraformaldehyde, and plaques were stained with 0.5% crystal violet in 25% methanol. The viral genome sequences of the full-length recombinant PIV5 vaccine viruses were confirmed to be correct with Sanger sequencing and expression of the transgene products by individual P2 and P5 viruses was confirmed.





Immunofluorescence assay

To confirm HIVconsvX expression by the P2 and P5 vaccine viruses, Vero cells were infected at a multiplicity of infection (MOI) 3 and incubated at 37 °C, 5% CO2 for 2 days. The inoculum was removed, and the cells were washed with phosphate-buffered saline (PBS) and fixed with 60% methanol/40% acetone. The cells were then washed with PBS and incubated with 3% bovine serum albumin (BSA) in PBS for 30 min. Next, the cells were incubated for 1 hour with mouse anti-PIV5 V/P monoclonal antibody (mAb) and polyclonal rabbit anti-HIV-gag-p54-p24-p17 serum (Abcam catalogue #ab63917) diluted 1:200 in PBS plus 3% BSA. The cells were washed 3x with PBS and incubated for 30 min. with NucBlue Live Cell Stain (Invitrogen) and goat anti-mouse FITC mAb (Abcam) and goat anti-rabbit Cy3 (Fisher Scientific) serum diluted 1:200 in PBS plus 3% BSA. The cells were washed 3x with PBS and imaged with an Evos fluorescence microscope (Thermo Fisher Scientific, Waltham, MA, USA).





Western blotting

To confirm HIVconsvX expression by the P2 and P5 vaccine viruses, Vero cells were infected at a multiplicity of infection (MOI) 3 and incubated at 37 °C, 5% CO2 for 2 days. Cell medium was collected and mixed with 2X Laemmle with 2-mercaptoethanol, and the cells were lysed in 1X Laemmle with 2-mercaptoethanol. The medium and cell lysate samples were incubated at 95 °C for 5 min. The samples were resolved with SDS-PAGE and transferred to Hamersham Hybond-LFP membranes (GE HealthCare Technologies Inc., Chicago, IL, USA). The membranes were incubated in PBS plus 5% non-fat milk for 1 hour. The membranes were washed with PBS plus 0.1% Tween-20 (PBST) and incubated for 1 hour with mouse anti-PIV5 V/P mAb or polyclonal rabbit anti-HIV-gag-p54-p24-p17 serum diluted 1:1000 in PBS plus 5% non-fat milk. Following washing with PBST, the membranes were incubated with anti-mouse or anti-rabbit Cy3 (Abcam) diluted 1:1000 in PBS plus 5% non-fat milk. The membranes were washed and imaged with a BioRad ChemiDoc MP Imaging System.





Construction and preparation of the ChAdOx1- and MVA-vectored vaccines

Rescue strategies and preparation of the ChAdOx1.tHIVconsv1 (C1), ChADOx1.HIVconsv62 (C62), MVA.tHIVconsv3 (M3) and MVA.tHIVconsv4 (M4) vaccines were described previously (12).





Animals and Immunizations

Groups of six-week-old female BALB/c mice were purchased from Envigo (UK) and vaccinated with the number of plaque-forming units (PFU) for parainfluenza viruses P2 and P5, and poxvirus M3 and M4 or virus particles (vp) of simian adenovirus C1 and C62 using either the intramuscular (IM) or intranasal (IN) route as indicated in each figure. Boost immunizations were delivered in 2-week intervals and the animals were killed 1 week after the last vaccine administration for the collection of the spleen, lungs, Peyer’s patches (PP) and female reproductive tract (FRT), the last two in selected experiments.





Preparation of immune cells

Following vaccination, immune cells were isolated from the spleens, lungs, PP of the gut and FRT.

Immune cells from the spleen and PP were isolated by pressing harvested tissue through a 70-µm sterile nylon-mesh cell strainer (Thermo Fisher Scientific) using a 5-ml syringe rubber plunger. Following the removal of red blood cells with ACK lysis buffer (0.14 M NH4Cl, 10 mM KHCO3 and 100 mM Na2EDTA), cells were washed and resuspended in R10 (RPMI 1640 supplemented with 1% P/S, 10% FBS, and β-mercaptoethanol). Cells were counted using a CASY cell counter (Termo Fisher Scientific).

To obtain immune cells from the lungs and female genital tract, the dissected organs were cut into 1-mm2 segments and digested with 1.4 mg/ml Collagenase (Sigma Aldrich, Gillingham, UK) and 60 µg/ml DNase Type IV (Sigma Aldrich) in R0 supplemented with β-mercaptoethanol in 1.8-ml volume for 60 min. at 37 °C with shaking, after which 200 µl of FBS was added to quench the reaction. The cells were then processed in the same manner as those isolated from the spleen and Peyer’s patches.





Peptides

H-2d class I-restricted epitopes previously identified in the BALB/c mice and their variants (18, 29) were employed in immunological analyses. All peptides were at least 90% pure by mass spectrometry (Synpeptide, Shanghai, China) and were dissolved in DMSO (Sigma-Aldrich) to yield a stock of 10 mg/ml and stored at -80 °C until use. Aliquots were subsequently diluted to 1mg/ml with PBS and further diluted to working stock of 4-μg/ml concentration with R10, to give a final peptide concentration of 2 μg/ml when 50 μl of the peptide was assayed with 50 μl of cells in each well.





IFN-γ ELISPOT assay

Interferon (IFN)-γ Enzyme-linked ImmunoSpot (ELISPOT) assay was performed using the Mouse IFN-γ ELISpot kit (Mabtech, Stockholm, Sweden) according to the manufacturer’s instructions as described previously (17). Briefly, immune cells were collected and tested separately from individual mice in triplicate wells. Peptides were used at 2 µg/ml each, and cells at 105 cells/well were added to 96-well high-protein-binding Immobilon-P membrane plates (Millipore) that had been precoated with 5 µg/ml anti-IFN-γ mAb AN18 (Mabtech). For PP and FRT, all cells recovered were used and divided among the wells. The plates were incubated at 37 °C in 5% CO2 for 18 hours and washed with PBS before the addition of 1 µg/ml biotinylated anti-IFN-γ mAb (Mabtech) at room temperature for 2 hours. The plates were then washed with PBS, incubated with 1 µg/ml streptavidin-conjugated alkaline phosphatase (Mabtech) at room temperature for 1 hour, washed with PBS, and individual spot-producing units (SFU) were detected as dark spots after a 10-min reaction with 5-bromo-4-chloro-3-idolyl phosphate and nitro blue tetrazolium using an alkaline-phosphatase-conjugate substrate (Bio-Rad, Richmond, CA, USA). SFUs were counted using the AID ELISpot Reader System (Autoimmun Diagnostika, Strassberg, Germany). The frequencies of responding cells were expressed as SFU/106 cells after subtracting the background frequencies from no-peptide assay wells.





Statistical analysis

Statistical analyses were performed using Graph Pad Prism version 7.0. For ELISPOT data with 2 animals per group, average and individual animal values are shown. For more than 2 animals per group, non-parametric tests were used and median (range) is shown. For assessing the depth of variant peptide recognition, we used 2-way ANOVA with Tukey’s multiple comparisons tests. Two-tailed P values were used and P values of less than 0.05 were considered statistically significant.






Results




Vaccines

The 2nd-generation HIVconsvX bi-valent mosaic immunogens were derived from highly conserved regions of HIV-1 proteins Gag and Pol, while Env and other accessory proteins were purposely left out for lack of protective epitopes and/or sufficiently long stretch of conservation (12, 29). Mosaic 1 (odd vaccine numbers/blue) and mosaic 2 (even vaccine numbers/red) of HIVconsvX complement each other for the best coverage of potential 9-mer T-cell epitopes (PTE) of HIV-1 group M (29–32) and are intended to be used together for vaccination. Here, to evaluate the quality and location of elicited T-cells determined by the vaccine vector and route of administration rather than the T-cell depth of epitope variant recognition, mosaic 1 was employed alone for simplicity in all but the last figure. The vaccines utilized in this work were simian adenovirus-derived ChAdOx1.tHIVconsv1 (C1) and ChAdOx1.HIVconsv6.2 (C62), poxviruses MVA.tHIVconsv3 (M3) and MVA.tHIVconsv4 (M4), and parainfluenza virus 5 PIV5.HIVconsv5 (P5) and PIV5.HIVconsv2 (P2) (Figure 1).




Figure 1 | HIVconsvX immunogens and vaccines. Six conserved regions, two in the Gag and four in the Pol HIV proteins, of global HIV isolates of group M (top) were used to compute two mosaic versions of each for maximum vaccine match. The positions of three tested CD8+ T-cell epitopes (AMQMLKD/ETI, VLV/IGPTPVNI, and IFQS/CSMTKI) are indicated (middle). Regions were reshuffled to minimize responses to junctions and inserted into the ChAdOx1 vector derived from simian adenovirus, poxvirus MVA and parainfluenza virus 5, whereby N-terminal ‘t’ is for human tissue plasminogen activator leader sequence and C-terminal ‘Pk’ is for the SV5-P-k (aka SV5) monoclonal antibody tag, respectively (bottom). Note the three immunogens for each mosaic (HIVconsv1, HIVconsv3 and HIVconsv5 as mosaic 1 and HIVconsv2, HIVconsv4 and HIVconsv62 as mosaic 2) are identical for the amino acid and T-cell epitope content.



To construct parainfluenza vaccines P5 and P2, synthetic DNA fragments coding for the HIVconsv5 and HIVconsv2 immunogens were inserted between the SH and HN ORFs of the parainfluenza genome (Figure 2A). Abundant transgene expression was readily detected in infected Vero cells by immunofluorescence (Figure 2B) and Western blot analyses (Figures 2C, D), the latter also confirming the correct proteins predicted relative molecular masses.




Figure 2 | Construction of the PIV5.HIVconsv2 (P2) and PIV5.HIVconsv5 (P5). (A) The HIV-derived genes were inserted into the PIV5 genome between the PIV5 SH and HN genes. (B) Expression of the transgenes in infected Vero cells was readily detected by immunofluorescence using an anti-Gag p24 (region 1) mAb (red). Anti-PIV5 V/P protein mAb indicates the vaccine-infected cells (green). Cell nuclei were stained by DAPI. Western blot analysis of infected Vero cell lysates (left) and medium (right) was used to detect the PIV5 V/P protein (C) and confirmed expression of the correct full-length transgene HIVconsv2 and HIVconsv5 products of predicted 99.71 kDa and 98.81 kDa, respectively.







Two intranasal doses of PIV5.HIVconsv5 induce potent and broad T-cell responses in the lungs

Paramyxoviruses are respiratory viruses and therefore their natural intranasal administration (IN) was compared with intramuscular needle injection (IM) in a series of dose-response and repeated delivery experiments for induction of HIV-1-specific CD8+ T cells in the spleen and lungs. Using three well-defined H-2d-restricted CD8+ T-cell epitopes VLVGPTPVNI, AMQMLKDTI and IFQSSMTKI, listed in their immunodominance order, only the highest vaccine dose of 106 plaque forming units (PFU) of P5 induced appreciable responses in an IFN-γ ELISPOT assay in both organs following IN delivery. Compared to the IFN-γ response in the spleens, the response in the lungs was approximately 3-fold higher and reached an average of 428 spot-forming units (SFU)/106 cells against the immunodominant VLV peptide (Figure 3A top). In the lungs, the vaccine-elicited VLV-specific CD8+ T cells were polyfunctional and produced IFN-γ, tumor-necrosis factor (TNF)-α and interleukin (IL)-2. Furthermore, the cells degranulated as judged by surface expression of lysosomal-associated membrane protein (LAMP)-1, which is also known as CD107a (Figure 3A bottom). While IM delivery resulted in a better vaccine dose-increasing response, with up to an average of 81 SFU/106 cells against AMQ, the overall response was lower in the lungs compared to IN vaccine delivery (Figure 3B). Finally, we tested multiple dosing of the same P5 vaccine IN and found that with 2-week intervals, two doses increased the single-dose frequencies of VLV-specific CD8+ T cells to median 250 and 1505 SFU/106 cells in the spleen and lungs, respectively, while the third dose was less efficient (Figure 3C). Overall, the P5 vaccines were more immunogenic when delivered IN and induced potent, polyfunctional T cells in the lungs.




Figure 3 | Induction of CD8+ T cells by homologous regimens of PIV5.HIVconsv5 (P5). Groups of BALB/c mice were immunized with increasing doses of the P5 vaccines either intranasally (IN) (A) or intramuscularly (IM) (B) and the frequencies of vaccine-elicited CD8+ T cells in the spleen (left) and lungs (right) were enumerated in an ELISPOT assay using the three strongest epitopes color coded as indicated on the bottom of the figure. Average (bars), as well as individual mouse frequencies, are shown (n = 2). For the IN delivery, the functionality of the VLV-specific T cells was determined (A bottom). The vaccine doses are shown in plaque-forming units (PFU). (C) One, two and three sequential IN administrations of the P5 vaccine were assessed in an ELISPOT assay and median (bars) as well individual mouse frequencies of elicited CD8+ T cells recognizing the three most immunodominant epitopes as indicated on the bottom of the figure were determined (n = 3).







Synergistic induction of T-cell responses in the lungs by a combination of PIV5.HIVconsv5 and ChAdOx1.tHIVconsv1

Next, we explored the vaccine modality of replication-deficient simian adenovirus Y25-derived vector ChAdOx1 for enhancement of the PIV5-induced CD8+ T-cell responses. First, we assessed the combination of ChAdOx1.tHIVconsv1 (C1) IM and P5 IN. While for splenocytes across all the tested regimens, there was a similar T-cell induction ranging from 1318 to 1448 SFU/106 cells recognizing VLV, both sequential and parallel C1 IM and P5 IN delivery showed a synergistic effect on the frequencies of HIV-1-specific T cells in the lungs against all three VLV, AMQ and IFQ epitopes averaging up to 7265, 6568 and 4347 SFU/106 cells, respectively. These cells were polyfunctional and, as expected for CD8+ T cells, the majority expressed IFN-γ, TNF-α and CD107a with minimal production of IL-2 (Figure 4A). Repeated parallel immunization compared the combined C1 IM and P5 IN vaccines to their individual administrations. Relative to C1 IM alone, similar levels of HIV-1-specific T cells in the spleens were induced by co-delivered C1P5 (median 2170 vs. 2365 SFU/106 cells for VLV). However, synergism was confirmed for C1P5 vs P5 and C1 alone, stimulating respective medians of 10750 vs. 4300 and 1900 SFU/106 lung cells for the immunodominant epitope. AMQ and IFQ displayed similar patterns, but with lower frequencies (Figure 4B).




Figure 4 | Synergy of ChAdOx1.HIVconsv1 (C1), MVA.tHIVconsv3 (M3) and PIV5.HIVconsv5 (P5) in heterologous regimens. BALB/c mice were immunized using regimens described and color coded in the tables (left). (A) Effect of the P5 IN boost was assessed in sequential and parallel administrations with C1 IM in spleens (left) and lungs (right) using the VLV, AMQ and IFQ peptides in an ELISPOT assay. The bars show average with individual mouse frequencies indicated (n = 2) (top). Functionality of the elicited responses was assessed in a polychromatic flow cytometry (bottom). (B) Parallel administrations of C1 IM and P5 IN were measured against each of the vaccines alone in the spleen and lungs. Heterologous regimens of ChAdOx1.HIVconsv1 (C1), MVA.tHIVconsv3 (M3) and PIV5.HIVconsv5 (P5) were tested next. (C) Effect of the P5 IN boost on sequential and parallel administrations with M3 IM. (D) Benefit of the sequential C1-M3 regimen delivered either IM or IN over each vaccine administered alone. (E) Optimizing triple delivery of C1, M3 and P5 in a single regimen. (C) Effect of the P5 IN boost on sequential and parallel administrations with M3 IM. The readout for all assays was an ELISPOT assay using the VLV, AMQ and IFQ peptides for restimulation. Median and individual animal values of T-cell frequencies are shown.







Fine-tuning of heterologous regimens of ChAdOx1.tHIVconsv1, MVA.tHIVconsv3 and PIV5.HIVconsv5 for lung CD8+ T-cell responses

In the next series of experiments, we explored the use of ChAdOx1.tHIVconsv1 and PIV5.HIVconsv5 with the poxvirus MVA.tHIVconsv3 (M3) vaccine. First, the benefit of P5 IN delivered with or after M3 IM was tested against M3 IM alone. The observations in the spleen were nonremarkable, and the splenocyte VLV T-cell frequencies were in the range of 1500 SFU/106 cells, similar to C1P5. However, in the lungs, both the sequential and parallel regimens were again synergistic. Subsequent administration of M3 and P5 was over 2-fold more potent when compared to concurrent administration, and both administrations were superior to M3 alone, inducing an average of 16833, 7517 and ~715 VLV-specific SFU/106 cells, respectively (Figure 4C). Being intrigued by the relatively unexplored IN delivery for C1 and M3, next, we compared C1M3 IN versus well-tested IM. The splenocyte results concurred with the well-described synergy between C1 and M3 IM, but less so for the IN route, eliciting 4075 and 1350 SFU/106 splenocytes against VLV, respectively. In the lungs, C1M3 IM was synergistic and induced an average of 6850 SFU/106 cells. In contrast to IM, for the IN route of delivery, C1 alone was almost as immunogenic as C1M3, while M3 IN was relatively much less immunogenic eliciting 10550, 10970 and 1500 SFU/106 cells recognizing VLV, respectively (Figure 4D).

Finally, three vaccine platforms of simian adenovirus, poxvirus and PIV5 were combined into a single regimen to interrogate the possibility of enhancing the induction of HIVconsvX-specific CD8+ T cells even further. Thus, regimens C1-M3P5, C1P5-M3, C1P5-M3P5, C1-M3 and P5-P5 were compared, whereby C1 and M3 were always IM and P5 IN. In the spleen, the first four regimens induced VLV T-cell average in the range between 3003 and 4333 SFU/106 splenocytes. In the lungs, these regimens’ averages arranged from the strongest to weakest aligned as C1-M3P5>C1P5-M3P5≅C1P5-M3>C1-M3, keeping in mind that only groups of 2 mice were tested due to the intense labor required for cell isolation from two organs in each animal (Figure 4E). Homologous P5-P5 IN was by far the weakest protocol. Again, the VLV immunogenicity patterns were closely matched by the subdominant AMQ and IFQ epitopes, but with lower frequencies.





Induction of HIV-1-specific CD8+ T cells in diverse mucosa

Next, we investigated the induction of HIV-1-specific CD8+ T cells across diverse mucosal sites. Immune cells were isolated and tested from the lungs, Peyer’s patches (PP), the female reproductive tract (FRT), and the spleen as a reference. Isolation of CD8+ T cells from PP and FRT was labor-intensive, technically challenging and the cell yields were typically low. Therefore, for immunological analyses of PP and FRT, cells isolated from all animals in a group were pooled. For the pilot experiment, mice (n=3) were immunized using the C1-P5 IN and C1-M3 IN regimens, and the VLV-, AMQ- and IFQ-specific T-cell frequencies were determined in an IFN-γ ELISPOT assay. Both regimens induced frequencies concurrent with previous experiments in the spleen and lungs with median 679 and 1121 VLV-stimulated SFU/106 splenocytes, and 5950 and 14083 SFU/106 of lung cells for C1-P5 IN and C1-M3 IN, respectively. Marginal responses of 8 and 10 SFU/106 cells above the background, respective to the regimens, were detected in PP, while 170 and 697 SFU/106 cells responded in cells recovered from the FRT (Figure 5 top). The same experiment (n=2) was repeated including a third group immunized C1-M1 IM. This time in all four organs, C1-M3 IN was better than C1-P5 IN with similar relative patterns of cell frequencies recognizing the VLV, AMQ and IFQ peptides. C1-M3 IM induced 950, 818, 38 and 4013 VLV-specific SFU/106 cells in the spleen, lungs, PP and FRT, respectively. Compared to C1-P5 IN and C1-M3 IN, C1-M3 IM induced the most potent responses in PP and FRT (Figure 5 bottom). Thus, C1C62-M3M4 IM tested currently in clinical studies remains a potent regimen, and its capacity to induce HIVconsvX-specific CD8+ T-cell effectors at the mucosal sites in humans should be assessed.




Figure 5 | Induction of HIV-1-specific CD8+ T cells at mucosal sites. Two independent experiments are shown (top and bottom) of BALB/c mice immunizations using regimens of co-administered vaccines vie either the IN or IM routes as indicated below the graphs. Vaccine-elicited VLV-, AMQ- and IFQ-specific CD8+ T cells were enumerated in an ELISPOT assay in the spleen lungs, Peyer's patches (PP) and female reductive tract (FRT). For spleen and lungs, average (bars) and individual animal data (top n = 3 and bottom n=2) are shown. For PP and FRT, isolated immune cells were pooled prior to enumeration of HIV-1-specific CD8+ T cells.







Bi-valent PIV5.HIVconsv5+PIV5.HIVconsv2 (P5P2) IN vaccination induces ‘deep’ variant recognition

Next, we compared the immunogenicity of mosaic 2 (C62, M4 and P2) with mosaic 1 (C1, M3 and P5) using the strongest spleen and lung regimens, and groups of five mice to increase the power of our conclusions. These experiments broadly confirmed our previous regimen ranking. Direct comparison of the two mosaic performances is complicated by two individual experiments and the relative inter- and intra-immunogen dominance hierarchy of epitope variants present in the two immunogens (Figure 6A).




Figure 6 | Benefit of the bi-valent mosaic design for epitope variant recognition. (A) Individual mosaic immunogenicities. In two separate experiments, groups of 5 BALB/c mice were immunized using the best three regimes for spleen and lungs with either mosaic 1 (top) or mosaic 2 (bottom) and the immune splenocytes were tested against mosaic-derived peptide variants. Median IFN-γ ELISPOT frequencies are depicted as bars with individual animal values shown. Dunn’s multiple comparisons tests were used to determine the significance of group differences for the most immunodominant epitope, which differed between the two mosaics. For Prism 9, P values are set at * - <0.05; ** - <0.01; and **** - <0.0001. (B) BALB/c mice were vaccinated with either mosaic 1 (P5), mosaic 2 (P2) or both mosaics together (P5P2) as two half doses, and the recognition of variant epitopes present in the vaccines as well as additional variants with ≥1% frequencies of HIV-1 isolates in the LANL-HSD was assessed for the VLV and AMQ epitopes in an ELISPOT assay. Results are shown as a median with individual values plotted (n = 3). 2-way ANOVA with Tukey’s multiple comparisons tests was used for the statistical analysis, whereby P values for AMQ are: ** - 0.0034 and * - 0.0232; and for VLV were ns – not significant 0.9932; and **** - <0.0001.



Finally, we evaluated the importance of the bi-valent mosaic design of HIVconsvX for induction of CD8+ T cells recognizing epitope variants beyond those present in the two vaccines, which we and others previously advocated (29, 30). Thus, immunization with mosaic 2 in P2 alone induced relatively poor responses to variant VLV peptides, which were substantially improved by mosaic 1 codelivery as P5P2. Furthermore, the recognition of variant AMQ peptides elicited by mosaic 1 of P5 benefited for at least five AMQ variants from the P5P2 bi-valent vaccination (Figure 6B). When the combined responses to both VLV and AMQ epitope variants were compared using 2-way ANOVA, the benefit of bi-valent vaccines was reached using Tukey’s multiple comparisons tests P values of 0.0138 for P5 vs. P5P2 and <0.0001 for P2 vs. P5P2. Thus, the BALB/c model affirms the induction of ‘deeper’ CD8+ T-cells by bi-valent vaccine administration, which may have important ramifications for the deployment of the HIVconsvX vaccines in an HLA outbred population exposed to diverse HIV-1, and the human PIV5 vectors can offer induction of such CD8+ T cells with improved depth of variant recognition.






Discussion

In humans, the currently tested ‘core’ vector regimen aiming at induction of protective effector T cells against HIV-1/AIDS is ChAdOx1 prime and MVA boost delivering bi-valent conserved mosaic immunogens HIVconsvX (C1C62-M3M4) by the intramuscular route (10, 12). Promising data are supporting the benefits of narrowing the vaccine-elicited killer T cells towards specific sub-protein regions on HIV-1, such are the functionally conserved regions of HIVconsvX, as opposed to whole viral proteins (3, 7, 13, 33–35). However, functional features of vaccine-elicited CD8+ T cells that promote the prevention of HIV-1 acquisition and/or HIV-1 control after stopping antiretroviral therapy remain elusive (13, 34, 36–39). Hence, we continue to search for ways to improve CD8+ T-cell induction and ensure reaching, as yet undefined, protective numbers of T cells, which are polyfunctional, and display longevity, proliferative capacity, homing and any other parameters prerequisite for anti-HIV-1 immunity (40–46). Previous studies investigating the use of heterologous vectors showed that PIV5-vectored gp140 and SIV-Gag vaccines induced potent immune responses in rhesus macaques when boosted with a subsequent virus-like particle vaccine (26). In the present work, we constructed novel parainfluenza virus 5 (PIV5)-vectored vaccines and showed that these can be efficiently incorporated into immunization protocols with ChAdOx1 and MVA vaccines. Importantly, mixed routes of immunization and heterologous regimens, sequential and parallel, significantly potentiated vaccine induction of CD8+ T cells. We also demonstrated that both IN and IM routes of delivery could induce CD8+ T cells at lymphoid [spleen and Peyer’s patches (PP)] and mucosal [lungs and female reproductive tract (FRT)] sites.

Vaccine regimens are best compared in the same experiment with assays carried out on individual groups next to each other on the same day. This is challenging practically, especially when dealing with three vaccine modalities (PIV5, ChAdOx1 and MVA), two routes of delivery (IM and IN) and two, but sometimes four, anatomical sites in each animal (spleen, lungs, PP and FRT) to be analyzed. Thus, to visualize the relative efficiency of the vast number of regimens tested in this work, we ranked all the results in a single table based on descending average IFN-γ ELISPOT cell frequencies (Table 1). In the spleen, the most efficient vaccinations involved the core regimen C1(IM)-M3(IM) followed by all three combined modalities C1(IM)P5(IN)-M3(IM) and C1(IM)-M3(IM)P5(IN). In the lungs, rather unexpectedly, the leading vaccination was M3(IM)-P5(IN), followed by C1(IN)-M3(IN), single dose C1(IN), and C1(IM)-M3(IM)P5(IN) and C1(IM)P5(IN)-M3(IM)P5(IN). While we are not making any definite recommendations as to which of the tested regimens was the best, the underlying principles of combining routes and vaccine modalities to enhance potent induction of CD8+ T-cell responses systemically and at mucosal sites is worth exploring in humans. We also determined that overall, within the current set of experiments and several vaccine doses, mixed IM and IN route strategy induced the highest average frequencies of HIVconsvX-specific IFN-γ-producing T cells in the lungs (Table 2). It was noted that at two vaccine doses, the IM route alone induced higher frequencies of T cells in the lungs than the IN route alone and mixed three doses were the best suggesting that induction of systemic and mucosal T cells was not mutually exclusive nor heavily biased to one or the other. One limitation of our study design is that majority of the readout is dependent on IFN-γ production, which may especially in various organs, using IN and IM routes, and three vaccine modalities underestimate the true frequencies of vaccine-elicited HIVconsvX-specific CD8+ T cells. The frequencies of effector T cells in the mouse spleen or mucosa required to control or lessen the morbidity of a virus challenge likely differ for different viruses and T-cell specificities. Nevertheless, we find T-cell frequencies reaching 10-15 thousand cells per million quite impressive and comfortably superior to some previously reported frequencies protecting against experimental challenges (47–51).


Table 1 | Regimens listed in order of the frequencies of vaccine-elicited CD8 T cells recognizing immunodominant epitope VLV.




Table 2 | Effect of the route of administration.



In the current study, we demonstrated the use of PIV5 as a vector platform for candidate HIV-1 vaccines inducing broad HIV-1-specific CD8+ T cells. Several previous publications supported the benefit of the bi- and indeed multi-valent HIVconsv/HIVconsvX designs on the ‘deeper’ recognition of variant HIV-1 epitopes of global HIV-1 isolates (18, 29, 30). In the present work, we reinforced these observations using the PIV5.HIVconsv5 (mosaic 1) and PIV5.HIVconsv2 (mosaic 2) vaccines together as P5P2(IN) as a stand-alone vaccine modality. Our results expand previously published increases in the levels of humoral and cellular responses against various pathogens by PIV5-based candidate vaccines in mice, hamsters, guinea pigs, ferrets, dogs, monkeys and most recently in humans (25, 27, 52–59). For the influenza virus, these immune responses protected mice and pigs against a virus challenge (60). Thus, through parental PIV5 safety, broad cell tropism, cross-species applicability, needle-free delivery, evasion of pre-existing anti-PIV5 immunity, and induction of CD8+ T cells, and mucosal and systemic antibodies, the PIV5 vector is a strong candidate for a versatile vaccine platform.

Evidence is emerging that tissue-resident memory CD8+ T (TRM) cells correlate with protection against infections, perhaps because they are typically in the mucosal epithelium and can activate earlier/faster than central memory TCM cells. Thus, it was shown that intravaginal or intrarectal administration of candidate HIV-1 vaccines performed better compared to intranasal vaccination, with varying levels of immunity induced depending on the route of administration (20). While ChAdOx1-vectored Astra/Zeneca vaccine against SARS-CoV-2 applied using a nasal spray to humans was disappointing (61), this work demonstrated that ChAdOx1-vectored C1 vaccine induced impressive levels of T cells in mouse lungs. Across all the experimental designs and vaccine modalities, HIVconsvX vaccines induced 4.5-fold higher responses in the lungs than in the spleen (Student T Test P = 2.0x10-16) (Table 1). Although lungs are not directly relevant to HIV-1 transmission, intravaginal and/or intrarectal routes for mice vaccination are only being established in our laboratory, while IN is the natural route for parainfluenza virus ingress. It is an important and encouraging observation that the currently tested core regimen of C(IM)-M(IM) can induce mucosal-associated, HIV-1-specific cellular immunity. While most IN vaccines tested in human clinical trials are for respiratory viruses, there have been 4 trials for candidate HIV-1 vaccines administered IN: two peptide-based products Vacc-4x (62) and MYM-V101 (63), the latter delivered by IM/IN combination, human replication-competent adenovirus Ad4 Gag/Env boosted by protein Env (64) and canarypox ALVAC-HIV vCP205 (65). Our results suggest that the mixed IM/IN route of administration can have a synergistic effect on the induction of T cells in humans, too.

In conclusion, our study is rare in that it focuses on the induction of CD8+ T-cell responses rather than anti-HIV-1 antibodies. An effective vaccine against HIV-1 is long overdue and may eventually require concerted actions of antibodies and protective cells of both effector and resident memory. The long-term aim is to generate a large panel of vaccine modalities, which will be needed for the induction and maintenance of immunity against well-known and yet unidentified pathogens as well as for meeting demand for the global vaccine supply. The attractive properties of the parainfluenza virus 5 vector were supported and expanded by our current results, which put the PIV5 vector at the forefront with other promising delivery systems. All three vaccine vector modalities of ChAdOx1, MVA and PIV5 have shown promising safety and immunogenicity profiles in phase 1/2 vaccine trials in humans (T.H. and B.H., unpublished) warranting further studies examining their joint usage.
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Objectives

To assess antibody responses to an inactivated SARS-CoV-2 vaccine in individuals aged 50 and older.





Methods

We conducted a post-market cross-sectional seroepidemiology study. We recruited 4,632 vaccinated individuals aged 50 and older, measured their total serum SARS-CoV-2-specific antibody (TA), and collected correlates. The primary outcome was the geometric mean titer (GMT) of TA, and the secondary outcome was the decline of TA with age. Univariate, bivariate, and multivariate analyses were used to examine the associations of the TA GMT with age, and trend analyses were used to test whether their associations were significant.





Results

All participants had a detectable TA, which was generally at a low level across all age groups. The TA GMT (95% CI) in AU/mL was 3.05 (2.93, 3.18); the corresponding arithmetic mean (95% CI) was 17.77 (16.13, 19.42) in all participants and 4.33 (3.88, 4.84), 3.86 (3.49, 4.28), 3.24 (2.92, 3.59), 2.77 (2.60, 2.96), and 2.65 (2.48, 2.83) in the age groups of 50-54, 55-59, 60-64, 65-74, and 75 years or older, respectively. The TA GMT decreased with age with a Ptrend < 0.001. The TA GMT was significantly lower in those with hypertension or diabetes compared to those with neither.





Conclusion

The inactivated SARS-CoV-2 vaccine is effective in individuals aged 50 and older. This is the first study that has found an inverse dose-response relationship between ages and the low-level TAs. Older people, especially those with chronic diseases, should get the SARS-CoV-2 vaccine, and their vaccination frequency, dose, and method may need to be different from those of younger people.





Keywords: inactivated SARS-CoV-2 vaccine, antibody, seroepidemiology, phase 4 trial, chronic disease, hypertension, diabetes





Introduction

The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), has been pandemic for the past three years, causing incalculable damage to the health and economy of the world. According to data from the Johns Hopkins Coronavirus Resource Center (1), more than 657 million cases and nearly 6.7 million deaths of COVID-19 were confirmed worldwide as of December 2022, with actual incident cases and deaths far more numerous than confirmed ones (2).

SARS-CoV-2 causes more severe cases and deaths in the elderly (3–6). The vaccine helps mitigate the consequences of COVID-19, such as reducing severe cases and deaths among the elderly (3–15). As of 22/12/2022, more than 13 billion doses of the COVID-19 vaccine have been administered worldwide, with more than 3.65 billion doses in China, where 92.61% of people have received at least one dose (1). The first vaccine in China was an inactivated SARS-CoV-2 vaccine, which was approved on 30/12/2020, and found to be safe with acceptable efficacy according to the results of its clinical trials (3–8). Therefore, mass vaccination campaigns have been conducted in China and worldwide. It is necessary and important to conduct post-market epidemiology studies to evaluate its effectiveness in a real-world population.

Among the less than 7% of the population in China who have not received the COVID-19 vaccine (1), a significant portion consists of older people who have been hesitating to get vaccinated because of contraindications and side effects and their anxieties from associated uncertainties. In theory, because SARS-CoV-2 is a brand-new virus to humans, all people, regardless of their age, gender, or disease status, should get the COVID-19 vaccine to acquire SARS-CoV-2-specific antibodies that can provide protection. This is especially important for older people, just like using a small dose of an allergen to treat allergies clinically.

To investigate whether the elderly should get the COVID-19 vaccine, a post-market seroepidemiology study can provide valuable evidence. Therefore, we have designed this study to test our hypothesis regarding the antibody responses of older adults to the inactivated SARS-CoV-2 vaccine.





Methods




Study population and design

We conducted a post-market seroepidemiology study, i.e., a phase 4 trial, in the real-world population aged 50 and older after an inactivated SARS-CoV-2 vaccine was approved and a nationwide mass vaccination campaign started in China. This study was approved (approval number: 2022-02-030) by the Ethics Committee of the Quzhou Hospital of Traditional Chinese Medicine (TCM)—Zhejiang Chinese Medical University Affiliated Four-Province-Bordering Hospital of TCM, which is a top-ranking (Third Grade Class A) TCM hospital and is also affiliated with the Red Cross Society of China in Quzhou City.

Eligible participants consisted of the elderly who had received at least one dose of the inactivated SARS-CoV-2 vaccine during the period from January to November 2021. Inclusion criteria were as follows: 1) individuals who had completed testing for serum SARS-CoV-2-specific total antibody (TA) at the Quzhou Hospital of TCM; and 2) individuals who aged 50 years or older. Exclusion criteria were as follows: 1) individuals who had tested positive for SARS-CoV-2 RNA before undergoing TA testing; and 2) individuals with missing information. The recruitment of the study participants is shown in Figure 1. A total of 11,307 participants completed testing for TA in the hospital from January to November 2021, based on the record in the Medinfo system. A total of 6,341 subjects were ineligible due to their age younger than 50. Finally, 4,632 participants were included in the final analysis after excluding 334 people with missing ages and/or gender.




Figure 1 | Flow chart of study participant recruitment.







Vaccine

The vaccine studied was an inactivated SARS-CoV-2 vaccine produced in Vero cells named COVILO 6·5AU/0·5mL manufactured at the Beijing Institute of Biological Products Co., Ltd., in Beijing, P.R. China (Beijing BIO, CNBG). This vaccine was produced from the 19nCoV-CDC-Tan-HB02 variant.





Outcomes and covariates

The primary outcome was the serum SARS-CoV-2-specific TA in AU/mL, and the secondary outcome was the inverse association of the TA with age. Covariates included age, gender, and disease status, including hypertension and diabetes.





Assessment of SARS-CoV-2-specific serum TA titers

A chemiluminescence magnetic microparticle immunoassay was used to measure the serum TA titers in AU/mL. Commercial test kits for the TA (registration no. in China: 20203400198 by Xiamen Wantai Biotech Limited Company, Beijing, P.R. China) were used. Samples were put into a fully automated chemiluminescence immunoassay system, and the test results of an averaged TA titer in AU/mL for each sample were automatically generated with a report from a connected computer.





Quality assurance and quality control

We conducted quality assurance and quality control before, during, and after the study. The blood samples for the TA were collected by different technicians who were different from those who performed the experiments. The results of the TA were measured by the chemiluminescence magnetic microparticle immunoassay and confirmed by the immune colloidal gold method. We made phone calls to those individuals whose TA was confirmed positive by the immune colloidal gold method to double-confirm that they had received the vaccine, had undergone double-negative SARS-CoV-2 RNA tests, and had no history of SARS-CoV-2 infection. All participants were from an area that never reported COVID-19 cases, as determined by frequent SARS-CoV-2 RNA tests. The authors who executed the TA testing were blinded to the one who extracted the data from the MedInfo system. The corresponding author who designed the study hired two different students who did not know each other to verify the data independently. Finally the corresponding author used STATA software to compare the two datasets with the original one, and finalized the dataset for analyses.





