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Abstract

:

Oral vaccination against bacterial pathogens that infect via the gastrointestinal tract is highly desirable for both economic reasons and the supposed benefits of local mucosal immunity. However, the majority of oral vaccine trials in humans result in failure. Here we try to assimilate our current knowledge to generate a model to improve vaccine development strategies. A model previously postulated describes the “immunogenicity” of intestinal bacterial species as a sum of the ability of the species to compete with the microbiota, the “pathogenicity index,” and the uniqueness of the species. While this model quite neatly explains the difficulties in generating appropriately attenuated live vaccine strains, it cannot explain the success of fully apathogenic or inactivated high-dose vaccines. We therefore propose a step away from focusing on bacterial traits, and towards the most basic requirements of mucosal vaccines: i.e., the delivery of antigen to the gut-associated lymphoid tissues and the ability of that antigen to induce germinal center formation. While the models seem trivial, both suggest that vaccination strategies permitting uncoupling of disease-causing phenomena from immune stimulation will have a much broader safety margin in a diverse human population. Our modified model further suggests the benefits of delivering antigen in the form of high-dose fully apathogenic or sterile particles, combined with relevant adjuvants.
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1. Introduction


Most bacterial pathogens enter the body via mucosal surfaces. The mucosal immune system is compartmentalized [1,2], i.e., immune priming at systemic sites does not usually induce strong antibody and T cell responses at mucosal surfaces and vice versa. This suggests that local priming is preferable for induction of optimal local immune responses. Beyond the advantage of inducing local immunity, oral vaccines are also subject to less stringent regulatory requirements for purification, and are very well suited for rapid mass vaccination as highly trained medical personnel are not needed for application. Nevertheless, currently only two oral vaccines against bacterial infection are licensed for use in humans: Salmonella enterica serovar Typhi (S. Typhi) (VivotifTM) [3] and Vibrio cholerae (V. cholerae) (DukoralTM, ShancholTM) [4]. This reflects the difficulty of developing effective oral vaccines. Indeed, since the gastrointestinal tract is colonized from birth on with a dense microbial consortium and is repeatedly flooded with food antigens, induction of adaptive immunity in this compartment is necessarily tightly regulated. Peterson and Cardona recently proposed a basic summation model (hereafter referred to as “Peterson and Cardona’s basic summation model”), in order to predict the intensity of the adaptive immune response raised against an intestinal microbial species. In this model, the intensity of adaptive immunity is determined by the sum of (a) a bacterial species’ capacity to compete with the microbiota, (b) the “pathogenic index”, i.e., a sum of the abilities of the microorganisms to harm the host and change the intestinal ecosystem, and (c) its antigenic uniqueness when compared to previously colonizing organisms or self [5]. This crystallizes the principle that has largely guided oral vaccine production, generating strains of pathogens that retain sufficient virulence to compete with the microbiota, but avoid unacceptable pathology in healthy hosts. However, as many mucosal pathogens take advantage of intestinal inflammation to compete with the microbiota [6,7], these behaviors are necessarily linked in live organisms, generating a very narrow therapeutic window. Intriguingly, the Peterson and Cardona’s basic summation model cannot account for the success of fully inactivated oral vaccines, such as the currently licensed oral cholera vaccines. Using these concepts as a backbone, we will here try to summarize the current state of our understanding of high-affinity secretory IgA (sIgA) induction in response to oral vaccination and further develop the theoretical framework behind targeted induction of high-affinity sIgA. The issue of whether high-affinity sIgA alone is sufficient to protect from infection is highly pathogen-specific and well reviewed elsewhere [8,9,10].




2. Models of Oral Immunogenicity


2.1. The Capacity to Compete with the Microbiota and the Pathogenic Index: Attenuation and Over-Attenuation


The majority of the bacterial oral vaccination field has focused on developing attenuated strains of pathogens or carrier organisms. In recent years, many different strategies to generate safe, live-attenuated vaccines have been investigated. Live vaccine strains need to be sufficiently attenuated in order to avoid persistent colonization and induction of unacceptable clinical symptoms; on the other hand, over-attenuation can lead to loss of immunogenicity. This balance is challenging to achieve.



