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Abstract

:

Neisseria meningitidis causes a devastating invasive disease but is also a normal colonizer of the human nasopharynx. Due to the rapid progression of disease, the best tool to protect individuals against meningococcal infections is immunization. Clinical experience with polysaccharide conjugate vaccines has revealed that an ideal meningococcal vaccine must prevent both invasive disease and nasal colonization, which confers herd immunity. However, not all meningococcal vaccines are equal in their ability to prevent nasal colonization, for unknown reasons. Herein, we describe recent efforts to utilize humanized mouse models to understand the impact of different meningococcal vaccines on nasal colonization. These mice are susceptible to nasal colonization, and they become immune following live nasal infection or immunization with matched capsule-conjugate or protein-based vaccines, replicating findings from human work. We bring together insights regarding meningococcal colonization and immunity from clinical work with findings using humanized mouse models, providing new perspective into the different determinants of mucosal versus systemic immunity. Then, we use this as a framework to help focus future studies toward understanding key mechanistic aspects left unresolved, including the bacterial factors required for colonization and immune evasion, determinants of nasal mucosal protection, and characteristics of an ideal meningococcal vaccine.
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1. Introduction


Neisseria meningitidis (the meningococcus) is a Gram-negative bacterial pathogen that is an obligate colonizer of the human nasopharynx. Nasal colonization is asymptomatic in nature; however, under rare circumstances, N. meningitidis can penetrate mucosal tissues to cause severe invasive disease [1]. Invasive meningococcal disease most commonly presents as meningitis and sepsis, but may also cause gastrointestinal symptoms, septic arthritis, pericarditis, and invasive pneumoniae [2,3]. If left untreated, invasive meningococcal disease is lethal in upward of 50% of patients [4]. Despite the availability of effective antibiotic treatment options, fatality rates remain above 10%, with a large percentage of survivors experiencing serious lifelong morbidities [5,6]. The most effective way to reduce the burden of invasive meningococcal disease is through immunization, and much effort has been devoted toward the development of meningococcal vaccines.



The most successful meningococcal vaccines currently in use are those that use capsule polysaccharides conjugated to a protein carrier as the vaccine antigen [4]. N. meningitidis serogroups are defined on the basis of capsule polysaccharides to give a total of 13 serogroups, of which six (A, B, C, W, X, and Y) are responsible for the vast majority of invasive meningococcal disease [4]. Vaccines using capsule polysaccharides are available for serogroups A, C, W, and Y. Polysaccharide conjugate vaccines are extremely successful at preventing invasive disease by the respective serogroups in vaccinated individuals, and they have the added effect of preventing N. meningitidis nasal colonization; this has been particularly evident following immunization with capsule-conjugate vaccines targeting serogroup A and those targeting serogroup C [7,8,9,10,11,12,13,14]. Prevention of nasal colonization reduces the transmission of vaccine serogroups through a vaccinated population, thus reducing the risk of invasive disease in unvaccinated or otherwise nonimmune individuals. This immunity to nasal colonization is exemplified in the reduced nasal burden observed during carriage studies, as well as reduced invasive disease documented in unvaccinated individuals. The indirect protection against invasive disease afforded to unvaccinated individuals is referred to as herd immunity [15,16].



Following the success of conjugate vaccines in controlling meningococcal disease through the induction of herd immunity, prevention of nasal colonization is now considered the gold standard to which all future meningococcal vaccines strive [15]. Unfortunately, the immune processes that confer protection against meningococcal nasal colonization are poorly understood, making it difficult to target these processes during vaccine design. This challenge is exacerbated because N. meningitidis does not naturally colonize the nose of any organism other than humans, which hampers understanding of processes related to nasal colonization, as well as preclinical evaluation of vaccines. Without an animal model or an accepted correlate of protection against nasal colonization, meningococcal vaccines have been approved without any predicted effect on mucosal immunity. Impact on nasal colonization is, therefore, only appreciated after vaccine implementation, through large clinical studies and immunization campaigns.



Herein, we describe advances to our understanding of meningococcal colonization through use of humanized mouse models, considering parallels with data from human studies and with emphasis on aspects that can inform vaccine design and testing. Specifically, we consider the relative contribution of classical correlates of immune protection against invasive meningococcal disease, including serum bactericidal assays, versus other effector mechanisms that contribute to mucosal protection. Key in this regard, we highlight the distinction between immune responses elicited by nasal colonization versus parenteral immunization, and we consider differences in the protection afforded by polysaccharide capsule-conjugate versus protein-based vaccines. Lastly, we consider how the mouse-based models can be used to complement findings from human surveillance and vaccine studies to better understand the mucosal lifestyle of N. meningitidis and its complex interplay with the various immune effector mechanisms.




2. CEACAM1-Humanized Mice as a Model for Meningococcal Nasal Colonization


Wild-type mice are not colonized by N. meningitidis. The introduction of a transgene encoding the human carcinoembryonic antigen-related cell adhesion molecule 1 (hCEACAM1) renders mice susceptible to nasal colonization by N. meningitidis [17,18,19]. These transgenic mice, herein referred to as hCEACAM1 mice, present a useful tool to shed light onto the meningococcal lifestyle within the mucosa and host–pathogen interactions that occur during meningococcal nasal infection.



While mice express CEACAM1, Neisseria do not bind the murine ortholog. Expression of the hCEACAM1 transgene mirrors the pattern seen in human tissues and, importantly, is expressed in the nasopharynx where it can be accessed by N. meningitidis during nasal infection [17,19]. Colonization is quantified by the number of colony-forming units (CFU) recovered from the mouse nose at various time points following infection [17]. A diverse array of meningococcal strains are capable of colonizing hCEACAM1 mice, including historically relevant lab strains [17,20], as well as low-passage clinical strains [21]. N. meningitidis binds to hCEACAM1 via its colony opacity-associated (Opa) proteins [17]. Colonization of hCEACAM1 mice is strictly dependent on the interaction between neisserial Opa proteins and mouse hCEACAM1 expression. Opa expression is controlled by phase variation in N. meningitidis and is, therefore, turned randomly ‘on’ and ‘off’ during bacterial growth and division. Bacteria that are genetically opa-deficient fail to colonize the mice [17]. Furthermore, when an inoculum was prepared with only phase variants that had Opa expression turned ‘off’, all bacteria recovered from mice were expressing Opa proteins, thus reflecting an in vivo selection for Opa expression [17]. This finding parallels studies done in human volunteers with Neisseria gonorrhoeae, wherein an inoculum was prepared with Opa expression turned ‘off’, but all bacteria recovered from the urethra of male volunteers were Opa-expressing [22]. Thus, the importance of the interaction between Opa and hCEACAM1 demonstrated in the mouse model is reflective of an important interaction during human infection.