Statistical analysis

Statistical analysis was conducted with Stata 15 SE software. Age was summarized as a mean and standard deviation (SD). Gender, hypertension, and diabetes status were summarized using counts and percentages. The Pearson P value was estimated for age, hypertension, and diabetes status by gender. The geometric mean titer (GMT) and 95% confidence interval (CI) were estimated for the TA, and an individual t-test was used to compare GMT and 95% CI between the two genders. In the final analyses, all variables were defined as follows: age group defined as 50-54 = 0, 55-59 = 1, 60-64 = 2, 65-74 = 3, and 75 years or older = 4; gender defined as woman = 0 and man = 1; hypertension status defined as nonhypertension = 0 and hypertension = 1; diabetes status defined as nondiabetes = 0 and diabetes = 1; and/or hypertension and diabetes status defined as neither hypertension nor diabetes = 0 and either hypertension or diabetes = 1. Univariate, bivariate, and multivariate analyses, including regression and stratification methods, were conducted for the outcome variables. The trend of TA GMT decreasing with age was analyzed, and the P value for the trend was estimated for all and each subgroup. All statistical tests were two-tailed. A P value ≤ 0.05 was defined as statistically significant; 0.05 < P value ≤ 0.10 was defined as statistically marginally significant, and a P value > 0.10 was defined as statistically insignificant.






Results




Demographic and clinical characteristics

A total of 4,632 eligible participants aged 50 to 102 were included in the final analyses. The characteristics of the study participants overall and by gender are listed in Table 1. The mean age (SD) in years was 63.92 (10.21) in 2,512 women and 65.46 (11.41) in 2,120 men; men were on average 1.54 years older than women (P = 0.001). Men had a higher prevalence of hypertension (13.07%) than women (10.71%) (P = 0.013). Overall, there were no significant differences in diabetes prevalence or SARS-CoV-2-specific TA titers in AU/mL between the two genders.


Table 1 | Characteristics among vaccinated participants aged 50 years or older in a seroepidemiology study.







TA titer in all 

The GMT (95% CI) of the TA in AU/mL was 3.05 (2.93, 3.18), and the corresponding arithmetic mean (95% CI) was 17.77 (16.13, 19.42) among all 4,632 study participants (Table 1).





TA between women and men

Overall, there was no significant difference in the TA between the two genders (P = 0.980) (Table 1). The TA GMT (95% CI) in AU/mL was 3.04 (2.88, 3.22) (its corresponding arithmetic mean (95% CI): 18.19 (15.90, 20.48)) in 2,512 women and 3.07 (2.89, 3.25) (its corresponding arithmetic mean (95% CI): 17.28 (14.91, 19.65)) in 2,120 men.





TA by age

In the stratification analysis (Table 2), the TA GMT (95% CI) was 4.33 (3.88, 4.84), 3.86 (3.49, 4.28), 3.24 (2.92, 3.59), 2.77 (2.60, 2.96), and 2.65 (2.48, 2.83) in the age groups of 50-54, 55-59, 60-64, 65-74, and 75 years or older, respectively.


Table 2 | Univariate analysis: geometric mean titer (GMT) and 95% confidence interval (CI) of the SARS-CoV-2-specific total antibody in AU/mL stratified by age, gender, hypertension, and diabetes status.



In the trend analysis, there was a significant inverse association between the TA and age, with a P for trend < 0.001. TA significantly decreased with age, whether age was treated as a continuous variable (P for trend < 0.001), an age group in 5 years (50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80-84, and 85 or older) (P for trend < 0.001), or an age group defined as 50-54, 55-59, 60-64, 65-74, and 75 or older (some age groups were combined into one group due to similar antibody titers) (P for trend < 0.001).





Univariate analysis for the inverse association of the TA with age

When stratifying the data by gender (Table 2), the TA GMT (95% CI) was 3.75 (3.23, 4.36), 3.65 (3.15, 4.22), 2.83 (2.48, 3.22), 2.72 (2.50, 2.96), and 2.38 (2.18, 2.61) in women, and 3.64 (3.07, 4.31), 3.28 (2.83, 3.81), 3.39 (2.88, 3.99), 2.69 (2.44, 2.96), and 2.68 (2.43, 2.95) in men in the age groups of 50-54, 55-59, 60-64, 65-74, and 75 years or older, respectively. In the trend analysis, the inverse association of the TA with age remained significant in women (P for trend < 0.001) and in men (P for trend < 0.001), respectively.

When stratifying the data by hypertension status (Table 2), the TA GMT (95% CI) was 3.44 (2.88, 5.18), 3.21 (2.39, 4.33), 3.20 (2.44, 4.19), 3.15 (2.47, 4.02), and 2.47 (2.06, 2.97) in participants with hypertension, and 3.73 (3.33, 4.19), 3.52 (3.15, 3.94), 3.04 (2.73, 3.40), 2.67 (2.50, 2.85), and 2.54 (2.36, 2.73) in participants without hypertension in the age groups of 50-54, 55-59, 60-64, 65-74, and 75 years or older, respectively. In the trend analysis, the inverse association of the TA with age remained significant in participants with hypertension (P for trend = 0.006) and without hypertension (P for trend < 0.001), respectively.

When stratifying the data by diabetes status (Table 2), the TA GMT (95% CI) was 3.39 (2.01, 5.70), 2.78 (2.06, 3.74), 3.17 (2.25, 4.49), 2.65 (2.15, 3.25), and 2.02 (1.55, 2.64) in participants with diabetes, and 3.73 (3.32, 4.18), 3.55 (3.18, 3.97), 3.06 (2.75, 3.41), 2.71 (2.54, 2.90), and 2.58 (2.40, 2.76) in participants without diabetes in the age groups of 50-54, 55-59, 60-64, 65-74, and 75 years or older, respectively. In the trend analysis, the inverse association of the TA with age remained significant in participants with diabetes (P for trend = 0.003) and without diabetes (P for trend < 0.001), respectively.





Bivariate analysis for the association of the TA with age

The TA GMT (95% CI) for each stratum is shown in Table 3 after stratification by gender and hypertension status. In the trend analysis, the inverse association of the TA with age remained significant in each subgroup of women without hypertension (P for trend < 0.001) and with hypertension (P for trend < 0.001), and men without hypertension (P for trend < 0.001) and with hypertension (P for trend < 0.001), respectively.


Table 3 | Bivariate analysis: geometric mean titer (GMT) and 95% confidence interval (CI) of the SARS-CoV-2-specific total antibody in AU/mL stratified by age and any two factors of gender, hypertension, and diabetes status.



The TA GMT (95% CI) for each stratum is shown in Table 3 after stratification by gender and diabetes status. In the trend analysis, the inverse association of the TA with age remained significant in each subgroup of women without diabetes (P for trend < 0.001) and with diabetes (P for trend = 0.015), and men without diabetes (P for trend < 0.001) and with diabetes (P for trend < 0.001), respectively.

The TA GMT (95% CI) for each stratum is shown in Table 3 after stratification by hypertension and diabetes status. In the trend analysis, the inverse association of the TA with age remained significant in participants with neither hypertension nor diabetes (P for trend < 0.001) and with either hypertension or diabetes (P for trend < 0.001), respectively.





Multivariate analysis of the association of TA with age

After adjusting for gender, hypertension, and diabetes status in the multivariate regression model, the inverse association of the TA with age was still significant (P for trend < 0.001). The adjusted factors of gender, hypertension, and diabetes status were also shown significant in the final model. 

The TA GMT (95% CI) for each stratum is shown in Table 4 after stratification by gender, hypertension, and diabetes status. In the trend analysis, the inverse association of the TA with age remained significant in each subgroup of women with neither hypertension nor diabetes (P for trend < 0.001), women with either hypertension or diabetes (P for trend < 0.001), men with neither hypertension nor diabetes (P for trend < 0.001), and men with either hypertension or diabetes (P for trend < 0.001).


Table 4 | Multivariate analysis: geometric mean titer (GMT) and 95% confidence interval (CI) of the SARS-CoV-2-specific total antibody in AU/mL stratified by age, gender, hypertension, and diabetes status.








Discussion

This post-market seroepidemiology study, i.e., a phase 4 trial, found that all vaccinated participants had a detectable TA, which was at a low overall level across all age groups and decreased with age, with a significant trend in the real-world population aged 50 to 102. This inverse association was observed consistently across all groups, including each subgroup of women, men, participants with or without hypertension, participants with or without diabetes, women with or without hypertension, men with or without hypertension, women with or without diabetes, men with or without diabetes, women with either hypertension or diabetes, women with neither hypertension nor diabetes, men with either hypertension or diabetes and men with neither hypertension nor diabetes.

Our findings that all participants had a detectable TA, which was overall at a low level across all age groups, can be explained as follows: 1) SARS-CoV-2 is a brand-new virus for this population, so each participant is supposed to have some TA responses to the inactivated vaccine, regardless of their age, gender, and disease status; 2) the low level of TA was probably due to the age range of 50 to 102 years since immunity decreases with age; 3) the low level of TA could be due to the natural degeneration of antibodies in a small number of seniors whose blood samples were taken more than 6 months after vaccination, the variance of the early stage antibody level within 2 weeks after vaccination, or the variance of antibody responses to the vaccine between individuals, which are the real facts that all post-market epidemiological studies must face; and 4) the average TA level in our study is consistent with the reported results of this inactivated vaccine (3–7, 9, 10, 13).

Our finding of a low TA level across all age groups indicates that the vaccination frequency, dose, and method for seniors may need to be different from those for the population younger than 50 years of age to increase antibody levels. However, we believe that this level of TA titers would still provide some protection from COVID-19 to these seniors, which is at least much better than nothing. Also, when people are vaccinated with this inactivated SARS-CoV-2 vaccine, the SARS-CoV-2-specific memory B and T cells are detectable, and a large amount of SARS-CoV-2-specific CD4+ and CD8+ T cells are produced after the third dose of this vaccine (4, 6, 16), which would provide some additional protection.

Our study was conducted in an area where no actual COVID-19 cases were diagnosed based on the results of frequent SARS-CoV-2 RNA testing. TA titers were measured in 2021 when the dynamic zero-COVID policy was successfully applied. For those whose TA was confirmed positive by the immune colloidal gold method, we made phone calls to confirm that they all had the inactivated vaccine, double-negative SARS-CoV-2 RNA tests, and had never had SARS-CoV-2 infection before. Therefore, the measured TA in our study can be confirmed by the responses to the COVID-19 vaccine instead of the SARS-CoV-2 infection.

This is the first study to find an inverse association of the TA responses to an inactivated vaccine with age in the real aging population, although their overall TA was at a low level across all age groups. It is usually much harder to find a dose-response relationship when the response is in the low-level range. In addition, this inverse dose-response relationship between the TA and age was consistent before and after controlling for the confounders and effect modifiers studied. The inverse association also remained consistent when age was defined differently. Age is intuitively associated with immunity; the older the lower their immunity in general. Therefore, the TA responses to the inactivated vaccine in this elderly population would be expected to be low and should diminish with age because their immunity declines with age. This indicates that the older the people aged 50 or older get, the more frequent vaccination with or without a higher dose vaccine and/or different vaccination methods such as sniff-able, inhalable, or spray vaccine may need to be given.

Our finding of a significant inverse association of TA with age is indirectly supported by a qualitative study (n = 205 participants) of serum IgG testing after booster vaccination with the same inactivated vaccine as in our study (15), which found that a significantly lower IgG positive rate (58.3%) of COVID-19 antibodies in the group aged over 50 years following a booster dose than that (86.0%) in those aged 18 to 50. Our finding is also supported by a study of 57 elderly people who were vaccinated with an inactivated vaccine but became infected with SARS-CoV-2 (7).

Gender was overall not associated with the TA in our study, which is consistent with other studies (3, 7, 14, 15), but in the multivariate analyses, gender was shown to be a significant confounder in the final model in our research, which may be due to the residual confounding of age between women and men or other factors not studied.

SARS-CoV-2 infects humans through angiotensin-converting enzyme 2 (ACE2) receptors on host cells (3, 16). ACE2 is believed to be involved in the development of hypertension and diabetes mellitus (17), which may be related to why elderly patients with chronic diseases have a higher incidence of severe cases and deaths of COVID-19. Our study found that hypertension was significantly associated with TA but not with diabetes, which may be due to the fact that the number of diabetes mellitus cases is smaller than that of hypertension. When hypertension and diabetes mellitus are combined into one variable, the variable is shown to be significant in the final multivariate regression.

Also, we found that the TA was lower in those with hypertension or diabetes than in those with neither hypertension nor diabetes, which may explain why senior cases with chronic diseases have a higher incidence of severe cases and deaths of COVID-19 (3–7, 17). In addition, our finding that the variation in TA is greater in the elderly with hypertension or diabetes than in those without indicates that other factors not examined in our study need to be further investigated. More research needs to be done on the exact biological mechanism by which the elderly with hypertension and/or diabetes are associated with low TA. Vaccination is believed to be the most important way to control the COVID-19 pandemic before curative drugs are invented. Older people with hypertension and diabetes should be encouraged to get this vaccine, but their frequency, dose, and method of vaccination may also need to be different from those administered to populations younger than 50.

This study has several limitations. Our results were based on a cross-sectional dataset of individuals aged 50 to 102 years old, which limits generalization to a general population. Only one serum sample was used to measure TA, which is likely to be the case in many epidemiological studies due to limited budgets for large sample sizes. Our results were only adjusted for some of the correlates studied. They need longitudinal data with a large sample size to be confirmed.

Our findings, on the other hand, are valid because 1) this is a post-market epidemiology study, i.e., a phase 4 trial, whose results are more reliable than those from phase 1 to phase 3 trials; 2) our results were based on real-world subjects aged 50 to 102 who participated in nationwide mass vaccination campaigns, which should provide solid evidence for seniors; 3) the inverse dose-response relationship between the TA and age was found to be significant, although it was overall at a low level across all age groups; 4) the significant inverse dose-response relationship remained consistent when age was defined differently and before and after adjustment for important confounders and/or effect modifiers; 5) our large sample size (n = 4,632) guaranteed the stability of our results; and 6) importantly, our findings from this post-market seroepidemiology study are supported by other works (5–7, 9–10, 13).

In conclusion, this inactivated SARS-CoV-2 vaccine is effective for the elderly, and the vaccination frequency, dose, and method for seniors may need to be different from those for the younger population in order to increase their TA titer. This is the first study that has found a consistently significant inverse dose-response relationship between the TA responses to inactivated vaccine and age, although the TA was at a low level overall across all age groups and was lower in the elderly with hypertension and/or diabetes compared to those with neither in the real-world population aged 50 to 102. We suggest that seniors, especially those with chronic diseases, should be especially encouraged to get the COVID-19 vaccine, considering the fact that humans may be living with SARS-CoV-2 in the long run. Our results need to be confirmed by epidemiologic studies with larger sample sizes and longitudinal data.
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Objectives

There is substantial immunological evidence that vaccination following natural infection increases protection. We compare the humoral immune response developed in initially seropositive individuals (naturally infected) to humoral hybrid immune response (developed after infection and vaccination) in the same population group after one year.





Methods

The study included 197 male individuals who were naturally infected with SARS-CoV-2 and then vaccinated with SARS-CoV-2 vaccine. Trimeric spike, nucleocapsid, and ACE2-RBD blocking antibodies for SARS-CoV-2 were measured. Nasal swabs were collected for SARS-CoV-2 PCR testing. Information on vaccination against SARS-CoV-2 and PCR verified infection was retrieved from official databases (Abu Dhabi Health Data Services- SP LLC. (“Malaffi”), including number of vaccine doses received, date of vaccination, and type of the received vaccine.





Results

All the study population were tested PCR-Negative at the time of sample collection. Our results showed that there was a significant rise in the mean (SD) and median (IQR) titers of trimeric spike, nucleocapsid and ACE2-RBD blocking antibodies in the post-vaccination stage. The mean (± SD) and median (IQR) concentration of the anti-S antibody rose by 3.3-fold (+230% ± 197% SD) and 2.8-fold (+185%, 220–390%, p<0.001), respectively. There was an observed positive dose-response relationship between number of the received vaccine doses and having higher proportion of study participants with higher than median concentration in the difference between the measured anti-S and ACE2-RBD blocking antibodies in the post-vaccination compared to pre-vaccination.





Conclusion

Our study demonstrates that COVID-19 vaccination post natural infection elicits a robust immunological response with an impressive rise of SARS-CoV-2 antibodies, especially the ACE2-RBD blocking antibodies.
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Highlights

	• More than 2-fold significant increase in all immunoglobulin titers after vaccination.

	• All immunoglobulin concentrations (titers) where higher in the first 60 days after vaccinations in participants with hybrid immunity.

	• Previous SARS-CoV-2 infection alone doesn’t elicit sufficiently protective immune response.






1 Introduction

The development of various vaccines against SARS-CoV-2 virus has provided a significant protection measure against the virus. Most studies published on the effectiveness of these COVID-19 vaccines have shown that vaccination reduced hospitalizations and development of complications in infected individuals (1–3). Some studies discussed the potential for adverse effects of the vaccines especially during the early stages of vaccines introduction. After administration of billions of doses of these vaccines all over the world, almost all studies suggested that there are no significant side effects with the administration of these vaccines rather than the regular effect that might occur with any other vaccines (4).

Centers for Disease Control and Prevention (CDC) recommends COVID-19 vaccination for all eligible persons, including those who have been previously infected with SARS-CoV-2 (5). Some experts estimate that vaccinating 70% to 85% of the population worldwide could enable a return to normalcy. We are currently far from this goal. Still there are many COVID-19 vaccine hesitant individuals due to misinformation, or other reasons (6). As well, access to vaccines remains an issue in some countries. Those group are really very important because they allow for viral mutation, and this facilitates the development of new variants. In fact, these new variants negatively impact the efficacy of the vaccines currently available and require the periodic updating of the vaccine.

The United Arab Emirates (UAE), which hosts the world’s most fully vaccinated population (7), has given five types of vaccines since the emergency use approval to control the spread of the SARS-CoV-2 virus. BBIBP-CorV (commercial name: Covilo, Sinopharm’s Beijing Institute of Biological Products), was the first vaccine got approved at UAE, followed by others as BNT162b2 (commercial name: Comirnaty, Pfizer-BioNTech), rAd26-S + rAd5-S (commercial name: Sputnik V, Gamaleya Research Institute of Epidemiology and Microbiology), ChAdOx1-S (commercial name: Vaxzevria, AstraZenecaUniversity of Oxford), and mRNA-1273 (commercial name: Spikevax, Moderna-NIAID) (8). Knowledge on the duration of vaccine-induced antibody responses by different vaccines types and their efficacy is essential for making rational decisions regarding immunization strategies and booster doses administration especially for high risk population.

In our study we aimed to compare the humoral immune response developed in initially seropositive individuals (naturally infected) to humoral hybrid immune response (developed after infection and vaccination) in the same population group after one year.




2 Materials and methods



2.1 Study design and samples collection



2.1.1 Enrolment, laboratory samples and survey data collection

All our participants (197 individuals) were initially seropositive (positive to anti-S and anti-N Abs) for SARS-CoV-2 in an initial seroprevalence study conducted by Alsuwaidi and his colleagues (9). At enrolment, an online self-administered survey questionnaire was employed using the Voxco™ survey software customized to our specifications. All of the consenting participants filled out an interview questionnaire and consented to the collection of whole blood sampling and a nasopharyngeal swab for SARS-CoV-2 PCR testing. Collected samples were preserved according to manufacture recommendation. Information on vaccination against SARS-CoV-2 and PCR verified infection was retrieved from official databases (Abu Dhabi Health Data Services- SP LLC. (“Malaffi”), 2022 (10), including number of vaccine doses received, date of vaccination, and type of the received vaccine.





2.2 Laboratory Testing



2.2.1 SARS-CoV-2 and ACE 2 receptor binding domain region (blocking) antibody immunoassays

The DiaSorin LIAISON® SARS-CoV-2 Trimeric S immunochemiluminescent assay was performed on blood sera using the LIAISON® XL analyzer (DiaSorin S.p.A, Saluggia, Italy).The DiaSorin assay is traceable to the WHO first International Standard for SARS-CoV-2 antibody quantitation and is reported in Binding Antibody Units (BAU/mL). The SARS-CoV-2 nucleocapsid total antibodies were analysed on the Roche Cobas 6000 platform (Roche Diagnostics International AG, Rotkreuz, Switzerland. For measuring the antibodies directed against the ACE2 SARS-CoV-2 Receptor Binding Domain (RBD), we used iFlash-2019-nCoV surrogate ‘neutralizing’ antibody kit, a one-step competitive chemiluminescence immunoassay on the iFlash 1800 analyzer (YHLO Biotech Co., Ltd., Shenzhen, China). This assay is configured to measure the decrease in the binding of ACE2 to the ACE2 receptor binding domain (RBD) which indicates the presence of antibodies, potentially of any type (G, A or M) that attenuate ACE2 – receptor binding to a recombinant RBD protein. All the assays were performed according to the manufacturer’s instructions.

Any antibody results exceeding the analytical measuring range were not repeated diluted to find the final titer. This final titer was not required for our purposes of determining the shifts in values post convalescence and vaccination.




2.2.2 SARS-CoV-2 PCR

Viral RNA was extracted and detected using the NeoPlex™ Covid-19 Detection Kit (RT)-PCR detecting the target genes N gene and ORF1a (SolGent Co., Ltd. Daejeon, Korea).




2.2.3 Statistical analyses

Frequency distributions and proportions of the categorical measured characteristics while mean and standard deviation (SD) of the continuous characteristics were described. The post-natural infection and before vaccination (hereafter referred as ‘pre-vaccination’) as well as the post-natural infection and post-vaccination (hereafter referred as ‘post-vaccination’) distribution of the measured three humoral immune biomarkers (anti-S, anti-N, and ACE2 blocking antibodies) was described. The pre-vaccination and post-vaccination concentration of the measured three humoral biomarkers was described using mean ± standard deviation (SD) and median and interquartile range (IQR). The later distribution plotted in Boxplots.

Normality assumption for the distribution values of the antibodies was investigated using the Kolmogorov-Smirnov test. Difference between the post-vaccination and pre-vaccination mean and median concentrations of the three measured antibodies was evaluated. To assess the difference in the mean concentrations of the antibodies, the p-value was extracted from the paired-samples t-test of two related samples. To assess the difference in median titers of the antibodies, the P-value was obtained from Wilcoxon Signed Ranks test assessing difference in distribution of non-normality distributed and two-related samples.

In the pre-vaccination, post vaccination, and between pre-vaccination and post-vaccination, difference in the median concentration of the antibodies, by time since last vaccine dose received, was evaluated and p-value extracted from Kruskal-Wallis test assessing the difference between groups of non-normally distributed data and Wilcoxon Signed Ranks test assessing difference in distribution of non-normality distributed and two-related samples. Same analysis was repeated after excluding individuals with repeated infection with SARS-CoV-2 before receiving the first vaccine dose.

The strength of correlation between the same antibody type in the pre-vaccination and post-vaccination and between the three measured antibodies in the pre-vaccination and post-vaccination was evaluated by Spearman correlation test. Correlation between the different titers in the measured antibody concentrations in post-vaccination compared to pre-vaccination was also evaluated using Spearman correlation test. These explored correlations are plotted in matrix scatter plots.

To explore factors contributing to producing equal or more than the median concentration in the difference between post-vaccination and pre-vaccination titer, the quantified difference in concentrations was categorized into a binary outcome (< median change and ≥ median change). Correlation between the measured characteristics including history of vaccination and the binary outcome for each antibody type (N, S, ACE2 – RBD blocking) concentration was investigated. Chi-squared or Fisher’s exact tests were used for categorical characteristics, and the two-sample non-parametric Mann-Whitney U test was used for continuous characteristics.

SPSS IBM Statistics (v26) software was used. P-values <0.05 were considered statistically significant.




2.2.4 Ethical considerations

The study was approved by the UAE National COVID-19 Research Ethics Committee (reference number: DOH/CVDC/2021/856 and amendment number: DOH/CVDC/2021/1703). From each participant, consent to collect survey information, blood sample, and nasopharyngeal swab, was obtained.






3 Results



3.1 Study population

The study included 197 male individuals who were naturally infected with SARS-CoV-2 and then vaccinated with SARS-CoV-2 vaccine. All the study population were tested PCR- Negative at the time of sample collection. The study participants had a mean age of 34.50 ± 8.3 years, majority (99.5%) were Asians, 56.3% had primary schooling or below, 29.4% were current or ex-smokers, and with a mean BMI of 24.6 ± 3.7 kg/m2. Having at least one chronic comorbidity was reported by 11.2% of the participants. Twenty (10.2%) participants were re-infected with SARS-CoV-2 in the past 12 months prior to receiving the first vaccine dose. Two-thirds (68.0%) of the study participants received three vaccine doses, 30.5% received only two vaccine doses, and only three participants (1.5%) received only a vaccine dose. The majority (92.4%) of the participants were vaccinated with BBIBP-CorV (Sinopharm) vaccine type, 11 (5.6%) received rAd26-S+rAd5-S (Sputnik V Gam-COVID-Vac), and four (2.0%) received mixed vaccine types. The mean time duration since the last received vaccine dose and post-vaccination measurement was 109.5 (± 63.2 SD) days (Table 1).


Table 1 | Distribution of the study population by their measured sociodemographic, clinical, SARS-CoV-2 vaccination characteristics by lower than the median or equal/higher than the median level in difference between the hybrid and natural immune response.






3.2 Pre- and post-vaccination anti-S, anti-N, and ACE2-RBD blocking antibodies concentration

Table 2 presents the change in the concentrations of the three measured antibodies in post-vaccination period compared to pre-vaccination. There was a significant rise in the mean (SD) and median (IQR) concentration of the three measured antibodies in the study period post-vaccination. The mean (± SD) and median (IQR) concentration of the anti-S antibody rose by 3.3-fold (+230% ± 197% SD) and 2.8-fold (+185%, 220–390%, p<0.001), respectively. The mean (± SD) and median (IQR) concentration of the anti-N antibody rose by 2.6-fold (+161% ± 1.1%, p<0.001) and 2.9-fold (+190%, 44.2–145.2%, p<0.001), respectively. The mean (± SD) and median (IQR) concentration of the ACE2-RBD blocking antibodies increased by more than 6-fold (+500% ± 220%, p<0.001) and (+515, 196–1,490%, p<0.001), respectively. Graphically, the distribution of the measured three antibodies in the convalescent, pre-vaccination and post-vaccination periods are presented in Figure 1. Anti-S (r =0.23, p<0.001) and anti-N (r =0.34, p<0.001) concentration in the pre-vaccination were weakly positively correlated with anti-S and anti-N concentration in the post vaccination stage. ACE2-receptor blocking antibody concentrations in pre-vaccination individuals was not correlated (r = 0.11, p=0.137) with that in the post-vaccination period (Figure 1). In both pre-vaccination and post-vaccination, the anti-S and ACE2-RBD blocking antibody concentrations were strongly positively (r = 0.79 and 0.85, p<0.001, respectively) correlated (Figure 2. The positive correlation between the difference in levels of these two antibodies classes during the natural infection period and the hybrid immune response period was also significant (r = 0.75, p<0.001) (Figure 3).


Table 2 | Distribution of the three measured antibodies (anti-S, anti-N, & ACE2 receptor blocking Abs) in post-natural infection (pre-vaccination) and hybrid immune response (post-vaccination) to SARS-CoV-2 and the difference in the level between the two immune responses.






Figure 1 | Distribution of the measured three classes of antibodies in the pre-vaccination and post-vaccination stage. Correlation coefficient (r) assesses the strength of correlation between same antibody class in the two stages (Spearman correlation test). * outlier.






Figure 2 | Correlation between the measured three antibody classes during the natural infection (left figure) and the post-vaccination (right figure) stage (Spearman correlation).






Figure 3 | Correlation between the difference in level of the measured three antibody classes (Spearman correlation).



Irrespective of the timing when the last vaccine dose was received relative to the timing of measuring the titers in the post-vaccination stage, all study participants had the same titer of the three types of SARS-CoV-2 antibodies before vaccination. The magnitude of increase in the three measured antibody titers was also similar (p= 0.978) between individuals who had received the last vaccine dose 1-60 days or > 60 days before the measuring the in the post-vaccination stage. In pre-vaccination stage, there was no significant difference in titer of the three measured by re-infection status in the past 12 months prior to receiving the first vaccine dose. In the post-vaccination stage, study participants with PCR-confirmed re-infection with SARS-CoV-2 had significantly higher anti-S (370.3% vs 184.2% increase, respectively) and blocking (2,041% vs 445.1% increase, respectively) antibodies (Table 2).

There was an observed positive dose-response relationship between number of the received BBIBPCorV (Sinopharm) vaccine doses and having higher proportion of study participants with higher than median concentration in the difference between the measured anti-S and ACE2-RBD blocking antibodies in the post-vaccination compared to pre-vaccination. All the participants who had received only rAd26-S+rAd5-S (Sputnik) vaccine had higher than the median titer increase in the anti-S and ACE2-RBD blocking antibodies, respectively, and all of them were never re-infected with SARS-CoV-2 prior to vaccination (Table 1).





4 Discussion

The relationship between protection against SARS-CoV-2 infection and the titer of ACE2-RBD blocking antibodies has been demonstrated by several studies (11–13) all agreed that the blocking antibody titer is highly predictive of immune protection.Our data showed that there was a significant rise in the titer of the three measured antibodies, yet the most significant increase was encountered with the titer of ACE2 receptor - RBD blocking antibodies which showed more than 6 fold increase after vaccination group. In addition to that we observed also that the titer of ACE2 blocking antibodies has a positive vaccine dose response relationship.

Our study is unique in that the workers residing in company sponsored accommodations served as an accelerated model for SARS-CoV-2 transmission and re-transmission in the general population. Here we show that the titers of three SARS-CoV-2 were significantly increased in the study population who were re-infected with SARS-CoV-2 before receiving the vaccine than those who didn’t become re-infected again before vaccination.

In this study, we reported that two vaccine doses elicit high titers of SARS-CoV-2 anti-S antibody and ACE2-RBD blocking antibodies titers. Importantly, the third vaccine dose significantly increases the three antibody titers especially the ACE2-RBD blocking antibodies. We have previously reported that multiple doses of COVID-19 vaccines are likely to increase the number and quality of antibody production and memory B cells should be more efficacious in preventing reinfection when compared with a single dose of vaccine irrespective of most variant changes (14). We have also demonstrated that an increase in the number of vaccine doses by one dose was associated with increased odds of having more than the median concentration of the antibodies (14).

Regarding the association between the type of the SARS-CoV-2 vaccine and the immune status, several studies showed that the concentrations of the measured antibodies varied according to the different types of studied vaccines, (even after controlling for potential confounders as number of vaccine doses and number of days after vaccination) (14, 15). The majority of our cohort received the Sinopharm vaccine as it was the first to get approval for emergency use in UAE, all of the study participants who had received only rAd26-S+rAd5-S (Sputnik) vaccine had higher than the median titer increase in the anti-S and ACE2-RBD blocking antibodies, respectively, and all of them were never re-infected with SARS-CoV-2 during study period. In fact, in the initial stages of the pandemic when no vaccines were available, there is no doubt that the emergency authorization and use of available non-mRNA-based vaccines played a significant role in alleviating the burden of the pandemic.

In the post-vaccination stage, study participants with PCR-confirmed re-infection with SARS-CoV-2 had significantly higher anti-S and ACE2-RBD blocking antibodies. This is definitely emphasizing on the role of memory B cell response in developing of immunity, similar finding had been reported by Timothy and his colleagues who found that vaccination after recovery from natural SARS-CoV-2 infection, or “hybrid immunity,” has been reported to substantially increase both the potency and breadth of humoral response to SARS-CoV-2 (16).

Limitations of our work includes that by design we chose not to measure antibody production to the final endpoint through repeated dilutions. Many of the vaccinated post convalescent individuals exceeded the analytical measuring range. Our interest was in determining the shift in the values in the cohort and not the absolute values. The r value of the correlations are to some extent impacted by this, however, the significance of the shift is not. Also, at the time of collection of the initial convalescent time point there wasn’t a T Cell assay to specific to SARS-CoV-2 and therefore we couldn’t assess cellular response. All of the vaccines are based on the initial Wuhan variant and subsequent variants that successfully gained prominence inherently had variations in their antigens which would likely impact antibody recognition to the virus. Lastly, we used a male cohort as the guest workers in the housing was limited to males.





Conclusion

Our study demonstrates that COVID-19 vaccination post natural infection elicits a robust immunological response particularly with an impressive rise of SARS-CoV2 antibodies, especially the ACE2-RBD blocking antibodies. The type of vaccine used will have an impact on re-infection rates however, all vaccines greatly increased the titers of ACE2-RBD blocking antibodies.
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Pneumococcal infections continue to pose a significant global health concern, necessitating the development of effective vaccines. Despite the progress shown by pneumococcal polysaccharide and conjugate vaccines, their limited coverage and the emergence of non-vaccine serotypes have highlighted the need for alternative approaches. Protein-based pneumococcal vaccines, targeting conserved surface proteins of Streptococcus pneumoniae, have emerged as a promising strategy. In this review, we provide an overview of the advancements made in the development of pneumococcal protein vaccines. We discuss the key protein vaccine candidates, highlight their vaccination results in animal studies, and explore the challenges and future directions in protein-based pneumococcal vaccine.
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1 Introduction

Pneumococcal infections, caused by the bacterium Streptococcus pneumoniae (S. pneumoniae), continue to be a major global health burden, particularly affecting vulnerable populations such as young children, the elderly, and immunocompromised individuals (1–4). Pneumococcal diseases encompass a spectrum of illnesses, including pneumonia, meningitis, sepsis, and otitis media, resulting in substantial morbidity and mortality worldwide (2, 4). Antibiotics have traditionally been the primary treatment for S. pneumoniae infections; however, the rise of antibiotic-resistant strains has posed significant challenges to effective therapy (5). Therefore, vaccines have emerged as a promising approach to prevent pneumococcal infections (6). Currently, based on a limited number of serotype-specific capsular polysaccharides, there are two types of pneumococcal vaccines are available (7). The first type is the 23-valent pneumococcal polysaccharide vaccines (PPVs) consisted with 23 different capsular polysaccharides. The second type is the multivalent pneumococcal conjugate vaccines (PCVs), which involve polysaccharides conjugated to a carrier protein (8, 9). These vaccines aim to elicit immune responses that protect against pneumococcal infections caused by specific serotypes (10). Immunization with these vaccines targeting the polysaccharide capsule of S. pneumoniae has resulted in significant reductions in pneumococcal disease burden, particularly in children (10–12). While PCVs have made remarkable strides in preventing pneumococcal infections, they do have certain limitations (13). Firstly, there are over 90 known pneumococcal serotypes, and PCVs primarily target a limited number of the most common ones. This leaves a significant proportion of pneumococcal strains unaddressed, leading to a phenomenon known as serotype replacement, whereby non-vaccine serotypes emerge and cause infections (14). Furthermore, the polysaccharide antigens used in PCVs have poor immunogenicity in very young children and immunocompromised individuals, limiting the vaccine’s efficacy in these populations (15).

Protein-based pneumococcal vaccines have emerged as a promising strategy to address the limitations of polysaccharide-based vaccines (16). Unlike polysaccharide capsules, which exhibit significant antigenic variation among different serotypes, certain surface proteins of S. pneumoniae are more conserved and shared across serotypes (17). By targeting these conserved proteins, protein-based vaccines have the capacity to offer broader protection against a wider range of pneumococcal strains, including those not covered by PCVs (18). The development of pneumococcal protein vaccines has been fueled by advancements in understanding the biology and pathogenesis of S. pneumoniae. Identification of key virulence factors and surface proteins involved in host-pathogen interactions has facilitated the selection of potential vaccine candidates (19). Pneumolysin (PLY), pneumococcal surface protein A (PspA), pneumococcal surface protein C (PspC), pneumococcal histidine triad proteins (Pht), pneumococcal surface antigen A (PsaA), pneumococcal iron uptake A (PiuA) and pneumococcal iron acquisition A (PiaA) are among the most extensively studied protein candidates, each with unique immunogenic properties and mechanisms of immune protection (Figure 1) (16, 20–22). In this review, we aim to comprehensively explore the progress made in pneumococcal protein vaccines, focusing on key protein candidates and future directions. By understanding the advancements and remaining gaps in this field, we can envision a future where protein-based pneumococcal vaccines play a crucial role in reducing the burden of pneumococcal diseases and protecting vulnerable populations.




Figure 1 | The key protein vaccine candidates of S. pneumoniae, routes of vaccination, and elicited immune responses against challenge from S. pneumoniae.