Largely owing to its promise as a vaccine carrier, a large number of rationally attenuated Salmonella vaccine strains have been developed. Similar work on V. cholera vaccine strains has been reviewed elsewhere [11,12]. In Salmonella, attenuation is achieved by deletion of a variety of genes encoding for proteins required for either key steps in bacterial metabolism, or signaling and regulation of virulence factors. All strategies result in impaired survival of the vaccine strain after oral administration. The targeted genes encode for proteins involved in aromatic amino acid biosynthesis (aroA, aroC, aroD) [13,14,15,16,17], galactose biosynthesis (galE), heat shock protein (htrA) [18,19,20], guanine or purine nucleotide biosynthesis (guaA, guaB purA, purB, purE, purH) [21], adenylate cyclase signalling (cya, crp) [22,23,24,25], two-component regulatory systems (phoP, phoQ) [26,27,28], regulators of protein metabolism (clpP, clpX) [29], outer membrane proteins (ompC, ompF, ompR) [21], and DNA recombination and repair pathways (recA, recB, recC) [21]. Although many of these studies demonstrated successful vaccination protection in mouse models [21], most of them failed in human clinical trials, often due to unfavorable side effects in healthy volunteers [30,31,32]. An additional threat with any live-attenuated oral vaccine is the risk to immunocompromised individuals who are vaccinated or, worse still, may be exposed to a vaccine strain shed in the feces or saliva of vaccinated individuals. Attenuated intestinal bacterial pathogens are known to cause severe disease in a range of inherited and acquired immunodeficiencies [33,34,35]. As logic dictates, considerable effort is now being invested into production of further attenuating mutations and combinations of attenuations. Some recent studies have been performed in immunocompromised mice with superattenuated Salmonella Typhimurium (S. Typhimurium) strains, harboring an additional mutation (e.g., ferric uptake (fur), a putative itaconyl-CoA hydratase (SL1344_3093), antimicrobial resistance (mig-14), or hemolysin expression (hha)) on top of the defect in the structural protein type III secretion system 2 (ssaV) [36,37,38,39]. Although it was shown that these superattenuated strains were safer compared to less attenuated vaccine strains, they were still able to colonize tissues and safety was only reported at early time points after application in immunodeficient animals. Thus, frequently the level of attenuation required to induce an immune response is not sufficient to avoid disease.



The reasons for this are reasonably clear from our knowledge of the intestinal and tissue colonization dynamics of non-typhoidal Salmonellae. Virulence factors expressed from Salmonella Pathogenicity Islands 1 and 2 (SPI1 and 2) are required to invade into epithelial cells and survive in phagocytes in the lamina propria [40]. However, only a very small fraction of invading bacteria appear to survive this invasion process [41]. The purpose of this largely suicidal behavior thus appears to be active induction of intestinal inflammation, subsequent shifting of the microbiota composition, and the generation of an optimal intestinal niche for Salmonella replication and transmission [6,41,42]. Any mutation that decreases the functionality of SPI1 and 2 will decrease the virulence and tendency to cause disease, but in the absence of intestinal inflammation, Salmonella competes poorly with the microbiota and cannot reach high numbers in the intestinal lumen or gut-associated lymphoid tissues (GALT) [43].



Interestingly, the licensed human typhoid oral vaccine strain Ty21a was generated many decades ago by non-specific chemical mutagenesis [44] and carries hundreds of point mutations and shifts in genome structure, such that no single mutation can be identified unequivocally as the causative mutation [45]. This strain satisfies the requirements of sufficient colonization to induce high-affinity sIgA in most vaccinees with relatively rare pathological sequelae. The question remains: is this the best that can be achieved, and if not, why not?



An unfortunate confounding factor in murine models of Salmonella vaccination and infection is that very low numbers of bacteria, almost regardless of attenuation, enter a persistent, highly resistant state in the GALT [46,47]. This almost permanent colonization can provide adaptive-immunity-independent protection in challenge infection experiments due to niche occupancy [48]. As this is not considered a relevant protective mechanism in the human system, this compounds the problems of translating protection elicited by live-attenuated vaccines in the murine model into human and veterinary medicine.