Colonization of hCEACAM1 mice is variable for different strains in terms of rate of colonization (number of mice colonized) and burden of colonization (CFU recovered per mouse). Some strains tested will colonize upward of 90% of infected mice, while others will colonize as few as 20–30% of mice ([17,20,21] and unpublished data). Colonization is also short-term, with most transgenic mice clearing nasal infection within 10–14 days post inoculation, corresponding with the time required for the emergence of an adaptive immune response [17]. In humans, colonization can be chronic and last up to a year [23]. This short-term colonization in mice is likely reflective of the extreme human restricted nature of N. meningitidis, given that the meningococcus binds only the human forms of various host proteins, including those for iron acquisition and complement evasion. The addition of other human factors may increase utility of this model in studying chronic infections. However, in its current form, the hCEACAM1 model still presents an opportunity to study many factors surrounding meningococcal colonization in a living organism, including the innate and adaptive immune responses to infection, as well as testing the efficacy of drugs, immunotherapies, and vaccines.




3. Serum Bactericidal Antibodies and Protection from Invasive Disease


Pathogen-specific antibodies can drive bacterial clearance from a host through a number of different mechanisms. N. meningitidis-specific antibodies that activate the complement system through the classical complement cascade are known as serum bactericidal antibodies (SBA), and they are key in protection against invasive meningococcal disease [4,15,24]. The first observation of a link between anti-N. meningitidis SBA titer and protection against invasive disease was reported in the 1960s [25], and it has been recapitulated over the years. SBA titers are now accepted as a correlate of protection against invasive meningococcal disease, and elicitation of SBA is used as a correlate of protection against invasive disease [25,26,27,28,29,30]. The contribution of SBA to protection against nasal colonization is not well understood; however, recent experiences with protein-based meningococcal vaccines (discussed below) suggests that serum SBA titers do not predict protection against nasal colonization.




4. Infection-Induced Immunity to Nasal Colonization


Rates of N. meningitidis nasal colonization increase through childhood and peak in young adults in industrialized nations [31]. It is generally assumed that, prior to the introduction of vaccines, the majority of young adults would have been colonized intermittently throughout their adolescence. Naturally occurring nasal infection with N. meningitidis induces an antibody response in humans that is detectable in serum and saliva [25,27,32,33,34]. Antibody titers increase with age, corresponding with increased rates of colonization [34]. Ex vivo studies using human tonsil tissues have revealed the presence of N. meningitidis-reactive B and T cells, suggesting that nasal colonization induces the maturation of a local adaptive immune response [35,36]. These studies have been instrumental in increasing our understanding of immune response elicited by the meningococcus in its natural host during its natural state of infection, within the nasal mucosa.



Similar to observations made in humans, nasal infection of hCEACAM1 mice induced an anti-meningococcal antibody response [17,20]. Infection-experienced mice exhibit nasal anti-meningococcal IgA and serum anti-meningococcal IgG, reflecting the salivary and serum antibody responses observed in humans [17,20,33,34]. An advantage of a mouse model is that the infection history of mice can be controlled. Mice are truly naïve to N. meningitidis at the time of infection, thus allowing for the study of the immune response to each infection, as well as the cross-reactivity of this immune response with heterologous strains. Infection-induced immunity in hCEACAM1 mice requires two nasal infections in order to induce immunity to a subsequent nasal challenge [17]. This suggests that a single nasal exposure to N. meningitidis is insufficient to drive immunity to subsequent infections in a mouse model of colonization. It is notable that repeated nasal administration of killed N. meningitidis does not develop sterilizing immunity, indicating that prolonged carriage or other activities of the viable meningococci elicit this response. It is possible that a single chronic infection, as expected to naturally occur in humans, would be sufficient to confer immunity to subsequent colonization, or it may be possible that natural immunity is indeed reliant on repeat nasal exposures throughout an individual’s lifetime [23].



While nasal infection induced a marked local (nasal mucosal) IgA response in the hCEACAM1 mice, it also elicited the production of serum antibodies that exhibited cross-reactivity with heterologous strains of N. meningitidis [20]. Interestingly, antibody cross-reactivity was not limited to strains of the same serogroup of the challenge strain nor to those expressing the same families of immunodominant antigens (such as outer membrane porins) [20]. This suggests that the antibodies induced through nasal infection target diverse antigens on the meningococcus, beyond just the capsule polysaccharides and immunodominant outer membrane porins. Infection-induced immunity to nasal colonization was also cross-protective. Infection-experienced mice were protected from nasal colonization with strains expressing the same capsule type or other major antigens, but not from distantly related strains for which no cross-reactive antibody was detected [20]. This cross-reactive immune response in mice suggests that a human would acquire immunity to numerous strains of N. meningitidis following sustained colonization with a single strain, but exposure to a variety of strains would be necessary to induce immunity to the majority of circulating meningococcal isolates. This is important, given that the meningococcal species is highly genetically diverse [37].



The mouse model for meningococcal nasal colonization presents a novel opportunity to study natural infection-induced immunity in a number of ways. One exciting avenue would be to expand on the information gained from studies using human tonsil tissues to look at meningococcal-specific immune cells in local mucosal tissues, as well as in systemic compartments such as the bone marrow, spleen, and thymus. A key question is whether mucosal N. meningitidis-specific immune cells, such as those observed in human tonsils, are required for immunity against nasal colonization and how they contribute to protection. Within the mouse model, a kinetic analysis of lymphocyte recruitment and activation can be explored, and genetic or other approaches can be used to demonstrate their contribution to immunity. This would reveal the determinants of mucosal protection and provide clarity regarding the breadth of cross-protection afforded by infection.




5. Polysaccharide Conjugate Vaccines


Polysaccharide conjugate vaccines are capable of inducing protection against meningococcal nasal colonization in humans [7,8,9,10,11,12,13,14]. Plain polysaccharides are T-cell-independent antigens that are poorly immunogenic in children and do not induce long-lasting immunity in adults [38]. The covalent linkage of polysaccharides to a protein carrier converts polysaccharides into T-cell-dependent antigens, which results in increased antibody titers post vaccination that are sustained for longer periods of time, most likely due to T helper cells facilitating B-cell maturation [39,40]. However, for historical reasons, the protein carriers used in currently licensed meningococcal conjugate vaccines include either the chemically inactivated tetanus or diphtheria toxoids, or an inactivate mutant of the diphtheria toxin, CRM197, none of which are expressed by N. meningitidis [4]. The protection afforded by these conjugate vaccines will, therefore, be restricted to B cell, plasma cell, and antibody responses to the capsular polysaccharide, since the protein-specific responses are irrelevant to the meningococci. However, parenteral immunization does not elicit mucosal IgA, which is classically attributed to mucosal protection. Given that little is known regarding the effector mechanisms of systemically produced IgG within the nasal mucosa, the relative contribution of complement, opsonophagocytic, or other processes to protection against meningococcal colonization remains unknown.