2 Protein candidates for pneumococcal vaccines



2.1 Pneumolysin, PLY

PLY is a vital cholesterol-dependent cytolysin produced by S. pneumoniae (Table 1) (23). With 471 amino acids (53 kDa) and a distinct tertiary structure consisting of four domains, PLY binds to eukaryotic cell membranes’ cholesterol and creates membrane pores, leading to cellular destruction (20). Domains 1, 2, and 3 are essential for oligomerization and pore formation, while domain 4, located in the C-terminal region, facilitates cholesterol binding (20). PLY serves as a critical virulence factor in various stages of pneumococcal disease, including transmission, colonization, and infection (23). It exerts its effects through multiple mechanisms. PLY has the capacity to activate the classical complement pathway, trigger inflammation, induce apoptosis or necroptosis, and directly cause cell toxicity (23, 24). Furthermore, PLY can interact with the mannose receptor C type 1, resulting in the downregulation of inflammation and promoting bacterial survival in the airways (35). Significantly, PLY exhibits a high degree of conservation in its amino acid sequence across different pneumococcal serotypes, making it an attractive target for vaccine development (36). By targeting PLY, vaccines can potentially elicit immune responses that neutralize its cytolytic activity, prevent cellular damage, and limit the spread of pneumococcal infections.


Table 1 | Localization and function of Streptococcus pneumoniae selected virulence proteins.



It has been well-established that immunizing mice with purified PLY provides protection against highly virulent pneumococci challenges (37). It has reported that murine monoclonal antibodies targeting PLY have demonstrated a reduction in bacterial burden in the lungs and protection against invasive pneumococcal disease (38). Humans naturally develop an antibody response to PLY due to exposure to S. pneumoniae. The belief that human antibodies to PLY may be protective is supported by evidence showing that anti-PLY antibodies can delay pneumococcal carriage in high-risk infants and provide protection against pneumococcal infections in healthy individuals (39, 40). Although initial experiments with PLY immunization showed promise as it offered protection against multiple S. pneumoniae serotypes, PLY still retained its hemolytic activity in host cells (41). To address this issue, various derivatives of detoxified PLY mutants have been developed, such as recombinant pneumolysoid with the cytolytic functionality removed. This derivative has displayed reactivity to IgGs targeting critical PLY epitopes and has proven successful as an immunogen for specific serotypes in mice and rhesus macaques (38, 42, 43). Further, a self-biomineralized calcium phosphate (CaP)-pneumolysoid nanoparticle vaccine induces bone marrow-derived dendritic cells (BMDCs) and splenocytes production of cytokine, and elicits efficient humoral and cellular immune responses to protect mice from both pneumonia and sepsis infection (44).

Additionally, chemically detoxified PLY derivatives have been explored, inducing an IgG response against PLY without causing tissue damage, as observed in histopathology examinations of host tissues. These derivatives have shown efficacy in protecting against intranasal challenges involving three distinct serotypes (45). Additionally, the protective effects induced by a PLY or pneumolysoid vaccine could potentially be enhanced through the incorporation of other antigens that elicit protection. One such antigen is PspA, which induces high levels of antibodies against each protein and confers protection to mice against invasive challenges, some of which have advanced to phase II trials (21, 46). In addition, immunization mice with pneumolysoid fused with pneumococcal SP0148 has shown to elicit high level of antibody in the serum and effective protection against pneumococcal challenge (47). Moreover, PLY has shown promise as a carrier protein in PCV formulations, especially when combined with CPS. Immunization studies in mice using pneumolysoid conjugated to type 19F CPS have demonstrated a robust and boostable antibody response against both the protein and CPS components. This immunization approach resulted in a high level of protection for infant mice when they were challenged with S. pneumoniae (48). Similar positive outcomes have been observed for conjugates of native PLY with type 18C CPS (49). Comparisons between tetravalent pneumolysoid-CPS conjugate vaccines and tetanus toxoid-CPS conjugate vaccines have revealed that pneumolysoid performs at least as well as tetanus toxoid as a carrier protein, and in some cases, such as with type 23F, it has shown superiority (50). These findings highlight the potential of such antigens to elicit a substantial immune response against CPS, as well as an immune response against virulence proteins, thereby offering comprehensive protection against pneumococcal disease in humans. Extensive animal studies and ongoing clinical trials have positioned PLY as a promising candidate for incorporation into multicomponent protein vaccines. The diverse range of detrimental effects exerted by PLY on the host highlights its significant potential as a valuable vaccine target.




2.2 Pneumococcal surface protein A, PspA

PspA, one of the extensively studied choline-binding proteins, belongs to the major class of S. pneumoniae surface proteins (Table 1) (51, 52). It is widely expressed by all capsular serotypes of S. pneumoniae and serves as a crucial virulence factor that influences bacterium-host interactions by interfering with the fixation of complement C3 (52–54). PspA consists of three major domains: an α-helical domain at the N-terminus, a proline-rich domain in the central portion, and a choline-binding domain at the C-terminus (55). Its α-helical domain exhibits high variability between serotypes and strains. The sequence diversity of PspA has led to its classification into three families and six clades. Family 1 encompasses clades 1 and 2, family 2 comprises clades 3, 4, and 5, while family 3 includes clade 6 (55). Notably, a significant majority of pneumococcal isolates (ranging from 94 to 99%) belong to PspA families 1 and 2 (56), further highlighting its relevance in the global distribution of pneumococci (57). PspA plays pivotal roles in inhibiting complement component C3 deposition on the pneumococcal surface (25), reducing phagocytosis of pneumococci (58, 59), and providing substantial protection against bactericidal peptides of lactoferrin (26). Given its functional significance, PspA has been explored for over three decades as an immunogen and a potential vaccine candidate (22, 60, 61).

Immunization with recombinant family 1 PspA has demonstrated its immunogenicity in humans, with antibodies generated by PspA offering passive protection to mice against a pneumococcal challenge from serotypes 3, 6A, or 6B (62). Subcutaneous immunization with PspA has proven effective in protecting mice from fatal infections (63), while intranasal immunization with PspA has shown efficacy in protection against nasopharyngeal carriage in an adult mouse carriage model (64, 65). Furthermore, mucosal vaccination with PspA has successfully elicited both mucosal and systemic immune responses (66, 67). Initially, there were concerns that a vaccine targeting PspA might not provide adequate coverage due to its high variability (68). However, recent research has brought attention to the proline-rich domain of PspA, which has been found to be considerably more conserved (60). This discovery suggests that the proline-rich domain could be utilized to target uncommon strains beyond those belonging to family 1 or family 2, potentially enhancing the vaccine’s efficacy and widening its scope of protection (22, 68). Additionally, mice immunization with fusion proteins containing family 1 and family 2 PspA fragments could increase complement deposition and provide protection against pneumococcal infection with strains bearing PspA fragments from both families (69). Furthermore, a fusion protein vaccine combined PspA containing families 1 and 2 with other protein can potentially protect against a wide range of S. pneumoniae strains (70). Moreover, a PspA-based trivalent pneumococcal vaccine was formulated and the immunogenicity and protection efficacy were evaluated in macaques, which demonstrated the trivalent vaccine could target all families and clades of PspA and elicited high IgG titers and provided protection against pneumococcal intratracheal challenge (71). PspA has completed a phase I trial (NCT01033409). Further, PspA-based fusion protein vaccine or conjugate vaccine formulations with CPS induce high immune responses and protect mice against invasive challenge (21, 46, 72).

The conjugation of PspA with Vi CPS (Salmonella typhi CPS) has shown enhanced anti-PspA responses and elicited a T-cell dependent response to Vi (72). Additionally, immunization with a PspA fusion protein in combination with CpG oligonucleotides and aluminum hydroxide gel provided significant protection against pneumococcal challenge in mice (73). Moreover, intranasal immunization with a PspA-based vaccine, fused with a protein anchor to display PspA on the surface of bacterium-like particles or pneumolysin, efficiently induced both IgG in the serum and IgA in mucosal washes, ultimately providing complete protection against pneumococcal challenge in mice (74, 75). Despite the challenge posed by the variability in PspA, it remains a robust candidate with decades of research backing its potential as a valuable vaccine component.




2.3 Pneumococcal surface protein C (PspC)

PspC, also known as CbpA, SpsA, or Hic, is another choline-binding protein that was initially identified due to its homology with PspA (Table 1) (76). Similar to PspA, PspC features an N-terminal α-helical domain, a central proline-rich domain, and a choline-binding domain (77). However, a significant difference between the two proteins lies in the complexity of the α-helical domain of PspC, which exists in several distinct alleles with different combinations of functions (78). PspC exhibits binding capabilities to secretory IgA, complement component C3, and complement factor H, contributing to its potential roles in colonization, adherence, and invasion (27, 28). Notably, PspC can inhibit C3 deposition on the bacterial surface and mediate the translocation of pneumococci from the nasopharynx to sterile sites such as the lungs or bloodstream (28, 76). Due to its highly immunogenic nature, anti-PspC antibodies play a significant role in antibody immunity against S. pneumoniae (79). Numerous studies have demonstrated that PspC vaccines can induce robust immune responses and provide protection against carriage or invasive challenges in mice (80, 81).

PspC has exhibited promising potential as a vaccine candidate, capable of providing protection as the sole immunogen against pneumococcal infection and carriage (22, 80, 82). Nasal immunization with PspC has been shown to prime the immune system of mice, leading to faster immune responses and a reduction in pneumococcal colonization (83). Subcutaneous immunization with PspC has elicited cross-reactive antibodies with PspA, resulting in mice being protected against pneumococcal sepsis challenges (84). Moreover, intranasal immunization with PspC induced high level of anti-PspC antibodies, and the anti-PspC antiserum from intranasally immunized mice significantly inhibited the adhesion of S. pneumoniae to A549 cells (82). Although a study reported that immunization with PspC through nasal or subcutaneous route did not confer protection against specific pneumococcal challenges (85), PspC has shown to produce additive and longer-lasting immune responses and broaden the range of serotypes covered when combined with other pneumococcal immunogens (46, 86). These combination strategies aim to target multiple virulence factors of S. pneumoniae, thereby providing a more comprehensive and prolonged immune response against pneumococcal infections (86). Notably, one such combination involved fusing PspC with L460D-pneumolysoid as a fusion protein, which demonstrated broader immunogenicity compared to PspC alone. This fusion protein displayed protection against pneumococcal infections and the possibility of providing additional protection against other meningeal pathogens (87). Additionally, recent studies have identified the NEEK motif of PspC, which has the ability to bind to laminin receptors on the blood-brain barrier, suggesting its potential importance in eliciting protection against fatal pneumococcal infections, particularly in cases of meningitis (22, 88).

Studies investigating PspC-based vaccines in animal models have shown promising results, highlighting their immunogenicity and protective efficacy (22). However, the development of PspC-based vaccines still faces certain challenges that need to be addressed. Ongoing research is focused on optimizing vaccine formulations, identifying the most immunogenic PspC variants, and determining the ideal combination strategies with other antigens. By addressing these challenges, PspC-based vaccines hold great potential for providing effective protection against pneumococcal infections.




2.4 Pneumococcal histidine triad proteins, Pht

Pht proteins constitute a group of surface proteins identified in S. pneumoniae, comprising four members: PhtA, PhtB, PhtD, and PhtE (89). The discovery of the Pht family was based on the presence of hydrophobic leader sequences, suggesting their localization as cell surface proteins after transport across the cytoplasmic membrane (Table 1) (90). These proteins contain a distinctive polyhistidine motif, HXXHXH, which is repeated five times (PhtA, PhtB, and PhtD) or six times (PhtE) within their amino acid sequences (89). Ranging in size from 91.5 to 114.6 kDa, these four proteins exhibit a close relationship at the amino acid sequence level, with identities ranging from 32% to 87%. The N-terminal regions demonstrate the highest similarity among the four proteins, exhibiting 87% identity (89, 90). Pht proteins play a crucial role in the pathogenesis of S. pneumoniae infections and are considered multifunctional virulence factors (91). Although their precise functions are not fully understood, they are known to be involved in metal-ion binding, particularly zinc, which is vital for bacterial survival and growth (29). Additionally, Pht has been shown to interact with various host proteins, modulating the host immune response. For instance, Pht has been reported to inhibit the deposition of complement component C3 on the pneumococcal surface through the recruitment of factor H (30). Given their immunogenic properties, Pht has garnered interest as a potential vaccine candidate for non-serotype-dependent prevention of pneumococcal infections.

There is a high degree of protein sequence conservation among various Pht proteins across different serotypes of S. pneumoniae (92). Numerous studies have demonstrated the immunogenicity and protective efficacy of all Pht proteins in multiple mouse models of invasive disease, sepsis, and nasopharyngeal colonization when challenged with diverse S. pneumoniae strains (93–95). Immunizations with different portions of PhtA, including the N-terminal or C-terminal regions, as well as full-length PhtA, generated high levels of antibody titers (90). Full-length PhtA induced antibodies that protected mice against sepsis challenge with serotype 6A or serotype 6B (90). Immunization with either the N-terminal or C-terminal portion of PhtA also conferred protection against serotype 6B challenge, while only the N-terminal half of PhtA induced a protective response against serotype 6A challenge (90). Similarly, immunization with full-length PhtB also elicited high levels of antibody titers and protected mice against challenge with serotype 6B (90). Additionally, immunization with recombinant PhtB provided protection against serotype 3 intranasal pneumococcal challenge (96). Furthermore, immunization of mice with PhtD resulted in the highest levels of antibody titers among all Pht-based vaccines and protected mice against challenge with serotype 3 and 4. Intranasal immunization with PhtD induced robust serum antibody and CD4 Th1-biased immune memory, providing protection against pneumococcal colonization (97). Recent studies using PhtD and C-terminal fragment of PhtD with alum or outer-membrane vesicles as adjuvants elicited significantly high levels of antibodies and conferred protection against pneumococcal challenge (93, 98, 99). In addition, anti-PhtD antibodies were shown to protect against S. pneumoniae through complement- and macrophage-dependent opsonophagocytosis (100). Among the Pht proteins, PhtD is considered the most suitable candidate due to its superior efficacy in a nasopharyngeal colonization model and its high level of conservation among pneumococcal strains (92). PhtD has undergone phase I trials (NCT01767402 and NCT01444001) and failed in an otitis media clinical trial (101, 102). Additionally, Pht-based vaccines have been tested in combination with other protein antigens, such as PspA and PLY, to explore synergistic effects and broaden the spectrum of serotype coverage (43, 103). PhtD conjugated with PLY elicited significant protection that have made it up to phase II trials (Clinical Trial Number, NCT01262872 and NCT00896064). Despite these promising results, challenges remain in the development of Pht-based vaccines. Further studies are needed to identify the most immunogenic epitopes within Pht proteins and to optimize vaccine formulations that induce protective immune responses against multiple pneumococcal strains.




2.5 Pneumococcal surface antigen A, PsaA

PsaA is an important protein found on the surface of S. pneumoniae, which plays a crucial role in the pathogenesis of pneumococcal infections (104). This surface-exposed lipoprotein has an approximate molecular weight of 37 kDa and is involved in vital functions, including oxidative stress resistance, bacterial adhesion, and acquisition of essential metal ions, particularly manganese and zinc, imperative for pneumococcal growth and viability (Table 1) (31, 32, 105, 106). By scavenging these metal ions from the host environment, PsaA aids the bacterium in evading the host immune response and establishing infections (107). Notably, PsaA exhibits a high degree of conservation across various serotypes of S. pneumoniae, making it an attractive target for vaccination strategies aimed at providing broad protection against multiple strains (108).

Utilized as an immunogen, PsaA has been shown to induce a strong immune response, making it an important target for eliciting protective immune responses through vaccination (37). Parenteral immunization of mice with PsaA using adjuvants has yielded substantial protection against challenge from type 3 pneumococcal strain WU2 (109). Similarly, oral or intranasal administration of PsaA has led to elevated titers of IgG anti-PsaA antibodies in serum and IgA antibodies in mucosal sites. These responses have correlated with a notable reduction in nasopharyngeal colonization following intranasal exposure to S. pneumoniae (110). However, in other study immunization with PsaA elicited antibody response, which cannot effectively protect mice from challenge with S. pneumoniae (111). This prompted the exploration of combinatory approaches, wherein PsaA was fused with other protein antigens to amplify immune responses and synergistic effects. Immunization with PsaA fused with PspA, for instance, triggered heightened antibody levels against both PsaA and PspA. This conferred reduced S. pneumoniae levels in the bloodstream and lungs, ultimately shielding against fatal challenges with the pathogen (112). Moreover, the fusion of PsaA with B lymphocyte stimulator has exhibited potent immune stimulation, marked by heightened serum antibodies specific to PsaA and elevated cytokine levels (113). Additionally, immunization with PasA effectively provides protection when combined with adjuvants in animal challenge (114). Notably, PsaA has also found utility as a carrier protein in glycoconjugate vaccines, displaying protective efficacy in animal models (115). These finding underscore that PsaA represents an appealing candidate for incorporation into pneumococcal vaccines, offering the potential to enhance protection against an extensive array of pneumococcal infections and reduce the burden of disease worldwide. PsaA included vaccine formulations with other proteins have completed or be active in clinical trials (NCT00873431, NCT03803202, and NCT04525599).




2.6 Iron transport lipoproteins, PiuA and PiaA

Pneumococcal iron uptake A (PiuA) and pneumococcal iron acquisition A (PiaA) are two important iron transport lipoproteins found in S. pneumoniae, which are part of the ATP-binding cassette (ABC) transporter system, a common mechanism used by bacteria to transport essential nutrients across the cell membrane (Table 1) (33, 116). These proteins play a critical role in the uptake of iron from the host environment and its subsequent utilization within the bacterial cell (117, 118). PiuA and PiaA play roles in iron acquisition, with PiuA responsible for transporting ferrichrome iron and PiaA involved in heme iron transport (33, 34). Given their essential role in iron uptake, PiuA and PiaA have been explored as potential targets for the development of antibacterial strategies. Disruption of these proteins or interference with their iron-binding capabilities could potentially impair bacterial survival and growth (118).

Additionally, PiuA and PiaA have undergone investigation as potential vaccine candidates due to their surface exposure, high conservation and immunogenic properties (116, 119, 120). Immunizing mice with recombinant PiuA and PiaA has led to the generation of robust antibody titers, resulting in enhanced complement-independent and -dependent opsonophagocytosis (121). This immune response has been shown to confer protection against systemic challenges posed by S. pneumoniae (119). Moreover, mucosal immunization of mice with PiuA and PiaA has demonstrated the induction of specific antibody responses in both serum and respiratory secretions. This antibody-mediated immune reaction proved effective in safeguarding mice against intranasal challenges from S. pneumoniae (120). In addition, serum antibody to PiuA and PiaA from patients with pneumococcal septicaemia was significantly higher in convalescent-phase than acute-phase, and cross-reacted in different serotypes (116). Further evidence of the immunogenicity of PiuA and PiaA comes from the detection of anti-PiuA and anti-PiaA antibodies in healthy seven-month-old infants, indicating that these proteins can elicit an immune response from a very early age (116). However, there are no clinical trials involving PiuA or PiaA.




2.7 Whole-cell vaccines

Whole-cell vaccines are type of vaccines that use the entire cell of the bacterium S. pneumoniae and present all protein antigens without the need for individual protein purification to stimulate the immune system. Whole-cell vaccines can be developed from killed or live-attenuated whole-cell or by using genetically modified strains of pneumococcus to ensure safety while retaining immunogenicity. These vaccines approach aim to induce both humoral and cellular protective immune response against multiple antigens of the bacterial cell in animal models.

Killed whole-cell vaccines (WCVs) are typically composed of inactivated or killed S. pneumoniae cells. These vaccines can include a variety of strains or serotypes of the bacteria, allowing them to cover a broader spectrum of pneumococcal infections. A WCV was developed by deleting the autolysin gene (lytA) in S. pneumoniae strain RX1 and killed using ethanol. The vaccine was administered via intranasal route to elicit effective prevention of nasopharyngeal colonization with serotype 6B in mice and confer protection against illness and death in rats with serotype 3 strain (122). In addition, a RM200 WCV was constructed by replacing entire lytA gene with a kanamycin resistance gene in strain RX1E with a detoxified PLY mutation (123). The RM200 WCV was inactivated using beta-propiolactone and exhibited strong protective effects against nasopharyngeal colonization by serotype 6B strain and activated IL-17A priming (123, 124).

Live attenuated WCVs contain weakened or attenuated strains of S. pneumoniae. These strains are modified so that they can still replicate within the body but are less virulent, causing only mild or no disease symptoms. A live attenuated WCV was achieved through the attenuation of S. pneumoniae D39, wherein the pep27 gene was removed (125). Mice immunized intranasally with the WCV exhibited high level of IgG and serotype-independent protection against lethal intranasal challenge (125). Additionally, to enhance the safety of this WCV, comD gene was also removed to constructed a WCV of Δpep27ΔcomD. Immunization of mice with Δpep27ΔcomD significantly increased the survival time after heterologous challenge and diminished colonization levels of independent of serotype, which indicated that the WCV of Δpep27ΔcomD appears to be a highly feasible and safe vaccine against pneumococcal infections (126). These vaccines are currently in clinical trial phase 1/2 (NCT02097472).





3 Discussion

The progress in pneumococcal protein vaccines represents a significant advancement in the field of vaccine development against S. pneumoniae infections. Protein-based vaccines offer several advantages over traditional capsular polysaccharide-based vaccines, including the potential for broader serotype coverage and the ability to target conserved surface proteins that play critical roles in pneumococcal pathogenesis. Numerous protein candidates have been investigated for their potential as vaccine antigens, including PLY, PspA, PspC, Pht, PsaA, PiuA and PiaA. These proteins have shown promising immunogenicity and protective efficacy in animal studies, with some candidates demonstrating the ability to induce immune responses that inhibit bacterial adherence, colonization, and invasion. Furthermore, several proteins have been evaluated in early clinical trials, providing insights into their safety and immunogenicity in humans. The diversity of protein antigens under investigation highlights the multifaceted nature of pneumococcal pathogenesis and the need for a comprehensive vaccine approach. Combining multiple protein antigens in vaccine formulations, either as multicomponent vaccines or through the use of carrier proteins, holds the potential to broaden serotype coverage and enhance the protective immune response. However, challenges remain in the development of pneumococcal protein vaccines. The high degree of antigenic variability among pneumococcal strains necessitates the identification of conserved epitopes and the design of vaccines that provide broad protection against diverse serotypes. Optimization of vaccine formulations, including the selection of appropriate adjuvants and delivery systems, is crucial to ensure optimal immune responses and long-term efficacy. Furthermore, the evaluation of protein-based vaccines in larger-scale clinical trials is necessary to assess their efficacy in preventing pneumococcal infections and reducing disease burden. Continued surveillance and monitoring of pneumococcal strains are essential to detect any potential serotype replacement or emergence of new strains that may impact vaccine effectiveness.
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Background

Emerging infectious diseases pose a significant threat to both human and animal populations. Rapid de novo identification of protective antigens from a clinical isolate and development of an antigen-matched vaccine is a golden strategy to prevent the spread of emerging novel pathogens.





Methods

Here, we focused on Actinobacillus pleuropneumoniae, which poses a serious threat to the pig industry, and developed a general workflow by integrating proteosurfaceomics, secretomics, and BacScan technologies for the rapid de novo identification of bacterial protective proteins from a clinical isolate.





Results

As a proof of concept, we identified 3 novel protective proteins of A. pleuropneumoniae. Using the protective protein HBS1_14 and toxin proteins, we have developed a promising multivalent subunit vaccine against A. pleuropneumoniae.





Discussion

We believe that our strategy can be applied to any bacterial pathogen and has the potential to significantly accelerate the development of antigen-matched vaccines to prevent the spread of an emerging novel bacterial pathogen.
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Introduction

Bacterial infectious diseases pose a serious threat to public health and cause huge economic losses worldwide (1, 2). While vaccines are widely recognized as the most effective countermeasure to prevent bacterial infections (3, 4), developing effective bacterial vaccines remains a significant challenge due to the presence of multiple serotypes and complex genomes. As demonstrated by methicillin-resistant Staphylococcus aureus, emerging bacterial epidemics pose a significant threat to human and animal populations (5). Therefore, there is an urgent need for standard methods to rapidly develop antigen-matched vaccines to prevent the spread of emerging novel bacteria or new serotypes. Although the traditional inactivated whole-pathogen vaccines may be effective against homologous strains, they are often associated with local or systemic side effects (6). In contrast, subunit vaccines, which consist of antigenic components of the pathogen rather than the entire pathogen (3), are much safer and represent the next-generation of vaccines.

The selection of protective antigens that can efficiently elicit immune responses is critical for the development of effective subunit vaccines. Bacterial capsular polysaccharides are major antigens of bacteria, but they are T cell-independent antigens that activate B cells directly without the help of T cells (7). As a result, the immune responses they induced are limited to the low affinity IgM antibodies (8) and may not provide long-lasting immunity or memory response. In contrast, bacterial immunogenic proteins are T-dependent antigens that require the help of T cells to activate B cells and might induce the durable immune responses (7, 9). The surface-exposed and secreted proteins of bacteria, such as adhesins, invasions, and immunomodulators (10), play crucial roles in their infection process. These proteins are exposed to and are readily recognized by host’s immune system (10), making them ideal targets for the development of bacterial vaccines.

Many techniques have been developed to identify bacterial antigenic proteins, such as reverse vaccinology (RV) and proteomic techniques. RV uses bioinformatics to analyze the entire genome sequence for the genes that are likely to encode surface-exposed or secreted proteins (11). These proteins are then expressed and screened, individually, for their ability to induce immune protection in animal models (11). RV was first applied to Neisseria meningitidis, and 350 potential antigens were identified and their protective efficacy were evaluated in animal models (11). Eventually, three of the seven identified protective antigens were used to develop the Bexsero vaccine (11, 12), which was approved by the US Food and Drug Administration (FDA) in 2015 (13), demonstrating the potential of reverse vaccinology. However, identifying seven protective antigens from 350 candidates is a time-consuming and laborious process (11). Alternatively, bacterial surface proteins can be identified by proteomic approaches such as the surface shaving technique, which uses proteases to partially degrade the surface proteins of intact bacteria (14). The generated peptide fragments were released from bacteria and identified by mass spectrometers. The surface proteins can also be labeled with membrane-impermeable biotin, enriched by avidin after bacterial cell lysis, and then analyzed via mass spectrometry (15). While these proteomic methods are attractive for identifying bacterial surface proteins, it should be noted that Gram-negative bacteria have thin cell walls and are prone to lysis (16), which can result in identifying false-positive cytoplasmic proteins.

Recently, we developed BacScan, a genome-wide technology for the identification of bacterial highly immunogenic proteins (HIPs), as demonstrated using Streptococcus suis (17). The core genes of S. suis were split into 600-bp equal-length DNA fragments with a 300-bp overlap between adjacent fragments and inserted into T7 phage genome to generated a T7 display library. T7 phages displaying S. suis antigenic protein were immunoprecipitated by incubation with sera and protein A/G beads. The immunogenic proteins were subsequently identified by high-throughput sequencing of the enriched T7 phages (17). BacScan can quickly identify immunogenic proteins that are conserved among different serotypes using bacterial core genome, which was defined by comparing the genomic sequences of hundreds of strains of the same bacterial species. However, the core genome is not always available for the less-studied bacteria, especially emerging bacteria isolated in clinical settings.

Here, we aimed to develop a universal pipeline to identify the immunogenic proteins de novo from a clinically isolated novel Actinobacillus pleuropneumoniae strain by combining of proteosurfaceomics, secretomics, and BacScan technologies (Figure 1A). A. pleuropneumoniae is a highly contagious gram-negative bacterium and causes severe respiratory disease in the pig (18). At least 19 A. pleuropneumoniae serotypes have been reported (19), however, there are only 36 complete genome sequences available in the NCBI database as of May 2023. The proteosurfaceomics and secretomics are used to identify bacterial surface-exposed proteins and secreted proteins respectively, which are used to construct a T7 display library for BacScan screening (Figure 1A). For a proof concept, we isolated a highly virulent A. pleuropneumoniae HBS1 from a diseased pig. The surface-exposed proteins of HBS1 were in situ biotinylated, released by partial digested with TPCK-treated trypsin, and identified by mass spectrometry analysis after streptavidin-agarose pulldown (Figure 1C). The potential secreted proteins were identified as showed in Figure 1B. The T7 display library containing surface proteins and secreted proteins were then generated and used for BacScan screen against A. pleuropneumoniae-specific sera. We identified 15 highly immunogenic proteins, and three of them provided immunized mice partial protection against A. pleuropneumoniae challenge. In particular, the HBS1_14, which is highly conserved among all serotypes, is a promising antigen for development of a universal A. pleuropneumoniae subunit vaccine. Our study establishes a rapid and high-throughput universal pipeline for identifying bacterial immunogenic proteins de novo from a clinical isolate and can be applied broadly to any other bacterial pathogens.




Figure 1 | Construction of a T7 library displaying surface and secreted proteins of A. pleuropneumoniae for de novo identification of immunogenic proteins. (A) Schematic diagram shows identification of highly immunogenic proteins by combing use of proteosurfaceomics, secretomics, and BacScan technologies. Pathogenic bacteria were isolated from clinical samples and used to infection animals to prepare strain-specific sera. The bacterial surface proteins and secreted proteins were identified by proteosurfaceomics and secretomics analysis, respectively. A T7 phage library displaying surface proteins and secreted proteins was constructed and used to screen highly immunogenic proteins using BacScan. (B) Identification of A. pleuropneumoniae secreted proteins using bioinformatics. Proteins were sequentially examined for the secreted signal peptide, transmembrane domain, GPI-anchored, and subcellar location. (C) Identification of A. pleuropneumoniae surface proteins by in situ biotinylation labeling, TPCK-trypsin digestion, streptavidin-agarose pull-down, and mass spectrometry analysis. Unlabeled A. pleuropneumoniae cells treated with TPCK-trypsin digestion followed by streptavidin pull-down were used as a control for mass spectrometry. (D) Schematic diagram showing the construction of a T7-A. pleuropneumoniae (APP) phage library. The genes encoding surface and secreted proteins were divided into 600-bp DNA fragments with a 300-bp overlap between adjacent fragments and inserted into T7 phage genome to generated a T7 display library. (E) Illumina sequencing of T7-APP phage library.







Materials and methods




Bacterial strains and kits

Escherichia coli DH5α chemically competent cells were used for the plasmid construction. E. coli BL21 (DE3) RIPL cells were utilized for protein expression. The T7Select Packaging kit (Merck, USA) was used for the construction of phage library. A commercial ApxIV-ELISA kit (Keqian Biotech, China) was used to detect A. pleuropneumoniae in porcine serum samples.





Serum samples

A total of 21 swine serum samples were collected from pig farms. G. parasuis positive pig sera (20) were generously provided by Dr. Xiaojuan Xu of Huazhong Agricultural University. S. suis-positive porcine sera (n=5) and piglet sera negative for common swine pathogens (n=5) were prepared in our previous study (17). A. pleuropneumoniae-specific sera were prepared with specific pathogen-free mice as described below. 20 six- to eight-week-old female BALB/c mice obtained from the Laboratory Animal Center of Huazhong Agricultural University were randomly divided into four groups, with 5 mice per group. Mice in group 1 were intraperitoneally immunized with inactivated APP HBS1 with aluminum adjuvant at weeks 0, 2, and 3. Mice in groups 2 and 3 were infected with 100 μL of PBS containing 2.5×106 CFU of A. pleuropneumoniae HBS1 by i.p. and i.n. routes, respectively. Mice in group 4 were inoculated with an equivalent volume of PBS and used as negative controls. Serum samples were collected on days 14, 21, and 28.





Isolation and characterization of A. pleuropneumoniae HBS1

Six lung tissues collected from pigs suspected to have pleuropneumonia were used to isolate A. pleuropneumoniae using Tryptic Soy Agar (TSA) (Difco, USA) supplemented with 5% Fetal Bovine Serum (FBS) (Sijiqing, China) and 10 μg/mL nicotinamide adenine dinucleotide (NAD) (Biosharp, China). After 24 hours incubation at 37°C, colonies were test individually with A. pleuropneumoniae-specific primers (Table S2) (21). One A. pleuropneumoniae colony from each sample were picked and further purified. The serotype was determined using serotype-specific primers (Table S2) (22–24). One strain (HBS1) belongs to the highly pathogenic serotype 1 was selected for the following studies. To determine the 50% lethal dose (LD50) of HBS1 in mice, freshly harvested cultures were washed and suspended in PBS. Mice in groups 1 to 4 (5 mice per group) were intraperitoneally infected with 100 μL of HBS1 at various doses ranging from 3.75×106 to 3×107 CFU and monitored for mobility and mortality for 7 days. The control mice were injected with an equivalent volume of PBS (Table S1). The LD50 was calculated with the method of Reed and Muench (25).

To determine the pathogenicity of the HBS1, six- to eight-week-old mice (n=3) were intraperitoneally injected with a lethal dose of HBS1 (3×107 CFU). Mice (n=3) injected with an equivalent volume of PBS were used as controls. Mice were euthanized 12 hours after infection to determine the tissue bacterial load and pathological changes. Mouse hearts, livers, spleens, lungs, and kidneys were collected and divided into two portions. One portion was used to determine tissue bacterial load and the second portion was used for pathological changes as described below.





Whole-genome sequencing

Genomic DNA was extracted from A. pleuropneumoniae HBS1 using the E.Z.N.A.® Bacterial DNA kit (OMEGA, Bio-Tek), and 0.5 μg DNA was used for library preparation and sequencing. Quality control of the sequencing data was checked using Sickle to remove low-quality and short reads. The filtered high-accuracy Illumina data reads (Q30>85%) were assembled using Unicycler (26) to obtain high-quality bacterial genome scaffolds (contigs), which were used to assemble the complete genome graphs using Nanopore data. Finally, the assembled genomes were further polished using Pilon with the Illumina data to obtain the final genomes with higher accuracy. The genome sequence was submitted to NCBI database under the GenBank accession number CP115971.





Surface shaving of live cells

The surface proteins were identified by enzymatic shaving as previously described (27). Briefly, the APP HBS1 strain was cultured in 10 mL of TSB at 37°C until reaching an optical density of 0.4. The bacteria were harvested by centrifugation at 3,500×g for 10 minutes at 4°C, followed by six washes with ice-cold PBS (pH 7.4). The cell pellets were resuspended in 1 mL of PBS supplemented with 30% sucrose and 10 μg/mL of TPCK-trypsin (Promega, USA). Proteolytic reactions were conducted at 37°C for 10, 20, 30, 40, or 50 minutes and terminated with 0.1% formic acid. The mixtures were centrifuged at 3,500×g for 10 minutes at 4°C. The supernatants were further centrifuged at 34,000×g for 30 minutes at 4°C and filtered through a 0.22 μm filter. Peptide fractions were concentrated using a vacuum concentrator (Eppendorf, USA) for mass spectrometry analysis. Negative control cells were treated with the same procedure but without TPCK-trypsin.





Enrichment of the surface proteins by biotinylation and streptavidin-agarose pulldown

The surface proteins were labeled with Sulfo-NHS-LC-Biotin following the manufacturer’s instructions (Pierce). Briefly, freshly harvested bacterial cells were washed and resuspended in 1 mL of PBS (pH 8.0) containing 2 mM Sulfo-NHS-LC-Biotin. Biotinylation reactions were performed on ice for 10, 20, 30, 40, 50, or 60 minutes, and the excess biotin was quenched with PBS containing 500 mM glycine. The cell pellets were resuspended in ice-cold PBS containing 1% NP-40 and sonicated on ice for 2 minutes (300 W; pulse on, 10 s; and pulse off, 15 s) using an ultrasonic processor (Sonics & Materials, Newtown, CT). The supernatants were filtered through a 0.22 μm filter after centrifugation at 34,000×g for 30 minutes to remove cell debris (28). The biotinylated proteins were incubated with the streptavidin agarose for 60 minutes with gentle shaking on ice. After six washes with PBS/NP-40, the biotinylated proteins were eluted by adding 50 µL of SDS sample buffer. The control was treated with the same procedure but without Sulfo-NHS-LC-Biotin.





Enrichment of surface-exposed proteins by combing use of in situ biotinylation, TPCK-trypsin digestion, and streptavidin-agarose pulldown

The surface-exposed proteins were in situ biotinylated as described above. After six washes, the biotinylated cells were resuspended in 1 mL of PBS (pH 7.4) containing 30% sucrose and 10 μg/mL TPCK-trypsin and incubate at 37°C for 20 minutes to release the biotinylated surface-exposed proteins. After terminating the proteolytic reaction, the supernatant was collected after centrifugation as described above. The biotinylated peptides were purified using streptavidin-agarose beads, as detailed in above.





Western blot

The biotinylated protein samples were separated on a 12% SDS-PAGE and transferred onto PVDF membranes (Millipore, Boston, MA). After blocking with 5% bovine serum albumin (BSA), the membranes were incubated with HRP-conjugated streptavidin (Abbkine, China). After three washes with Tris-buffered saline containing 1% tween-20 (TBS-T), the protein signals were visualized using enhanced chemiluminescence (ECL) (Bio-rad, USA).





Liquid chromatography-tandem-mass spectrometry

Protein samples were analyzed by liquid chromatography-tandem-mass spectrometry (LC-MS/MS) as previously described (28). Briefly, proteins were separated on an SDS-PAGE gel, and the gel slices were distained, dehydrated, and then subjected to in-gel digestion with trypsin. The resulting peptides were separated and analyzed using a Q ExactiveTM series mass spectrometer (Thermo Fisher) with Nanospray Flex™ (ESI). The acquired spectra were searched against the Uniprot database using the search engines: Proteome Discoverer 2.2 (PD 2.2, Thermo). The protein identification lists were filtered to maintain a peptide false discovery rate (FDR) less than 1% for ensuring high accuracy. The raw data, and database search results were deposited in ProteomeXchange (http://www.proteomexchange.org/) under project accession number PXD046029.