2.2. Novel Strategies to Uncouple Competitiveness from Pathology: Auxotrophy and Delayed Attenuation in Vivo


Curtiss et al. have pioneered strategies to uncouple loss of virulence from loss of competitiveness. They used deletion-insertion mutation strategies to obtain strains that are only virulent in the presence of arabinose, permitting what they refer to as “delayed attenuation.” The virulence genes targeted were fur, phoPQ, rpoS, and crp [49]. In vitro culture conditions, where arabinose is supplemented into the media, allow preparation of an inoculum expressing all virulence traits and with the ability to withstand stresses encountered within the gastrointestinal tract (mucin penetration, attachment to epithelium, invasion into epithelium) at early time points post vaccination. Due to the absence of free arabinose in the healthy intestine, the bacteria lost their virulence after a few generations and the vaccinated mice survived even very high vaccination doses.



An alternative uncoupling strategy is regulated lysis of the vaccine strain in vivo [50]. These vaccine strains are able to colonize host lymphoid tissues and induce a robust immune response, but spontaneously lyse after a short period in vivo. To this end, an S. Typhimurium strain has been generated that cannot synthesize the critical cell wall component meso diamino-pimelic acid (m-DAP). In vitro growth is normal in the presence of supplemented m-DAP, but as this supplement is not freely available at high concentrations in vivo, cell wall synthesis is impaired and bacteria lyse, releasing relevant antigen within tissues. m-DAP auxotrophic strains of S. Typhimurium were good inducers of high-affinity sIgA and IgG antibody responses both towards Salmonella outer membrane proteins and to a recombinantly expressed Streptococcus pneumoniae antigen in mice.



These strategies are extremely elegant concepts with the potential to uncouple loss of virulence and loss of competitiveness. Nevertheless, both arabinose and m-DAP are abundant in the intestine within higher-order molecular structures and in some situations, particularly in dysbiosis, free small molecules including sugars can accumulate [51]. Thus the safety of such strains, particularly in individuals with some degree of pre-existing inflammation, remains to be proven. If cross-feeding can be completely avoided, vaccine strains with delayed attenuation and/or lysis in vivo could be a useful strategy to effectively and safely induce mucosal immune responses [52].




2.3. Can the “Pathogenic Index” Take a Zero Value?


A postulate of Peterson and Cardona’s basic summation model is that in order to achieve immune response competitiveness, pathogenic index and uniqueness must add up to more than the threshold level. This necessarily means that two out of three values could theoretically be zero if the third was sufficiently high. As discussed above, live-attenuated vaccine strains are potent inducers of mucosal and systemic antibody responses and many have been shown to be protective in challenge experiments. The reason behind the high potential of live-attenuated vaccines in inducing intestinal high-affinity sIgA responses has been linked to a certain requirement for pathogenicity. Martinoli et al. [2] demonstrated that a high dose of attenuated but invasive S. Typhimurium (ΔaroA) can cross M cells and were found in large numbers in Peyer’s patches. This invasiveness correlated with the enlargement of the PP, the activation of immune cells, and the release of high-affinity sIgA in the feces. In contrast, although low numbers of noninvasive S. Typhimurium (ΔaroAinvA) were detected in the PP, they did not induce immune cell activation in this site, and they did not lead to high-affinity sIgA release. Using the non-typhoidal salmonellosis model, Endt et al. demonstrated that acute mucosal inflammation is required to elicit immune responses protecting from enterocolitis [48]. In their work, they demonstrate that when streptomycin pre-treated mice are vaccinated with 5 × 107 avirulent S. Typhimurium (ΔinvGsseD) that do not induce intestinal inflammation, no O-antigen specific high-affinity sIgA is induced. Non pre-treated mice inoculated with a low dose of a standard vaccine strain also fail to respond. In these non-pretreated mice, the vaccine strain remains at a density of below 109 cfu/g feces, which seems to be below the threshold for induction of high-affinity sIgA [53]. In both of these situations, lack of adaptive immunity correlates with rapid, microbiota-dependent clearance of the vaccine strain from the intestine. Thus, at least in the standard live Salmonella system, it appears that some degree of pathogenicity (indeed the induction of some pathology) is essential for the vaccine strain to be able to compete with the intestinal microbiota and grow to a sufficient density/frequency to induce O-antigen specific high-affinity sIgA.