As noted previously, vaccine-elicited antibodies that induce complement-dependent killing, as measured by SBA, are instrumental in protection against invasive meningococcal infections and are currently used as a correlate of protection during vaccine development [15]. While polysaccharide conjugate vaccines induce robust SBA titers in serum [41], antibody opsonization leading to phagocytic killing of the meningococcus has also been reported as an important mechanism of clearance of N. meningitidis infections [42,43]. Moreover, protection against colonization by other bacterial pathogens has been attributed to antibody-dependent bacterial agglutination [44,45]. Notably in this regard, immunization of hCEACAM1 mice with the serogroup C capsule-conjugate vaccine protected against nasal colonization [17], recapitulating the protection observed in humans. This provides an opportunity to evaluate how anti-capsular antibodies confer immunity against nasal colonization in these mice, and to test whether these processes could be promoted through different vaccination formulations and/or routes of administration.




6. Protein Vaccines


The majority of invasive meningococcal infections in Europe and North America are caused by serogroup B N. meningitidis [46]. While polysaccharide-based vaccines have effectively targeted select serogroups of N. meningitidis, the serogroup B capsule polysaccharides mimic human antigens and are, therefore, unsuitable for use as a vaccine component [47]. Two vaccines, 4CMenB and rLP2086, are currently approved for the prevention of serogroup B N. meningitidis [48,49,50]. This review focuses on the impact of 4CMenB immunization since these have been tested against meningococcal colonization in the CEACAM1-humanized mice.



The 4CMenB vaccine, which contains OMVs and three recombinant proteins, was developed to target serogroup B N. meningitidis [48,49,51,52]. The impact of this vaccine on invasive disease was predicted using SBAs and the meningococcal antigen typing systems (MATs) [53,54,55,56]. These antibody assays predict that 4CMenB immunization should protect immunized individuals against the majority of circulating serogroup B strains in England and Canada [55,56,57]. However, 4CMenB was approved without any ability to predict its impact on nasal colonization. Population studies are ongoing; however, current data suggest that mass 4CMenB immunization does not impact nasal colonization rates [58,59,60,61].



A difficulty with interpreting the impact of 4CMenB immunization on nasal colonization is that this vaccine is a subcapsular vaccine. Unlike experience with capsule polysaccharide vaccines, implementation of 4CMenB is not expected to completely abrogate invasive disease caused by serogroup B strains because the targeted antigens vary in sequence and expression level [62]. However, while 4CMenB was developed with specific focus on serogroup B meningococcal strains, immunization can also impact strains that are not serogroup B due to shared antigens [62]. This means that monitoring total serogroup B nasal colonization rates may not capture the total impact of 4CMenB immunization.



To evaluate the impact of 4CMenB experimentally, hCEACAM1 mice were immunized twice with 4CMenB and challenged with a sepsis model of invasive meningococcal disease or via nasal infection. As expected, based on antibody titers, immunization with 4CMenB was protective against invasive disease by all strains tested [21]. Notably, immunization also protected against invasive challenge by the serogroup W strain Bufa, which expresses 4CMenB vaccine antigen NadA. This experimentally supports the ability of subcapsular vaccines to prevent disease caused by different serogroups.



In contrast to the clear effect on sepsis, 4CMenB immunization did not confer protection against nasal colonization by approximately half of the strains tested [21]. This suggests that antibody responses, while being reliable predictions of protection against invasive disease, do not predict protection against colonization. This finding is in agreement with clinical studies, where immunized individuals are protected against invasive disease, but no observable impact on colonization or herd immunity has been documented [58,59,60,61].



It is instructive that 4CMenB immunization did confer protection against colonization by some of the challenge isolates. Immunization prevented colonization by strain NZ98/254, which matches vaccine antigens PorA and fHbp and is the source of the vaccine’s OMV preparation, and by two out of the three tested low-passage clinical isolates, which matched vaccine antigens PorA, NHBA, and fHbp or PorA and fHbp, respectively [21]. Prevention of colonization by strains that express numerous vaccine antigen matches may suggest that mucosal immunity elicited by 4CMenB requires a high density of targeted epitopes on the bacterial surface, either due to high-level expression or reactivity against multiple antigens. Experimental validation of this point may allow the potential impact of this and other protein-based vaccines on community carriage to be more effectively modeled.




7. Interaction between Human Protein and Immunizing Antigen


By virtue of the fact that protein-based vaccines tend to target essential and surface-expressed virulence factors, most meningococcal protein vaccine antigens interact directly with human proteins. An example of this is factor H-binding protein (fHbp), which is an antigen in both 4CMenB and rLP2086. FHbp complexes directly with human, but not mouse, factor H, to decorate the bacterial cell surface with this complement regulatory protein [42,63]. Factor H is a negative regulator of complement; thus, this serves to protect the bacteria from complement-mediated killing [63,64]. Antibodies binding to fHbp can block the recruitment of factor H to the bacterial surface, thus decreasing bacterial resistance to serum, while also facilitating bacterial killing in an antibody-dependent manner [65]. The advantage to the bacteria afforded by factor H binding, as well as the importance of blocking this interaction, is not captured in a wild-type or hCEACAM1 mouse model, but can be recapitulated in a mouse that expresses transgenic human factor H [66].



The recombinant meningococcal fHbp included in 4CMenB is proposed to bind to human factor H during immunization [67]. This interaction between fHbp and human factor H can shield antigen epitopes from the immune system, as well as reduce the immunogenicity of the vaccine antigen. Indeed, when human factor H-expressing transgenic mice or rhesus macaques (which also express factor H recognized by fHbp) were immunized with intact fHbp, they exhibited lower anti-meningococcal antibody titers than did animals immunized with a factor H binding-defective fHbp mutant [67,68,69]. These data clearly suggest that interaction between an antigen and a host protein upon immunization can be detrimental to vaccine efficacy.