Prediction secreted proteins

Classical secretory pathways were predicted by SignalP 5.0, LipoP 1.0, and PRED-TAT to analyze the general secretion (Sec) pathway and the twin-arginine translocation (Tat) system (29). Proteins identified by at least two of the three methods were classified as classically secreted proteins. Non-classical secretory pathways were analyzed using SecretomeP 2.0 (30). Transmembrane helices were predicted using TMHMM 2.0 (31), and proteins lacking transmembrane helices were analyzed using PredGPI (32). Non-GPI anchored proteins were further analyzed for their subcellular localization using PSortb 3.0 (33), CELLO2GO (34), and BUSCA (35). A protein is considered to be a secreted protein if it is located in the outer membrane or extracellular space as determined by at least two of the three methods.





Construction of T7-APP phage library

The encoding regions of surface-exposed and secreted proteins were PCR amplified from the APP HBS1 genomic DNA (All primers are available from the corresponding author on request). Each gene was divided into 600-nucleotides (nt) fragments with a 300-nt overlap between adjacent fragments. Fragments containing EcoR I/Hind III or BamH I/Not I were modified by introducing synonymous mutations to disrupt the restriction sites of these restriction endonucleases. The PCR products were pooled in equal amounts, digested with EcoR I/Hind III or BamH I/Not I, and cloned into T7Select 10-3b vector linearized with the corresponding restriction endonucleases. The ligation products were packaged into infectious T7 phage particles using the T7Select® Packaging Kit (Novagen), following the manufacturer’s protocol. The quality of phage library was confirmed by next-generation sequencing.





Phage immunoprecipitation and sequencing

Phage immunoprecipitation and sequencing were performed as previously described (17). Briefly, 1.5-mL Eppendorf tubes were blocked with 3% BSA in TBS-T overnight at 4°C. Two μg of serum IgG and 1 mL of 2×108 PFU T7 phages were added to each tube and incubated on a rotator at 4°C for 18 hours to facilitate antibody-phage binding. Subsequently, 40 μL of Protein A/G magnetic beads (Pierce) were added to each tube and incubated on a rotator for 4 hours at 4°C. After three washes with washing buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40), The beads were resuspended in 40 μL of pure water. The phages were lysed by heating at 95°C for 10 minutes and frozen at −80°C for further analysis.

The DNA multiplexed Illumina sequencing protocol was conducted as previously described (17). Briefly, the A. pleuropneumoniae gene fragments were amplified by two rounds of PCR using the lysed phage as a template. The first round of PCR used PCR1-F and PCR 1-R primers (Table S3). The PCR products were used as templates for the second round of PCR with a forward primer (PCR2-F) and a unique indexing primer (Table S3). The PCR products were sequenced at the National Key Laboratory of Crop Genetic Improvement, Huazhong Agricultural University. The generalized Poisson model was used to normalize the data and remove background bias. The Illumina sequencing data was deposited in Sequence Read Archive (SRA) of the NCBI database with the BioProject accession number PRJNA1026755.





Plasmid construction and protein purification

HBS1_01 and HBS1_07 were cloned into expression plasmid pET22b, whereas the remaining 13 HIPs, ApxI, and ApxII were individually cloned into expression plasmid pET32a using either restriction ligation (Thermo, USA) or Gibson assembly (Vazyme, China) methods. The primers used for cloning were listed in Table S4. All the plasmids were sequenced for accuracy before transformed into E. coli BL21 (DE3) RIPL. The recombinant HIPs were induced with 1mM isopropyl-β-D-thiogalactoside (IPTG) at 30°C for 3-4 hours when the OD600 of culture reached 0.8. and purified as previously described (36). Briefly, E. coli cells were collected and resuspended with binding buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 mM imidazole, and 5 μg/mL DNase I). After cell lysis using a high-pressure cell disruptor, cell debris was removed by high-speed centrifugation. The recombinant HIPs were purified using a HisTrap column. The purity of the eluted HIPs was analyzed by SDS-PAGE, and protein concentrations were quantified using the Bradford Protein Assay Kit (Beyotime, China).





Enzyme-linked immunosorbent assay

Antigen-specific antibodies in serum samples were determined using an enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well ELISA plates were coated with proteins (200 ng/well) and blocked with 3% BSA in PBS containing 0.05% Tween-20 (PBS-T) for 1 hour at 37°C. 100μL of 2-fold serial dilution of serum were added to each well, and the plate was incubated at 37°C for 1 hour. HRP-conjugated goat anti-mouse antibodies specific for IgG (Abbkine, China), IgG1 (Abclonal, China), IgG2a (Abclonal, China), or HRP-conjugated goat anti-pig IgG (Solarbio, China) were then added to each well and incubated at 37°C for 1 hour. After five washes, tetramethylbenzidine (TMB) substrate was added and incubated for 10-15 minutes at room temperature in the dark. The colorimetric reaction was stopped with 2 M H2SO4, and the absorbance at 450 nm was measured using a microplate reader (BMG LABTECH, Germany).





Homology analysis of HIPs

The whole genome sequences of the 18 different serotypes of A. pleuropneumoniae were downloaded from NCBI genome database to analyze the conservation of the fifteen HIPs in each serotype. A heatmap was used to visualize and present the results. The homology of HIPs was analyzed by BLAST search of NCBI. The search was restricted to exclude Actinobacillus (taxid: 713) but included E. coli (taxid: 562), G. parasuis (taxid: 738), S. suis (taxid: 1307), and P. multocida (taxid: 747). The search was conducted using the “blastp” tool with a non-redundant database, hit list size of 5000, and an e-value threshold of 10. A representative strain was identified from each bacterial species for homology analysis. The results were presented in the form of a heatmap. All identified HIPs were also BLASTed using the same parameters to exclude the HIPs with more than 30% sequence homology to pig proteins of (taxid: 9823) to exclude any potential cross-reactivity with swine proteins.





Immunization and challenge

To determine the efficacy of 15 HIPs, 65 mice were randomly divided into 13 groups, with five mice in each group. Fifty μg of each recombinant HIP was mixed with 25μL of white oil adjuvant (Montanide ISA 201 VG) and injected intramuscularly (i.m.) into a mouse at weeks 0 and 2. Mice (n=5) administered with an equal volume of PBS were used as negative controls. Two weeks after the boost, mice were challenged intraperitoneally with a lethal dose of A. pleuropneumoniae HBS1 (2.5×107 CFU) and monitored for mortality for seven days.

For the multivalent vaccine study, four groups of mice (n=5) were i.m. administered two times at weeks 0 and 2 with ApxI+ApxII, ApxI+ApxII+SRP (HBS1_14), Porcilis APP, and PBS, respectively. Two weeks after boost, mice were i.p. challenged with 1×108 CFU A. pleuropneumoniae HBS1 and monitored for mortality for seven days. To further determine the efficacy of these three different vaccines by analyzing tissue bacterial load and histopathologic changes, 27 mice were immunized and challenged as described above. Three mice from each group were sacrificed at 12-, 36-, and 72-hours post challenge to determine the tissue bacterial load and to analyze the histopathologic changes as described below. Three mice administered with PBS and challenged with the same dose of A. pleuropneumoniae HBS1 were sacrificed at 12-hour post challenge as controls. Three naïve mice were used as blank controls.





Tissue bacterial load and histopathologic analysis

The hearts, livers, spleens, lungs, and kidneys were collected from mice treated as described above. The samples were divided into two portions to determine the tissue bacterial load and histopathological changes, respectively. One portion was weighed, ground, mixed with an equal volume of PBS (1 mL PBS per 0.1 g tissue sample), and filtered. 100 μL of 10-fold serially diluted tissue solutions were plated on TSA agar plates supplemented with FBS and NAD. The plates were then incubated overnight at 37°C. The number of bacterial colonies on each plate was counted to calculate the number of bacterial per gram of tissue. The second portion of samples were fixed in 10% formalin, dehydrated through an ethanol series, embedded in paraffin wax, and cut into 4-μm-thick sections. The sections were deparaffinized, stained with hematoxylin-eosin, and observed under an optical microscope (Nikon, Japan) for histopathological changes.





Statistical analysis

Statistical analysis was performed by Student t-test using Prism Graphpad software 8.0. Multi-group comparisons were assessed using one-way analysis of variance (ANOVA). Kaplan-Meier survival curves were analyzed by log-rank test (Mantel-Cox). Statistically significant differences were determined when P values were < 0.05.






Results




Construction of a T7 phage library displaying surface and secreted proteins of A. pleuropneumoniae

To develop a rapid method for identifying candidate protein antigens de novo from a clinically isolated new bacterial strain, we first isolated six strains of A. pleuropneumoniae from the lungs of pigs having pleuropneumonia. PCR serotyping indicated that one strain, named HBS1, belongs to the highly pathogenic serotype 1 and was therefore selected for the following studies (Figures S1A, B). The HBS1 is lethal to mice with the median lethal dose of 1.2×107 colony-forming units (CFU) (Table S1). The tissue distribution of HBS1 and pathological damages of mice after infection were also determined (Figures S1C–E) (see Supplementary for the detail).

Bacterial surface-associated proteins and secreted proteins are exposed to the host immune system and tend to be more immunogenic (10). Therefore, we focus on these proteins and use them to construct a T7 phage display library for BacScan analysis (Figure 1A). To identify secreted proteins in silico, the whole genome of HBS1 was sequenced and deposited in the NCBI database under the GenBank accession number CP115971. Among all the 2,166 proteins encoded within HBS1 genome, 129 secreted proteins (Figure 1B, Table S6) of HBS1 were identified using a pipeline as described previously (29–35).

Surface-exposed proteins of A. pleuropneumoniae HBS1 were first identified using bacterial surface-shaving technique (14) (Figure S2A). HBS1 cells were digested with TPCK-treated trypsin for 20 min to release surface-exposed proteins (Figure S2B), which were subsequently identified using mass spectrometry. A total of 549 potential surface-exposed proteins were identified, however 394 (71.8%) proteins were also found in the untreated control group (Figure S2C) (see ProteomeXchange under the project accession PXD046029 for the detail), indicating cytoplasmic protein contaminations. This may because the cell walls of gram-negative bacteria were more prone to lysis during trypsinization (37), which reflected a limitation of the bacterial surface shaving technique. Therefore, we used membrane-impermeable biotin technique to specifically label bacterial surface proteins, which were then enriched with streptavidin-agarose and analyzed via LC-MS/MS (Figures S2D, S2E) (15). 967 potential surface-exposed proteins were identified (Figure S2F) (see ProteomeXchange under the project accession PXD046029 for the detail), which accounted for 44.6% HBS1 proteins and far exceed the reasonable proportion of membrane proteins (38). This may because small amounts of biotin were able to enter the cell and label the cytoplasmic proteins, which were then enriched along with surface proteins (15). To overcome these challenges, we developed a pipeline to identify surface-associated proteins by a combination of in situ biotinylation, TPCK-trypsin digestion, streptavidin-agarose pulldown, and LC-MS/MS analysis (Figure 1C). The HBS1 cells were first in situ biotinylated. After rounds of washes to remove excessive biotin and cell lysate, biotin-labelled surface-exposed proteins were released from intact bacterial cells by partial digested with TPCK-treated trypsin and identified by mass spectrometry analysis after streptavidin-agarose pulldown. A total of 333 unique proteins (Table S7) were identified, accounting for 15% of the HBS1 genome. Most important, only 31 proteins were identified in the control group with 18 proteins overlapping the treat group, indicating the less contamination of cytoplasmic proteins compared to surface-shaving and membrane-impermeable biotin techniques (Figures 1C, S2). These results demonstrated an optimal pipeline to identify bacterial surface-exposed proteins by combing use of in situ biotinylation, TPCK-trypsin digestion, streptavidin-agarose pulldown, and mass spectrometry analysis.

To construct a T7 phage library for BacScan, genes encoding surface-exposed proteins, predicted secreted proteins, and reported immunogenic antigens (38–46) were individually split into 600-bp equal-length DNA fragments with a 300-bp overlap between adjacent fragments (Figure 1D). After removing the overlap proteins between secreted proteins, surface-associated proteins, and reported immunogenic antigens (Figure 1D, Venn diagram), a total of 445 genes (1,359 DNA fragments) were cloned into T7 phage genome to generated a T7 display library. The quality of the BacScan library was assessed via Illumina sequencing to a depth of 50-fold coverage, and 80.8% of the inserts were present in the library (Figure 1E) (see the Sequence Read Archive (SRA) under BioProject accession number PRJNA1026755 for the detail).





Identification of highly immunogenic proteins of A. pleuropneumoniae using BacScan

To avoid cross-immune reaction with other bacteria, we first prepared A. pleuropneumoniae-specific sera using specific-pathogen free (SPF) mice, which were immunized intraperitoneally with inactivated A. pleuropneumoniae HBS1 on days 2, 16, and 23 (Figure S3A). Control mice were given the same volume of PBS. The titers of A. pleuropneumoniae-specific antibodies were significant increased after each boost (Figure S3B). Seven days after the last immunization, sera were collected and incubated with T7 library for BacScan analysis. The phage-antibody complexes were precipitated using protein A/G magnetic beads, and the enriched phages were amplified by PCR and sequenced to determine the inserts (17). 11 unique fragments belong to 9 proteins (Table S5) were enriched in all three replicates (Figure 2A), indicating that the method was highly reproducible.




Figure 2 | Identification of HIPs of A. pleuropneumoniae using BacScan. (A) Identification of HIPs using sera prepared by immunizing mice with inactivated A. pleuropneumoniae HBS1. Three parallel experiments were carried out for each serum sample, and each row represents one repetition. The enriched gene fragments were shown at the bottom. The color intensity of each cell indicates the threshold for enrichment. (B) ELISA results show the binding of identified HIPs to A. pleuropneumoniae-specific sera. Influenza viral 3M2e protein was used as a negative control. (C) Comparison of HIPs identified using vaccine sera and infection sera. Serum samples were prepared as described in the Materials and Methods. HIPs were identified using BacScan. (D) The binding of 15 HIPs to vaccine sera and infection sera. ELISA plates were coated with HIPs individually, and influenza viral 3M2e protein was used as a negative control. (E) Comparison of HIPs identified using intranasal (i.n.) and intraperitoneal (i.p.) infection sera. (F) The reactivity of 7 HIPs to i.n. and i.p. infection sera. Influenza viral 3M2e protein was used as a negative control. Data are shown as means ± S.D. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively (Student’s t-test).



To assess the specificity and sensitivity of BacScan, nine full-length proteins were expressed and purified from Escherichia coli cells (Figure S4A). Influenza viral protein 3M2e, which was expressed and purified from E. coli in our previous study (47), was used as a negative control. Indirect ELISA results showed that the sera from immunized mice exhibited specific reactivity towards nine HIPs but not towards the 3M2e control protein (Figure 2B). Furthermore, the preimmunized sera did not show any reactivity towards these proteins. These results indicated that BacScan is a powerful tool for identifying HIPs.

To determine whether the antigenic targets of humoral immune responses in mice differ between inactive bacterial vaccination and bacterial infection, each mouse was infected intraperitoneally with 2.5×106 CFU A. pleuropneumoniae HBS1 to prepare infection sera. The ELISA results showed that the titer of A. pleuropneumoniae-specific IgG is low 7 days after infection, which was significantly boosted after two more rounds of infections (Figure S3C). Therefore, the sera after third infection were used for BacScan analysis. Interestingly, among 10 fragments belonging to 7 unique proteins (Table S5) enriched in the infection group, only one fragment (HBS1_08|001-200) was enriched in the vaccination group (Figure 2C). To further confirmed the difference, we expressed and purified 6 differentially enriched proteins from E. coli cells (Figure S4B) to determine their reactivities against sera from the vaccination group and the infection group. ELISA data showed that HBS1_08 protein can be recognized by sera from both groups, whereas all the 6 differentially enriched proteins showed high reactivities only against sera from the infection group but not from the vaccination group and vice versa (Figure 2D).

Although peritoneal inoculation is the primary route of infection used in mouse models (48), the natural route of infection for A. pleuropneumoniae is the respiratory tract. Therefore, we compared the antigenic differences of A. pleuropneumoniae between intranasal (i.n.) and intraperitoneal (i.p.) infections. After the third-round i.n. infection of mice (Figure S3D), sera were collected for BacScan analysis. Interestingly, all the 5 fragments belonging to 3 unique proteins enriched in the i.n. infection group were enriched in the i.p. infection group. The fragments HBS1_10|001-200 and HBS1_14|001-200 showed weak binding in the i.n. infection group (Figure 2E). ELISA data also showed these 4 HIPs can be recognized by sera from both groups, while the other three proteins (HBS1_11, HBS1_12, and HBS1_13) enriched only in the i.p. infection group showed background binding activities against sera from the i.n. infection group (Figure 2F). These results indicated that immunization and infection, even different infection routes, might induce the production of an antibody repertoire different from each other, which can be detected by BacScan technology.





Identification of target antigens for the development of serological diagnostics for A. pleuropneumoniae

The HIPs identified from the infection groups but not the immunization group could be targets for the development of differential diagnostics that can distinguish between vaccine immunization and natural infection. To determine any of the 7 proteins identified from the i.p. infection could be targets for the development of serological detection methods, 21 pig sera were randomly collected from different farms. Five piglet sera negative for common swine pathogens prepared in our previous study were used as controls. Among these, 16 sera are A. pleuropneumoniae positive determined using a commercial A. pleuropneumoniae ApxIV ELISA kit (Figure 3A). The sera were then individually tested for their binding activities to the 7 HIPs. The ELISA results showed that all 7 proteins had strong binding activities to the 16 positive pig sera but not to the 5 piglet negative sera, which was consistent with the results of the commercial kits (Figures 3B–H). However, some of the 5 A. pleuropneumoniae-negative clinical sera showed weak binding activities to the HIPs compared to the 5 piglet sera, which may be due to the cross-reaction of these HIPs with other pathogen-specific sera (see below).




Figure 3 | Identification of target antigens for serological diagnostics of A. pleuropneumoniae. (A) Detection A. pleuropneumoniae positive sera using the ApxIV ELISA kit. Dash line represents the threshold of the kit. (B–H) ELISA results showing the binding activities of the 7 HIPs to swine sera. Gray squares represent A. pleuropneumoniae negative clinical sera and purple squares represent piglet sera. (I) Homology analysis of 7 A. pleuropneumoniae HIPs in four common bacterial pathogens of pigs. The color intensity of each cell indicates the homology (%) of 7 A. pleuropneumoniae HIPs of in other bacterial species. “N/A” indicates not detected. (J, K) Cross-reactivities of A. pleuropneumoniae HBS1_15 to S. suis positive sera (J) and G. parasuis positive sera (K). The recombinant S. suis 2085 protein was used as a control to confirm the S. suis positive and negative sera. The G. parasuis rAPD protein was used as a control to confirm the G. parasuis positive and negative sera. Data are shown as means ± S.D. **** indicates p < 0.0001 (Student’s t-test).



To determine the specificity of these proteins as targets for detecting A. pleuropneumoniae, seven proteins were used individually to Blast the homologous proteins from common bacterial pathogens of pigs, E. coli, Glaesserella parasuis, Pasteurella multocida, and S. suis. Overall, all these proteins showed higher sequence similarity to homologous proteins from G. parasuis but lower similarity to homologous proteins from S. suis (Figure 3I). Significantly, we found that HBS1_15 had very low sequence similarity (28-45%) to the homologous proteins from four common bacterial pathogens, indicating its potential as a specific target for A. pleuropneumoniae detection. To further verify its specificity, HBS1_15 proteins were coated onto ELISA plates to evaluate its reactivity with S. suis or G. parasuis positive swine sera. The results demonstrated that HBS1_15 did not show cross-reactivity (Figures 3J, K). Taken together, these results suggest that the HBS1_15 protein is a promising target for the development of serological diagnostic methods for A. pleuropneumoniae.





Identification of protective antigens of A. pleuropneumoniae

To avoid omissions, all the 15 proteins (Table S5) identified using different sera were included in our analysis to identify protective of A. pleuropneumoniae. We first performed sequence analysis to determine which of the 15 candidate antigens are conserved among different serotypes. Sequence BLAST revealed that 14 of the 15 proteins are highly conserved among different serotypes, while the HBS1_13 protein is only conserved among serotypes 1, 6, 12, 14, and 17, and not with other serotypes (Figure S5A). HBS1_01, and HBS1_07 have more than 30% homology with porcine proteins (Figure S5B) and were therefore excluded from the animal experiment to avoid the potential autoimmunity. Two of the 15 proteins, namely HBS1_11 (49) and HBS1_13 (40), were previously identified as protective antigens and were therefore used as positive controls in our animal experiment. In addition, HBS1_03 protein, which was found to be immunogenic but not protective, was excluded from our animal experiments (42).

To investigate the immunoprotective effects of the 12 candidate antigens, the recombinant proteins were emulsified with adjuvant ISA 201 and injected intramuscularly into mice, individually, on day 2 and day 16 (Figure 4A). Sera were collected for ELISA analysis of the humoral immune responses, and the results showed that all 12 proteins induced higher levels of IgG antibodies compared to the PBS control group (Figure 4B). All antigens were able to induce both IgG1 (Th2-biased) and IgG2a (Th1-biased) antibodies. However, IgG1 titers are higher than IgG2a titers for each of 12 antigens (Figures 4C–E), suggesting that these recombinant proteins in combination with adjuvant ISA 201 mainly induce Th2-biased immune responses.




Figure 4 | Identification of protective antigens of A. pleuropneumoniae. (A) Experimental scheme for immunization and challenge of mice. Sera were collected two weeks after each immunization. HIP-specific IgG (B), IgG1 (C), and IgG2a (D) titers were determined using ELISA. (E) The ratio of the IgG2a to IgG. Data are shown as means ± S.D. **** indicates p < 0.0001 (Student’s t-test). (F) Survival rate of mice. Mice were challenged with 2.5 × 107 CFU of A. pleuropneumoniae HBS1 two weeks after the last immunization and monitored for 7 days. The survival curves were analyzed by log-rank test. Significant differences were observed between HBS1_10/13/14/15 and PBS in survival rate (log-rank test, P < 0.05).



The protective efficacy of each antigen was determined by challenge of vaccinated mice with 2.5 × 107 CFU of A. pleuropneumoniae HBS1 two weeks after boost. Interestingly, of the two previously identified protective antigens (HBS1_11, and HBS1_13) (40, 49), HBS1_13 can induce 20% protection against challenge (Figure 4F; p = 0.0143; log-rank test). This might be because of the high virulence of A. pleuropneumoniae HBS1. Nevertheless, we found that three new antigens, namely HBS1_14, HBS1_10, and HBS1_15 could still provide 40% (p = 0.0495; log-rank test), 20% (p = 0.0143; log-rank test), and 20% (p = 0.0495; log-rank test) protection individually. As shown in Figure 4F, all mice in the groups of PBS control, HBS1_02, HBS1_04, HBS1_05, HBS1_06, HBS1_08, HBS1_09, HBS1_11, and HBS1_12 died 12 hours after challenge. These results suggest that HBS1_14, HBS1_10, and HBS1_15 are potential targets for the development of A. pleuropneumoniae subunit vaccines.





A multivalent subunit vaccine containing HBS1_14 and toxin proteins enhances the immune protection against A. pleuropneumoniae

The highly pathogenic serotype 1 HBS1 strain secretes both ApxI and ApxII toxins, which belong to pore-forming repeat-in-toxins (RTXs) and are the critical virulent factors of A. pleuropneumoniae (50). We hypothesize that toxin-specific antibodies will neutralize the toxin and alleviate the disease caused by the toxin, while HBS1_14-specific antibodies will help eliminate the bacteria. A. pleuropneumoniae subunit vaccines that can induce both toxin-specific and 14-specific antibodies should be more effective than either alone. Therefore, we want to investigate whether a multivalent subunit vaccine containing HBS1_14 (Signal recognition particle, SRP), ApxI, and ApxII (Figure S4C) could induce enhanced immune protection. Mice were immunized intramuscularly twice, two weeks apart, with ApxI+ApxII+SRP (Figure S6A). Mice immunized with ApxI+ApxII, commercial vaccine (Porcilis APP, containing ApxI, II, III, and one membrane protein), or PBS were used as controls. ELISA results showed that all mice immunized with antigens generated robust ApxI-specific and ApxII-specific IgG in sera two weeks after last vaccination (Figure S6B, C). SRP-specific IgG was observed only in ApxI+ApxII+SRP (Figure S6D). As expected, mice in the PBS group generated only background levels of antigen-specific IgG. Protective efficacy was determined by challenging the vaccinated mice with a high dose (1.0 × 108 CFU) of A. pleuropneumoniae HBS1 strain two weeks after boost. All mice in the PBS group died 12 hours after challenge, whereas all mice in the Porcilis APP, ApxI+ApxII, and ApxI+ApxII+SRP groups survived till sacrifice 7 days after challenge (Figure 5A), indicating that ApxI and ApxII together were able to provide complete protection.




Figure 5 |  A multivalent subunit vaccine containing HBS1_14 (SRP) and toxin proteins enhances the immune protection against A. pleuropneumoniae. (A) Survival rate of mice after challenge with 1.0 × 108 CFU of A. pleuropneumoniae HBS1. The bacterial loads in lung tissues were determined at 12 (B), 36 (C), and 72 (D) hours after challenge. Data are presented as means ± S.D. *, **, and **** represent p < 0.05, p < 0.01, and p < 0.0001 (ANOVA). Pathological changes of mouse lung tissues were determined at 12 (E), 36 (F), and 72 (G) hours after challenge (scale bar, 50 μm). The naïve mice challenged with the same dose of A. pleuropneumoniae HBS1 were used as challenge controls.



To further determine whether the inclusion of SRP enhances the protective efficacy, 9 mice were immunized with ApxI+ApxII+SRP and challenged as shown in Figure S6A. Three mice were sacrificed at 12-, 36-, and 72-hours post challenge, respectively. Lungs were harvested for bacterial load determination and pathological analysis. Mice immunized with Porcilis APP or ApxI+ApxII were used as controls. The results showed that the lung bacterial load in the ApxI+ApxII+SRP group was approximately 1×101~2 CFU/gram lung tissue, which is significantly lower than ApxI+ApxII group. Similarly, the lung bacterial load in the Porcilis APP group was significantly lower than that in the ApxI+ApxII group (Figures 5B–D). In addition, pathological analysis showed that mice in the ApxI+ApxII group exhibited thickening of the alveolar walls and widening of the pulmonary interstitium, whereas the ApxI+ApxII+SRP group showed only mild pathological changes (Figures 5E–G). As expected, blank control mice showed no obvious pathological changes, whereas naive mice challenged with A. pleuropneumoniae HBS1 exhibited severe pathological changes. Mice in the commercial vaccine (Porcilis APP) group also showed fewer pathological changes compared to the ApxI+ApxII group, but similar to the ApxI+ApxII+SRP group (Figures 5E–G). These results suggest that the inclusion of SRP (HBS1_14) may enhance the protective efficacy of ApxI+ApxII based subunit vaccines.






Discussion

Emerging viral and bacterial epidemics, as exemplified by SARS-CoV-2 and methicillin-resistant Staphylococcus aureus (MRSA), pose a significant threat to both human and animal populations (51, 52). Due to the diversity of bacterial serotypes and the limited cross-protection offered by current bacterial vaccines (53), there is an urgent need for standardized methods to expedite the development of antigen-matched vaccines to prevent the spread of emerging novel bacteria or serotypes. Rapid de novo identification of protective antigens from a clinical isolate represents the first and critical step in the development of effective subunit vaccines against circulating bacterial strains. In this study, we have developed a universal pipeline that combines proteosurfaceomics, secretomics, and BacScan technology to rapidly identify bacterial protective proteins de novo from a clinical isolate without prior knowledge of the pathogenic bacterium. Our strategy is particularly suitable for emerging novel pathogenic bacteria or serotypes.

While numerous high-throughput methods are capable of identifying immunogenic proteins, their application to the de novo identification of high immunogenic proteins (HIPs) from uncharacterized bacteria is limited. For example, reverse vaccinology is a powerful method that requires numerous complete genome sequences, which may not be available for uncharacterized bacteria, to identify candidate antigenic proteins (11). Protein array does not require numerous genome sequences, but the cost of expressing all bacterial proteins is considerable (54). Traditional phage display involves multiple rounds of selection, which may introduce bias toward phages with higher propagation rates (55). The approach of combining two-dimensional SDS-PAGE of bacteria with western blot using bacterial-specific sera disrupts the structure of native proteins, thereby affecting the screening results (56). Our method, which takes advantage of proteosurfaceomics, secretomics and BacScan technologies, allows rapid de novo identification of protective antigens from an uncharacterized novel bacterium. Once the pathogenic strain was identified, the genome was sequenced to subsequently identify secreted or surface-associated proteins, whose genes were amplified by PCR to rapidly construct a T7 phage display library using a commercial kit. The T7 phages bound to the bacterial-specific sera are enriched by a single round of selection, allowing rapid identification of all HIPs by next-generation sequencing.

As a proof of concept, we isolated a highly virulent A. pleuropneumoniae strain from a clinical sample and identified 15 HIPs using this technology. All 15 HIPs showed high immunoreactive activity with A. pleuropneumoniae-specific sera (Figures 2B, D, F), and three of them have been reported in previous studies (40, 42, 49). These results demonstrate the specificity and reliability of our method. In particular, we found that HBS1_15, which is highly conserved among different A. pleuropneumoniae serotypes but has low homology with proteins from common bacterial pathogens of pigs (Figures 3I, S5A), has great potential as a diagnostic target. Significantly, we identified three novel protective antigens, HBS1_10, HBS1_14, and HBS1_15, which individually can provide partial protection against challenge in mice (Figure 4F). Importantly, we showed that a multivalent subunit vaccine containing HBS1_14 (SRP) and toxin proteins provided complete protection against lethal dose of A. pleuropneumoniae challenge in mice, with enhanced immune protection compared to toxin proteins alone (Figure 5).

In addition, we have developed a highly specific method for identifying surface-associated proteins by combining in situ biotinylation, TPCK-trypsin shaving, streptavidin-agarose pulldown, and mass spectrometry (Figure 1C). Bacterial surface shaving is a recently developed technique to release surface-exposed proteins from bacterial cells by partial cleavage with proteolytic enzymes such as trypsin, which are then detected by mass spectrometry (14, 27). However, we observed that this method resulted in a significant background signal (Figures S2A–C). This may be due to the susceptibility of Gram-negative bacterial cell walls to lysis during trypsinization, as previously reported (14, 16). The membrane-impermeable biotin technique selectively labels bacterial surface proteins with biotin, which are then enriched with streptavidin-agarose for subsequent mass spectrometry after bacterial cell lysis (15). However, we have observed that the cytoplasmic proteins can still be labeled either by residual biotin or by small amounts of biotin entering the cells, resulting in a high background signal (Figures S2D–F). Our combined strategy overcomes the limitations of both methods. After biotinylation, the biotin-labeled surface proteins were released from intact bacterial cells by TPCK-trypsin shaving instead of lysing the cells, thus significantly reducing cytoplasmic protein contamination. Our strategy not only increases the screening efficiency of BacScan, but can also be used to identify bacterial surface proteins for other purposes.

Although our strategy can rapidly identify bacterial protective antigens de novo, the results of the screen are highly dependent on the quality of the sera. On the one hand, the chance of identifying protective antigens is higher if the antibodies in the sera have high antimicrobial activity. Indeed, we found that different HIPs were identified between vaccinated and bacterium infected sera (Figure 2C). Even the route of infection affects the results of the screen (Figure 2E), suggesting the importance of sera quality. On the other hand, cross-reactivity of antibodies between different bacteria may interfere with the results of the screen. Therefore, sera must be prepared using specific pathogen-free (SPF) animals, and the bacterial strain used for infection must express all proteins critical for its infection. This is also the reason why we used SPF mice to prepare A. pleuropneumoniae-specific sera rather than using clinically positive swine sera. However, it is difficult to know whether all the proteins critical for its infection are expressed when cultured in vitro. This can be overcome by using sera prepared with bacterial cells cultured under different conditions. Nevertheless, our strategy may not identify all the protective antigens, but the most critical ones.

In conclusion, we have developed a universal pipeline integrating proteosurfaceomics, secretomics, and BacScan technologies for the rapid de novo identification of bacterial protective proteins from clinical isolates. Using this technology, we identified 12 novel antigenic proteins of A. pleuropneumoniae. Among these proteins, HBS1_15 shows great potential as a serologic diagnostic target, whereas HBS1_14 is a promising vaccine target. Using HBS1_14 and toxin proteins, we have developed a promising multivalent subunit vaccine against A. pleuropneumoniae. We believe that our strategy can be applied to any bacterial pathogen and has the potential to significantly accelerate the development of antigen-matched vaccines, thereby preventing the spread of emerging novel bacteria or serotypes.





Data availability statement

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





Ethics statement

The animal study was approved by Research Ethics Committee of Huazhong Agricultural University (Approval number: HZAUMO-2021-0130). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JY: Data curation, Methodology, Project administration, Validation, Writing – original draft, Writing – review & editing. XZ: Validation, Writing – original draft, Writing – review & editing. JD: Validation, Writing – original draft, Writing – review & editing. QZ: Methodology, Writing – original draft, Writing – review & editing. ES: Methodology, Writing – original draft, Writing – review & editing. CC: Validation, Writing – original draft, Writing – review & editing. ZM: Validation, Writing – original draft, Writing – review & editing. YZ: Validation, Writing – original draft, Writing – review & editing. NZ: Validation, Writing – original draft, Writing – review & editing. PT: Funding acquisition, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The work was supported by National Key R&D Program of China (2022YFD1800903), Hubei Hongshan Laboratory (2022hszd023), Guangzhou Yingzi Technology Co., Ltd. and Huazhong Agricultural University School-Enterprise Cooperation Fund (IRIFH202209), and Natural Science Foundation of Hubei Province (2021CFA016). The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.