The requirement for a basal level of pathogenicity has also been suggested for enterohemorrhagic E. coli (EHEC). Nagano et al. demonstrated that adhesion of EHEC to intestinal epithelial cells is essential for induction of high-affinity sIgA responses in the intestine. In the absence of virulence factors permitting bacterial adhesion, no high-affinity sIgA was induced. Further, administration of heat-killed EHEC was ignored by the mucosal immune system [54].



In all of these examples, “pathogenicity” has multiple roles. Firstly, as discussed above, induction of inflammation in the intestine tends to be coupled to niche generation for the invading pathogens that are highly resistant to many innate immune defenses [40]. Secondly, damage to host cells and invasion across barriers not normally crossed by microbiota species provide “second signals” for activation of professional antigen-presenting cells. Typically this results in activation of “pattern recognition receptors” and “danger recognition receptors” that increase the expression of co-stimulatory molecules and polarizing cytokines [55]. This should increase the tendency to generate active germinal center reactions in the GALT.



There are, therefore, both good logical reasons why pathogenicity may be required in an oral vaccine, and abundant literature demonstrating that the absence of expression of virulence factors and lack of pathology abrogate immunogenicity. However, in almost all of the systems discussed so far, the authors worked with bacterial vaccine inoculums, typically of fewer than 109 bacteria per mouse [2,48,53,54]. Using these doses, it appears that the bacteria need to replicate and expand in the intestinal lumen and/or tissues to reach sufficient densities to be recognized by the immune system. It appears that an alternative strategy does exist in which both the pathogenicity and the competitiveness with the microbiota can take zero values. Such a strategy has been meaningfully applied by Hapfelmeier et al. [53]. In this study high levels of high-affinity sIgA against a completely apathogenic E. coli K-12 could be induced in the complete absence of pathology if sufficient bacteria were inoculated [53]. Interestingly, using an auxotrophic strain that could not replicate in vivo, they could demonstrate that the dose requirement of more than 109 bacteria per mouse was similar in germ-free and colonized mice. This effectively disproves the necessity for pathogenicity in the induction of high-affinity sIgA. If sufficient antigen is inoculated, clearly enough antigen reaches the GALT without any need to compete with the microbiota or induce pathology.



In line with this, the currently available cholera vaccines ShancholTM and DukoralTM both consist of inactivated whole cells. ShancholTM contains three strains of V. cholerae O1 and one of V. cholerae O129 and is orally administered in two doses of 1.75 × 1011 cells in a 14-day schedule. DukoralTM consists of whole cell V. cholerae O1 plus recombinant cholera toxin B subunit (rCTB) and is administered on a similar schedule. Both vaccines are inactivated by either formalin treatment or heat. The major difference between ShancholTM and DukoralTM is the presence of rCTB. These vaccines were always assumed to work due to the presence of cholera toxin, either at very low concentrations in the inactivated whole cells or additionally added in recombinant form. The cholera toxin is one of very few known mucosal adjuvants that can promote immunity, also for soluble antigens administered orally [56]. It was claimed that the whole cell preparation has a synergistic effect in combination with recombinant cholera toxin [57]; however, in controlled trials such a synergistic effect could not be demonstrated [58]. In line with the above work from Hapfelmeier et al., the dose of killed bacteria given with these vaccines may actually be sufficient to induce mucosal immunity, without any additional adjuvant. The potential for fully inactivated or completely apathogenic vaccines to be immunogenic, despite identical “uniqueness” to fully virulent strains, suggests that the basic summation model proposed by Peterson and Cardona, while quite appropriate for describing the response to bacterial strains of the microbiota, is not sufficient to guide mucosal vaccine development. A better approximation than “pathogenicity” and “competitiveness” may be to consider the more host-centric concepts of the tendency for antigen to be delivered to GALT and the ability to induce germinal center formation.



It remains to be demonstrated whether IgA responses against high-dose apathogenic vaccines are induced due to very high bacterial antigen loads in the small intestine, which never occur with live-attenuated strains that predominantly expand after arrival in the large intestine [59,60,61], or if high loads of non-invasive bacterial antigen in the large intestine are sufficient.