While the fHbp-based studies to date have focused on the relative efficacy of mutant antigens in the context of invasive disease, double transgenic mice, expressing both hCEACAM1 and human factor H, will be required to model both the positive and the negative impacts of immunization with fHbp during mucosal colonization. A similar problem of antigen complexing with host proteins during immunization could occur when using other immunizing antigens and, hence, must be considered during future vaccine development. Indeed, a binding-defective mutant of the bacterial transferrin receptor is more immunogenic and protective than the binding-competent parental form when used as a vaccine immunogen, implying that its complexing with the host iron-binding protein transferrin also interferes with the adaptive response [70]. Notable in this regard, human transferrin is functionally expressed by transgenic mouse lines such that these animals are highly susceptible to invasive infection by N. meningitidis, facilitating testing of vaccine efficacy against invasive disease and allowing comparisons of virulence differences between meningococcal strains [71,72]. Mice co-expressing hCEACAM1 with human transferrin will provide a means to understand the contribution of transferrin receptors to bacterial growth within the mucosa, as well as understand how their complexing with the host-derived transferrin subverts the immune response. The use of additional transgenes or supplements, such as the exogenous administration of human serum proteins, will be required when considering the relative efficacy of vaccines that target other human-restricted virulence factors.




8. Outstanding Questions and Future Directions


While the invasive phases of disease cause the devastating consequences of meningococcal infection, these necessarily follow nasopharyngeal colonization. Thus, effective mucosal immunity will protect the immune individual while also providing herd protection. Despite its importance, the lifestyle of meningococci within mucosal tissues remains poorly understood, and the determinants of sterilizing immunity remain undefined. Exemplifying this point, a number of factors have been associated with increasing an individual’s risk of N. meningitidis nasal carriage, including smoking in British teenagers [73], the dry season in the meningitis belt in Africa [74,75], and previous influenza infection [76], yet a mechanistic explanation for these associations remains unknown. While mouse models cannot replicate all aspects of infection, judicious development and application of new models can allow direct questions such as these to be addressed. Similarly, mechanistic studies comparing the relative efficacy of different immunization strategies can shed light onto what immune processes confer mucosal protection, and how to improve cross-protection so as to provide broad-spectrum coverage against all meningococcal strains. Mouse-based studies with other human upper respiratory tract pathogens, including Streptococcus pneumoniae [77,78,79,80] and Bordetella pertussis [81,82,83,84], highlight the utility of this approach by revealing an unexpected contribution of T lymphocytes as the effectors governing nasal protection. Thus, by combining bacterial and mouse genetics with drug and immune-based interventions, the humanized mouse models can test hypotheses and provide new insight regarding the specific contribution of putative virulence factors to infection and disease, to understand the fine balance between immunity and immunopathogenesis, and to reveal where rational vaccine design may further enhance protection.







Author Contributions


The authors have wrote, read, and agreed to the published version of the manuscript.




Funding


This research was funded by the Canadian Institutes of Health Research (CIHR) MOP-130273 (to S.D.G.-O.) and GSD-16701 (to E.G.C.).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Animal Care Committee of the University of Toronto (protocol code 20011319, approved Nov. 19, 2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The Graphical Abstract was created using BioRender.com.




Conflicts of Interest


S.D.G.-O. is a co-founder and shareholder of Engineered Antigens Inc., which is focused on the protein structure-based design of vaccine immunogens targeting pathogens including Neisseria, and is an inventor on patents describing the design and production of engineered protein-based vaccines. E.G.C. declares no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Balmer, P.; Burman, C.; Serra, L.; York, L.J. Impact of meningococcal vaccination on carriage and disease transmission: A review of the literature. Hum. Vaccines Immunother. 2018, 14, 1118–1130. [Google Scholar] [CrossRef]

	



Campbell, H.; Parikh, S.R.; Borrow, R.; Kaczmarski, E.; Ramsay, M.E.; Ladhani, S.N. Presentation with gastrointestinal symptoms and high case fatality associated with group W meningococcal disease (MenW) in teenagers, England, July 2015 to January 2016. Eurosurveillance 2016, 21. [Google Scholar] [CrossRef] [PubMed]

	



Stinson, C.; Burman, C.; Presa, J.; Abalos, M. Atypical presentation of invasive meningococcal disease caused by serogroup W meningococci. Epidemiol. Infect. 2020, 148. [Google Scholar] [CrossRef] [PubMed]

	



Dretler, A.W.; Rouphael, N.G.; Stephens, D.S. Progress toward the global control of Neisseria meningitidis: 21st century vaccines, current guidelines, and challenges for future vaccine development. Hum. Vaccines Immunother. 2018, 14, 1146–1160. [Google Scholar] [CrossRef] [PubMed]

	



Pace, D.; Pollard, A.J. Meningococcal disease: Clinical presentation and sequelae. Vaccine 2011, 30, B3–B9. [Google Scholar] [CrossRef]

	



Olbrich, K.J.; Müller, D.; Schumacher, S.; Beck, E.; Meszaros, K.; Koerber, F. Systematic Review of invasive meningococcal disease: Sequelae and quality of life impact on patients and their caregivers. Infect. Dis. Ther. 2018, 7, 421–438. [Google Scholar] [CrossRef] [PubMed]

	



Maiden, M.C.J.; Stuart, J.M. Carriage of serogroup C meningococci 1 year after meningococcal C conjugate polysaccharide vaccination. Lancet 2002, 359, 1829–1830. [Google Scholar] [CrossRef]

	



Maiden, M.C.J.; Ibarz-Pavón, A.B.; Urwin, R.; Gray, S.J.; Andrews, N.J.; Clarke, S.C.; Walker, A.M.; Evans, M.R.; Kroll, J.S.; Neal, K.R.; et al. Impact of meningococcal serogroup C conjugate vaccines on carriage and herd immunity. J. Infect. Dis. 2008, 197, 737–743. [Google Scholar] [CrossRef]

	



Ramsay, M.E.; Andrews, N.J.; Trotter, C.L.; Kaczmarski, E.B.; Miller, E. Herd immunity from meningococcal serogroup C conjugate vaccination in England: Database analysis. Br. Med. J. 2003, 326, 365–366. [Google Scholar] [CrossRef]

	



Novak, R.T.; Kambou, J.L.; Diomandé, F.V.K.; Tarbangdo, T.F.; Ouédraogo-Traoré, R.; Sangaré, L.; Lingani, C.; Martin, S.W.; Hatcher, C.; Mayer, L.W.; et al. Serogroup A meningococcal conjugate vaccination in Burkina Faso: Analysis of national surveillance data. Lancet Infect. Dis. 2012, 12, 757–764. [Google Scholar] [CrossRef]