Acknowledgments

The authors would like to thank Dr. Xiaojuan Xu of Huazhong Agricultural University for providing serum samples.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1274027/full#supplementary-material




References

1. Jones, KE, Patel, NG, Levy, MA, Storeygard, A, Balk, D, Gittleman, JL, et al. Global trends in emerging infectious diseases. Nature (2008) 451(7181):990–3. doi: 10.1038/nature06536

2. Rohr, JR, Barrett, CB, Civitello, DJ, Craft, ME, Delius, B, DeLeo, GA, et al. Emerging human infectious diseases and the links to global food production. Nat Sustain (2019) 2(6):445–56. doi: 10.1038/s41893-019-0293-3

3. Damas, MSF, Mazur, FG, Freire, CCM, da Cunha, AF, and Pranchevicius, MDS. A systematic immuno-informatic approach to design a multiepitope-based vaccine against emerging multiple drug resistant Serratia marcescens. Front Immunol (2022) 13:768569. doi: 10.3389/fimmu.2022.768569

4. Pollard, AJ, and Bijker, EM. A guide to vaccinology: from basic principles to new developments. Nat Rev Immunol (2021) 21(2):83–100. doi: 10.1038/s41577-020-00479-7

5. Lakhundi, S, and Zhang, K. Methicillin-resistant Staphylococcus aureus: molecular characterization, evolution, and epidemiology. Clin Microbiol Rev (2018) 31(4):e00020–18. doi: 10.1128/CMR.00020-18

6. Pace, JL, Rossi, HA, Esposito, VM, Frey, SM, Tucker, KD, and Walker, RI. Inactivated whole-cell bacterial vaccines: current status and novel strategies. Vaccine (1998) 16(16):1563–74. doi: 10.1016/s0264-410x(98)00046-2

7. Lesinski, GB, and Westerink, MA. Novel vaccine strategies to T-independent antigens. J Microbiol Methods (2001) 47(2):135–49. doi: 10.1016/s0167-7012(01)00290-1

8. Akhmatova, NK, Kurbatova, EA, Akhmatov, EA, Egorova, NB, Logunov, DY, Gening, ML, et al. The effect of a BSA conjugate of a synthetic hexasaccharide related to the fragment of capsular polysaccharide of Streptococcus pneumoniae type 14 on the activation of innate and adaptive immune responses. Front Immunol (2016) 7:248. doi: 10.3389/fimmu.2016.00248

9. Lewis, GK, Goodman, JW, and Ranken, R. Activation of B cell subsets by T-dependent and T-independent antigens. Adv Exp Med Biol (1978) 98:339–56. doi: 10.1007/978-1-4615-8858-0_18

10. Foster, TJ, Geoghegan, JA, Ganesh, VK, and Hook, M. Adhesion, invasion and evasion: the many functions of the surface proteins of Staphylococcus aureus. Nat Rev Microbiol (2014) 12(1):49–62. doi: 10.1038/nrmicro3161

11. Pizza, M, Scarlato, V, Masignani, V, Giuliani, MM, Aricò, B, Comanducci, M, et al. Identification of vaccine candidates against serogroup B Meningococcus by whole-genome sequencing. Science (2000) 287(5459):1816–20. doi: 10.1126/science.287.5459.1816

12. Masignani, V, Pizza, M, and Moxon, ER. The development of a vaccine against Meningococcus B using reverse vaccinology. Front Immunol (2019) 10:751. doi: 10.3389/fimmu.2019.00751

13. Lithgow, KV, Hof, R, Wetherell, C, Phillips, D, Houston, S, and Cameron, CE. A defined syphilis vaccine candidate inhibits dissemination of Treponema pallidum subspecies pallidum. Nat Commun (2017) 8:14273. doi: 10.1038/ncomms14273

14. Olaya-Abril, A, Jimenez-Munguia, I, Gomez-Gascon, L, and Rodriguez-Ortega, MJ. Surfomics: shaving live organisms for a fast proteomic identification of surface proteins. J Proteomics (2014) 97:164–76. doi: 10.1016/j.jprot.2013.03.035

15. Gesslbauer, B, Poljak, A, Handwerker, C, Schuler, W, Schwendenwein, D, Weber, C, et al. Comparative membrane proteome analysis of three Borrelia species. Proteomics (2012) 12(6):845–58. doi: 10.1002/pmic.201100211

16. Walters, MS, and Mobley, HL. Identification of uropathogenic Escherichia coli surface proteins by shotgun proteomics. J Microbiol Methods (2009) 78(2):131–5. doi: 10.1016/j.mimet.2009.04.013

17. Tao, P, Dong, J, Zhang, Q, Yang, J, Zhao, Y, Miao, Z, et al. BacScan: an unbiased and genome-wide approach to identify bacterial highly immunogenic proteins. bioRxiv (2023). doi: 10.1101/2023.07.26.550668

18. Chiers, K, De Waele, T, Pasmans, F, Ducatelle, R, and Haesebrouck, F. Virulence factors of Actinobacillus pleuropneumoniae involved in colonization, persistence and induction of lesions in its porcine host. Vet Res (2010) 41(5):65. doi: 10.1051/vetres/2010037

19. Stringer, OW, Bosse, JT, Lacouture, S, Gottschalk, M, Fodor, L, Angen, O, et al. Proposal of Actinobacillus pleuropneumoniae serovar 19, and reformulation of previous multiplex PCRs for capsule-specific typing of all known serovars. Vet Microbiol (2021) 255:109021. doi: 10.1016/j.vetmic.2021.109021

20. Liu, Y, Du, Y, Song, Y, Tian, Y, Qi, Y, Zhang, Q, et al. Development and application of an antibody detection ELISA for Haemophilus parasuis based on a monomeric autotransporter passenger domain. BMC Vet Res (2019) 15(1):436. doi: 10.1186/s12917-019-2128-x

21. Schaller, A, Djordjevic, SP, Eamens, GJ, Forbes, WA, Kuhn, R, Kuhnert, P, et al. Identification and detection of Actinobacillus pleuropneumoniae by PCR based on the gene apxIVA. Vet Microbiol (2001) 79(1):47–62. doi: 10.1016/s0378-1135(00)00345-x

22. Angen, O, Ahrens, P, and Jessing, SG. Development of a multiplex PCR test for identification of Actinobacillus pleuropneumoniae serovars 1, 7, and 12. Vet Microbiol (2008) 132(3-4):312–8. doi: 10.1016/j.vetmic.2008.05.010

23. Jessing, SG, Angen, O, and Inzana, TJ. Evaluation of a multiplex PCR test for simultaneous identification and serotyping of Actinobacillus pleuropneumoniae serotypes 2, 5, and 6. J Clin Microbiol (2003) 41(9):4095–100. doi: 10.1128/JCM.41.9.4095-4100.2003

24. Zhou, L, Jones, SC, Angen, O, Bosse, JT, Nash, JH, Frey, J, et al. Multiplex PCR that can distinguish between immunologically cross-reactive serovar 3, 6, and 8 Actinobacillus pleuropneumoniae strains. J Clin Microbiol (2008) 46(2):800–3. doi: 10.1128/JCM.01787-07

25. Reed, LJ, and Muench, H. A simple method of estimating fifty percent endpoints. Am J Epidemiol (1938) 27(3):493–7. doi: 10.1093/oxfordjournals.aje.a118408

26. Wick, RR, Judd, LM, Gorrie, CL, and Holt, KE. Unicycler: Resolving bacterial genome assemblies from short and long sequencing reads. PloS Comput Biol (2017) 13(6):e1005595. doi: 10.1371/journal.pcbi.1005595

27. Rodriguez-Ortega, MJ, Norais, N, Bensi, G, Liberatori, S, Capo, S, Mora, M, et al. Characterization and identification of vaccine candidate proteins through analysis of the group A Streptococcus surface proteome. Nat Biotechnol (2006) 24(2):191–7. doi: 10.1038/nbt1179

28. Hempel, K, Pané-Farré, J, Otto, A, Sievers, S, Hecker, M, and Becher, D. Quantitative cell surface proteome profiling for SigB-dependent protein expression in the human pathogen staphylococcus aureus via biotinylation approach. J Proteome Res (2010) 9(3):1579–90. doi: 10.1021/pr901143a

29. Hui, X, Chen, Z, Zhang, J, Lu, M, Cai, X, Deng, Y, et al. Computational prediction of secreted proteins in gram-negative bacteria. Comput Struct Biotechnol J (2021) 19:1806–28. doi: 10.1016/j.csbj.2021.03.019

30. Bendtsen, JD, Kiemer, L, Fausboll, A, and Brunak, S. Non-classical protein secretion in bacteria. BMC Microbiol (2005) 5:58. doi: 10.1186/1471-2180-5-58

31. Krogh, A, Larsson, B, von Heijne, G, and Sonnhammer, EL. Predicting transmembrane protein topology with a hidden Markov model: application to complete genomes. J Mol Biol (2001) 305(3):567–80. doi: 10.1006/jmbi.2000.4315

32. Pierleoni, A, Martelli, PL, and Casadio, R. PredGPI: a GPI-anchor predictor. BMC Bioinf (2008) 9:392. doi: 10.1186/1471-2105-9-392

33. Yu, NY, Wagner, JR, Laird, MR, Melli, G, Rey, S, Lo, R, et al. PSORTb 3.0: improved protein subcellular localization prediction with refined localization subcategories and predictive capabilities for all prokaryotes. Bioinformatics (2010) 26(13):1608–15. doi: 10.1093/bioinformatics/btq249

34. Yu, CS, Cheng, CW, Su, WC, Chang, KC, Huang, SW, Hwang, JK, et al. CELLO2GO: A web server for protein SubCELlular Localization prediction with functional gene ontology annotation. PloS One (2014) 9(6):e99368. doi: 10.1371/journal.pone.0099368

35. Savojardo, C, Martelli, PL, Fariselli, P, Profiti, G, and Casadio, R. BUSCA: an integrative web server to predict subcellular localization of proteins. Nucleic Acids Res (2018) 46(W1):W459–W66. doi: 10.1093/nar/gky320

36. Tao, P, Mahalingam, M, and Rao, VB. Highly effective soluble and bacteriophage T4 nanoparticle plague vaccines against Yersinia pestis. Methods Mol Biol (2016) 1403:499–518. doi: 10.1007/978-1-4939-3387-7_28

37. Siciliano, RA, Lippolis, R, and Mazzeo, MF. Proteomics for the investigation of surface-exposed proteins in probiotics. Front Nutr (2019) 6:52. doi: 10.3389/fnut.2019.00052

38. Chen, X, Xu, Z, Li, L, Chen, H, and Zhou, R. Identification of conserved surface proteins as novel antigenic vaccine candidates of Actinobacillus pleuropneumoniae. J Microbiol (2012) 50(6):978–86. doi: 10.1007/s12275-012-2214-2

39. Hur, J, and Lee, JH. Optimization of immune strategy for a construct of Salmonella-delivered ApxIA, ApxIIA, ApxIIIA and OmpA antigens of Actinobacillus pleuropneumoniae for prevention of porcine pleuropneumonia using a murine model. Vet Res Commun (2014) 38(1):87–91. doi: 10.1007/s11259-013-9586-6

40. Baltes, N, Hennig-Pauka, I, and Gerlach, GF. Both transferrin binding proteins are virulence factors in Actinobacillus pleuropneumoniae serotype 7 infection. FEMS Microbiol Lett (2002) 209(2):283–7. doi: 10.1111/j.1574-6968.2002.tb11145.x

41. Hu, X, Yan, H, Liu, K, Hu, J, Qi, C, Yang, J, et al. Identification and characterization of a novel stress-responsive outer membrane protein Lip40 from Actinobacillus pleuropneumoniae. BMC Biotechnol (2015) 15:106. doi: 10.1186/s12896-015-0199-8

42. Liu, C, Cao, Y, Yang, J, Zhao, H, Zahid, KR, Zhao, J, et al. Be aware of immunogenic but not protective antigens: the Actinobacillus pleuropneumoniae PalA as an example. Protein Pept Lett (2017) 24(11):1059–65. doi: 10.2174/0929866524666170822121558

43. Loera-Muro, A, and Angulo, C. New trends in innovative vaccine development against Actinobacillus pleuropneumoniae. Vet Microbiol (2018) 217:66–75. doi: 10.1016/j.vetmic.2018.02.028

44. Zhang, F, Cao, S, Zhu, Z, Yang, Y, Wen, X, Chang, YF, et al. Immunoprotective efficacy of six in vivo-induced antigens against Actinobacillus pleuropneumoniae as potential vaccine candidates in murine model. Front Microbiol (2016) 7:1623. doi: 10.3389/fmicb.2016.01623

45. Cao, Y, Gao, L, Zhang, L, Zhou, L, Yang, J, Deng, L, et al. Genome-wide screening of lipoproteins in Actinobacillus pleuropneumoniae identifies three antigens that confer protection against virulent challenge. Sci Rep (2020) 10(1):2343. doi: 10.1038/s41598-020-58968-7

46. Zhang, W, Shao, J, Liu, G, Tang, F, Lu, Y, Zhai, Z, et al. Immunoproteomic analysis of bacterial proteins of Actinobacillus pleuropneumoniae serotype 1. Proteome Sci (2011) 9(1):32. doi: 10.1186/1477-5956-9-32

47. Li, M, Guo, P, Chen, C, Feng, H, Zhang, W, Gu, C, et al. Bacteriophage T4 vaccine platform for next-generation influenza vaccine development. Front Immunol (2021) 12:745625. doi: 10.3389/fimmu.2021.745625

48. Brauer, C, Hennig-Pauka, I, Hoeltig, D, Buettner, FF, Beyerbach, M, Gasse, H, et al. Experimental Actinobacillus pleuropneumoniae challenge in swine: comparison of computed tomographic and radiographic findings during disease. BMC Vet Res (2012) 30(8):47. doi: 10.1186/1746-6148-8-47

49. Oldfield, NJ, Donovan, EA, Worrall, KE, Wooldridge, KG, Langford, PR, Rycroft, AN, et al. Identification and characterization of novel antigenic vaccine candidates of Actinobacillus pleuropneumoniae. Vaccine (2008) 26(16):1942–54. doi: 10.1016/j.vaccine.2008.02.022

50. Bossé, JT, Janson, H, Sheehan, BJ, Beddek, AJ, Rycroft, AN, Kroll, JS, et al. Actinobacillus pleuropneumoniae: pathobiology and pathogenesis of infection. Microbes Infect (2002) 4(2):225–35. doi: 10.1016/s1286-4579(01)01534-9

51. Greenlee-Wacker, MC, Rigby, KM, Kobayashi, SD, Porter, AR, DeLeo, FR, and Nauseef, WM. Phagocytosis of Staphylococcus aureus by human neutrophils prevents macrophage efferocytosis and induces programmed necrosis. J Immunol (2014) 192(10):4709–17. doi: 10.4049/jimmunol.1302692

52. Fabrega-Ferrer, M, Herrera-Morande, A, Muriel-Goni, S, Perez-Saavedra, J, Bueno, P, Castro, V, et al. Structure and inhibition of SARS-CoV-1 and SARS-CoV-2 main proteases by oral antiviral compound AG7404. Antiviral Res (2022) 208:105458. doi: 10.1016/j.antiviral.2022.105458

53. Kyaw, MH, Lynfield, R, Schaffner, W, Craig, AS, Hadler, J, Reingold, A, et al. Effect of introduction of the pneumococcal conjugate vaccine on drug-resistant Streptococcus pneumoniae. N Engl J Med (2006) 354(14):1455–63. doi: 10.1056/NEJMoa051642

54. Sutandy, FX, Qian, J, Chen, CS, and Zhu, H. Overview of protein microarrays. Curr Protoc Protein Sci (2013) Chapter 27(1):Unit 27.1. doi: 10.1002/0471140864.ps2701s72

55. Vodnik, M, Zager, U, Strukelj, B, and Lunder, M. Phage display: selecting straws instead of a needle from a haystack. Molecules (2011) 16(1):790–817. doi: 10.3390/molecules16010790

56. Kendrick, N, Darie, CC, Hoelter, M, Powers, G, and Johansen, J. 2D SDS PAGE in combination with western blotting and mass spectrometry is a robust method for protein analysis with many applications. Adv Exp Med Biol (2019) 1140:563–74. doi: 10.1007/978-3-030-15950-4_33




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


Copyright © 2023 Yang, Zhang, Dong, Zhang, Sun, Chen, Miao, Zheng, Zhang and Tao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




SYSTEMATIC REVIEW

published: 21 December 2023

doi: 10.3389/fimmu.2023.1259399

[image: image2]


Evaluation of the efficacy, safety and influencing factors of concomitant and sequential administration of viral respiratory infectious disease vaccines: a systematic review and meta-analysis


Dafeng Lu 1,2,3†, Yifang Han 1†, Ruowei Xu 1,4, Mingke Qin 5, Jianwei Shi 6, Caihong Zhang 7, Jinhai Zhang 1, Fuqiang Ye 1, Zhenghan Luo 1, Yuhe Wang 8, Chunfang Wang 1,3 and Chunhui Wang 1*


1 Department of Infectious Disease Prevention and Control, Nanjing Bioengineering (Gene) Technology Center for Medicines, Nanjing, China, 2 Department of Infectious Disease Prevention and Control, Quzhou Center for Disease Prevention and Control, Quzhou, China, 3 School of Public Health, Nanjing Medical University, Nanjing, China, 4 College of Life Science, Nanjing Normal University, Nanjing, China, 5 Department of Occupational Health, Third Military Medical University, Chongqing, China, 6 Department of Neurosurgery, Nanjing Brain Hospital Affiliated to Nanjing Medical University, Nanjing, China, 7 School of Public Health, Bengbu Medical College, Bengbu, China, 8 School of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China




Edited by: 

Mahbuba Rahman, McMaster University, Canada

Reviewed by: 

David Pejoski, Adoram Therapeutics SA, Switzerland

Hongwei Wang, Nanjing University, China

*Correspondence: 

Chunhui Wang
 13912966353@139.com


†These authors share first authorship



Received: 15 July 2023

Accepted: 01 December 2023

Published: 21 December 2023

Citation:
Lu D, Han Y, Xu R, Qin M, Shi J, Zhang C, Zhang J, Ye F, Luo Z, Wang Y, Wang C and Wang C (2023) Evaluation of the efficacy, safety and influencing factors of concomitant and sequential administration of viral respiratory infectious disease vaccines: a systematic review and meta-analysis. Front. Immunol. 14:1259399. doi: 10.3389/fimmu.2023.1259399






Background

There is no clear conclusion on the immunogenicity and adverse events of concomitant administration the viral respiratory infectious disease vaccines. We aimed to evaluate the impact of concomitant administering viral respiratory infectious disease vaccines on efficiencies, safety and influencing factors.





Methods

This meta-analysis included studies from PubMed, Embase, Cochrane Central Register of Clinical Trials, Web of Science, WHO COVID-19 Research, and ClinicalTrials.gov databases. Randomized controlled trials of the adult participants concomitant administered with viral respiratory infectious disease vaccine and other vaccines were included. The main outcomes were the seroconversion rate and seroprotection rate of each vaccine. Used the Mantel–Haenszel fixed effects method as the main analysis to estimate the pooled RRs and the corresponding 95% confidence intervals. The risk of bias for each trial was assessed using the Cochrane Handbook for Systematic Reviews of Interventions, while evidence certainty was evaluated using the Grading of Recommendations Assessment, Development, and Evaluation system.





Results

A total of 21 studies comprising 14060 participants with two types of vaccines were retained for the meta-analysis. Concomitant immunization reduced the geometric mean titer (RR: 0.858, 95% CI: (0.785 to 0.939)) and the geometric mean fold rise (0.754 (0.629 to 0.902)) in the SARS-COV-2 vaccine group but increased the seroconversion rate (1.033 (1.0002 to 1.067)) in the seasonal influenza vaccine group. Concomitant administration were influenced by the type of vaccine, adjuvant content, booster immunization, and age and gender of the recipient.





Conclusion

This meta-analysis suggested that the short-term protection and safety of concomitant administered were effective. Appropriate adjuvants, health promotion and counselling and booster vaccines could improve the efficiency and safety of Concomitant vaccination.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42022343709.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has become a pressing global crisis and has led to 6.5 million deaths worldwide. The SARS-CoV-2 vaccines have been successfully in inducing the neutralizing humoral and cellular immunity against the virus, thus reducing infections, hospitalizations, and deaths in clinical trials (1, 2). Safe and effective vaccines are considered viable to end the pandemic (3).

There are significant concerns that the COVID‐19 pandemic may overlap with other respiratory viruses, particularly seasonal influenza. For instance, Europe experienced a new avian influenza epidemic in June 2022 and the United States has seen an unprecedented poultry H5N1 infection, with a high zoonotic spillage risk (4, 5). These instances highlight the challenge of overlapping the COVID-19 epidemic with influenza. Concomitant vaccination is recommended for people traveling to epidemic areas with other infectious diseases or as a planned immunization for infants and children, especially during the immunization season, to reduce the burden on healthcare services (6). Vaccine concomitant administration reduces the number of hospital visits, thereby reducing stress and inconvenience for children and parents (7).

Studies on concomitant vaccination against viral respiratory infectious diseases have focused on the seasonal influenza vaccine (SIV) administered with other vaccines in adults (8, 9). With the increasing cases of COVID-19 and the widespread development of SARS-COV-2 vaccines, studies on the concomitant vaccination with SARS-COV-2 vaccines are gradually being reported (6, 10). However, due to the limited sample size, the efficacy evaluation of concomitant vaccination in randomized clinical trials (RCTs) is based on the “non-inferiority criterion,” which is ambiguous, making accurate assessment difficult. There is no clear conclusion on the immunogenicity and Ads of concomitant vaccination with viral respiratory infectious disease vaccines (VRIDVs).

Currently, there is no meta-analysis on the concomitant administration of VRIDVs in adults. This study, therefore, conducted a systematic review and meta-analysis on the differences in immunogenicity and ADs between concomitant and sequential VRIDVs administration.





Methods




Search strategy and selection criteria

We conducted a systematic review and network meta-analysis according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Supplementary Data Sheet 1 (eTable 1)) (11). The review protocol was prospectively registered with the PROSPERO ID CRD42022343709.

We searched PubMed, Embase, Cochrane Central Register of Clinical Trials, Web of Science, WHO COVID-19 Research, and ClinicalTrials.gov databases from inception to September 10, 2022. The search was conducted in English, and the key search terms were “Concomitant vaccination,” “Concomitant administration,” “Concomitant immunization,” AND (“SARS-CoV-2 Vaccine,” OR “Influenza Vaccine,” OR “Viral Vaccine” (Supplementary Data Sheet 1 (eTable 2)).

We used a two-stage approach for literature screening: by checking the title and abstract and then going through the full-text article. Two researchers (CH and DF) independently screened the title, abstract, and full text of each article, and the discrepancies were resolved through consensus with a third researcher (YF). Studies included in the meta-analysis were those evaluating concomitant administration of adults who received VRIDV, followed by the outcome, including immunogenicity and adverse events (ADs) of the concomitant administered and sequential/alone groups in RCTs. However, studies with unreported or ambiguous outcomes of immunological efficacy, no focus on VRIDVs, and those involving children or infants were excluded from the meta-analysis. In cases where the study lacked available data, we requested additional information from the corresponding authors, upon which the study was excluded if the data were not provided.





Publication bias assessment and sensitivity analysis

The Egger regression test with a funnel plot was used to assess the publication bias in the meta-analysis of ≥8 groups, whereby p < 0.05 indicated significant asymmetry and publication bias. Moreover, sensitivity analysis was used to remove each cohort individually from the meta-analysis.





Quality assessment

The risk of bias for each trial was assessed using the Cochrane Handbook for Systematic Reviews of Interventions (12–14), while evidence certainty was evaluated using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) system (15). Two researchers (DF and MK) independently assessed the risk of bias in individual studies and the GRADE system. Discrepancies were resolved by consensus and arbitration among the authors (DF, CH, YF, MK).





Data analysis

Data on the study characteristics comprised the study setting, outcomes, study design, sample size, dropout or non-response rates, and inclusion and exclusion criteria. Participant data included age, gender, and vaccine history. Intervention-related data included the vaccine type and dosing schedule. Outcome-related data comprised the assay type, antibody measured, method of measurement, and intervals of sample collection. The categorical outcomes of the arm subgroups from multi-arm studies were combined, and the continuous outcomes from the large sample size arm were used to represent the study. Two independent researchers (DF and MK) assessed the extracted data.

We analyzed the data provided to compare the efficacy and safety of VRIDVs and reported the findings as relative risks (RRs) for binary outcomes, including seroconversion rate (SCR), seroprotection rate (SPR) and ADs. The main outcomes were the SPR and SCR of each vaccine. Since there is no common evaluation standard for the immunogenicity of SARS-CoV-2 vaccines (16), we combined the geometric mean titer (GMT), geometric mean concentrations (GMCs) and geometric mean fold rises (GMFRs) in the meta-analysis and reported as the GMT through the ratio of means (ROMs) method.

We used the Mantel–Haenszel fixed effects method as the main analysis to estimate the pooled RRs and the corresponding 95% confidence intervals (CIs), while the random-effects model was used for the heterogeneity analysis at I2 >50%. Statistical heterogeneities of the results of the included studies were determined using the DerSimonian-Laird estimator, which assessed the between-study variance I2 statistic. Heterogeneity was considered low, moderate, or high if estimated I2 was below 25%, between 25% and 50%, and above 50%, respectively. Subgroup analysis and meta-regressions were performed to examine the relationship between the outcome and baseline characteristics of the cohorts. The subgroup analysis was undertaken if at least 6 cohorts were available. All analyses were conducted on R (version 4.1.1) using the meta and metafor packages. A two-sided P value < 0.05 indicated statistical significance.






Result

The online database search yielded 2848 results, and an additional 12 were obtained from other sources. A total of 55 articles were considered for full-text assessment after removing the duplicate entries and screening the abstracts (Supplementary Data Sheet 1 (eTable 3)), among which only 21 studies comprising 14060 participants were eligible for the analysis (Figure 1, total references in Supplementary Data Sheet 1 (eTable 3)). The participants received combination or sequential vaccines with VRIDVs. Lazarus et al. included 6 subgroups (6), while Toback et al. included 2 subgroups (17) to evaluate the efficacy of SIVs and SARS-CoV-2 vaccines. Therefore, 27 groups for SIVs and 10 groups for SARS-CoV-2 vaccines were included in the meta-analysis. The main characteristics of the included studies and statistical details of the included groups are presented (Tables 1, 2; Supplementary Data Sheet 1 (eTables 8–12)).




Figure 1 | PRISMA Literature search and selection. The study process followed the PRISMA guidelines.




Table 1 | The main characteristics of the included studies.




Table 2 | The main outcomes of the included studies.






Efficacy and safety of concomitant vaccination

We report the results of serum-immunogenicity (Figure 2; Supplementary Data Sheet 1 (eFigures 1–12)). Concomitant administration reduced the GMT (RR: 0.858, 95% CI: (0.785 to 0.939)) and GMFR (0.754 (0.629 to 0.902)) but did not interfere with the SCR (0.994 (0.969 to 1.018)) in the SARS-COV-2 vaccine group. For the SIV group, influenza tests included three strains: H1N1 and H3N2 of A strains, and B strain. Each strain was analyzed for SCR, SPR and GMT. Concomitant immunization increased the SCR by 3.3% (1.033(1.0002 to 1.067) for the H3N2 strains; however, there were no statistically significant differences were found in other results.




Figure 2 | Pooled estimates of concomitant vaccination immunogenicity endpoints of viral respiratory infectious disease vaccines. Each point represents the respective endpoints pooled estimate, derived from Mantel–Haenszel fixed effects model and random effects model based on heterogeneity I2. The horizontal lines represent 95% CIs. In analysis of B strain, some studies analyzed 2 strain subtypes, which we combined it. A risk ratio less than 1 favors the sequential or alone vaccination. seroconversion rate (SCR), seroprotection rate (SPR), geometric mean titer (GMT) and geometric mean fold rises (GMFRs).



In the SARS-COV-2 vaccine group (Figures 3A, C; Supplementary Data Sheet 1 (eFigures 13–30)), concomitant immunization increased fatigue incidence by 11.3% (1.113 (1.005 to 1.234)) and muscle pain incidence by 17.9% (1.179 (1.031 to 1.348)) for the systemic ADs. and increased 15.8% (1.158(1.033 to 1.297)) tenderness incidence and decreased 27% (0.73 (0.556 to 0.959)) of induration incidence among the local ADs.




Figure 3 | Pooled estimates of concomitant vaccination safety endpoints of viral respiratory infectious disease vaccines. (A) Pooled risk ratios (95% CI) for each total adverse events in SARS-COV-2 group. (B) Pooled risk ratios (95% CI) for each total adverse events in seasonal influenza group. (C) Pooled risk ratios (95% CI) for each ≥Grade-3 adverse events in SARS-COV-2 group. (D) Pooled risk ratios (95% CI) for each ≥Grade-3 adverse events in seasonal influenza group. Each point represents the respective endpoints pooled estimate, derived from Mantel–Haenszel fixed effects model and random effects model based on heterogeneity I2. The vertical lines represent 95% CIs. Each horizontal dashed line represents the increase or decrease in the incidence of adverse events for concomitant vaccination. k represents the number of studies and participants within each group. Meta-analysis when within-group studies > 3 groups.



In the SIV group (Figures 3B, D; Supplementary Data Sheet 1 (eFigures 31–52)), concomitant immunization increased several parameters of systemic ADs. These included 102.5% (2.025 (1.287 to 3.184)) of fever incidence; 60.6% (1.606 (1.297 to 1.988)) of total and 98.1% (1.981 (1.255 to 3.127)) of Grade-3 fatigue incidence; 50% (1.5 (1.229 to 1.831)) of headache incidence; 139.4%(2.394 (1.774 to 3.229)) of total and 98.7% (1.987 (1.418 to 2.784)) of Grade-3 chills incidence; 112.7% (2.127 (1.383 to 3.269)) of total rash incidence; 52.7% (1.517 (1.182 to 1.948) of gastrointestinal symptoms incidence; 76.9% (1.769 (1.372 to 2.281)) of arthralgia incidence; 87.9% (1.879 (1.589 to 2.221)) of total and 124.3% (2.243 (1.297; 3.879)) of Grade-3 muscle pain incidence; 104.2% (2.042 (1.433 to 2.909)) of total and 254.5% (3.545 (1.326 to 9.477)) of Grade-3 malaise incidence. Similarly, concomitant vaccination increased the local ADs parameters, including 98.1% (1.981 (1.255 to 3.127)) of total and 199.9% (2.998 (1.68 to 5.25)) of Grade-3 local pain, 34.7% (1.347 (1.069 to 1.696)) of redness, and 38.2% (1.382 (1.049 to 1.819)) of swelling.





Influencing factors of vaccine type

In the subgroup analysis (Supplementary Data Sheet 1 (eFigures 54–56), Supplementary Data Sheet 1 (eTables 27–48)), the GMT (p< 0.001) and GMFR (p<0.001) of the recombinant vaccine were more effective in the immunological group than those of the inactivated and split vaccine in the SARS-COV-2 vaccine group. The concomitant immunization results of the SIV group showed that the GMT (p<0.001; B strain), SCR (p=0.014; B strain), and the SPR (p=0.039; H1N1 strain) of the recombinant vaccine were more effective than those of the inactivated and split vaccines. No statistically significant results were found in the analysis of the ADs except for the local pain in the SIV group. Inactivated and split vaccines increased the ADs more than the recombinant vaccine (p=0.048).





Influencing factors of concomitant administered vaccine type

The subgroup analysis (Supplementary Data Sheet 1 (eFigures 57–59), Supplementary Data Sheet 1 (eTables 13–48)) showed that the split vaccine was more effective than GMFR (p=0.01) in the SARS-COV-2 immunogenicity group. However, no statistically significant results were found in the SIV group. For the ADs analysis of the SARS-COV-2 vaccine group, the muscle pain results showed that inactivated and recombinant vaccines increased the ADs more than the split vaccine (p=0.048). Moreover, concomitant administering SIV with recombinant and mRNA vaccines significantly increased ADs incidences, including fever (p<0.001), fatigue (p<0.001), headache (p<0.001), chills (p<0.001), muscle pain (p=0.027), and gastrointestinal symptoms (p<0.001) for systemic ADs and local pain for local ADs, than with other types of vaccines.





Influencing factors of gender proportion

In the subgroup analysis (Supplementary Data Sheet 1 (eTables 13–48)), the GMFR (p=0.01) of the SARS-COV-2 vaccine and SPR (p=0.045) of the B strain revealed that concomitant vaccination was more efficient in groups with ≥55% females. Notably, there were no statistically significant results in the ADs of the subgroups. According to meta-regression analysis, the GMT (0.21% (0.086 to 0.35%) per 1% of female proportions increased in the SARS-COV-2 vaccine group, consistent with the results of the subgroup analysis. The ADs analysis showed that gastrointestinal symptoms and malaise increased by 5.07% (1.62 to 8.51%) and 3.19% (0.38 to 6.01%), respectively, in the SIV group. However, there were no statistically significant results in the meta-regression analysis of the SARS-COV-2 vaccine ADs and SIV immunogenicity groups.





Influencing factors of mean age

The subgroup analysis (Supplementary Data Sheet 1 (eTables 13–48)) showed that the age distribution was around 18 to 80 years. The Geometric Mean Titers (GMT) and Geometric Mean Fold Rises (GMFR) in the SARS-CoV-2 vaccine immunogenicity group demonstrated a more pronounced effect of concomitant vaccination in participants with a mean age of 65 years and older, with statistical significance (p < 0.001 for both GMT and GMFR). Conversely, in the Seasonal Influenza Vaccine (SIV) immunogenicity group, no significant differences were noted in GMT and GMFR. The ADs increasing rate of concomitant vaccination was higher in the mean age < 65 group, with significantly increased fatigue (p=0.02), malaise (p=0.007) and muscle pain (p=0.02) in the SRAS-COV2 group. In contrast, the SIV group did not exhibit significant differences in these symptoms. According to meta-regression analysis, there was an increase in the GMT (0.81% (0.64 to 0.98%) per year of age and GMFR (1.7% (1.1 to 2.28%)) of the SARS-COV-2 vaccine immunogenicity group. Moreover, increase in fatigue (-0.88% (-1.69 to -0.07%)), malaise (-3.45% (-6.78 to-0.12%)) and local pain (-0.7% (-1.27 to-0.13%)) was observed in the SARS-COV-2 vaccine ADs group, but there were no statistically significant results in the SIV group.





Influencing factors of placebo used

For the subgroup analysis (Supplementary Data Sheet 1 (eTables 13–48)), in the SARS-COV-2 vaccine group, the concomitant immunization efficacy was improved upon the study use placebo, as shown by the GMT of p=0.04. Moreover, muscle pain (p=0.048) was higher in the placebo used group than in the no-placebo group. In the SIV group of the B strain group, the concomitant immunization effect was elevated by 3-4% with placebo use compared to no-placebo use in GMT and SPR; however, no differences were observed in the ADs of the SIV group. In meta-regression, the GMT of the SARS-COV-2 vaccine group increased by 7.57% (2.33 to 12.8%) with placebo used, and that of the seasonal influenza B strain group increased by 6.04% (1.75 to 10.33%). Additionally, the muscle pain of the SARS-COV-2 vaccine ADs group increased by 35.58% (0.18 to 70.97%) with placebo used. No statistically significant results were found in the ADs of the SIV group.





Influencing factors of adjuvants used

In the subgroup analysis (Supplementary Data Sheet 1 (eTables 13–48)), the SCR of the H3N2 (p=0.015) strain and B strain (p=0.006) showed that the adjuvants enhanced the concomitant immunization efficacy. Notably, statistically significant results were found in the ADs parameters, including itching (p=0.04). According to meta-regression, the SCR of H3N2 increased by 16.6% (2.42 to 30.8%) when adjuvant was used, while that of the B strain increased by 29.5% (3.94 to 55.1%) in the immunological group.





Influencing factors of booster dose used

We grouped participants according to whether the SARS-COV-2 vaccination was a first-time or a booster dose (Supplementary Data Sheet 1 (eTables 13–48)). We excluded the study by Wang et al. group, due to its design. Participants who received the first-time vaccination had a lower concomitant immunization efficiency (GMT; p<0.001 and GMFR; p<0.001) than those who received the booster dose. The increase in ADs incidences was greater in first-time vaccinated participants (fever; p < 0.001 and local pain; p < 0.001) than in those who received the booster. No statistically significant results were found in the meta-regression analysis of the groups.





Publication bias assessment and sensitivity analysis

Publication bias was found only in the chills symptoms of the SIV group (p=0.047). In the sensitivity analysis of the ADs, we found that the Herbinger et al. group had a greater impact on the results and heterogeneity of the meta-analysis and thus was excluded from the final meta-analysis.





Quality assessment

Overall, in combination with previous studies risk of bias assessments, these trials were considered low-moderate risk for bias (Supplementary Data Sheet 1 (eFigure 53)). In the GRADE system (Supplementary Data Sheet 1 (eTables 4–7)), there was low or very low grading for the SIV group and high grading for the SARS-COV-2 group in the ADs analyses. Similarly, low or very low grading was observed for GMT and GMFR results, while SCR and SPR had high or moderate grading in immunological efficacy.






Discussion

In this systematic review and meta-analysis, we evaluated the efficacy and safety of VRIDVs when concomitant administered with other vaccines. Four RCTs of the SARS-COV-2 vaccine and 21 RCTs of SIV were included in the meta-analysis. Concomitant immunization reduced the immunogenicity of GMT and GMFR in the SARS-COV-2 vaccine group by 14.2% and 24.6%, respectively. The SCR demonstrated the ability to protect the population (6, 10), both vaccine results showed that concomitant administration protected the population at the same level as sequential vaccination. Clinical studies and meta-analyses have shown that vaccine-induced production of high sero-neutralizing antibody titers declines after 3 ~ 6 months, with a progressive increase in the possibility of breakthrough infection as the titers decline and mutant strains develop (2, 3, 34, 35). Thus, serum immunoprotection declines with time, causing vaccine protection to be maintained only in higher GMT populations, suggesting that the duration of protection from concomitant vaccination is reduced.

In the analysis of the vaccine types, the concomitant administration effect of the recombinant vaccines was better than that of inactivated and split vaccines in some of the SIV group. The concomitant immunization effect of mRNA vaccines was also better than inactivated vaccines in the SARS-COV-2 vaccine group. “Heterologous effects of vaccination” can cross-reactive and bystander activate the classical adaptive immune response and improve the magnitude and durability of humoral and cellular immunity (7, 36–38). Moreover, the components of mRNA and recombinant vaccines may increase immunogenicity (3, 39), and this can potentially improve the duration and efficacy of future vaccines. In the analysis of ADs, concomitant administering SIV with the mRNA and recombinant vaccines increased the incidences of almost all systemic ADs (fever, fatigue, headache, chills, gastrointestinal symptoms, arthralgia, and muscle pain) more than the other vaccine types. In general, concomitant immunization mainly affected the systemic ADs and had less effect on the local ADs. Moreover, inactivated, and split vaccines had better safety than mRNA and recombinant vaccines when concomitant vaccination. This result is like vaccination alone.

In this review, the concomitant vaccination group showed a reduction in the GMT and GMFR among the SARS-COV-2 vaccine participants. However, no significant reduction was observed in the SIV group. Therefore, hypothesized that concomitant administration has greater effectiveness when supplemented with booster vaccination, as also reported by Lazarus et al. and Toback et al. Since most adults have a previous illness-immunity or prior vaccination against seasonal influenza because of the high prevalence of seasonal influenza, the SIV administration could be considered a booster vaccination. As such, the serum immune background of participants against influenza exhibited some reaction. In contrast, the pre-vaccination population has a very low baseline against SARS-COV-2 since covid-19 is an emerging infectious disease. According to the subgroup and meta-regression analysis of the booster vaccine in the SARS-COV-2 group, the immunogenicity of concomitant administration was lower in participants receiving the vaccine for the first time. Moreover, the immunogenicity of concomitant administration versus sequential/alone vaccination was similar to that of the booster vaccination in the SIV group, further supporting our hypothesis. The results affirm that alone vaccination is recommended as a first-time vaccination against SARS-COV-2, new emerging viruses, or other low-intensity VRIDVs, while a combination with other vaccines is a suitable option as a booster vaccination or vaccination against high-intensity VRIDVs.

Older adults exhibited a more robust tolerance to the concomitant administration of the SARS-CoV-2 vaccine compared to younger individuals, the ADs of concomitant administration significantly increased fatigue, malaise, and muscle pain among the participants with <65 years in the SARS-COV-2 vaccine group. This may also be caused by the weaker immunity of the elderly, which is not sensitive to both individual and combined vaccinations. In the SIV group, the elderly received the more suitable 3-valent SIV, while the young received 4-valent SIV. This procedure improved the immunogenicity of the elderly when vaccinated sequentially (10, 40). Consequently, we advocate for the development of vaccines offering broad coverage and prolonged protection, specifically designed for the elderly demographic.

Gender-based analysis revealed intriguing findings, one subgroup in the SARS-COV-2 group and another in the SIVs group showed higher concomitant vaccination efficacy in the group with a higher proportion of women. Notably, the meta-regression analysis showed that this observation was found only in the SARS-COV-2 vaccine group. In addition, a higher proportion of females had increased reports of gastrointestinal symptoms and malaise upon co-vaccination. Some studies reported that females have greater immune responses to vaccines and ADs than males (41, 42), potentially due to heightened sensitivity to the immune stimulation caused by ADs and the multiple antigens present in concomitant vaccination.