2.4. The Tendency of Antigen to Enter the GALT: Importance of Being Particulate


The two inactivated cholera vaccines demonstrate that high-affinity sIgA responses can also be induced against sterile antigen. As is necessary for a system to be continuously exposed to high doses of foreign and microbial antigen, the intestinal immune system is rather insensitive to luminal antigens [55]. Therefore, in the absence of tissue invasion or intestinal pathology, a very high concentration of luminal antigen is required for induction of high-affinity sIgA [53]. A further requirement for the induction of high-affinity sIgA responses seems to be that antigen is delivered in particulate form. Peyer’s patches contain M cells that were shown to take up large antigens such as bacteria, particles, and viruses and deliver them to the underlying follicles to initiate immune responses [62,63]. How soluble antigen is sampled in the intestine is not well known, although a recent study by Howe and colleagues implicated a role for a goblet-cell-associated passageway [64]. However, this study did not elucidate a role for antigen sampled by this route in adaptive immunity. Indeed, although there are some contradictory studies [65,66,67], the general dogma is that the feeding of large amounts of soluble antigen leads to the induction of oral tolerance. Oral tolerance has been defined as unresponsiveness to systemic challenge with antigens previously administered orally, e.g., lack of delayed type hypersensitivity reactions and failure to boost systemic IgG responses [68]. This process is thought to play a crucial role in preventing hypersensitivity reactions towards food antigens, but is potentially confounding in oral vaccination.



One of the first demonstrations that particulate antigen was key to intestinal immune stimulation was performed by Macpherson et al. [69]. They could demonstrate that CD103+ DCs carrying commensal bacteria promote protective intestinal high-affinity sIgA responses. Such protective sIgA responses were not induced when mice were treated with split, heat-killed bacteria. Also Hapfelmeier et al. [53] demonstrated that ultraheat-killed bacteria that have lost structural integrity are much less efficient in inducing high-affinity sIgA responses than their reversibly colonizing live bacterial counterparts or peracetic-acid-killed vaccines. However, it remains to be formally established whether particulate antigen is more efficiently sampled, or whether it is less efficiently digested before reaching the GALT.



In order to benefit from the observation that particulate antigen is a more efficient stimulant of the mucosal immune system, several groups are experimenting with the production of conjugated nanoparticles. Howe et al. [70] recently demonstrated that while high doses of soluble OVA administered orally induced oral tolerance, OVA-coated nanoparticles (NP-OVA) induced systemic IgG1/IgG2c as well as high-affinity sIgA responses. These responses were boosted by subcutaneous injections of OVA + CFA or oral NP-OVA. The description of these prime-boost characteristics are in contrast to Hapfelmeier [53], who described a lack of classical immune memory in his reversible system. This may relate to the nature of the antigen studied (rough E. coli surface structures versus ovalbumin), the nature of the nanoparticles, the mouse system, or other variables not yet considered. It has further been suggested that antigen encapsulation in beta-glucan micro- or nano-particles enhances the mucosal immune response induced after oral application [71]. This effect may be due to the interaction of beta glucans with the pattern recognition receptor Dectin-1, which has also been suggested to play a role in transcytosis by M cells [72]. The microparticulate nature may also promote more efficient antigen delivery. Inclusion of other M-cell-targeting moieties such as sIgA, specific lectins, or DEC205-binding proteins into nanoparticles may also enhance M cell transcytosis from the gut lumen into the Peyer’s patches [73], thus further improving antigen delivery.