	



Collard, J.-M.; Issaka, B.; Zaneidou, M.; Hugonnet, S.; Nicolas, P.; Taha, M.-K.; Greenwood, B.; Jusot, J.-F. Epidemiological changes in meningococcal meningitis in Niger from 2008 to 2011 and the impact of vaccination. BMC Infect. Dis. 2013, 13, 576. [Google Scholar] [CrossRef]

	



Kristiansen, P.A.; Diomandé, F.; Ba, A.K.; Sanou, I.; Ouédraogo, A.S.; Ouédraogo, R.; Sangaré, L.; Kandolo, D.; Aké, F.; Saga, I.M.; et al. Impact of the serogroup A meningococcal conjugate vaccine, MenAfriVac, on carriage and herd immunity. Clin. Infect. Dis. 2012, 56, 354–363. [Google Scholar] [CrossRef]

	



Kristiansen, P.A.; Ba, A.K.; Ouédraogo, A.-S.; Sanou, I.; Ouédraogo, R.; Sangaré, L.; Diomandé, F.; Kandolo, D.; Saga, I.M.; Misegades, L.; et al. Persistent low carriage of serogroup A Neisseria meningitidis two years after mass vaccination with the meningococcal conjugate vaccine, MenAfriVac. BMC Infect. Dis. 2014, 14, 663. [Google Scholar] [CrossRef] [PubMed]

	



LaForce, F.M.; Djingarey, M.; Viviani, S.; Preziosi, M.-P. Successful African introduction of a new Group A meningococcal conjugate vaccine: Future challenges and next steps. Hum. Vaccines Immunother. 2018, 14, 1098–1102. [Google Scholar] [CrossRef] [PubMed]

	



Borrow, R.; Alarcón, P.; Carlos, J.; Caugant, D.A.; Christensen, H.; Debbag, R.; De Wals, P.; Echániz-Aviles, G.; Findlow, J.; Head, C.; et al. The Global Meningococcal Initiative: Global epidemiology, the impact of vaccines on meningococcal disease and the importance of herd protection. Expert Rev. Vaccines 2017, 16, 313–328. [Google Scholar] [CrossRef] [PubMed]

	



Fine, P.; Eames, K.; Heymann, D.L. “Herd Immunity”: A Rough Guide. Clin. Infect. Dis. 2011, 52, 911–916. [Google Scholar] [CrossRef]

	



Johswich, K.O.; McCaw, S.E.; Islam, E.; Sintsova, A.; Gu, A.; Shively, J.E.; Gray-Owen, S.D. In vivo adaptation and persistence of Neisseria meningitidis within the nasopharyngeal mucosa. PLoS Pathog. 2013, 9, e1003509. [Google Scholar] [CrossRef]

	



Johswich, K.O.; Gray-Owen, S.D. Modeling Neisseria meningitidis Infection in Mice: Methods and Logistical Considerations for Nasal Colonization and Invasive Disease; Humana Press Inc.: Totowa, NJ, USA, 2019; Volume 1969, pp. 149–168. [Google Scholar]

	



Gu, A.; Zhang, Z.; Zhang, N.; Tsark, W.; Shively, J.E. Generation of human CEACAM1 transgenic mice and binding of Neisseria Opa protein to their neutrophils. PLoS ONE 2010, 5, e10067. [Google Scholar] [CrossRef]

	



Johswich, K.O.; McCaw, S.E.; Strobel, L.; Frosch, M.; Gray-Owen, S.D. Sterilizing Immunity Elicited by Neisseria meningitidis carriage shows broader protection than predicted by serum antibody cross-reactivity in CEACAM1-humanized mice. Infect. Immun. 2015, 83, 354–363. [Google Scholar] [CrossRef]

	



Buckwalter, C.M.; Currie, E.G.; Tsang, R.S.W.; Gray-Owen, S.D. Discordant effects of licensed meningococcal serogroup B vaccination on invasive disease and nasal colonization in a humanized mouse model. J. Infect. Dis. 2017, 215, 1590–1598. [Google Scholar] [CrossRef]

	



Jerse, A.E.; Cohen, M.S.; Drown, P.M.; Whicker, L.G.; Isbey, S.F.; Seifert, H.S.; Cannon, J.G. Multiple gonococcal opacity proteins are expressed during experimental urethral infection in the male. J. Exp. Med. 1994, 179, 911–920. [Google Scholar] [CrossRef]

	



Mustapha, M.M.; Marsh, J.W.; Shutt, K.A.; Schlackman, J.; Ezeonwuka, C.; Farley, M.M.; Stephens, D.S.; Wang, X.; Van Tyne, D.; Harrison, L.H. Transmission dynamics and microevolution of Neisseria meningitidis during carriage and invasive disease in high school students in Georgia and Maryland, 2006–2007. J. Infect. Dis. 2020. [Google Scholar] [CrossRef]

	



Acevedo, R.; Bai, X.; Borrow, R.; Caugant, D.A.; Carlos, J.; Ceyhan, M.; Christensen, H.; Climent, Y.; De Wals, P.; Dinleyici, E.C.; et al. The Global Meningococcal Initiative meeting on prevention of meningococcal disease worldwide: Epidemiology, surveillance, hypervirulent strains, antibiotic resistance and high-risk populations. Expert Rev. Vaccines 2019, 18, 15–30. [Google Scholar] [CrossRef]

	



Goldschneider, I.; Gotschlich, E.C.; Artenstein, M.S. Human immunity to the meningococcus. I. The role of humoral antibodies. J. Exp. Med. 1969, 129, 1307–1326. [Google Scholar] [CrossRef] [PubMed]

	



McIntosh, E.D.G.; Bröker, M.; Wassil, J.; Welsch, J.A.; Borrow, R. Serum bactericidal antibody assays—The role of complement in infection and immunity. Vaccine 2015, 33, 4414–4421. [Google Scholar] [CrossRef] [PubMed]

	



Goldschneider, I.; Gotschlich, E.C.; Artenstein, M.S. Human immunity to the meningococcus. II. Development of natural immunity. J. Exp. Med. 1969, 129, 1327–1348. [Google Scholar] [CrossRef]

	



Miller, E.; Salisbury, D.; Ramsay, M. Planning, registration, and implementation of an immunisation campaign against meningococcal serogroup C disease in the UK: A success story. Vaccine 2001, 20, S58–S67. [Google Scholar] [CrossRef]

	



Frasch, C.E.; Borrow, R.; Donnelly, J. Bactericidal antibody is the immunologic surrogate of protection against meningococcal disease. Vaccine 2009, 27, B112–B116. [Google Scholar] [CrossRef] [PubMed]