In the analysis of the placebo used, the concomitant immunization effect was significantly elevated in the group with placebo in the GMT of B strain and SARS-COV-2 vaccine group compared to the group without placebo. The use of a placebo increased the ADs in the muscle pain group of the SARS-COV-2 vaccine group to the point that participants were confused about their grouping after the placebo administration. People may believe that too many vaccines/antigens overload the immune system, or increase ADs, resulting in less efficacy than when the same vaccine is administered alone (43). This means that concomitant vaccination participants may have a reduced psychological burden, while those in the sequential group may have an elevated psychological burden due to the placebo, thus affecting the efficiency and safety of the administered vaccine. Therefore, educating the participants about the safety and efficacy of concomitant administration is beneficial for reducing psychological burden and improving vaccine efficacy and coverage (44).

The use of adjuvants significantly increased the immunogenicity of concomitant vaccination, with the concomitant administered vaccines being more effective in the adjuvant-containing group. The meta-regression analysis also supported these results, suggesting that adjuvants improve the immunological responses to a certain extent (17-30%). Consequently, this evidence suggests that adjuvant-containing vaccines may yield superior efficacy in concomitant administration scenarios (4).

This study has several strengths that highlight its significance. Of note, this is the first study to evaluate the efficacy and safety of the concomitant administration of SARS-COV-2 vaccines or SIVs with other vaccine in adults. Moreover, we meticulously performed meta-analyses, follow-up subgroup analyses, and meta-regressions of the primary immune and adverse outcomes to provide comprehensive and evidence-based medical data to help develop robust public health strategies. Nonetheless, this study was limited by several factors. First, some studies suggest that simple serologic testing of SARS-CoV-2 antibodies may not reflect the complexity and persistence of protective immunity and there is some testing variation in the quantitative detection (39, 45). The immunological efficacy results were only based on the serological immunological outcomes due to a lack of population outcomes, such as population protected rate and severe disease reduction rate. Thus, the study could not comprehensively reflect the protective efficiency of the discussed vaccines. Secondly, the RCTs studies included in this meta-analysis had few participants, making it difficult to statistically analyze severe ADs with very low incidences, such as anaphylaxis and myocarditis (46, 47). Therefore, future studies should analyze the efficacy and safety of concomitant administering vaccines through real-world studies to capture all vaccine ADs. Finally, this analysis focused on the SARS-COV-2 and SIV, failing to encompass other emerging VRIDVs, leading to potentially biased conclusions.

In conclusion, the results of this meta-analysis suggested that the short-term protection and safety of concomitant administered VRIDVs were reliable and did not interfere with the protection of the elderly (65-80 years old). Concomitant vaccination could improve the efficiency and safety of immunity with booster vaccines, appropriate adjuvants, and health promotion and counselling. However, the protection duration of concomitant vaccination against emerging infectious diseases could be greatly impacted by the first vaccination. Nonetheless, there is a need to develop specific vaccines for the elderly that ensure long-term protection.
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Virus-like
particles

Viral vector
vaccines

Messenger RNA (mRNA)
vaccines

Polymeric vaccines

Components

Advantages

Disadvantages

Examples of
licensed

vaccines

References

Nanostructures

made up of self-
assembled virus
proteins but do

not contain viral
genomes

Safe,
presentation of
multiple
epitopes, highly
immunogenic,
induce both
cellular and
humoral
immune

responses

Instability, high
manufacturing
cost

Human
papillomavirus,
hepatitis B virus,
and malaria
vaccines

(26, 28, 30-32)

Comprise a harmless,
modified, and
unrelated virus that
delivers foreign
genetic material
(DNA)

Sustained immune
responses, enhanced
immunogenicity
without the need for
adjuvant co-
administration,
powerful cellular and
antibody responses

Expensive, highly
complex,

pose a risk for the
environment and
human health

Johnson & Johnson’s
Janssen (J&]/Janssen)
COVID-19 vaccine,
Ebola virus vaccine
(Ervebo)

(33-35)

Deliver a transcript of interest that
encodes a target antigen

Rapid development, and a cell-free
manufacturing process, safer and more
effective than DNA-based vaccines, do not
require nuclear entry, do not pose a risk
of integration into the host genome,
intrinsic self-adjuvant properties, exert
potent cellular and humoral immune
responses

Limited transfection efficiency,
degradation of free mRNA via nucleases,
degradation of exogenous naked mRNA in
the endolysosomal compartments

Moderna (mRNA-1273) and Pfizer-
BioNTech (BNT162b2) COVID-19

vaccines

(36-46)

Natural and synthetic polymers are used to encapsulate a range
of vaccine components

Induction of enhanced levels of antigen-specific antibodies,
extended antigen circulation, co-loading of antigens, elevated
level of cytokine release, strong cellular and humoral immune
responses owing to their unique properties including their
pathogen mimicking size, controllable lipophilicity/
hydrophobicity, modifiable surfaces, and high surface-to-
volume ratios, capable of delivering a wide range of antigenic
molecules

Some chemically synthesized polymer materials (such as
polyurethane) can’t be naturally degraded and may also cause
environmental pollution, some inorganic material carriers show
low immunogenicity and poor biodegradability

Further clinical studies are needed for regulatory approval

(47-51)
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Selected antigen/epitopes

Humoral
responses

T cell
responses

Protective
Immunity

Reference

Streptococcus suis

Mycobacterium
tuberculosis

Plasmodium
falciparum

SARS-CoV-2

Pseudomonas
aeruginosa

Hepatitis C virus

Mycobacterium
tuberculosis

Streptococcus
preumoniae

Neisseria meningitidis

SSU1915, SSU1355, SSU0185, SSU1215,
SSU1773
H4, H28

BIT cell epitopes of CSP

S1, N, SM epitopes

Oprl, OprF, AlgE,
OprL, PopB, PilA, PilO, FIiC, Hepl,
CdrA

HCc

Ag85A and ESAT-6

PsaA, Ply, Serotype 19F CPS

Serogroup C CPS, NadA, fHbp

Mouse

Mouse

Sheep

Mouse
Hamster

Mouse

Mouse

Mouse

Mouse

Mouse

1gG, IgM

1gG, IgGl, IgG2c

1gG

1gG, IgGl, IgG2c
1gG neutralizing ab

IgG, IgG1, IgG2a,
1gG2c
Opsonophagocytic
antibodies

1gG1, IgG2c

1gG1, IgG2c
Opsonophagocytic
antibodies

1gG1, IgG2a, 1gG2b,
1gG3

Thl, Th2, Th17

Thl, Th2

Thl, Th2

Thl, Th2, Th17

Thl, Th2, Th17

Thl, Th2

Thl, Th2, Th17

Yes

Yes

Yes

Yes

(76)

(11)

(77)

(78)

(79, 80)

(81)

(82)

(83)

(84)
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Variables

Demographic variables

Age * (years)
Gender

Male ®

Female ®
Age-group
260" (years)
40-59 ® (years)
18-39 ¥ (years)
BMI * (kg/m?)
Race
Caucasian *
Black/African American ®
Latin ®
Unknown *
Diet

Normal *

Vegetarian B
Medical variables

Non-steroidal anti-inflammatory drugs
Yes ®

No®

IgG baseline *(g/L)

Lymphocytes baseline * (x10°/L)

Creatinine baseline * (umol/L)

HC (n =57)
High responder ~ Low responder
(n =28) (n =29)
47 (32.3) 8 (30)
2 (429) 13 (44.8)
16 (57.1) 16 (55.2)
7 (25) 12 (41.4)
8 (28.6) 10 (34.5)
13 (46.4) 7 (24.1)
25(7) 255 (5)
28 (100) 29 (100)
0(0) 0(0)
0(0) 0(0)
0(0) 0(0)
28 (100) 29 (100)
0(0) 0(0)
0(0) 0 (0)
28 (100) 29 (100)
11 (3.3) 11(2)
1.8 (1) L7.(1)
69 (27) 71 (22.5)

P-value

0.247
0.881

0.190

0.600

0.293
0.712
0.527

PLHIV (n = 58)

High responder
(n =20)

54 (223)

9 (45)
11 (55)

8 (40)

8 (40)

4(20)
25.1 (43)

9 (45)
5(25)
5(25)
1(5)

20 (100)
0(0)

0(0)
20 (100)
135 (3)
1.8 (1.1)
77 (35.5)

Low responder
(n=38)

54 (18.3)

23 (60.5)
15 (39.5)

14 (36.8)
21(55.3)
3(7.9)
25.2(5.7)

23 (60.5)
7 (18.4)
7 (18.4)
1(27)

8 (100)
0(0)

0(0)
38 (100)
12.5 (5)
1.6 (2.8)
83 (32.5)

P-value

0.518
0.258

0.327

0.390
0.721

0310
0.969
0423

Mann-Whitney U test was applied to compare the continuous variables and X? test for analyzing categorical variables using SPSS version 24.0 (IBM Crop, Armonk, NY, USA) software. *

variable is illustrated as the median (IQR), whereas ® variable is illustrated as the number (%). IQR, interquartile range.
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Variables

Virological data

PCR-positive at baseline

Yes ®

CD4 count
<300 ® (cells/mm®)

> 300 ® (cells/mm®)
Serum antibody level (AU)

Anti-S do *

Anti-S d10 *

Anti-S d21 *

Anti-S d35 *

Anti-S mo.6 *

Positive seroconversion
d.35 Yes ®

mo 6.Yes ®
Saliva antibody level (MFI)

Anti-S-f d.0
Over cutoff (55 MFI) ®

Anti-S-f d.10 * (MFI)
Anti-S-f d.21 * (MFI)
Anti-S-f d.35 * (MFI)
Anti-S-f mo.6 * (MFI)

Anti-S1 d.0
Over cutoff (98 MFI) ®

Anti-S1 d.10 * (MFI)
Anti-S1 d.21 * (MFI)
Anti-S1 d.35 * (MFI)
Anti-S1 mo.6 * (MFI)

Fold change relative to baseline

Anti-S-f d.10-fold change *
Anti-S-f d.21-fold change *
Anti-S-f d.35-fold change *
Anti-S-f mo.6-fold change *

HC (n =57)

High responder
(n =28)

0(0)
28 (100)

0(0)
28 (100)
NA
NA
NA

04 (0)
0.8 (1.4)
57.4 (119.9)
2368.5 (1189)
7395 (691.3)

28 (100)
28 (100)

0(0)

78 (306)
540 (654)
3248 (3287)
438.00 (402.50)
0(0)

52 (34)
332 (426)
2512 (2141)
273 (216)

23 (106)
18 (22.5)
102 (116.8)
152 (154)

P-value
Low responder
(n=29)
1
0 (0)
29 (100)
1
0 (0)
29 (100)
NA NA
NA
NA
04 (0) 1
0.4 (0.9) 0.090
62.4 (149) 0.786
1625 (2878.5) 0231
559 (737.5) 0078
0999
29 (100)
28 (96.6)
0(0) 1
30 (32) 0.003*
203 (415) 0.028*
571 (1994.5) <0.001*
68. (86.5) <0.001*
0 (0) 1
32(18) 0.003*
161 (273) 0076
400 (1618) 0.001*
56 (59.5) <0.001*
1.1(0.9) 0.010*
7.8 (13.4) 0.028*
23.8 (67.3) 0.002*
25(3) <0.001*

PLHIV (n = 58)

High responder
(n =20)

0(0)
20 (100)

0(0)
20 (100)

6(30)
14 (70)

04 (0)

0.4 (1.6)
43.4 (81.6)
1972 (1526)
782 (967)

20 (100)
20 (100)

0(0)

78.5 (34.8)
340 (438.8)
3875 (6557)
567 (362.5)
0(0)

3 (66)
244.5 (308)
2362 (4715.8)
3215 (200)

2.3 (46)
12.4 (13.7)
133.5 (274.8)
8 (15.4)

Low responder

(n = 38)

0(0)
38 (100)

0(0)
38 (100)

10 (26.3)
28 (73.7)

0.4 (0)
09 (17)
19.6 (39.7)
1049 (1338)
249 (412.5)

38 (100)
38(100)

0 (0)

41 (65.3)
159 (315.5)
1251 (2166.5)
116.5 (120)
0(0)

38 (49.3)
107 (163.5)
941 (1859.5)
5 (613)

13 (22)

54 (11.4)
37.2 (66.5)

4.2 (4)

P-value

0.765

0.395
0.015*
0.005*

<0.001*

0.098
0.012*
0.001*

<0.001*

0.105
0.020%
0.004*

<0.001*

0351
0.033*
0.002*

<0.001*

Mann-Whitney U test was applied to compare the continuous variables and X test for analyzing categorical variables using SPSS version 24.0 (IBM Crop, Armonk, NY, USA) software. *
variable is illustrated as the median (IQR), whereas ® variable is illustrated as the number (%). * Bolded values denotes statistical significance when P-value is < 0.05. NA, not applicable; IQR,
interquartile range; d, day; mo, months; S1, spike antigen; S-f, full-length trimeric spike; MFI, mass fluorescence intensity.
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HC High responders Low responders
Bacteria Corynebacterium Abiotrophia Campylobacter Selenomonas Butyrivibrio
Phylum Actinobacteria Firmicutes Proteobacteria Firmicutes Firmicutes
Class Actinomycetia Bacilli Epsilonproteobacteria Negativicutes Clostridia
Gram gram +ve. gram +ve. gram -ve. gram -ve. gram -ve.
staining
Morphology  bacillus coccobacillus bacillus curved bacillus curved bacillus
Spore- none none none none none
forming
Motility none none motile motile motile
Oxygen facultative facultative facultative anaerobic  anaerobic anaerobic
metabolism __anaerobic anaerobic
Saccharolyti none weak yes yes yes
c activity
Proteolytic none none yes yes yes
activity
Metabolic amino acids lactate H.S, acetate, acetate, lactate, butyrate
products asparagine, and and propionate
propionate
PLHIV High responders Low responders
Bacteria Rothia Gemella Granulicatella Haemophilus Lachnoanaerobaculum _Stomatobaculum _Leptotrichia Megasphaera _Prevotella
Phylum Actinobacteria _Firmicutes _Firmicutes Proteobacteria Firmicutes Firmicutes Fusobacteria Firmicutes Bacteroidetes
Class Actinomycetia _ Bacilli Bacilli Gammaproteobactenia _Clostridia Clostridia Fusobacteriia Negativicutes _Bacteroidia
Gram gram +ve. gram +ve. gram +ve. gram -ve. gram +ve. gram +ve. gram -ve. gram -ve. gram -ve.
staining
Mormphology  bacillus coccus coccus curved bacillus bacillus bacillus bacillus coccus bacillus
Spore- none none none none yes none none none none
forming
Motility none none none none none none none none none
Oxygen aerobic facultative facultative facultative anaerobic anaerobic anaerobic anaerobic anaerobic
metabolism anaerobic anaerobic anaerobic
Saccharolyti  yes yes yes yes yes yes yes yes yes
c activity
Proteolytic none none none weak none none yes yes yes
activity
Metabolic lactate lactate lactate acetate, CO2, and H2S, NHjs, butyrate, butyrate, lactate, lactate butyrate, acetate,
products and amino acids and acetate isovalerate, and acetate, succinate
acetate acetate formate,and lactate,
caproate isovalerate,
and
isobutyrate

Note. References provided in supplemental information.
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outcome for

influenza vaccine

outcome for
covid-19 vaccine

Schwarz et al.,
2011 (18)

Levin et al.,
2018 (8)

Anyinam
et al.,
2017 (19)

Sadoff et al.,
2021 (20)

Kerzner et al.,
2007 (21)

Severance
etal,
2022 (22)

Nakashima
et al.,
2018 (23)

Thompson
etal,
2019 (24)

Toback et al.,
2022 (17)

Lazarus et al.,
2021 (6)

Song et al.,
2017 (9)

Zimmermann
etal,
2013 (25)

Izikson et al.,
2022 (10)

Schwarz et al.,
2017 (18)

Song et al.,
2015 (27)

Ortiz et al.,
2022 (28)

Weston et al.,
2012 (29)

Weston et al.,
2009 (30)

Wang et al,,
2022 (31)

Herbinger
etal,
2014 (33)

Frenck et al.,
2012 (32)

GMT: HAI geometric mean
titres

SPR: hemagglutination inhibition

assay titer 240

GMFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, erythra,
gastrointestinal,, arthralgia,
muscle pain, local pain,
erythema, itch, swelling

SCR: a 4-fold rise-in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: subjects with titers >1:40/
GMT: Geometric Mean Titers
GMEFR: geometric mean fold rise
Adverse events: fever, chills,
muscle pain, local pain,
erythema, itch, swelling

SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: serum HI titer greater than
or equal to () 1:40

GMER: fold increase in serum
haemagglutination inhibition
(HI) GMTs post-vaccination
compared to pre-vaccination
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, local pain, erythema,
itch, swelling, fatigue-G3,
headache-G3, chills-G3,
gastrointestinal -G3, arthralgia-
G3, muscle pain-G3, pain-G3,
erythema-G3, swelling-G3

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAT titer <
1:10)

SPR: subjects with titers >1:40
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, pain,

erythema, itch, swelling, pain-G3,

swelling-G3

GMT: Geometric Mean Titers
SPR: antibody titer of 1:40 or
greater at Week 4

SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

Adverse events: fever, headache,
chills, arthralgia, pain, erythema,
itch, swelling

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: subjects with titers >1:40
GMEFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, arthralgia,
muscle pain, local pain,
erythema, itch, swelling,

SPR: post-vaccination titer >1:40
Adverse events: fever, fatigue,
headache, chills, erythra, local
pain, erythema, itch, swelling

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAT titer <
1:10)

GMFR: geometric mean fold rise
SPR: subjects with titers >1:40
Adverse events: fever, fatigue,
headache, chills, erythra,
gastrointestinal., arthralgia,
muscle pain, pain, erythema,
itch, swelling

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

GMEFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, malaise,
local pain, erythema, itch,
swelling, fatigue-G3, headache-
G3, gastrointestinal -G3,
arthralgia-G3, muscle pain-G3,
malaise-G3, pain-G3, erythema-
G3, swelling-G3

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HATI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, malaise,
local pain, erythema, itch,
swelling, fatigue-G3, headache-
G3, gastrointestinal -G3,
arthralgia-G3, muscle pain-G3,
malaise-G3, pain-G3,

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: subjects with titers >1:40
GMFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, arthralgia,
muscle pain, local pain,
erythema, swelling

GMT: geometric mean anti-
haemagglutinin antibody titres
Adverse events: not reported

GMT: geometric mean anti-
haemagglutinin antibody titres
GMFR: geometric mean fold rise
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HALI titer <
1:10)

Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, malaise,
pain, erythema, swelling, fatigue-
G3, headache-G3, chills-G3,
gastrointestinal -G3, arthralgia-
G3,muscle pain-G3, malaise-G3,
pain-G3, erythema-G3,
swelling-G3

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HALI titer <
1:10)

SPR: subjects with titers >1:40
GMFR: geometric mean fold
rise/geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, local
pain, erythema, swelling, fatigue-
G3, headache-G3, chills-G3,
gastrointestinal -G3, pain-G3,
erythema-G3, swelling-G3

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAT titer <
1:10)

SPR: subjects with titers >1:40
GMEFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, arthralgia,
muscle pain, malaise, pain,
erythema, swelling,

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HALI titer <
1:10)

SPR: subjects with titers >1:40
Adverse events: fever, fatigue,
headache, gastrointestinal.,
arthralgia, muscle pain, malaise,
pain, erythema, itch, swelling

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: subjects with titers >1:40
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, local
pain, erythema, swelling, fatigue-
G3, headache-G3, chills-G3,
gastrointestinal-G3, arthralgia-
G3, muscle pain-G3, pain-G3,
erythema-G3, swelling-G3

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HALI titer <
1:10)

SPR: subjects with titers >1:40
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, local
pain, erythema, swelling, fatigue-
G3,headache-G3,chills-G3,
gastrointestinal -G3, arthralgia-
G3,muscle pain-G3,pain-G3,
erythema-G3,swelling-G3

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: subjects with titers >1:40
GMEFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, erythra,
gastrointestinal., muscle pain,
local pain, erythema,

itch, swelling,

GMT: geometric mean titer
GMFR: geometric mean fold rise
Adverse events: fever, fatigue,
headache, chills, erythra,
gastrointestinal., arthralgia,
muscle pain, local pain,
erythema, swelling,

GMT: Geometric Mean Titers
SCR: a 4-fold rise in subjects
who are seropositive (HAI titer
>1:10) or a titer of >1:40
postvaccination in subjects who
are seronegative (HAI titer <
1:10)

SPR: subjects with titers >1:40
Adverse events: fever, fatigue,
headache, chills, gastrointestinal.,
arthralgia, muscle pain, local
pain, erythema, swelling
(excluded by sensitivity analysis)

GMEU: Geometric mean
ELISA unit SCR:
Seroconversion rate
GMFR: Geometric mean
fold rise

Adverse events: fever,
fatigue, headache,
malaise, muscle pain,
gastrointestinal,, local
pain, fever-G3, fatigue-
G3, headache-G3,
malaise-G3, muscle
pain-G3,
gastrointestinal-G3,
Chills-G3,

GMT: Geometric Mean
Titers

SCR: a 4-fold rise in
subjects who are
seropositive (HAT titer
>1:10) or a titer of >1:40
postvaccination in
subjects who are
seronegative (HAI titer
< 1:10)

Adverse events: fever,
fatigue, headache,
malaise, muscle pain,
gastrointestinal., Chills,
local pain, fever-G3,
fatigue-G3, headache-
G3, malaise-G3, muscle
pain-G3,
gastrointestinal-G3,
Chills-G3,

GMC: geometric mean
concentration

SCR: a >2-times or >4-
times rise in
concentration GMFR:
geometric mean
concentration fold rise
Adverse events: fever,
fatigue, headache,
malaise, muscle pain,
gastrointestinal., Chills,
local pain, fever-G3,
fatigue-G3,headache-G3,
malaise-G3,muscle pain-
G3, gastrointestinal-G3,
Chills-G3,

GMC: geometric mean
concentration

SCR: a >2-times or >4-
times rise in
concentration

GMFR: geometric mean
concentration fold rise
Adverse events: fever,
fatigue, headache,
muscle pain,
gastrointestinal., pain,
fever-G3,
gastrointestinal-G3

PCV13, 13-valent pneumococcal conjugate vaccine; TIV, trivalent inactivated influenza

vaccine; ZV, zoster vaccine; 11V4, quadrivalent inactivated influenza vaccine; P

PV23, 23-

valent pneumococcal polysaccharide vaccine; Ad26.RSV.preF, an adenovirus serotype 26
(Ad26) vector encoding Respiratory syncytial virus F protein stabilized in its prefusion
conformation (pre-F); Fluarix, Fluarix Quadrivalent inactivated influenza vaccine; VZV,
varicella-zoster virus; V114, 15-valent pneumococcal conjugate vaccine; QIV, quadrivalent
inactivated influenza vaccine; PPSV23, 23-valent pneumococcal polysaccharide vaccine;
NVX-CoV2373, a recombinant vaccine of COVID-19 vaccine; Quadrivalent, quadrivalent
influenza cell-based vaccine (Flucelvax); Trivalent, adjuvanted trivalent influenza vaccine
(Fluad); ChA, ChAdOx1 COVID-19 vaccine; BNT, BNT162b2 COVID-19 vaccing; CQV,
cellular quadrivalent vaccine; TV, MF59C adjuvanted; trivalent vaccine; RQV, recombinant
quadrivalent vaccine; MF59-aTIV, MF59-adjuvanted trivalent inactivated influenza vaccine;
Tdap-IPV, diphtheria; tetanus; acellular pertussis and inactivated poliomyelitis vaccine; IIV,
inactivated influenza vaccine; mRNA-1273, mRNA-1273 SARS-CoV-2 vaccine; QIV-HD,
high-dose quadrivalent influenza vaccine; HZ/su, adjuvanted herpes zoster subunit (HZ/su)
vaccine; MF59-allV3, MF59-adjuvanted trivalent inactivated influenza vaccine; H7NIIIV,
AS03-adjuvanted 2017 inactivated influenza A/H7N9 vaccine; Tdap, tetanus toxoid; reduced
diphtheria toxoid; and acellular pertussis vaccine; Flu, seasonal influenza vaccine; CoronaVac,
SARS-CoV-2 inactivated vaccine; H5N1 IV, MF59-adjuvanted A/H5N1 vaccine.

1. In the Herbinger et al. and Ortiz et al. studies, the vaccines concomitant administered with
the seasonal influenza vaccine were the H7N9 and H5N1 influenza vaccines. In Group B of the
Herbinger et al. study, increasing titers for the three serotype outcomes of the seasonal
influenza vaccine were found in 22 days after H5N1 vaccination alone, with GMRs of 1.4 to
1.6, indicating that H5N1 vaccination affects the outcome of seasonal influenza, we decided to
include only Groups A and C in the meta-analysis, and the time of immunogenicity evaluation
was chosen 21 days after the second dose of sequential (42 days) to eliminate the interference

from H5N1 vaccine.

2. In the Ortiz et al. study, although no H7N9 vaccine in vaccination alone in first round to
provided direct evidence that H7N9 affected seasonal influenza. However, we found an
increase in H7N9 immunological outcome after the first round of seasonal influenza
vaccination, with a GMR of approximately between 1.2 to 2, which indicated a possible
effect between 11V4 and H7N9 vaccine. The outcome of seasonal influenza vaccine in the
concomitant administered group may be higher than the actual effect.

3. In the Wang et al. study, the protocols of the combined subgroups and combined and
sequential vaccination groups were different. First, the vaccination interval was 28 days in the
concomitant administered group, while the interval was 14 days in the sequential group, and
the difference in vaccination intervals may cause bias. Second, the results of groups C2 and S
may have been affected due to possible interference between the SARS-COV-2 vaccine and the
seasonal influenza vaccine. Therefore, this study did not include outcomes for subgroup
analysis, and only the main outcomes were included.
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Main country

Schwarz et al, 2011 (18)/
Germany
‘The Netherlands
Belgium
Hungary

Levin et al, 2018 (8)/
United States

Anyinam et al,, 2017 (19)/
France
Belgium

Sadoff, et al,, 2021 (20)/
United States

Kerzner et al,, 2007 (21)/
United States

Severance et al,, 2022 (22)/
United States

Nakashima et al, 2018 (23)/
Japan

Thompson et al., 2019 (24)/
United States

Toback et al., 2022 (17)/
UK

Lazarus et al., 2021 (6)/
UK

Song etal, 2017 (9)/
Korea

Zimmermann et al, 2013
(25)
France and Germany

Tzikson et al., 2022 (10)/
United States

Schwarz et al., 2017 (26)/
Canada
Germany
United States.

Song et al, 2015 (27)/
Korea

Ontiz et al., 2022 (28)/
United States

Weston etal, 2012 (29)/
United States

Weston et al,, 2009 (30)/
United States

Wang et al, 2022 (31)/
China

Frenck et al., 2012 (32)/
United States

Herbinger et al,, 2013 (33)/
Germany
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Co-group
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Seq-group
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Co-group
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ChA+TV- Co-group

ChA+TV- Seq-group

BNT+TV- Co-group

BNT+TV- Seq-group
ChA+RQV-
Co-group

ChA+RQV-
Seq-group

BNT+RQV-
Co-group

BNT+RQV-
Seq-group

Co-group

Seq-group
Seq-group

Co-group
Seq-group
Co-group

Seq-group

Seq-group

Co-group

Seq-group

Co-group

Co-group

Seq-group

Seq-group

Co-group

Seq-group

Seq-group

Co-group
Seq-group.

Co-group

Seq-group.

Co-group

Co-group

Seq-group

Co-group

Seq-group

Seq-group

Seq-group

Co-group

Interventions

PCVI3 + TIV/
Placebo

Placebo + TIV/
PCVI3

ZV + 1V
Placebo

Placebo + TIV/
7

PPV23 + 1IV/
Placebo

Placebo + IIV/
PPV23

Ad26.RSV.preF+
Fluarix/
Placebo

Fluarix+Placebo/
Ad26.RSV.preF

VZV+TIV/
Placebo

TIV+placebo/
vzv

Vil + QIV/
Placebo

QIV + Placebol
Vi
PPSV23 + QIV

Qs
PPSV23

PCVI3 + QIV/
Placebo

Placebo + QIV/
PCVI3

NVX-CoV2373+
Quadrivalent

placebos
Quadrivalent

NVX-CoV2373+
Trivalent

placebos

Trivalent

NVX-
CoV2373 alone

placebo

ChA+CQV/
placebo

ChA+placebol
cQv

BNT+CQV/
placebo

BNT+placebo/
cQv

ChA+TV/
placebo

ChAplacebol
™

BNT+TV/
placebo

BNT+placebo/
™v

ChA+RQV/
placebo

ChAsplacebol
RQV

BNT+RQV/
placebo

BNT#placebol
RQV

MES9-aTIV +
PCVI3

PCVI3 alone
MF59-aTIV alone
Tdap-IPV+IV.
IV/Tdap-1PV

mRNA-1273+
QIV-HD

QIV-HD alone

mRNA-1273 alone

HZ/su+ 1IV4/
HZlsu

1va/
HZisul
HZlsu

MF59-allV3 +
PPSV23 in
contralateral arms

MF59-allV3 +
PPSV23
same arms

MES9-alIV3 alone

PPSV23 alone

H7NOIIV+1IV4/
H7NOIIV

nva/
H7NOIV
[H7NOTV

1va

Tdap + Flu

Flu/Tdap
Tdap + Flu

Flu/
Tdap

Cl:CoronaVac+
Qs
CoronaVac

C2:CoronaVac/
CoronaVac+
Qv

S:CoronaVac/
Qv/
CoronaVac

PCVI3 + TIV/
Placebo

Placebo + TIV/
PCVI3

TIV+placebo/
HSNIIV

H5N1 IV+
placebo/
TIV

TIV+
H5N1 IV/
H5N1 IV

1. In the Toback et al,, 2022 study, the placebo group was not included.

Population

580

580

441

441

177

179

%0

90

382

380

600

600

81

81

441

441

27

214

502

497

6

68

71

73

73

41

38

2

2

391

413
390
478

476
100

101

105

413

415

56

56

56

56

62

53

3

12

109

748

749

120

120

240

554

562

199

203

199

Race (%)

white
(98.9%)

white
(98.9%)

white
(83.9%)/

Black
(13.9%)

white

(86.4%)/
Black

(11.5%)

white
(98.9%)

white
(99.4%)

white

(87.8%)/
Black

(122%)

white
(90%)/
Black
(8.9%)

white
(67.5%)/

Black
(30.6%)

white

(68.7%)/
black

(292%)

white (82.3%)/
black(12.20%)/
Asian(4.2%)

white (82.8%)/
black(10.5%)/
Asian(5%)

Asian
Asian

‘white (89.8%)/
black(6.9%)

white (88.9%)/
black(7.8%)

white (75.1%)/
Multiple
(122%)/

Asian(6.5%)

white (76.6%)/
Multiple
(10.7%)/

Asian(10.7%)

white (87.1%)/
Multiple(0.6%)/
Asian(7.8%)

white (87.7%)/
Multiple(0.4%)/
Asian(6.8%)

white (89%)

white (96%)

white (92%)

white (98%)

white (98%)

white (98%)

white (100%)

white (100%)

white (94%)

white (100%)

white (95%)

white (96%)

Asian

Asian

i

unkonw

unkonw

white (94%)

white (93%)
white (98%)

white (92.3%)/
black(2.2%)/
Asian(4.1%)

white (91.8%)/
black (1.29%)/
Asian (4.8%)

Asian

Asian

Asian
Asian

white (35.5%)/
black (58.1%)/
Asian (4.8%)

white (32.1%)/
black (54.7%)/
Asian (5.7%)

white (41.2%)/
black (50%)/
Asian (2.9%)

white (96.4%)
white (96.3%)

white (87%)/
black (9.1%)

white (85.9%)/
black(10.3%)

Asian

Asian

Asian

white (91.1%)/
black(6.2%)

white (91.3%)/
black(7.5%)

white (97%)

white (98%)

white (97%)

Age, mean
(SD),
median(range)

72(55)

72 (54)

60.8 (72)

613 (77)

68.1 (9.0)

68.4 (94)

64.0 (60-82)

66.0 (60-81)

634 (7.99)

636 (8.24)

64.2 (50-98)

642 (50-88)

710 (5.1)

712 (41)

67 (9.1)

66.4 (8.8)

432 (14.1)

419 (132)

516 (157)

514 (154)

52 (40-57)
54 (43-61)
48 (35-60)
47 (34-58)
69 (67-72)
71 (69-72)
68 (67-70)
68 (67-70)
56 (51-60)
52 (44-60)
42 (31-53)
39 (33-47)

654 (05)

652 (05)
659 (0.5)
68.8 (62)

688 (65)
710 (67.5-74.0)

710 (68.0-74.5)

720 (69.0-740)
659 (8.3)

63.4 (88)

712 (46)

710 (4.1)

710 (42)

719 (45)

39.1 (13.1)

38.1(11.5)

357 (10.6)

713 (5.1)

719 (58)

458 (126)

464 (12.1)

437 (96)

46.1 (8.6)

448 (92)

546 (28)
546 (29)

283 (8.0)

306 (938)

310 (9)

Sex, female
rate (%)

5035

50.1

605

593

429

43

633

622

563

558

551

572

407

388

537

567

433

49

486

416

66

59

75

42

59

3

53

58

62

52

657

706
704

54

586
54

53

61

5L1

525

692

691

589

642

419

491

382

491

431

633

576

666

608

637

579

575

58

placebo

yes

yes

yes

yes

yes

no

yes

yes

no

no

no

no

no

no

no

no

no

yes

yes

sequence

First

First

First

First

First

First

First

First

First

second

First

First

First

First

First

First

First

First

First

1 month

4 weeks

4 weeks

4 weeks

4 weeks

1 month

46 weeks

1 month

3 weeks

3 weeks

4 weeks

4-5 weeks

3 weeks

3 weeks

4 weeks

3 weeks

1 month

1 month

4 weeks

4 weeks

3 weeks

64 (5.52)

7(079)

23 (6.46)

6(333)

27 (3.54)

34(283)

5(3.08)

36 (4.08)

1(1.54)

3(422)

2(273)

2(274)

1(1.56)

1(1.56)

1 (344)

8 (4.6)

19 (4.6)
8 (205)
2(042)

16 (1.26)

1)

9(891)

1(095)

29(7.02)

21 (5.06)

4(7.14)

1(1.78)

0

3(5.36)

4(645)

3(6)

4(11.76)

2(179)

4(367)

19 (254)

89 (11.88)

4(333)

4(333)

12(5)

25 (4.51)

34(6.05)

5(251)

1(049)

1(05)
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Groups Participants 12(%) sequential combination Risk Ratio (95% CI)
SARS-COV-2 vaccine |
GMT 10 1924 98.7 —_— i 0.858 (0.79 to 0.94)
GMFR 4 1249 98.2 — e | 0.754 (0.63 to 0.90)
SCR 10 1909 0.1 —o— 0.994 (0.97 to 1.02)

|
- |
Seasonal Influenza vaccine

|
|
HINI1 strain :
|

GMT 25 12247 98.1 ———— 1.033 (0.98 to 1.09)
SCR 23 9541 13.4 —_ — 1.016 (0.98 to 1.05)
SPR 17 9757 28 -Q- 0.998 (0.99 to 1.01)
H3N2 strain i

GMT 25 12242 99.5 _ 1.011 (0.95 to 1.08)
SCR 23 9539 25.8 + 1.033 (1.0002 to 1.07)
SPR 17 9752 0 -& 0.998 (0.99 to 1.01)
B strain |

GMT 38 17613 97.4 —oa'— 0.989 (0.97 to 1.01)
SCR 37 15243 16.7 —dI— 0.995 (0.96 to 1.03)
SPR 27 14807 10.9 —i- 1.001 (0.98 to 1.02)

r—— -/ /W7’
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Antibody

Neutralizing breadth in Protection breadth

Location Binding breadth in vitro 5 S
name vitro in vivo

H
Fl6(Fl6v3) HI-H16 H1, H5/H3, H7 HI, H5/H3*
(104)

"
;:11«5121551) @, H1, H2, H5, H6, H8, HY/H7/B H1, H2, H5, H6, H8, HY HI, H2, H5
27F3% (118) HI1, H2, H5, H6, H9, H11, H12, H13, H16/H3, H7, H10/B  H1, H5, H6/H3, H7, H10 -
3E1M (109, 119) | HI, H5, HY/H3, H7 H1, H5, H9/H3, H7 HI, H5
SD3s" (117) H1, H2, H5/H3, H7, H10 H1, H2, H5/H3, H7, H10 =
39.29" (120) HI1, H2, H5/H3, H7 H1, H2/H3 H1, H5/H3*
CT149" (110) H1, H5, HY/H3, H7 H1, H5, H9/H3, H7 H1, H5/H3, H7
H1, H2, H5, H6, H8, HY, H11, H12, H16/H3, H4, H7,

34 (05,125) | ot s H1, H5/H3, H7 H5/H3, H7
31a83" (121) HI1, H2, H5, HY/H3, H7 H1, H2, H5, HY/H3, H7 -
5609 (121) HI1, H5/H3, H7 HI, H5/H3, H7 -
CRro114" (81, H1, H2, H5, H6, H8, H9, H12, H13, H16/H3, H4, H7, HI, H2, H5, H6, H8, HO, HIZH3, ey
115) H10, H15/B H4, H7, H10 ’

H
(»fgglsssz HI-HI8 H1, H2, H5, H6, H9/H3, H7 HI, H5/H3*
05-2G02" (122, | HI, H2, H5, H6, H8, H9, H13, H16, H17, H18/H3, H4,

HI, H5/H3 H5

126) H7, H10, H14, H15

H
(5191;10/5 ' HI-HI8 HI, H5/H7 HI, H5/H3, H7

" HI, H2, H5, H6, H8, H9, H11, H12, H13, H17, H18/H3,
Hidioohiobie H » H2, H5, H6, H8, H9, H11, H12, H13, H17, 3 K
st Liz%icd2) H4, H7, H10, H14, H15 HIHILS HUH3
Groove Region

28-12 1 (124) H1, H6, H8, H9/H3, H4, H7, H14, H1/H3, H4, H7 H1/H3
I (1Ll HI, H2, H5, H6, HY H1, H2, H5, H6, H9 HI, H5
127.129) , H2, H5, H6, . H2, H5, H6, 3
F10" (112) HI, H2, H5, H6, H8, HY, H11, H13, H16 HI, H2, H5, He, H8, H9, H11 H1, H5
H H
fﬁz)“d A6 H1, H2, H5, He, HY, H11, H13, H16 H1, H2, H5, He6, H11 HI, H5
H
Z(})OI)FOZ (126 HI1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, H18 H1, H5 HI1, H5
1009-3B05™ H1, H2, H5, H6, H8, H9, H13, H17, H18 HI, H5 H5
(128, 130) , H2, H5, H6, H, H9, H13, H17, A
"
?Z;Am (22 4y, 12, Hs, He, H8, H9, H13, H16, H17, H18 H1, H5 H5
Mab3.1" (131) H1, H2, H5, H6, H18 H1, H2, H5, H6 H1
A06™ (132) HI, H5 HI, H5 H1
FE43" (70) HI, H5, H6, H9 H1, H5, H6, H9 HI, H5, H6
4C2M (133) HI, H2, H5, H9 H1, H2, H5, HY HI
1H11" and
HI, H5, H9 HI, H5, H9 -
5G2" (113)
2Hs" (113) HI, H5, H9 HI, H5 -
SD36" (117) H3, H4, H7, H10 H3, H4, H7, H10 E
SD83" (117) B B =
CR8020" (107) | H3, H4, H7, H10, H14, H15 H3, H7, H10 H3, H7
Fusion Pepti
usion Peptide CR8043" (108) | H3, H4, H7, H10, H14, HI5 H3, H10 H3, H7
Region

9H10M (114) H3, HI10 H3, HI10 H3

 human antibody; ™ murine antibody; * llama antibody; B, influenza B viruses; -, no information.