2.5. The Requirement for Oral Adjuvants


In the blood, spleen, and peripheral lymph nodes, it has long been noted that generation of effective memory responses requires not just antigen, but also adjuvant [74]. In the case of oral vaccines constructed by inactivating whole bacteria, large quantities of ligands for innate immune receptors are necessarily delivered with the bacterial antigens. Nevertheless, these ligands appear to be relatively weak stimuli in the intestinal tract. Hapfelmeier et al., using a fully apathogenic E. coli (that nevertheless contains high concentrations of toll-like receptor ligands and other “pathogen-associated molecular patterns”), observed an additive, rather than synergistic, boosting effect on the high-affinity sIgA response [53]. This would be consistent with poor adjuvanticity of this strategy. Two compounds that demonstrate strong adjuvanticity for the induction of high-affinity sIgA are cholera toxin (and the closely related heat-labile toxin from E. coli) and retinoic acid, a product of vitamin A metabolism. Cholera toxin B subunit, the toxin portion responsible for translocating the catalytic A subunit across the plasma membrane, appears to function by disrupting homeostatic signaling in epithelial cells [75] after binding to surface GM1 receptor. This seems to generate a “danger signal” that translates well into local germinal center formation. The Cholera toxin A subunit, and the corresponding catalytic domain of heat-labile toxin from E. coli, are ADP-ribosylating agents [76]. Considerably greater toxicity is observed when using the holotoxins (A and B subunits together) as adjuvants, albeit associated with increased adjuvant activity [77]. The B subunits alone are therefore more commonly applied as they better balance the induction of immunity with the presence of unacceptable pathology.



In contrast, retinoic acid itself induces the expression of gut-homing addressins [78] and can directly modulate T cell responses [79]. In addition, retinoic acid induces isotype switching to IgA [80,81] and retinoic acid signaling in B cells has been shown to be essential for induction of antigen-specific high-affinity sIgA responses after oral immunization [82]. Several studies have demonstrated a positive effect of retinoic acid as an adjuvant for vaccination against mucosal infections [82,83,84]. Interestingly, a recent study has pinpointed Th17 cells that re-differentiate into follicular helper T cells as an important factor for T-cell-dependent sIgA production [85], suggesting that all three of these phenomena may be linked. It should, however, be noted that this paper specifically considered cholera toxin-induced sIgA responses, which may have specific requirements. As retinoic acid also has the huge advantage of being a vitamin derivative with no negative associations—in contrast to cholera toxin, which is hard to sell to the general public—this is likely to be heavily investigated as a potential oral adjuvant for medical use.




2.6. The Tendency of Antigen to Reach GALT: The Role of Pre-existing Inflammation, Microbiota Composition, and Age


Oral vaccines have been shown to induce diverse levels of seroconversion. The most prominent examples are the failure of the oral polio vaccine in India [86] and the rotavirus vaccine in Africa [87,88], whereas both vaccines confer good protection in developed countries. There is increasing evidence that the state of the host significantly affects the success of oral vaccines, much more so than for parenteral vaccines. Several clinical trials have demonstrated diminished immune responses and/or lower vaccine efficacy of oral vaccines in developing countries, where many mucosal pathogens are endemic [89]. It is very likely that several factors lead to this phenomenon. There appears to be a nutritional factor, including uptake of calories but also micronutrients such as vitamin A [90,91] and zinc [92]. In addition, pre-existing intestinal inflammation (chronic environmental enteropathy) is suspected to be a leading cause of the failure of oral vaccines in people living under poor sanitation and hygiene conditions [93,94]. In endemic regions, it has also been hypothesized that transfer of maternal antibodies present due to recent infection (via placenta or breast milk) could negatively influence the potential of oral vaccines to induce immune responses in young children [89].



Host genetics will also influence the efficacy of an oral vaccine. In a recent study, Majumder et al. correlated variation in seroconversion to an oral cholera vaccine to host genetic differences [95]. Such genetic variations are impossible to assess when oral vaccines are studied in single inbred animal models, but should be accounted for in large-scale clinical trials.