	



Borrow, R.; Carlone, G.M.; Rosenstein, N.; Blake, M.; Feavers, I.; Martin, D.; Zollinger, W.; Robbins, J.; Aaberge, I.; Granoff, D.M.; et al. Neisseria meningitidis group B correlates of protection and assay standardization—International Meeting Report Emory University, Atlanta, Georgia, United States, 16–17 March 2005. Vaccine 2006, 24, 5093–5107. [Google Scholar] [CrossRef]

	



Christensen, H.; May, M.; Bowen, L.; Hickman, M.; Trotter, C.L. Meningococcal carriage by age: A systematic review and meta-analysis. Lancet Infect. Dis. 2010, 10, 853–861. [Google Scholar] [CrossRef]

	



Pollard, A.J.; Frasch, C. Development of natural immunity to Neisseria meningitidis. Vaccine 2001, 19, 1327–1346. [Google Scholar] [CrossRef]

	



Robinson, K.; Neal, K.R.; Howard, C.; Stockton, J.; Atkinson, K.; Scarth, E.; Moran, J.; Robins, A.; Todd, I.; Kaczmarski, E.; et al. Characterization of humoral and cellular immune responses elicited by meningococcal carriage. Infect. Immun. 2002, 70, 1301–1309. [Google Scholar] [CrossRef] [PubMed]

	



Horton, R.E.; Stuart, J.; Christensen, H.; Borrow, R.; Guthrie, T.; Davenport, V.; Finn, A.; The ALSPAC Study Team; Williams, N.A.; Heyderman, R.S. Influence of age and carriage status on salivary IgA to Neisseria meningitidis. Epidemiol. Infect. 2005, 133, 883–889. [Google Scholar] [CrossRef]

	



Davenport, V.; Guthrie, T.; Findlow, J.; Borrow, R.; Williams, N.A.; Heyderman, R.S. Evidence for naturally acquired T cell-mediated mucosal immunity to Neisseria meningitidis. J. Immunol. 2003, 171, 4263–4270. [Google Scholar] [CrossRef] [PubMed]

	



Vaughan, A.T.; Gorringe, A.; Davenport, V.; Williams, N.A.; Heyderman, R.S. Absence of Mucosal immunity in the human upper respiratory tract to the commensal bacteria Neisseria lactamica but not pathogenic Neisseria meningitidis during the peak age of nasopharyngeal carriage. J. Immunol. 2009, 182, 2231–2240. [Google Scholar] [CrossRef]

	



Pelton, S.I. The global evolution of meningococcal epidemiology following the introduction of meningococcal vaccines. J. Adolesc. Health 2016, 59, S3–S11. [Google Scholar] [CrossRef]

	



Astronomo, R.D.; Burton, D.R. Carbohydrate vaccines: Developing sweet solutions to sticky situations? Nat. Rev. Drug Discov. 2010, 9, 308–324. [Google Scholar] [CrossRef]

	



Rappuoli, R.; De Gregorio, E.; Costantino, P. On the mechanisms of conjugate vaccines. Proc. Natl. Acad. Sci. USA 2019, 116, 14–16. [Google Scholar] [CrossRef]

	



Sun, X.; Stefanetti, G.; Berti, F.; Kasper, D.L. Polysaccharide structure dictates mechanism of adaptive immune response to glycoconjugate vaccines. Proc. Natl. Acad. Sci. USA 2019, 116, 193–198. [Google Scholar] [CrossRef]

	



Bijlsma, M.W.; Brouwer, M.C.; Spanjaard, L.; van de Beek, D.; van der Ende, A. A decade of herd protection after introduction of meningococcal serogroup C conjugate vaccination. Clin. Infect. Dis. 2014, 59, 1216–1221. [Google Scholar] [CrossRef]

	



Granoff, D.M. Relative importance of complement-mediated bactericidal and opsonic activity for protection against meningococcal disease. Vaccine 2009, 27, B117. [Google Scholar] [CrossRef]

	



Plested, J.S.; Granoff, D.M. Vaccine-induced opsonophagocytic immunity to Neisseria meningitidis group B. Clin. Vaccine Immunol. 2008, 15, 799–804. [Google Scholar] [CrossRef] [PubMed]

	



Roche, A.M.; Richard, A.L.; Rahkola, J.T.; Janoff, E.N.; Weiser, J.N. Antibody blocks acquisition of bacterial colonization through agglutination. Mucosal Immunol. 2015, 8, 176–185. [Google Scholar] [CrossRef] [PubMed]

	



Mitsi, E.; Roche, A.M.; Reiné, J.; Zangari, T.; Owugha, J.T.; Pennington, S.H.; Gritzfeld, J.F.; Wright, A.D.; Collins, A.M.; van Selm, S.; et al. Agglutination by anti-capsular polysaccharide antibody is associated with protection against experimental human pneumococcal carriage. Mucosal Immunol. 2017, 10, 385–394. [Google Scholar] [CrossRef] [PubMed]

	



Purmohamad, A.; Abasi, E.; Azimi, T.; Hosseini, S.; Safari, H.; Nasiri, M.J.; Imani Fooladi, A.A. Global estimate of Neisseria meningitidis serogroups proportion in invasive meningococcal disease: A systematic review and meta-analysis. Microb. Pathog. 2019, 134, 103571. [Google Scholar] [CrossRef] [PubMed]

	



Piccini, G.; Torelli, A.; Gianchecchi, E.; Piccirella, S.; Montomoli, E. Fighting Neisseria meningitidis: Past and current vaccination strategies. Expert Rev. Vaccines 2016, 15, 1393–1407. [Google Scholar] [CrossRef]

	



Vernikos, G.; Medini, D. Bexsero® chronicle. Pathog. Glob. Health 2014, 108, 305–316. [Google Scholar] [CrossRef] [PubMed]

	



Watson, P.S.; Turner, D.P.J. Clinical experience with the meningococcal B vaccine, Bexsero®: Prospects for reducing the burden of meningococcal serogroup B disease. Vaccine 2016, 34, 875–880. [Google Scholar] [CrossRef]

	



Perez, J.L.; Absalon, J.; Beeslaar, J.; Balmer, P.; Jansen, K.U.; Jones, T.R.; Harris, S.; York, L.J.; Jiang, Q.; Radley, D.; et al. From research to licensure and beyond: Clinical development of MenB-FHbp, a broadly protective meningococcal B vaccine. Expert Rev. Vaccines 2018, 17, 461–477. [Google Scholar] [CrossRef]