Binding breadth in vitro, cross-react with expressed different HA proteins or viruses in vitro.

Neutralizing breadth in vitro, effectively neutralize and cross-neutralize different influenza viruses in cells.

Protection breadth in vivo, effectively preventing and/or therapeutic efficacy against influenza virus infection in mouse animal models, with an exception “*” mouse and ferret were used as animal models.
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Neutralizing breadth in = Protection breadth in

Location Antibody name Binding breadth in vitro Vitro vive
S139/1M (41, 72) H1, H2, H5, H6, H9, H13, H16/H3 HI, H2, H13, H16/H3 HI/H3
cos* (42) H1, H2, HY, H12/H3 HI, H2, HY/H3 HI/H3
F045-092" (43, 60) H1, H2, H5, HI13/H3 HI, H2, H5/H3 -
K03.12" (69) H1/H3 - -
2G1" (59, 73) H2/H3 H2 H2
FE17M (70) HI, H5 HI, H5 HI, H5
12H5 (71) HI, H5 HI, H5 HI, H5
1F1M (47, 62) H1 H1 , H1
587 (44, 61) H1 H1 H1
CH65" (45, 74) H1 H1 -
CH67" (45) H1 H1 -
H2526" (46) H1 NO -

RBS 6411-9" (46) H1 H1 =
3D1M (75) H1 H1 H1
sM2M (59, 73) H2 H2 H2
8F8" (59, 73) H2 H2 H2
HC63™ (47, 63) H3 - -
A2913M (48, 64) H3 H3 -
‘;Yl;l;:gGow @5 H5 H5 H5
FLD21.140" (77,78) = H5 H5 H5
13D4™ (49, 66) H5 H5 H5
HAb21™ (50) H5 H5 -
H5.3" (79, 80) H5 H5 =
CR8033" (81) B B B
PR8-23M (82) H1 H1 =
H3v-47" (57) H3 H3 H3
F005-126" (51) H3 H3 -
A24.1M (48, 64) H3 H3 -
H5MO™M (83, 84) H5 H5 H5
9F4M (52, 85, 86) H5 H5 H5

VE subdomain
HA-™ (53) H5 H5 H5
100F4" (76, 87, 88) H5 H5 H5
4F5" (89) H5 H5 H5*
1H5™ (58) H7 NO H7
1H10™ (58) H7 NO H7
CR8071" (81) B » B B

i}rﬂz::omers Flua-20" (54) 3;0H]§1:l51{11155 HS, H9, H11, H12/H3, H4, H7, NO HI, HS/H3, 7
S5v2-29" (55) H1, H2, H9/H3, H4, H7, H14 NO HI/H3
H2214" (55) H1, H2/H3, H4, H14 NO HI/H3
8H10™ (56) H3, H4 - H3
FL-1066™ (56) H3, H4 - -
H7-200 " (90) H7, H15 NO H7
H7.5% (91, 92) H7 H7 -

 human antibody; ™ murine antibody; B, influenza B viruses; NO, no activity; -, no information; RBS, receptor-binding site; VE subdomain, vestigial esterase subdomain.
Binding breadth in vitro, cross-react with expressed different HA proteins or viruses in vitro.

Neutralizing breadth in vitro, effectively neutralize and cross-neutralize different influenza viruses in cells.

Protection breadth in vivo, effectively preventing and/or therapeutic efficacy against influenza virus infection in mouse animal models, with an exception

chicken embryo used as model.
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Mass

UniProtKB NCBI SWISSPROT  (kDA)
1 P07749 gi[119859 FCA1_TRYCR 24 Flagellar calcium-binding protein (FCaBP) (c) (d) X X X X
Glyceraldehyde-3-phosphate dehydrogenase, glycosomal

2 P22513 8i[120679 G3PG_TRYCR 40 (GAPDH) (c) X x x X
3 P14834 gi[123592 HSP70_LEIMA 56 Heat shock 70 kDa protein X %, X X b ¢
4 XP_807701 gi|71410853 Q4DFBO_TRYCC 11 Heat shock protein 10 kDa X > 4 X X
5 XP_806144 gi|71407337 Q4CVJ1_TRYCC | 16 Hypothetical / uncharacterized protein X X X X
6 XP_808914 gi|71413559 Q4D3F7_TRYCC 44 Hypothetical / uncharacterized protein X X X X
7 XP_820921 8i|71667953 Q4E2Q5_TRYCC 46 Hypothetical / uncharacterized protein % %, X X
8 AAG08956 £i[9954108 QYGZC7_TRYCR 35 RNA binding protein RGGm x % p ¢ X
9 P26643 gi[133055 RLAI_TRYCR 11 60S acidic ribosomal protein P1 (c) X X X
10 = XP_805182 £i|71405064 Q4CSS8_TRYCC 11 60S acidic ribosomal protein P2 X X X
11 | XP_807299 gi|71409962 Q4CYU3_TRYCC 13 Calpain-like cysteine peptidase X X b <

12 | BAA06214 gi|704459 Q26913_TRYCR 44 Elongation factor 1 alpha X X i ¢

13 | P05456 gi[123603 HSP70_TRYCR 74 Heat shock 70 kDa protein (c) > 4 X X X
14 | CAA71400 gi[1781355 P90596_TRYCR 13 Histone H2A x X X
15 | XP_802643 gi|71398774 Q4CLP6_TRYCC 30 Hypothetical / uncharacterized protein X b & X
16 = XP_808345 gi|71412308 Q4D1UO_TRYCC 153 Hypothetical/ uncharacterized protein X 4 X
17 | XP_808929 gi|71413591 Q4D3H5_TRYCC 17 Hypothetical / uncharacterized protein X x 4
18 | XP_814262 gi|71651158 Q4DIP8_TRYCC 17 Hypothetical / uncharacterized protein X X X
19 | XP_818370 8i|71662736 Q4DVF8_TRYCC 43 Hypothetical / uncharacterized protein X X X
20 | XP_820432 £i|71666956 Q4E1C6_TRYCC 41 Hypothetical / uncharacterized protein X X X
21 XP_820557 gi|71667211 Q4E1IM8_TRYCC 30 Hypothetical / uncharacterized protein X > X
22 XP_808505 gi|71412664 Q4D2A8_TRYCC 61 LsmAD domain-containing protein X % X
23 Q09734 gi[1170958 MIP_TRYCR 22 Macrophage infectivity potentiator (d) X X X b
24 | AAGI2985 gi[10119899 Q9GN79_TRYCR 101 Pyruvate phosphate dikinase 1 X X X
25  XP_818583 | gi|71663174 Q4DW49_TRYCC 45 Succinyl-CoA ligase [GDP-forming] beta-chain x | x| x
26 XP_802786 gi|71399455 Q4CM39_TRYCC 25 Surface protein TolT X X X
27 | XP_805084 gi|71404821 Q4CSI1_TRYCC 89 Trans-sialidase X X X
28 AAA99441 gi[1314208 Q26973_TRYCR 47 Tubulin alpha (c) X X X

29 | P14795 gi[10673 RL40_TRYCR 15 'Ubiquitin-60S ribosomal protein L40 b < X X X

(a) Proteins identified by bottom-up proteomics (cf. Material and Methods) in pools of bioactive fractions from trypomastigote OGE.

(b) Proteins identified by bottom-up proteomics in the fraction from a trypomastigote OGE presenting the highest bioactivity.

(c) in italic: proteins identified by bottom-up proteomics, common to unfractionnated epimastigote OGE and bioactive fractions of trypomastigote OGEs.
(d) in bold: major proteins < 50 kDa detected in an unfractionnated trypomastigote OGE (see text).
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Vaccine construct

MPXV-V1
MPXV-V2
MPXV-V3
MPXV-V4

Constructs

Vi
V2
V3
V4

ERRAT

100
93.3333
85.5072

97.479

PROCHECK

99.0%
84.5%
84.5%
89.4%

ProSA (Z- score)

-3.43
-1.66
-1.85
-5.94
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Vaccine construct

MPXV-V1-TLR4
MPXV-V2-TLR4
MPXV-V3-TLR4
MPXV-V4-TLR4

Score

14006
14690
14844
13984

Area

1958.70
1937.40
1967.00
1891.90

HB-Contribution

-3.22
-0.93
-6.02
-0.29

Global energy

-1.46

-12.08

-10.78
0.97

Atomic Contact residues energy (ACE)

23.99
1.95
18.30
331
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Protein MHC-I  MHC-II Epitopes  1Csg B-Cell Epitopes BCPred IFN- Allergenicity- Toxicity

IDs Epitopes <200 Score  GamaPositive ~ AllerTOP2.0
Score
URP85109 RSNEEFDPV ~ GKWNPILPTCVRSNE 83 SNEEFDPVDDGPVSDYVSELY 0.975 0.55616266 Non allergen Non-
Toxin
AVVYSTCTV ~ TLLCVLPAVVYSTCT 38 LPAVVYSTCTVPTMNNAKLT 0975 1.343031 Non allergen Non-
Toxin
YISCTANSW  VIGVSYISCTANSWN 191 YISCTANSWNVIPSCQQKCD 0.842 1.3838816 Non allergen Non-
Toxin
URP84966 KINSIVERR LNFRQDAVNKINSIV 23 NKINSIVERRSGMSNVVDST 0.942 0.53707317 Non allergen Non-
Toxin
TVAEASTIM  VAEASTIMVATARSS 143 VAEASTIMVATARSSPEELE 0.904 0.40167514 Non allergen Non-
Toxin
PMMNVVTKL MMNVVTKLQGNTITI 62 TKTVPMMNVVTKLQGNTITI 0.831 0.45337431 Non allergen Non-
Toxin
URP85049 LVHWNKKKY GEINLVHWNKKKYSS 78 VHWNKKKYSSYEEAKKHDDG 0.966 0.59602987 Non allergen Non-
Toxin
SNHEGKPHY  KFRTLLSSSNHEGKP 86 SSSNHEGKPHYITENYRNPY 0.891 0.62107689 Non allergen Non-
Toxin
GFLPNEYVL  GGFLPNEYVLSTIHI 117 VRINFKGGYISGGFLPNEYV 0.851 0.63304856 Non allergen Non-
Toxin

Red indicates overlapping amino acid residues in the MHC-I, MHC-II and B-cell epitopes.
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Protein IDs

URP85109

URP84966

URP85049

MHC-I Epitopes

RSNEEFDPV
AVVYSTCTV
YISCTANSW
KINSIVERR
TVAEASTIM
PMMNVVTKL
LVHWNKKKY
SNHEGKPHY
GFLPNEYVL

Conservation

0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)

MHC-II Epitopes

GKWNPILPTCVRSNE
TLLCVLPAVVYSTCT
VIGVSYISCTANSWN
LNFRQDAVNKINSIV
VAEASTIMVATARSS
MMNVVTKLQGNTITI
GEINLVHWNKKKYSS
KFRTLLSSSNHEGKP
GGFLPNEYVLSTIHI

Conservation

0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)

B-Cell Epitopes

SNEEFDPVDDGPVSDYVSELY
LPAVVYSTCTVPTMNNAKLT
YISCTANSWNVIPSCQQKCD
NKINSIVERRSGMSNVVDST
VAEASTIMVATARSSPEELE
TKTVPMMNVVTKLQGNTITI
VHWNKKKYSSYEEAKKHDDG
SSSNHEGKPHYITENYRNPY
VRINFKGGYISGGFLPNEYV

Conservation

0.00% (0/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
0.47% (1/213)
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Region URP85109 URP84966 URP85049

MHC-I Epitopes MHC-II Epitopes MHC-I Epitopes MHC-II Epitopes MHC-I Epitopes MHC-II Epitopes

World 100.0% 83.81% 100.0% 83.81% 100.0% 83.81%
East Asia 100.0% 82.41% 100.0% 82.41% 100.0% 82.41%
Northwest Asia 98.55% 60.8% 98.55% 60.8% 98.55% 60.8%
South Asia 100.0% 76.44% 100.0% 76.44% 100.0% 76.44%
Southeast Asia 100.0% 58.83% 100.0% 58.83% 100.0% 58.83%
Southwest Asia 98.66% 45.29% 98.66% 45.29% 98.66% 45.29%
Europe 100.0% 87.47% 100.0% 87.47% 100.0% 87.47%
East Africa 98.74% 68.53% 98.74% 68.53% 98.74% 68.53%
West Africa 99.12% 65.81% 99.12% 65.81% 99.12% 65.81%
Central Africa 98.39% 62.84% 98.39% 62.84% 98.39% 62.84%
North Africa 99.6% 76.07% 99.6% 76.07% 99.6% 76.07%
South Africa 99.64% 32.1% 99.64% 32.1% 99.64% 32.1%
West Indies 99.57% 70.02% 99.57% 70.02% 99.57% 70.02%
North America 100.0% 90.03% 100.0% 90.03% 100.0% 90.03%
Central America 9.07% 53.91% 9.07% 53.91% 9.07% 53.91%
South America 100.0% 63.52% 100.0% 63.52% 100.0% 63.52%

Oceania 99.15% 60.21% 99.15% 60.21% 99.15% 60.21%
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Vaccine Number of Molecular Theoretical Aliphatic Grand average of Instability GC  CAI

construct ~ Amino Acids Weight (Daltons) pI index  hydropathicity (GRAVY) index  content

MPXV-V1 511 54123.10 535 72.78 -0.378 3686 (stable) 7188 096
MPXV-V2 397 41655.65 8.74 6481 -0.368 3492 (stable) 7069 095
MPXV-V3 502 53004.87 525 7464 -0.356 4000 (stable) 7164 095

MPXV-V4 482 49934.94 5.37 75.10 -0.189 30.03 (stable) 70.88 0.96
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Position Number of proteins

Cytoplasmic 27
Unknown 16
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pre-COV AZ|

BNT162b2 NVX-CoV2373 cov

n 10 20 20 11 ‘ 10

Age [mean + SD]* 457 £ 194 41.1 £ 134 383+ 123 44.5 £ 12.5 ‘ 411 £17.2
Sex 4/6 10/10 5/15 5/6 4/6
[male/female]

* p = 0733 (Kruskal-Wallis).
¥ .583 (Chi-squared test).
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‘Wuhan 0.6%+03% | 1%+04% |1.5% +04%| 1% +£04% |3.7%+0.7% | 3.7%+0.7% | 3.9% + 0.8%
Alfa 1% +04% [1.5% + 0.5%[ 1.2%+0.4% | 3.4%+0.6% |3.4% £0.7%| 3.5% +0.7%
Beta 1%+ 0.4% 1.3% +0.4% | 1.7% + 0.5% | 3.6% £ 0.7% | 3.6% +0.7% | 3.9% +0.7%
Gamma 1.5%+0.5% | 1.3% + 0.4% 22%+0.5% | 4%+0.7% [38% +0.7%| 4%+0.7%
Delta 12%+04% | 1.7%+0.5% | 2.2% + 0.5% 38%+0.7% | 3.7% +0.7% | 3.7% £ 0.7%
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Omicron BA.4/5|3.5% +0.4% | 3.9%+0.7% | 4% +0.7% [3.7% +£0.7%|2.4% +0.5% | 0.7% + 0.3%

S2 Alfa Beta Gamma Delta Omicron BA.1 | Omicron BA.2 |Omicron BA.4/5
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Gamma 0.8% +0.4% | 0.5% + 0.3% 0.6%+03% | 1%+ 04% | 1% +0.4% 1%+ 0.4%
Delta 0.8% £0.3% | 0.5% +0.2% | 0.6% + 0.3% 0.9%+ 04%| 1%+ 0.4% 1% + 0.4%
Omicron BA.1 | 1.2%+0.4% | 0.8%+04% | 1% +04% |0.9% + 0.4% 0,00% 0.1% +0%
Omicron BA.2 [12%+ 0.4%[0.9%+04% | 1%+04% | 1%+0.4% 0,00% 0.0%
Omicron BA4/5|1.2%+ 04% | 0.9%+04% | 1%+ 04% | 1%+ 0.4% |0.1% +0.0% 0,00%

RBD Alfa Beta Gamma Delta Omicron BA.1 | Omicron BA.2 |Omicron BA.4/5
‘Wuhan 0.5%+ 0.5% | 0.9% +0.7% | 0.9% +0.7% | 0.9% +0.6% | 5.3% +1.6% | 5.8% +1.7% | 6.3% + 1.7%
Alfa 0.5%+0.5% | 0.5%+0.5% | 1.4%+0.7% | 4.8% +1.5%|53% +1.6%| 58%+1.6%
Beta 0.5%+ 0.5% 0.0% +0.0% | 1.8% +0.9% |4.8% +1.5%|5.3% +1.6%| 5.8%+ 1.6%
Gamma 0.5% +0.5% | 0.0% +0.0% 1.8%+0.9% |4.8% +1.5%|53% £1.6%|5.8% + 1.6%
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Omicron BA.1 [4.8% +1.5%[4.8% +1.5%|4.8% +1.5%|53% +1.6% 14% +0.8% | 2.8% +1.1%
OmicronBA.2 |53% +1.6%[5.3% +1.6%[5.3% +1.6%|5.8% +1.6%|1.4% +0.8% 14% +0.8%
Omicron BA.4/5|5.8% +1.6%[5.8% +1.6%|5.8% +1.6% |5.4% +1.6% |2.8% +1.1%|1.4% +0.8%
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MHC 1

Rank Solution Number Global Energy Attractive VAW Repulsive VAW ACE HB
1 5 -18.25 -31.73 13.50 8.92 -2.58
2 8 -0.66 -2.96 0.00 423 0

3 4 3.61 -11.35 342 6.11 -0.51
4 3 8.37 -37.09 8.76 11.57 -3.17
5 1 11.20 -5243 45.96 2347 -6.35
6 9 16.96 -4.12 4.50 7.01 0

7 7 51.02 -18.40 6.07 17.44 -4.27
8 2 89.34 -40.47 113.14 16.22 -3.27
9 6 228.18 -19.86 310.89 8.70 -2.56
10 10 1797.42 -57.63 2294.65 20.38 -3.41

MHC I
Rank Solution Number Global Energy Attractive VAW Repulsive VAW ACE HB
1 9 -30.00 -36.40 18.65 229 -4.38
2 4 -15.52 -44.56 27.61 1543 -4.52
3 10 -2.00 -18.61 11.01 8.11 -1.98
4 6 0.47 -28.62 13.98 11.85 -1.17
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6 1 5.27 -10.62 157 7.71 -1.3
7 2 7.67 -31.51 30.26 8.42 -1.01
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TLR3
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6 7 17.27 -26.00 721 18.52 -3.7
7 3 24.07 -24.65 11.84 10.90 -2.51
8 9, 28.09 -6.96 0.67 743 -1.6
9 2 426.23 -27.26 550.09 13.97 -6.66
10 4 4270.77 -51.42 5405.94 273 -6.72
TLR4

Rank Solution Number Global Energy Attractive VAW Repulsive VAW ACE HB
1 9 -6.59 -29.61 9.50 8.83 -1.62
2 3 6.06 -1.08 0.00 0.40 0

3 5 7.10 -59.72 51.65 20.12 -5.25
4 10 7.34 -29.27 36.85 6.04 -5.67
5 7 8.20 -0.00 0.00 0.00 0

6 4 26.77 -28.04 9.18 15.78 -1.84
7 1 37.17 -62.43 172.07 157 -5.64
8 8 43.62 -17.28 2671 9.73 -3.09
9 6 50.46 -41.14 139.91 9.06 -6.43
10 2 141.28 -2345 200.18 6.74 -1.99
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Povalue 0417 0.008 0.007 075 0437 0216 0531 0.008 009

Duration since the last received vaccine dose and post-vaccination antibody testing

Difference Difference Difference

(iQZ)f Vol Median Q) Median (Q) ‘;8’2 Median (IQ)  Median (IQ) {l‘f’f,'f

change] change]

Median (IQ) Median (IQ)

(n=31) (n=25) (n=31)
1-60 100 4570 2140 664 1580 805 218 1730 1429
days (66.7-319.0) (167.0-7845) @ss-ssy) O (227-965) (68.0-2040) Gis-10y (14.6-793) (49.5-800) Goorssy) | O
[315.5%] [138.0%) [693.6%]
61-295 1195 327.0 (n=164) 49.1 1530 (n=129) 270 1650 (n=164)
days (78.7-219.5) (169.0-935.0) 180.4 00 (227400 (900-2150) 90.7 oy (155-49.6) (45.0-800.0) 1197 =000}
|
(243-701.0) (45.7-1456) (10.1-732.8)
[173.6%] [211.0%] (511.1%]
Povalue 0978 0510 0.978 0.366 0475 100 0855 0855 0432

Normality assumption testing: Kolmogoroy-Smimov test (n > 50)
AntiS: pre-vaccination (p<0.001), post-vaceination (p<0.001), and difference (p<0.001) are non-normally distributed.

Anti N: pre-vaccination (p<0.002) and post-vaccination (p=0.023) are non-normally distributed while difierence was normally distributed (p=0.200).

ACE2 blocking Abs pre (p<0.001) and post-vaccination (p<0.001), and difference (p<0.001) are non-normally distributed.

“P-value obtained from Paired-samples T test assessing difference in means of two-related samples.” P-value obtained from Wilcoxon Signed Ranks test assessing difference in distribution of non-normality distributed and two-related samples. Kruskal-Wallis test assessing
difference between groups of non-normally distributed data. IQR:
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Difference in the hybrid relative to the natural immune response

Anti-S Anti-N ACE2 blocking Ab
Total BAU/ml (n= 195) COI (n=154) AU/ml (n= 197)
(N =197)
n (valid & 2 P- < = < =
%) Median  Median value Median = Median Median = Median
change change change  change change change
(n=97, (n=98, (n=175, | (n=179, (n=98, (n=299,
valid %) valid %) valid %) = valid %) valid %)  valid %)
340, 27.0-
Age median, IQR - year 410 36.01 + 35.07 +
B2 median, v (20-55, 345+84 | 344+83 | 0838° . 342484  0270° : 338+82  0300°
(range, mean + SD) 8.6 8.5
34.50 = 8.3)
years
Nationality 0.380" 0513" 0.497°
Asian 196 (99.5) 96 (376) | 98 (62.4) 75 (49.0) 78 (51.0) 97 (495) | 99 (5055)
African 1(05) 1(1000) | 0(0.0) 0(0.0) 1(100.0) 1(1000) | 0(0.0)
Education 0.387° 0.387° 0.499°
Primary schooling and below 111 (56.3) 53 (48.6) 56 (51.4) 47 (50.0) 47 (50.0) 56 (50.5) 55 (49.5)
Secondary schooling 74 (37.6) 40 (54.1) | 34 (45.9) 26 (50.0) 26 (50.0) 38(514) 36 (48.6)
) UI""'“S"Y andpostgraduate; | 45461) 4(333) 8(66.7) 2 (250) 6(750) 1(333) 8 (667)
evel
Tobacco smoking 0.324° 0.070° 0.055°
(l;“""'"‘ (48) or ehisimoker 58 (29.4) 32(552) | 26 (448) 15(36.6) | 26 (634) 35(603) | 23(39)
Never smoke 139 (70.6) 65 (474) | 72(52.6) 60 (53.1) 53 (469) 63(453) | 76 (547)
Received flu shot
Yes 1(05) - - - - - -
No 196 (99.5) - - - - - -
24.3,21.9-
BMI, median, I +SD)
i median, IQR(mean +:50) | 57 0.465° 0.125° 0.123¢
(24.6 £ 37)
Underweight 9 (4.9) 3(333) 6(66.7) 1(143) 6(85.7) 2(22.2) 7(77.8)
Normal weight 100 (54.1) 48 (485) | 51(515) 37 (47.4)  41(526) 49 (490) 51 (510)
Overweight 58 (31.4) 29(500) | 29 (50.0) 25 (56.8) 19 (43.2) 30 (51.7) 28 (48.3)
Obese 18 (9.7) 11(647)  6(353) 9 (64.3) 5(35.7) (6L 7(389)
Missing 12
Chronic comorbidities 0.042 0249° 0.688°
No 174 (88.8) 90 (520) | 83 (48.0) 63 (467)  72(533) 87 (50.0) 87 (50.0)
Yes, at least one 22 (112) 6(28.6) 15 (71.4) 11(611) | 7(389) 10 (45.5) 12 (54.5)
Missing 1
Re-infection with SARS-CoV-2 0.019° 0.701 0.164°
No 177 (89.8) 92 (526) | 83 (47.4) 67 (493) 69 (50.7) 91(514) 86 (486)
Yes 20 (10.2) 5(25.0) 15 (75.0) 8 (44.4) 10 (55.6) 7(35.0) 13 (65.0)
;/accmauon against SARS-CoV- 0732 0.818° 0.392¢
Only one dose 3(15) 2(66.7) 1(33.3) 1(33.3) 2 (66.7) 1(33.3) 2 (66.7)
Two doses 60 (30.5) 28(467) | 32(533) 22(512) | 21 (488) 26(43.3) 34 (56.7)
do?e:e booster dose - three 134 (680) 67 (50.8) | 65(49.2) 52(481) | 56(519) 71(530) | 63(47.0)
Boosted vs not-boosted (n = b " .
; 0356 0.738 0.214
194)
Not boosted - two doses only 60 (30.5) 28(467) | 32(533) 22(512) | 21 (488) 26(433)  34(56.7)
Boosted with only one dose 134 (69.1) 67 (50.8) | 65(49.2) 52(481) 56 (519) 71(53.0) 63 (47.0)
Vaccine type <0.001 0.156 0.026
BBIBP-CorV (Sinopharm) 182 (92.4) 97 (539) | 83 (46.1) 71(47.7) | 78(523) 96 (527) | 86(473)
One dose 3(16) 2(21) 1(12) 0578 1(14) 2(2:6) 0876 2(2.1) 1(12) 0578
Two doses 47 (25.8) 28 (289) 19 (22.9) 19(268) | 20 (256) 28 (28.9) 19 (22.9)
Three doses 132 (72.5) 67 (69.1) | 63(75.9) 51(718) 56 (71.8) 67(69.1) 63 (759)
rAd26-$+rAd5-S (Sputnik) 11 (5.6) 0 (0.0) 11 (100.0) 3 (100) 0(0.0) 19.1) 10 (90.9)
Mixed vaccine types 4(2.0) 0(0.0) 4(100.0) 1(100.0) 1(100.0) 1(33.3) 3(66.7)
Duration since last vaccine dose | 95.0 (72.0-
and post-vaccination antibody 130.5), 4.0-
testing, median (IQR), range, 295 (109.5 + 0514 0133 9,678
(mean + SD) 63.2)
1- 14 days 5(25) 3 (60.0) 2 (40.0) 4(100) 0(0.0) 2 (40.0) 3 (60.0)
15 - 30 days 8 (4.1) 4(50.0) 4(50.0) 2(33.3) 4(66.7) 5(62.5) 3(37.5)
31 - 60 days 20 (10.2) 6(33.3) 12 (66.7) 6 (40.0) 9 (60.0) 8 (40.0) 12 (60.0)
61 - 295 days 164 (83.2) 84(51.2) | 80 (48.8) 63 (488) | 66 (51.2) 83(50.6) | 81 (49.4)

'for those who have received two doses as they are eligible to be boosted.
“P value extracted from Non-parametric Mann-Whitney U test comparing distribution across groups.” P value extracted from the Fisher’s exact test.° P value extracted from the Chi-square test.
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Total antibodies, Women Men
GMT

(95% Cl), n Neither hypertension nor  Either hypertension or  Neither hypertension n Either hypertension or
diabetes diabetes diabetes diabetes

Age group in years

50 - 54 372 (3.18, 4.35), 464 4.03 (238, 6.82), 59 3.66 (3.06, 4.39), 350 3.54 (219, 5.71), 70

55 - 59 378 (3.22, 4.43), 458 277 (1.97, 3.88), 59 327 (278, 3.85), 328 334 (2,30, 4.84), 62
60 - 64 278 (242, 3.19), 336 313 (213, 4.62), 59 3.39 (2.82, 4.08), 250 338 (2.39, 4.79), 76
65-74 2.64 (242, 2.89), 576 331 (2,54, 4.31), 92 271 (243, 3.01), 455 2,60 (2.06, 3.27), 75
>74 242 (2.19, 2.67), 322 225 (1.82, 2.79), 87 2.73 (245, 3.05), 368 2.46 (1.96, 3.09), 86

P for trend <0.001 < 0.001 <0.001 < 0.001
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Total antibodies, GMT (95% Cl), n Women Men

Non-hypertension Hypertension Non-hypertension Hypertension

Age group in years

50 - 54 3.72 (3.19, 435), 469 4.03 (2,29, 7.07), 54 3.75 (3.15, 4.47), 374 2.86 (1.5, 5.28), 46
55 - 59 3.74 (3.20, 437), 470 2.83 (1.86, 4.30), 47 3.24 (276, 3.79), 341 364 (2.35,5.61), 49
60 - 64 2.82 (2,45, 3.24), 343 2.89 (1.95, 4.29), 52 337 (2.82, 4.04), 257 3.44 (2.36, 5.04), 69
65-74 266 (2.44, 2.89), 608 352 (2.46, 5.03), 60 268 (243, 2.97), 481 275 (1.98, 3.82), 49
>74 240 (2,17, 2.65), 353 229 (1.86, 2.82), 56 268 (242, 2.98), 390 264 (1.97, 3.54), 64
P for trend <0001 <0001 <0001 <0.001

Total antibodies, GMT (95% Cl), n Men

Non-diabetes Diabetes Non-diabetes Diabetes

Age group in years

50 - 54 3.83 (3.29, 4.47), 500 234 (1.04, 5.28), 23 359 (3.02, 4.27), 382 423 (2.1, 850), 38
55 - 59 3.74 (3.20, 4.36), 481 2,65 (1.77, 3.95), 36 3.32 (2.84, 3.88), 356 292 (1.83, 4.66), 34
60 - 64 2.79 (243, 3.19), 367 3.44 (2,03, 5.82), 28 344 (2,90, 4.09), 294 2.96 (1.83, 4.80), 32
65-74 2.72 (2.49, 2.98), 620 274 (2.08, 3.60), 48 270 (2.4, 2.99), 493 253 (1.82,3.52), 37
>74 241 (2.20, 2.64), 375 2.12 (136, 3.31), 34 273 (247, 3.03), 428 1.89 (1.48, 2.41), 26
P for trend <0001 0.015 <0.001 <0001

Total antibodies, GMT (95% Cl), n Neither hypertension nor diabetes Either hypertension or diabetes

Age group in years

50 - 54 3.69 (3.28, 4.16), 814 3.76 (2.65, 5.32), 129
55 -59 3.56 (3.17, 3.99), 786 3.04 (2.37,3.91), 121
60 - 64 3.02 (2.70, 3.38), 586 327 (2.53,4.22), 135
65 - 74 2.67 (2.49, 2.86), 1,031 297 (249, 3.54), 167
>74 2.58(2.39, 2.78), 690 235 (2.02, 2.75), 173

P for trend < 0.001 < 0.001
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Characteristics

Age group in years

10-19*

<10

20-29

30-39

40-49

50-59

60-69

70-79

80+

Sex

Female

Male

Nationality®

Qatari

Bangladeshi

Egyptian

Filipino

Indian

Nepalese

Pakistani

Sri Lankan

Sudanese

Other nationalities®

Reason for RT-qPCR testing
Survey

Clinical suspicion

Contact tracing

Healthcare routine testing
Port of entry

Pre-travel

Individual request

Other

RT-qPCR test study-period month
23 March-21 April, 2021

22 April-21 May, 2021

22 May-20 June, 2021

21 June-20 July, 2021

21 July-19 August, 2021

20 August-18 September, 2021
19 September-18 October, 2021
19 October-06 November, 2021
Vaccination status
Unvaccinated

One dose

Two doses

<3 months before the RT-qPCR test

3-<6 months before the RT-qPCR test
6-<9 months before the RT-qPCR test

>9 months before the RT-qPCR test
Three doses

<1 month before the RT-qPCR test
>1 month before the RT-qPCR test
Prior SARS-CoV-2 infection

Never

<90 days before the study RT-qPCR test'"

Prior infection®

RT-qPCR Ct value

Mean (SD)

23.53 (5.25)
2591 (5.02)
23.56 (5.24)
23.40 (5.09)
23.63 (5.05)
23.93 (5.01)
23.52 (4.29)
22,59 (5.51)
23.36 (5.43)

23.49 (5.15)
23.83 (5.13)

23.88 (5.28)
23.80 (4.98)
23.86 (5.08)
23.42 (5.02)
23.81 (5.20)
23.37 (5.15)
24.34 (5.21)
23.17 (4.90)
23.09 (4.61)
23.72 (5.16)

24.30 (4.85)
22.78 (4.89)
23.46 (5.03)
23.45 (4.93)
27.24 (5.46)
26.82 (5.25)
24.14 (5.15)
24.86 (6.00)

22.79 (4.73)
23.16 (4.70)
26.81 (5.64)
28.73 (3.86)
30.48 (2.85)
30.13 (3.66)

23.59 (5.08)
23.21 (491)

24.26 (5.31)
29.16 (4.58)
30.28 (4.50)

o

25.13 (2.72)

23.19 (5.01)
27.82 (4.17)
2583 (5.31)

Univariable analysis

B coefficient p-value
[95% CI]
Ref.
2.38 [1.72, 3.04] <0.001
0.04 [-0.50, 0.58] 0.892
-0.13 [-0.63, 0.38] 0.623
0.10 -0.44, 0.65] 0.705
0.40 [-0.26, 1.06] 0235
-0.01 [-0.98, 0.97] 0.988
-0.93 [-2.78, 0.92] 0323
-0.17 [-2.98, 2.64] 0.904
Ref.
034 [0.05, 0.63] 0.020
Ref.
-0.08 [-0.66, 0.50 0.790
-0.02 [-0.69, 0.65 0.950
-0.46 [-1.00, 0.08 0.098
-0.07 [-0.51, 0.38 0771
-0.50 [-1.09, 0.08 0.090
0.46 [-0.24, 1.15] 0.197
-0.71 [-1.47, 0.06 0.071
0.79 [-1.82,0.24 0.133
-0.16 [-0.64, 0.31 0506
Ref.
-1.52 [-189, -1.14] <0.001
-0.84 [-1.31, -0.36] 0.001
-0.85 [-1.59, -0.12] 0.023
2.94 [2.29, 3.60] <0.001
2.52 [1.79, 3.24] <0.001
-0.16 [-0.67, 0.35) 0549
0.56 [-0.87, 2.00] 0.442
Ref.
037 [0.07, 0.67) 0.016
4.02 [3.40, 4.65] <0.001
5.94 [5.06, 6.81] <0.001
7.69 [7.16, 821] <0.001
7.34 [6.36, 8.33] <0.001
o
Ref.
-0.38 [-0.82, 0.06 0.091
067 [0.18, 1.16 0.008
557 [4.60, 6.54 <0.001
6.69 [2.93, 10.45 <0.001
™
154 [-5.49, 8.57 0.668
Ref.
463 [421,5.04 <0.001
2.64 [138, 3.89 <0.001

F-test*

p-value

<0.001

0.020

0.132

<0.001

<0.001

<0.001

<0.001

Multivariable analysis’

B coefficient p-value
[95% CI]
Ref.
1.80 [1.22, 2.38] <0.001
-0.00 [-0.50, 0.49] 0991
-0.10 [-0.58, 037 0.666
0.18 [0.33, 0.69] 0495
0.18 [-0.42, 0.79] 0549
-0.21 [-1.08, 0.66] 0629
-1.21 -283, 0.41] 0143
-1.26 [-3.71, 1.19] 0314
Ref.
0.32 [0.04, 0.60 0023
Ref.
0.64 [0.09, 1.19 0023
0.67 [0.08, 1.26 0.026
068 [0.18, 1.19 0.008
062 [0.19, 1.05 0.005
053 [-0.03, 1.09] 0.064
0.45 [0.18, 1.07] 0159
0.22 [-0.48, 0.92 0540
0.39 [0.51, 1.29 0.401
0.43 [0.00, 0.86] 0048
Ref.
-147 [-1.81, -1.14] <0.001
-0.68 [-1.11,-0.25] 0.002
-1.44 [-2.10, -0.78) <0.001
0.35 [0.27, 0.97] 0268
055 [-0.12, 1.22] 0.108
-0.25 [-0.71, 021] 0.293
-2.19 [-3.48, -0.91] 0.001
Ref.
0.15 [0.13, 0.44] 0297
3.13 [2.53, 3.74] <0.001
465 [3.80, 5.50] <0.001
6.41 [5.82, 7.00] <0.001
6.07 [5.09, 7.05] <0.001
Ref.
0.34 [-0.05, 0.73 0.087
0.68 (023, 1.13 0.003
048 [-0.47, 1.43 0325
0.06 [-3.28, 3.40 0973
™
239 [-3.76, 8.53 0446
Ref.
414 [375,4.53 <0.001
204 [091,3.17 <0.001

Cl, confidence interval; Ct, cycle threshold; RT-qPCR, real-time reverse-transcription polymerase chain reaction; Ref., reference; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2; SD, standard deviation.