Besides pathogenic infection and genetic factors, there is strong evidence that the host microbiota influence the responsiveness to oral vaccines. Generally, highly complex and stable microbiota compositions lower the probability of an incoming novel species (i.e., a live-attenuated vaccine strain) establishing a niche and successfully colonizing the intestine [96]. This so-called “colonization resistance” protects the host from enteric pathogens, but it can also prevent the stable colonization of a live-attenuated vaccine strain. Interestingly, the microbiota can also have more global effects on intestinal sIgA levels. Moon et al. [97] demonstrated that certain species in the intestinal microbiota can degrade the secretory component of sIgA and thereby reduce the levels of total intestinal sIgA. Further, there are numerous studies suggesting that antibiotic treatment either enhances or inhibits the response to oral vaccines [98,99,100]. The variation observed may be due to a highly complex interplay between live-attenuated strains that are differentially susceptible to antibiotics, differential depletion of microbiota constituents, and direct side-effects of certain antibiotics on mammalian cells. Of note, Hapfelmeier et al. [53] found a very similar dose requirement using a non-replicating apathogenic E. coli vaccine in germ-free mice to that observed in fully colonized mice [69], but colonization was associated with rapid attrition of the specific sIgA response. Thus the interaction of the microbiota with intestinal vaccination is potentially highly complex: colonization resistance can prevent sufficient densities of live-attenuated vaccine strains establishing in the intestinal lumen; certain microbiota species can rapidly degrade sIgA; and via interaction with the mucosal immune system, different species may promote or inhibit antigen presentation and signaling induced by mucosal vaccines, and particular species may be associated with faster attrition of mucosal sIgA responses.



Besides having an effect on the levels of total sIgA, the microbiota also shape the sIgA repertoire during an individual’s life. Lindner et al. recently investigated what factors shape the intestinal sIgA repertoire and how stable this system is over time [101]. They demonstrated that each individual harbors a sIgA repertoire that is unique, highly diverse, and polyclonal. Further, they showed that with increasing age, the sIgA repertoire gained diversity and, in the murine model, the total intestinal sIgA levels increase continuously with age.



Together, this raises critical issues in vaccine development. It is absolutely essential that microbiota composition is well controlled in pre-clinical studies to avoid artifacts due to potent effects on the tendency of a vaccine strain to colonize, on the rate of high-affinity sIgA degradation, and on the “natural” IgA repertoire. Perhaps more challenging is that, in most cases, an oral vaccine is pressingly required specifically for the demographic known to respond poorly. It would therefore be highly beneficial for oral vaccine research to develop an animal model that can mimic the persistent infectious burden and nutritional status present in endemic regions and variants of the model that carry some genetic diversity.




2.7. “Uniqueness”: Is There Evidence for Cross-Tolerance and Immunodominance in the Intestine?


The final postulate of the Peterson and Cardona basic summation model is that an organism will be more antigenic if it is more different from microorganisms previously experienced. It is clear that regulatory T cells and the ability of T cells to respond to the cytokine IL-10 are essential to maintain homeostasis in the intestinal immune system [102,103], suggesting an important role in the decision to mount adaptive immune responses. Some degree of Treg specificity for the microbiota is required in order to suppress pathological inflammation induced by the microbiota [104]. However, it remains unclear how important this is in preventing the induction of high-affinity sIgA responses. Some bacterial antigens, in particular the proteins making up the large and small ribosomal subunits, are more than 90% conserved even between phyla in the intestine, suggesting that some antigenic overlap will always exist. Further, Linder et al. demonstrate recruitment of a new subpopulation of B cells after infection with a live-attenuated Salmonella vaccine strain, with minimal changes in the overall plasma cell community, indicating that despite the likely presence of cross-reactive antigen in the microbiota, this does not trigger a rapid memory or immunodominant response [105]. The issue of “uniqueness” may become more important in the case of vaccine carrier strains, where pre-existing immunity against the carrier may prevent induction of any immunity against the recombinant antigen [106,107]. Additionally CTB, when used as an adjuvant, clearly induces antibodies against itself, potentially eliminating its adjuvant effect in subsequent vaccinations.





3. Conclusions: The Perfect Oral Vaccine


In conclusion, the field of oral vaccination against bacterial infection has been heavily focused on developing live-attenuated strains that attempt to optimize the amount of virulence, such that the sum of the remaining “pathogenicity” plus the remaining “competitiveness” is above the required threshold to induce immunity. Given the important effect of the microbiota and chronic infection on the sensitivity of the intestinal immune system, we would suggest that this will always be challenging to tailor to a level suitable for the entire human population. Delayed attenuation and auxotrophy offer much greater tunability, but with the inherent problems of cross-feeding. As high doses of antigen in the complete absence of virulence or competition can clearly induce high levels of high-affinity sIgA, we would suggest that a more trivial model based on host factors clearly critical for antibody responses is actually more informative for vaccine design.