	



Pizza, M.; Scarlato, V.; Masignani, V.; Giuliani, M.M.; Aricò, B.; Comanducci, M.; Jennings, G.T.; Baldi, L.; Bartolini, E.; Capecchi, B.; et al. Identification of vaccine candidates against serogroup B meningococcus by whole-genome sequencing. Science 2000, 287, 1816–1820. [Google Scholar] [CrossRef]

	



Crum-Cianflone, N.; Sullivan, E. Meningococcal vaccinations. Infect. Dis. Ther. 2016, 5, 89–112. [Google Scholar] [CrossRef] [PubMed]

	



Donnelly, J.; Medini, D.; Boccadifuoco, G.; Biolchi, A.; Ward, J.; Frasch, C.; Moxon, E.R.; Stella, M.; Comanducci, M.; Bambini, S.; et al. Qualitative and quantitative assessment of meningococcal antigens to evaluate the potential strain coverage of protein-based vaccines. Proc. Natl. Acad. Sci. USA 2010, 107, 19490–19495. [Google Scholar] [CrossRef] [PubMed]

	



Bettinger, J.A.; Scheifele, D.W.; Halperin, S.A.; Vaudry, W.; Findlow, J.; Borrow, R.; Medini, D.; Tsang, R. Diversity of Canadian meningococcal serogroup B isolates and estimated coverage by an investigational meningococcal serogroup B vaccine (4CMenB). Vaccine 2013, 32, 124–130. [Google Scholar] [CrossRef] [PubMed]

	



Frosi, G.; Biolchi, A.; Sapio, M.L.; Rigat, F.; Gilchrist, S.; Lucidarme, J.; Findlow, J.; Borrow, R.; Pizza, M.; Giuliani, M.M.; et al. Bactericidal antibody against a representative epidemiological meningococcal serogroup B panel confirms that MATS underestimates 4CMenB vaccine strain coverage. Vaccine 2013, 31, 4968–4974. [Google Scholar] [CrossRef]

	



Biolchi, A.; Tomei, S.; Santini, L.; Welsch, J.A.; Toneatto, D.; Gaitatzis, N.; Bai, X.; Borrow, R.; Giuliani, M.M.; Mori, E.; et al. Evaluation of strain coverage of the multicomponent meningococcal serogroup B vaccine (4CMenB) administered in infants according to different immunisation schedules. Hum. Vaccines Immunother. 2019, 15, 725–731. [Google Scholar] [CrossRef] [PubMed]

	



Law, D.K.S.; Lefebvre, B.; Gilca, R.; Deng, S.; Zhou, J.; De Wals, P.; Tsang, R.S.W. Characterization of invasive Neisseria meningitidis strains from Québec, Canada, during a period of increased serogroup B disease, 2009-2013: Phenotyping and genotyping with special emphasis on the non-carbohydrate protein vaccine targets. BMC Microbiol. 2015, 15, 143. [Google Scholar] [CrossRef] [PubMed]

	



Read, R.C.; Dull, P.; Bai, X.; Nolan, K.; Findlow, J.; Bazaz, R.; Kleinschmidt, A.; McCarthy, M.; Wang, H.; Toneatto, D.; et al. A phase III observer-blind randomized, controlled study to evaluate the immune response and the correlation with nasopharyngeal carriage after immunization of university students with a quadrivalent meningococcal ACWY glycoconjugate or serogroup B meningo. Vaccine 2017, 35, 427–434. [Google Scholar] [CrossRef]

	



Deceuninck, G.; Lefebvre, B.; Tsang, R.; Betala-Belinga, J.F.; De Serres, G.; De Wals, P. Impact of a mass vaccination campaign against Serogroup B meningococcal disease in the Saguenay-Lac-Saint-Jean region of Quebec four years after its launch. Vaccine 2019, 37, 4243–4245. [Google Scholar] [CrossRef]

	



Marshall, H.S.; McMillan, M.; Koehler, A.P.; Lawrence, A.; Sullivan, T.R.; MacLennan, J.M.; Maiden, M.C.J.; Ladhani, S.N.; Ramsay, M.E.; Trotter, C.; et al. Meningococcal B vaccine and meningococcal carriage in adolescents in Australia. N. Engl. J. Med. 2020, 382, 318–327. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, H.S.; McMillan, M.; Koehler, A.; Lawrence, A.; Maclennan, J.M.; Maiden, M.C.J.; Ramsay, M.; Ladhani, S.N.; Trotter, C.; Borrow, R.; et al. B Part of It protocol: A cluster randomised controlled trial to assess the impact of 4CMenB vaccine on pharyngeal carriage of Neisseria meningitidis in adolescents. BMJ Open 2018, 8, e020988. [Google Scholar] [CrossRef]

	



Serruto, D.; Bottomley, M.J.; Ram, S.; Giuliani, M.M.; Rappuoli, R. The new multicomponent vaccine against meningococcal serogroup B, 4CMenB: Immunological, functional and structural characterization of the antigens. Vaccine 2012, 30, B87. [Google Scholar] [CrossRef] [PubMed]

	



Madico, G.; Welsch, J.A.; Lewis, L.A.; McNaughton, A.; Perlman, D.H.; Costello, C.E.; Ngampasutadol, J.; Vogel, U.; Granoff, D.M.; Ram, S. The meningococcal vaccine candidate GNA1870 binds the complement regulatory protein factor H and enhances serum resistance. J. Immunol. 2006, 177, 501–510. [Google Scholar] [CrossRef] [PubMed]

	



Giuntini, S.; Reason, D.C.; Granoff, D.M. Complement-mediated bactericidal activity of anti-factor H binding protein monoclonal antibodies against the meningococcus relies upon blocking factor H binding. Infect. Immun. 2011, 79, 3751–3759. [Google Scholar] [CrossRef]

	



Giuntini, S.; Reason, D.C.; Granoff, D.M. Combined roles of human IgG subclass, alternative complement pathway activation, and epitope density in the bactericidal activity of antibodies to meningococcal factor H binding protein. Infect. Immun. 2012, 80, 187–194. [Google Scholar] [CrossRef]

	



Lujan, E.; Pajon, R.; Granoff, D.M. Impaired immunogenicity of meningococcal neisserial surface protein A in human complement factor H transgenic mice. Infect. Immun. 2015, 84, 452–458. [Google Scholar] [CrossRef]

	