*The two-tailed F-test of the univariable analysis.

"RT-qPCR Ct value was adjusted for age-group, sex, nationality, reason for RT-qPCR test, RT-qPCR test study-period month, vaccination status, and prior SARS-CoV-2 infection.
*The 10-19 age group was chosen as a reference, and not the <10 age group, because of the different manifestations of this infection in small children.
*Nationalities were chosen to represent the most populous groups on Qatar.

*These comprise 60 other nationalities in Qatar.

**Inestimable quantity due to very small number of observations.
" An RT-qPCR-positive test that occurred <90 days before the study RT-qPCR-positive test was included separately in the analysis, but was not considered a prior infection. This RT-qPCR-
positive test and the study RT-qPCR-positive test may both reflect the same prolonged infection.

¥prior infection was defined as an RT-qPCR-positive test that occurred >90 days before the RT-qPCR-positive test that is included in the study.
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Protein Localization Function selected refer-

ences
PLY Cytoplasm/Cell Activates the classical complement pathway, triggers inflammation, induces apoptosis or necroptosis, and (23, 24)
membrane directly causes cell toxicity
PspA Surface protein Inhibits complement component C3, reduces phagocytosis of pneumococci, binds to lactoferrin (25, 26)
PspC Surface protein Inhibits complement component C3 and factor H, binds to secretory IgA, binds to host cell laminin (27, 28)
receptor
Pht Surface protein Inhibits complement component C3, binds zinc ion (29, 30)
PsaA Surface protein Binds to manganese and zinc ion, resists oxidative stress, reduces bacterial adhesion, (31, 32)
PiuA Surface protein Transports ferrichrome iron (33, 34)

PiaA Surface protein Transports heme iron (33,34)
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Characteristics

Age group in years

10-19*

<10

20-29

30-39

40-49

50-59

60-69

70-79

80+

Sex

Female

Male

Nationality®

Qatari

Bangladeshi

Egyptian

Filipino

Indian

Nepalese

Pakistani

Sri Lankan

Sudanese

Other nationalities®

Reason for RT-qPCR testing
Survey

Clinical suspicion

Contact tracing

Healthcare routine testing
Port of entry

Pre-travel

Individual request

Other

RT-qPCR test study-period month
23 March-21 April, 2021

22 April-21 May, 2021

22 May-20 June, 2021

21 June-20 July, 2021

21 July-19 August, 2021

20 August-18 September, 2021
19 September-18 October, 2021
19 October-06 November, 2021
Vaccination status
Unvaccinated

One dose

Two doses

<3 months before the RT-qPCR test

3-<6 months before the RT-qPCR test
6-<9 months before the RT-qPCR test

>9 months before the RT-qPCR test
Three doses

<1 month before the RT-qPCR test

>1 month before the RT-qPCR test

Prior SARS-CoV-2 infection

Never

<90 days before the study RT-qPCR test'"

Prior infection®

RT-qPCR Ct value

Mean (SD)

22.45 (5.07)
24.89 (4.91)
21.90 (5.12)
21.93 (5.15)
21.53 (5.24)
21.75 (4.95)
22.01 (5.28)
22.16 (4.76)
21.39 (5.29)

21.92 (5.12)
22.58 (5.26)

22.19 (4.95)
21.75 (5.63)
22.88 (5.22)
21.30 (5.46)
2221 (5.27)
2250 (5.17)
2250 (5.29)
2321 (5.54)
22.89 (4.85)
2251 (5.25)
22.44 (5.08)
2116 (4.99)
2225 (5.15)
2271 (5.26)
22.94 (5.18)

(527)

(5.41)

(

24.14
2215
2520 (5.18)
21.55 (4.55)
21.54 (4.89)
22,64 (5.69)
20.34 (4.44)
21.90 (5.07)
2347 (541)

)

)

23.04

(
(
(
(
(
(
(5.20
(

21.76 (4.85
2256 (5.31)
2122 (5.24)
22.26 (4.98
21.98 (5.04

21.62 (4.97,

(4.98)
(5.04)
(4.97)
18.81 (2.22)
17.72 (235)

19.80 (2.97)

21.93 (5.11)
25.32 (4.95)
24.00 (5.64)

Univariable analysis

B coefficient
[95% CI]

244
-0.55
-0.52
-0.92
-0.70
-0.44
-0.29
-1.06

-0.44
0.68
-0.89
0.02
031
0.30
1.02
0.70
0.32

-1.28
-0.19
0.27
0.50
1.70
-0.29
2.76

-0.02
1.09
-1.22
0.35
1.92
1.49
0.21

-1.34

-0.30
-0.59
-0.94
-3.75

-4.84

-2.77

339
2.07

Ref.

[2.04, 2.84]

[-0.91, -0.18]
[-0.86, -0.18]
[-1.30, -0.54]
[-1.20, -0.20]
-1.17, 0.29]
-1.73, 1.16)
-3.37, 1.26]

Ref.
0.4, 0.87]

Ref.
-1.01, 0.13]
024, 1.13]

-1.35, -0.44]
-0.30, 0.34]
-0.24, 0.86]
-0.19, 0.80]
[0.20, 1.83]

-0.06, 1.46]
0.02, 0.61]

Ref.
-1.61, -0.94]
-0.60, 0.23
-0.49, 1.04]
0.16, 0.85
1.25,2.15
-0.79, 0.21

1.63, 3.89

Ref.

-0.85, 0.81
0.25, 1.93
-1.99, -0.44]
-0.38, 1.07]
1.19, 2.65

0.72, 2.26)
-0.59, 1.01]

Ref.
-2.02, -0.66)

-0.72, 0.11
-0.84, -0.33]
-1.40, -0.49]
-8.85, 1.35

-12.05, 2.36)
-7.87,2.33

Ref.
3.05,3.72]
1.13, 3.02]

p-value

<0.001
0.003
0.003

<0.001
0.006

0.239

0.696

0.371

<0.001

0.129
0.002
<0.001
0.900
0.265
0.227
0.015
0.073
0.034

<0.001
0.371
0.483
0.004

<0.001
0.262

<0.001

0.968
0.011
0.002
0.348
<0.001
<0.001
0.606

<0.001

0.151
<0.001
<0.001

0.149

0.188

0.287

<0.001
<0.001

F-test*

p-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Multivariable analysis"

B coefficient
[95% CI]

245
-0.54
-0.64
-1.00
-0.84
-0.61
-0.04
-0.76

0.48

-0.14
-0.08
-0.37
-0.29
-0.12
0.07
033
0.87
0.13

-1.36
-0.37
-0.17

0.93
1.80
0.36
-0.01

-0.17
1.05
-1.14
0.13
1.55
1.23
0.26

0.87
0.22
-0.23
-3.15

-3.46

-1.18

4.03
215

Ref.
2.07,2.83]
-0.91, -0.16]
-1.00, -0.28)
-1.39, -0.61]
-1.34, -0.34]
-1.33,0.10]
-142,1.33]
-2.94, 1.42]

Ref.
0.27, 0.70]

Ref.

071, 0.42
-0.50, 0.35
-0.83, 0.08
-0.64, 0.06
[-0.68,0.44
-0.41, 056
-0.44, 110
0.16, 1.58]
-0.15, 0.42

Ref.
-1.69, -1.04]
-0.76, 0.03
-0.90, 0.56
0.59, 1.27]
137, 2.22]
-0.14, 0.86]
-1.11, 1.09

Ref.

-0.96, 0.61
0.24, 1.86]
-1.90, -0.38]
-0.58, 0.84
0.84, 2.27]
047, 1.98]
-0.53, 1.05

Ref.
-0.29, 0.99

047, 1.27]
-0.06, 0.50
-0.72, 0.25
-7.87, 1.57

-10.16, 3.23]
-5.89,3.53

Ref.
3.69, 4.38]
1.26, 3.04]

p-value

<0.001
0.005
<0.001
<0.001
0.001
0.093
0.952
0.493

<0.001

0.617
0.717
0.106
0.110
0.677
0.766
0.399
0.017
0.357

<0.001
0.073
0.650

<0.001

<0.001
0.158
0.989

0.666
0.011
0.003
0.722
<0.001
0.001
0.524

0.281

<0.001
0.120
0.347
0.191

0.311

0.623

<0.001
<0.001

CI, confidence interval; Ct, cycle threshold; RT-qPCR, real-time reverse-transcription polymerase chain reaction; Ref., reference; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2; SD, standard deviation.

*The two-tailed F-test of the univariable analysis.

'RT-qPCR Ct value was adjusted for age-group, sex, nationality, reason for RT-qPCR test, RT-qPCR test study-period month, vaccination status, and prior SARS-CoV-2 infection.
*The 10-19 age group was chosen as a reference, and not the <10 age group, because of the different manifestations of this infection in small children.
*Nationalities were chosen to represent the most populous groups on Qatar.

"These comprise 87 other nationalities in Qatar.

" An RT-qPCR-positive test that occurred <90 days before the study RT-qPCR-positive test was included as a separate category in the analysis and was not considered a prior infection. This

RT-qPCR-positive test and the study RT-qPCR-positive test may both reflect the same prolonged infection.
*Prior infection was defined as an RT-qPCR-positive test that occurred =90 days before the RT-qPCR-positive test that is included in the study.
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150,963 R'T-qPCR-confirmed SARS-CoV-2 infections between March 23 and
November 6, 2021 (end of study)

131,538 Infections were excluded

because no RT-qPCR genotyping

was conducted on these samples
to ascertain variant status

19,425 Eligible RT-qPCR-genotyped SARS-CoV-2 infections
with ascertained variant status

1,070 Infections excluded
59 Were Gamma infections

727 Were not tested using the
TagPath COVID-19 Combo Kit

93 Had no available RT-qPCR
cycle threshold test value

190 Had a vaccination record with
ChAdOx1 nCoV-19 (AZD1222)

1 Had a history of vaccination with
two different vaccines

18,355 RT-qPCR-genotyped SARS-CoV-2 infections with ascertained
Alpha, Beta, or Delta variant status

3,347 SARS-CoV-2 5,576 SARS-CoV-2 9,432 SARS-CoV-2
infections with the infections with the infections with the
Alpha variant Beta variant Delta variant
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Characteristics Total sample Alpha infections Beta infections Delta infections

N (%) N (%) N (%) N (%)
Total N 18,355 3,347 (18.2) 5,576 (30.4) 9,432 (51.4)
Demographic characteristics
Median age (IQR) — years 32 (22-41) 33 (25-41) 33 (25-42) 31 (18-40)
Age group in years — no. (%)
<10 1,956 (10.7) 286 (8.5) 424 (7.6) 1,246 (13.2)
10-19 2,042 (11.1) 277 (8.3) 499 (8.9) 1,266 (13.4)
20-29 3,670 (20.0) 749 (22.4) 1,104 (19.8) 1,817 (19.3)
30-39 5,624 (30.6) 1,104 (33.0) 1,866 (33.5) 2,654 (28.1)
40-49 3,263 (17.8) 627 (18.7) 1,074 (19.3) 1,562 (16.6)
50-59 1,240 (6.8) 210 (6.3) 431 (7.7) 599 (6.4)
60-69 426 (2.3) 73 (22) 134 (2.4) 219 (2.3)
70-79 95 (0.5) 14 (0.4) 31 (0.6) 50 (0.5)
80+ 39 (0.2) 7(0.2) 13 (0.2) 19 (0.2)
Sex
Female 6,805 (37.1) 1,114 (33.3) 1,813 (32.5) 3,878 (41.1)
Male 11,550 (62.9) 2,233 (66.7) 3,763 (67.5) 5,554 (58.9)
Nationality"
Bangladeshi 1,077 (5.9) 240 (7.2) 470 (8.4) 367 (3.9)
Egyptian 1,098 (6.0) 115 (3.4) 311 (5.6) 672 (7.1)
Filipino 1,555 (8.5) 340 (10.2) 582 (10.4) 633 (6.7)
Indian 3,873 (21.1) 855 (25.5) 1,355 (24.3) 1,663 (17.6)
Nepalese 1,084 (5.9) 225 (6.7) 459 (8.2) 400 (4.2)
Pakistani 1,017 (5.5) 223 (6.7) 279 (5.0) 515 (5.5)
Qatari 3,903 (21.3) 555 (16.6) 850 (15.2) 2,498 (26.5)
Sri Lankan 488 (2.7) 106 (3.2) 216 (3.9) 166 (1.8)
Sudanese 394 (2.1) 92 (2.7) 108 (1.9) 194 (2.1)
Other nationalities* 3,866 (21.1) 596 (17.8) 946 (17.0) 2,324 (24.6)
RT-qPCR test characteristics
Reason for RT-qPCR testing
Clinical suspicion 6,499 (35.4) 1,067 (31.9) 2,477 (44.4) 2,955 (31.3)
Contact tracing 2,261 (12.3) 404 (12.1) 775 (13.9) 1,082 (11.5)
Healthcare routine testing 532 (2.9) 115 (3.4) 218 (3.9) 199 (2.1)
Survey 2,770 (15.1) 552 (16.5) 938 (16.8) 1,280 (13.6)
Port of entry 3,245 (17.7) 522 (15.6) 291 (5.2) 2,432 (25.8)
Pre-travel 1,243 (6.8) 201 (6.0) 225 (4.0) 817 (8.7)
Individual request 1,620 (8.8) 435 (13.0) 603 (10.8) 582 (6.2)
Other 185 (1.0) 51 (1.5) 49 (0.9) 85 (0.9)
RT-qPCR test study-period month
23 March-21 April, 2021 5,185 (28.2) 1,415 (42.3) 3,564 (63.9) 206 (2.2)
22 April-21 May, 2021 2,502 (13.6) 736 (22.0) 1,262 (22.6) 504 (5.3)
22 May-20 June, 2021 1,287 (7.0) 597 (17.8) 226 (4.1) 464 (4.9)
21 June-20 July, 2021 1,263 (6.9) 258 (7.7) 111 (2.0) 894 (9.5)
21 July-19 August, 2021 3,647 (19.9) 253 (7.6) 326 (5.8) 3,068 (32.5)
20 August-18 September, 2021 2,807 (15.3) 88 (2.6) 87 (1.6) 2,632 (27.9)
19 September-18 October, 2021 976 (5.3) 0 (0.0) 0 (0.0) 976 (10.3)
19 October-06 November, 2021 688 (3.7) 0 (0.0) 0(0.0) 688 (7.3)
Vaccine and natural immunity
Vaccination status
Unvaccinated 12,865 (70.1) 2,760 (82.5) 4,429 (79.4) 5,676 (60.2)
One dose 1,053 (5.7) 239 (7.1) 582 (10.4) 232 (2.5)
Two doses
<3 months before the RT-qPCR test 1,388 (7.6) 258 (7.7) 449 (8.1) 681 (7.2)
3-<6 months before the RT-qPCR test 2,469 (13.5) 86 (2.6) 107 (1.9) 2,276 (24.1)
6-<9 months before the RT-qPCR test 567 (3.1) 3(0.1) 7 (0.1) 557 (5.9)
>9 months before the RT-qPCR test 4(0.0) 0 (0.0) 0 (0.0) 4(0.0)
Three doses
<1 month before the RT-qPCR test 5(0.0) 1 (0.0) 2(0.0) 2(0.0)
>1 month before the RT-qPCR test 4(0.0) 0 (0.0) 0 (0.0) 4(0.0)
Prior SARS-CoV-2 infection
Never 15,785 (86.0) 2,540 (75.9) 4,911 (88.1) 8,334 (88.4)
<90 days before the study RT-qPCR test® 2,362 (12.9) 772 (23.1) 605 (10.9) 985 (10.4)
Prior infection® 208 (1.1) 35 (1.0) 60 (1.1) 113 (1.2)

IQR, interquartile range; RT-qPCR, real-time reverse-transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

"Nationalities were chosen to represent the most populous groups in Qatar.

“These comprise 99 other nationalities in Qatar.

SAn RT-qPCR-positive test that occurred <90 days before the study RT-qPCR-positive test was included as a separate category in the analysis and was not considered a prior infection. This
RT-qPCR-positive test and the study RT-qPCR-positive test may both reflect the same prolonged infection.

SPrior infection was defined as an RT-qPCR-positive test that occurred =90 days before the RT-qPCR-positive test that is included in the study.
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Characteristics RT-qPCR Ct value Univariable analysis F-test* Multivariable analysis™

Mean (SD) B coefficient [95% CI] p-value p-value B coefficient [95% CI] p-value

Age group in years <0.001

10-19* 23.23 (5.39) Ref. Ref.

<10 25.51 (5.06) 2.28 [1.93, 2.63] <0.001 2.18 [1.88, 2.48] <0.001
20-29 23.74 (5.80) 0.52 [0.21, 0.82] 0.001 -0.24 [-0.51, 0.04] 0.091
30-39 23.63 (5.73) 0.41 [0.12, 0.69] 0.005 -0.39 [-0.65, -0.12] 0.004
40-49 23.43 (5.78) 0.20 [-0.11, 0.51] 0.204 -0.52 [-0.81, -0.23] <0.001
50-59 23.55 (5.50) 0.33 [-0.07, 0.72] 0.106 -0.44 [-0.80, -0.09] 0.014
60-69 23.35 (5.31) 0.12 [-0.46, 0.71] 0.677 -0.55 [-1.06, -0.04] 0.036
70-79 22.70 (5.23) -0.52 [-1.68, 0.63] 0.375 -1.01 [-1.99, -0.03] 0.044
80+ 22.86 (5.27) -0.37 [-2.15, 1.42] 0.688 -0.83 [-2.33, 0.68] 0.280
Sex <0.001

Female 23.05 (5.48) Ref. Ref.

Male 24.17 (5.72) 1.13 [0.96, 1.29’ <0.001 0.60 [0.45, 0.76 <0.001
Nationality® <0.001

Qatari 23.13 (5.31) Ref. Ref.

Bangladeshi 24.34 (5.94) 1.20 [0.82, 1.58 <0.001 0.55 [0.20, 0.90 0.002
Egyptian 23.53 (5.38) 0.40 [0.02, 0.77; 0.039 0.23 [-0.09, 0.56] 0.161
Filipino 23.25 (5.72) 0.11 [-0.22, 0.45 0.496 0.19 [-0.12, 0.49] 0.227
Indian 24.40 (5.96) 1.27 [1.02, 1.52 <0.001 0.65 [0.41, 0.90 <0.001
Nepalese 24.31 (5.80) 1.18 [0.80, 1.56 <0.001 0.85 [0.49, 1.20 <0.001
Pakistani 24.23 (5.69) 1.09 [0.71, 1.48 <0.001 0.24 [-0.10, 0.59] 0.170
Sri Lankan 24.18 (5.70) 1.05 [0.52, 1.58 <0.001 0.29 [-0.17, 0.75] 0.217
Sudanese 23.79 (5.06) 0.66 [0.07, 1.24 0.027 0.64 [0.14, 1.14 0.012
Other nationalities’ 23.51 (5.55) 0.38 [0.13, 0.63 0.003 0.29 [0.07, 0.50 0.011
SARS-CoV-2 variant <0.001

Beta** 23.72 (5.14) Ref. Ref.

Alpha 27.89 (5.65) 4.17 [3.94, 4.39; <0.001 2.56 [2.35,2.78 <0.001
Delta 22.31 (5.21) -1.41 [-1.59, -1.24] <0.001 -4.92 [-5.16, -4.67 <0.001
Reason for RT-qPCR testing <0.001

Survey 24.23 (5.52) Ref. Ref.

Clinical suspicion 22.64 (5.42) -1.59 [-1.84, -1.34] <0.001 -1.48 [-1.69, -1.26 <0.001
Contact tracing 23.52 (5.52) -0.71 [-1.02, -0.40] <0.001 -0.53 [-0.80, -0.26 <0.001
Healthcare routine testing 24.20 (5.65) -0.03 [-0.55, 0.49] 0.913 -0.72 [-1.17, -0.28 0.001
Port of entry 24.24 (5.66) 0.01 [-0.27, 0.29 0.934 0.84 [0.59, 1.09] <0.001
Pre-travel 25.66 (5.66) 1.43 [1.06, 1.81 <0.001 1.29 [0.97, 1.62] <0.001
Individual request 24.89 (6.03) 0.66 [0.32, 1.00; <0.001 0.24 [-0.07, 0.54] 0.125
Other 26.11 (5.62) 1.88 [1.05, 2.71 <0.001 -1.01 [-1.73, -0.29 0.006
RT-qPCR test study-period month <0.001

23 March-21 April, 2021 23.39 (5.15) Ref. Ref.

22 April-21 May, 2021 24.20 (5.45) 0.82 [0.55, 1.08 <0.001 1.00 [0.77, 1.23 <0.001
22 May-20 June, 2021 27.50 (6.46) 4.12 [3.78, 4.46] <0.001 4.08 [3.76, 4.39 <0.001
21 June-20 July, 2021 23.07 (5.97) -0.32 [-0.66, 0.02 0.068 2.57 [2.23,291 <0.001
21 July-19 August, 2021 23.29 (5.77) -0.09 [-0.33, 0.14 0.442 3.80 [3.52, 4.09 <0.001
20 August-18 September, 2021 23.96 (5.62) 0.58 [0.32, 0.83 <0.001 4.97 [4.66, 5.29 <0.001
19 September-18 October, 2021 23.04 (5.20) -0.35 [-0.72, 0.03 0.074 4.46 [4.05, 4.87 <0.001
19 October-06 November, 2021 21.76 (4.85) -1.62 [-2.06, -1.18] <0.001 3.66 [3.20, 4.12 <0.001
Vaccination status <0.001

Unvaccinated 23.98 (5.65) Ref. Ref.

One dose 23.93 (5.71) -0.05 [-0.40, 0.31 0.790 0.57 [0.26, 0.87 <0.001
Two doses

<3 months before the RT-qPCR test 24.43 (5.86) 0.45 [0.14, 0.77] 0.004 0.86 [0.59, 1.13 <0.001
3-<6 months before the RT-qPCR test 22.59 (5.40) -1.39 [-1.63, -1.15 <0.001 0.08 [-0.17, 0.32] 0.547
6-<9 months before the RT-qPCR test 21.79 (5.12) -2.19 [-2.66, -1.71 <0.001 -0.26 [-0.72, 0.19] 0.262
>9 months before the RT-qPCR test 18.81 (2.22) -5.17 [-10.68, 0.34 0.066 -3.23 [-7.89, 1.42] 0.173
Three doses

<1 month before the RT-qPCR test 22.99 (5.40) -0.99 [-5.92, 3.94 0.693 -1.36 [-5.52, 2.79] 0.520
>1 month before the RT-qPCR test 19.80 (2.97) -4.18 [-9.69, 1.33 0.137 -1.83 [-6.47, 2.81] 0.439
Prior SARS-CoV-2 infection <0.001

Never 23.14 (5.51) Ref. Ref.

<90 days before the study RT-qPCR test'" 27.65 (4.93) 451 [4.27, 4.74] <0.001 395 [3.73, 4.17] <0.001
Prior infection™ 25.88 (5.93) 2.74 [1.99, 3.48) <0.001 2,07 [1.42, 2.72] <0.001

CI, confidence interval; Ct, cycle threshold; RT-qPCR, real-time reverse-transcription polymerase chain reaction; Ref., reference; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; SD, standard deviation.

*The two-tailed F-test of the univariable analysis.

'RT-qPCR Ct value was adjusted for age-group, sex, nationality, SARS-CoV-2 variant, reason for RT-qPCR test, RT-qPCR test study-period month, vaccination status, and prior SARS-
CoV-2 infection.

*The 10-19 age group was chosen as a reference, and not the <10 age group, because of the different manifestations of this infection in small children.

*Nationalities were chosen to represent the most populous groups on Qatar.

*These comprise 99 other nationalities in Qatar.

“*Beta was chosen as a reference because of interest in directly comparing Delta to Beta infections.

" An RT-qPCR-positive test that occurred <90 days before the study RT-qPCR-positive test was included as a separate category in the analysis and was not considered a prior infection. This
RT-qPCR-positive test and the study RT-qPCR-positive test may both reflect the same prolonged infection.

¥prior infection was defined as an RT-qPCR-positive test that occurred >90 days before the RT-qPCR-positive test that is included in the study.
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Characteristics RT-qPCR Ct value Univariable analysis F-test* Multivariable analysis™

Mean (SD) B coefficient [95% CI] p-value p-value P coefficient [95% CI] p-value

Age group in years <0.001

10-19% 26.24 (5.93) Ref. Ref.

<10 27.60 (5.17) 1.36 [0.43, 2.29] 0.004 1.28 [0.50, 2.06] 0.001
20-29 28.48 (5.50) 2.24 [1.46, 3.01] <0.001 0.20 [-0.49, 0.88] 0.577
30-39 28.12 (5.72) 1.88 [1.14, 2.62] <0.001 0.04 [-0.63, 0.71] 0.910
40-49 27.81 (5.78) 1.57 (0.78, 2.37] <0.001 -0.16 [-0.87, 0.55] 0.661
50-59 27.94 (5.32) 1.70 [0.69, 2.71] 0.001 -0.18 [-1.07, 0.71] 0.694
60-69 27.07 (5.33) 0.83 [-0.62, 2.28] 0.263 -1.14 [-2.38, 0.10] 0.072
70-79 24.88 (6.01) -1.36 [-4.38, 1.66] 0.377 -2.70 [-5.23, -0.17] 0.037
80+ 25.93 (3.81) -0.30 [-4.52, 3.91] 0.887 -0.13 [-3.65, 3.40] 0.943
Sex <0.001

Female 26.24 (5.81) Ref. Ref.

Male 28.71 (5.38) 2.47 [2.07, 2.86] <0.001 0.74 [0.35, 1.13 <0.001
Nationality® <0.001

Qatari 26.21 (5.58) Ref. Ref.

Bangladeshi 29.34 (5.07) 3.13 [2.30, 3.96] <0.001 1.77 [0.98, 2.56 <0.001
Egyptian 26.45 (6.07) 0.24 [-0.87, 1.34 0.674 0.39 [-0.57, 1.35] 0.429
Filipino 26.57 (5.76) 0.36 [-0.38, 1.10 0.339 0.84 [0.14, 1.53 0.019
Indian 29.57 (5.23) 3.36 [2.78, 3.95 <0.001 1.95 [1.36, 2.55 <0.001
Nepalese 29.44 (5.15) 3.23 [2.38, 4.08 <0.001 2:32:[1:51,:3.12 <0.001
Pakistani 28.08 (5.24) 1.87 [1.02, 2.72 <0.001 0.70 [-0.09, 1.50] 0.083
Sri Lankan 27.74 (6.08) 1.53 [0.39, 2.67 0.009 0.72 [-0.31, 1.74] 0.170
Sudanese 26.50 (5.11) 0.29 [-0.92, 1.50 0.635 0.90 [-0.16, 1.96] 0.097
Other nationalities® 27.06 (5.77) 0.85 [0.22, 1.48 0.009 0.66 [0.09, 1.23 0.023
Reason for RT-qPCR testing <0.001

Survey 28.26 (5.43) Ref. Ref.

Clinical suspicion 26.39 (5.87) -1.87 [-2.43, -1.30] <0.001 -1.54 [-2.04, -1.04] <0.001
Contact tracing 27.05 (5.87) -1.21 [-1.92, -0.50] 0.001 -0.54 [-1.15, 0.08] 0.088
Healthcare routine testing 28.20 (5.77) -0.06 [-1.17, 1.05] 0915 -0.42 [-1.38, 0.53] 0.387
Port of entry 28.61 (5.07) 0.35 [-0.30, 1.01 0.291 -0.17 [-0.76, 0.42] 0.568
Pre-travel 30.58 (4.45) 2.32(143,3.21 <0.001 0.01 [-0.77, 0.80] 0.976
Individual request 29.58 (5.18) 1.33 [0.64, 2.02 <0.001 0.38 [-0.23, 0.99] 0.221
Other 28.81 (5.13) 0.56 [-1.02, 2.13 0.490 -1.42 [-2.80, -0.05] 0.042
RT-qPCR test study-period month <0.001

23 March-21 April, 2021 25.15 (5.76) Ref. Ref.

22 April-21 May, 2021 27.82 (5.20) 2.67 [2.23,3.11 <0.001 1.95 [1.53, 2.38] <0.001
22 May-20 June, 2021 31.55 (4.25) 6.40 [5.92, 6.87 <0.001 4.92 [4.43, 5.41] <0.001
21 June-20 July, 2021 30.10 (3.24) 4.95 [4.29, 5.61 <0.001 3.75 [3.09, 4.40] <0.001
21 July-19 August, 2021 30.94 (2.92) 5.79 [5.12, 6.46; <0.001 4.52 [3.84, 5.21] <0.001
20 August-18 September, 2021 32.41 (2.03) 7.26 [6.19, 8.33 <0.001 6.06 [5.00, 7.12] <0.001
19 September-18 October, 2021 - ¥ Bl

19 October-06 November, 2021 il Cald Gl

Vaccination status <0.001

Unvaccinated 27.52 (5.71) Ref. Ref.

One dose 28.32 (5.56) 0.80 [0.06, 1.54] 0.034 1.37 [0.73, 2.00] <0.001
Two doses

<3 months before the RT-qPCR test 30.47 (4.63) 295 [2.24, 3.67] <0.001 1.54 [0.91, 2.18] <0.001
3-<6 months before the RT-qPCR test 30.61 (3.40) 3.10 [1.90, 4.29] <0.001 1.14 [0.04, 2.25] 0.042
6-<9 months before the RT-qPCR test 33.89 (2.36) 6.38 [0.06, 12.69] 0.048 5.10 [-0.32, 10.52] 0.065
>9 months before the RT-qPCR test % 2% %

Three doses

<1 month before the RT-qPCR test 29.24 (-) 1.73 [-9.21, 12.66] 0.757 -4.05 [-13.26, 5.15] 0.388
>1 month before the RT-qPCR test ol % il

Prior SARS-CoV-2 infection <0.001

Never 27.04 (5.88) Ref. Ref.

<90 days before the study RT-qPCR test'" 30.50 (3.79) 3.46 [3.02, 3.90] <0.001 3.07 [2.66, 3.49] <0.001
Prior infection** 32,05 (3.14) 5.01 [3.19, 6.83] <0.001 1.83 [0.24, 3.42) 0.024

CI, confidence interval; Ct, cycle threshold; RT-qPCR, real-time reverse-transcription polymerase chain reaction; Ref., reference; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; SD, standard deviation.

“The two-tailed F-test of the univariable analysis.

'RT-gPCR Ct value was adjusted for age-group, sex, nationality, reason for RT-qPCR test, RT-qPCR test study-period month, vaccination status, and prior SARS-CoV-2 infection.
*The 10-19 age group was chosen as a reference, and not the <10 age group, because of the different manifestations of this infection in small children.

*Nationalities were chosen to represent the most populous groups on Qatar.

*These comprise 63 other nationalities in Qatar.

**Inestimable quantity due to very small number of observations.

" An RT-qPCR-positive test that occurred <90 days before the study RT-qPCR-positive test was included as a separate category in the analysis and was not considered a prior infection. This
RT-qPCR-positive test and the study RT-qPCR-positive test may both reflect the same prolonged infection.

¥prior infection was defined as an RT-qPCR-positive test that occurred >90 days before the RT-qPCR-positive test that is included in the study.
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P value*

Age, mean + SD' (years) 64.63 +10.81 63.92 +10.21 65.46 + 11.41 0.001
Hypertension, n (%) 0.013
Yes 546 (13.36) 269 (10.71) 277 (13.07)
No 4,086 (88.21) 2,243 (89.29) 1,843 (86.93)
I Diabetes, n (%) 0.133
Yes 336 (7.25) 169 (6.73) 167 (7.88)
No 4,296 (92.75) 2,343 (93.27) 1,953 (92.12)
Total antibodies, GMT (95% CI)* (AU/mL) 3.05 (293, 3.18) 3.04 (2.88,3.21) 3.07 (2.89, 3.25) 0.980
Total antibodies, mean (95% CI) (AU/mL) 17.77 (16.13, 19.42) 18.19 (15.90, 20.48) 17.28 (1491, 19.65) 0.589

*Pearson P value, except for the one using an individual test for GMT (95% CI) of the SARS-CoV-2 specific total antibody in AU/mL between women and men.
1SD, standard deviation.
#GMT (95% CI), geometric mean titer (95% confidence interval).
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A total of 4,632 participants included in the final analysis
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7 (2/4P)

2 doses
3855 (3/6)
683 (8/17)
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‘The numbers of doses indicate the total vaccine doses irrespective of the kind received by animals over the course of vaccination. Data are shown as median IFN-y SFU/10° cells (number of

independent experiments/total number of mice) of T-cell responses to the VLV epitope; P — pooled cells from animals in the same group).
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Lungs

SFU/10° cells Prime SFU/10° cells
c1am) M3(IM) 3855 (3/6) M3(IM) P5(IN) 14095 (2/7)
C1(IM)+P5(IN) M3(IM) 3245 (2/7) CI(IN) M3(IN) 10600 (2/5)
c1am) M3(IM)+P5(IN) 2821 (2/7) c1(N) 9746 (2/7)
C1(IM)+P5(IN) M3(IM)+P5(IN) 2493 (2/7) C1(IM) M3(IM)+P5(IN) 8825 (2/7)
CL(IM)+P5(IN) 1943 (2/5) CIIM)+P5(IN) M3(IM)+P5(IN) 8730 (2/7)
M3(IM) P5(IN) 1787 (217) M3(IM)+P5(IN) 7517 (1/2)
c1am) 1467 (4/8) CI(IM)+P5(IN) M3(IM) 7397 (2/7)
c1am) P5(IN) 1414 (1/2) c1am P5(IN) 7265 (112)
CI(N) M3(IN) 1200 (2/5) CLAM)+P5(IN) 7227 (215)
M3(IM)+P5(IN) 1189 (1/2) C1(IM) M3(IM) 4200 (3/7)
M3(IM) 765 (3/6) CLIN) P5(IN) 3050 (2/4)
CI(N) 811 (2/7) c1am) 2708 (4/8)
C1(N) P5(IN) 478 (2/4) M3(IN) 2050 (1/2)
P5(IN) 275 (2/5) P5(IN) P5(IN) 1468 (2/5)
M3(IN) 275 (112) P5(IN) P5(IN) P5(IN) 905 (1/3)
P5(IN) P5(IN) 187 (2/5) M3(IM) 767 (3/6)
P5(IN) P5(IN) P5(IN) 145 (173) P5(IN) 758 (3/8)
P5(IM) 90 (172) P5(IM) 66 (112)

Data are shown as median IFN-y-producing cell frequencies over all experiments in this manuscript (number of independent experiments/number of animals).
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Name in MPXV
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Name in VACV
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A33R
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Location

MV
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EEV

EEV
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MV
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MV

Function and characteristics

Immunodominant virion core protein;
Needed for the progression of the infection

Surface membrane fusion protein;
Binds to cell surface heparan;
Neutralizing antibody target

Envelope protein;

Virus entry into a host;

Cell-cell fusion (syncytial formation);
Neutralizing antibody target

Envelope glycoprotein;

Formation of actin-containing microvilli and cell-to-cell spread of
virion;

Neutralizing antibody target

EEV membrane glycoprotein hemagglutinin;

prevents cell fusion

Palmitylated glycoprotein;

Required for efficient cell spread;

Complement control

Neutralizing antibody target

Surface protein;

Binds heparin and cell surface proteoglycans
Myristylated surface membrane protein;
Virus entry into a host;

Neutralizing antibody target

Ref.
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P for trend
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