In this simplified model, immunogenicity can be defined as a complex product of the tendency of antigen to reach the GALT, the tendency to induce full germinal center reactions, the sensitivity of the host’s mucosal immune system due to microbiota composition or infection, and (in the case of vaccine carriers or antigenic adjuvants) the uniqueness of the vaccination antigen cocktail. As zero antigen reaching the GALT and zero induction of germinal centers are both incompatible with generation of adaptive immunity, the model cannot be described with simple summation. The relationship between production of high-affinity sIgA, antigen delivery to GALT and induction of germinal center reactions is roughly sketched in Figure 1.
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Figure 1. Theoretical models of high-affinity sIgA induction. (A) Theoretical depiction of Peterson and Cardona’s basic summation model based on competition with the microbiota and pathogenicity versus (B) one based on GALT entry and germinal center formation. Gray shading indicates the areas where high-affinity sIgA responses would be expected to be elicited. Entities known to elicit strong high-affinity sIgA responses are shown with green circles. “!” denotes entities that are incompatible with the model’s predictions. Entities eliciting poor or no antibody responses are shown with a red “X.” High-dose inactivated vaccine behavior can only be explained by the adapted model (B). 
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It naturally follows that a live bacterium that can grow to high densities in the intestinal lumen by competing with the microbiota is more likely to be sampled into the GALT. Pathogenicity that decreases the barrier function of the intestinal epithelium will also increase this parameter. Thus live-attenuated Salmonella vaccine strains fall into the area of the graph expected to generate high-affinity sIgA responses in both models (Figure 1). However, very high doses of sterile particulate antigen, such as the licensed cholera vaccines, have a high value for GALT antigen delivery, but very low values for both pathogenicity and competitiveness with the microbiota. Thus, they would be expected to fail from the basic summation model proposed by Peterson and Cardona, but to fall within the permissive area when GALT entry and ability to induce germinal centers is evoked (Figure 1). The induction of germinal center reactions requires the presence of signals that activate T cells and overcome immune regulatory signals. Classical “pathogen-associated molecular patterns” in very high concentrations in the lamina propria may be just sufficient to achieve this, but are clearly inefficient [53]. However, pathogenicity is likely to deliver a much stronger set of signals that promote germinal center formation along with inflammation. Thus, these two terms extend the parameters suggested by Peterson and Cardona to also describe high-affinity sIgA responses against sterile particulate antigen. Clearly much remains to be understood. A gaping hole in the oral vaccination tool kit is that of appropriate well-tested oral adjuvants that would permit the construction of optimal sterile vaccines. Additionally, we have only considered the factors driving high-affinity sIgA responses to build our extended model. It is rather naive to think that an oral vaccine’s success depends only on its ability to induce high-affinity sIgA—local and systemic T cell responses, as well as systemic antibody responses, may be critical for protection and may have more specific requirements for their generation. Further, the precise antigenic targets of the response will determine whether it is protective or not for each individual pathogen under consideration. Future research on the ability of oral vaccines, or combined parenteral and oral vaccination strategies, to induce relevant T-cell-mediated immunity would allow us to extend this simplified concept of oral immunogenicity to a more comprehensive response. Nevertheless, the modified model points to promising avenues for future oral vaccine research. Standard live-attenuation strategies require hitting a “sweet spot” in the level of attenuation to satisfy the criteria of absence of severe pathology and sufficient immune activation. Given the variation in the human population due to genetics, microbiota composition, and co-infection, this will be almost impossible to achieve at the population level. Development of safe delayed-attenuation or auxotrophic systems would provide a useful alternative, but current strategies carry a high risk of cross-feeding. Use of high-dose apathogenic vaccines, preferably combined with relevant oral adjuvants, appears to be an under-researched area, presumably due to the false idea that sterile antigen is ineffective. However, such strategies have been demonstrated to be effective and completely safe in several models and in two clinically relevant vaccines. Finally, the challenge posed by bacterial vaccine failure in endemic regions of the world needs to be addressed and relevant models for pre-clinical vaccine testing developed to assess the effects of chronic infection and malnutrition on vaccine efficacy.
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