Beernink, P.T.; Shaughnessy, J.; Braga, E.M.; Liu, Q.; Rice, P.A.; Ram, S.; Granoff, D.M. A meningococcal factor H binding protein mutant that eliminates factor H binding enhances protective antibody responses to vaccination. J. Immunol. 2011, 186, 3606–3614. [Google Scholar] [CrossRef]

	



Granoff, D.M.; Giuntini, S.; Gowans, F.A.; Lujan, E.; Sharkey, K.; Beernink, P.T. Enhanced protective antibody to a mutant meningococcal factor H-binding protein with low-factor H binding. JCI Insight 2016, 1, e88907. [Google Scholar] [CrossRef]

	



Beernink, P.T.; Vianzon, V.; Lewis, L.A.; Moe, G.R.; Granoff, D.M. A meningococcal outer membrane vesicle vaccine with overexpressed mutant fHbp elicits higher protective antibody responses in infant rhesus macaques than a licensed serogroup B vaccine. mBio 2019, 10, e01231-19. [Google Scholar] [CrossRef] [PubMed]

	



Frandoloso, R.; Martinez-Martinez, S.; Calmettes, C.; Fegan, J.; Costa, E.; Curran, D.; Yu, R.H.; Gutierrez-Martin, C.B.; Rodriguez Ferri, E.F.; Moraes, T.F.; et al. Nonbinding site-directed mutants of transferrin binding protein B enhances their immunogenicity and protective capabilities. Infect. Immun. 2014. [Google Scholar] [CrossRef]

	



Szatanik, M.; Hong, E.; Ruckly, C.; Ledroit, M.; Giorgini, D.; Jopek, K.; Nicola, M.A.; Deghmane, A.E.; Taha, M.K. Experimental meningococcal sepsis in congenic transgenic mice expressing human transferrin. PLoS ONE 2011, 6, e22210. [Google Scholar] [CrossRef] [PubMed]

	



Eriksson, L.; Stenmark, B.; Deghmane, A.E.; Thulin Hedberg, S.; Sall, O.; Fredlund, H.; Molling, P.; Taha, M.K. Difference in virulence between Neisseria meningitidis serogroups W and Y in transgenic mice. BMC Microbiol. 2020, 20, 92. [Google Scholar] [CrossRef] [PubMed]

	



MacLennan, J.; Kafatos, G.; Neal, K.; Andrews, N.; Cameron, J.C.; Roberts, R.; Evans, M.R.; Cann, K.; Baxter, D.N.; Maiden, M.C.J.; et al. Social behavior and meningococcal carriage in British teenagers. Emerg. Infect. Dis. 2006, 12, 950–957. [Google Scholar] [CrossRef] [PubMed]

	



Woringer, M.; Martiny, N.; Porgho, S.; Bicaba, B.W.; Bar-Hen, A.; Mueller, J.E. Atmospheric dust, early cases, and localized meningitis epidemics in the african meningitis belt: An analysis using high spatial resolution data. Environ. Health Perspect. 2018, 126. [Google Scholar] [CrossRef] [PubMed]

	



Philippon, S.; Broutin, H.; Constantin de Magny, G.; Toure, K.; Diakite, C.H.; Fourquet, N.; Courel, M.F.; Sultan, B.; Guégan, J.F. Meningococcal meningitis in Mali: A long-term study of persistence and spread. Int. J. Infect. Dis. 2009, 13, 103–109. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, J.-M.; Guiyoule, A.; Zarantonelli, M.L.; Ramisse, F.; Pires, R.; Antignac, A.; Deghmane, A.E.; Huerre, M.; van der Werf, S.; Taha, M.-K. A model of meningococcal bacteremia after respiratory superinfection in influenza A virus-infected mice. FEMS Microbiol. Lett. 2003, 222, 99–106. [Google Scholar] [CrossRef]

	



Malley, R.; Trzcinski, K.; Srivastava, A.; Thompson, C.M.; Anderson, P.W.; Lipsitch, M. CD4+ T cells mediate antibody-independent acquired immunity to pneumococcal colonization. Proc. Natl. Acad. Sci. USA 2005, 102, 4848–4853. [Google Scholar] [CrossRef]

	



Lu, Y.-J.; Gross, J.; Bogaert, D.; Finn, A.; Bagrade, L.; Zhang, Q.; Kolls, J.K.; Srivastava, A.; Lundgren, A.; Forte, S.; et al. Interleukin-17A mediates acquired immunity to pneumococcal colonization. PLoS Pathog. 2008, 4, e1000159. [Google Scholar] [CrossRef]

	



Wilson, R.; Cohen, J.M.; Jose, R.J.; De Vogel, C.; Baxendale, H.; Brown, J.S. Protection against Streptococcus pneumoniae lung infection after nasopharyngeal colonization requires both humoral and cellular immune responses. Mucosal Immunol. 2015, 8, 627–639. [Google Scholar] [CrossRef]

	



Ramos-Sevillano, E.; Ercoli, G.; Brown, J.S. Mechanisms of naturally acquired immunity to Streptococcus pneumoniae. Front. Immunol. 2019, 10, 358. [Google Scholar] [CrossRef]

	



Wilk, M.M.; Borkner, L.; Misiak, A.; Curham, L.; Allen, A.C.; Mills, K.H.G. Immunization with whole cell but not acellular pertussis vaccines primes CD4 TRM cells that sustain protective immunity against nasal colonization with Bordetella pertussis. Emerg. Microbes Infect. 2019, 8, 169–185. [Google Scholar] [CrossRef]

	



Chasaide, C.N.; Mills, K.H.G. Next-generation pertussis vaccines based on the induction of protective T cells in the rRespiratory tract. Vaccines 2020, 8, 621. [Google Scholar] [CrossRef] [PubMed]

	



Solans, L.; Debrie, A.-S.; Borkner, L.; Aguiló, N.; Thiriard, A.; Coutte, L.; Uranga, S.; Trottein, F.; Martín, C.; Mills, K.H.G.; et al. IL-17-dependent SIgA-mediated protection against nasal Bordetella pertussis infection by live attenuated BPZE1 vaccine. Mucosal Immunol. 2018, 11, 1753–1762. [Google Scholar] [CrossRef]

	



Malley, R.; Srivastava, A.; Lipsitch, M.; Thompson, C.M.; Watkins, C.; Tzianabos, A.; Anderson, P.W. Antibody-independent, interleukin-17A-mediated, cross-serotype immunity to pneumococci in mice immunized intranasally with the cell wall polysaccharide. Infect. Immun. 2006, 74, 2187–2195. [Google Scholar] [CrossRef] [PubMed]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  pathogens-10-00906


  
    		
      pathogens-10-00906
    


  




  





media/file0.png





