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Abstract

:

Rotaviruses are a major cause of acute gastroenteritis in infants and young children worldwide and in many other mammalian and avian host species. Since 2006, two live-attenuated rotavirus vaccines, Rotarix® and RotaTeq®, have been licensed in >100 countries and are applied as part of extended program of vaccination (EPI) schemes of childhood vaccinations. Whereas the vaccines have been highly effective in high-income countries, they were shown to be considerably less potent in low- and middle-income countries. Rotavirus-associated disease was still the cause of death in >200,000 children of <5 years of age worldwide in 2013, and the mortality is concentrated in countries of sub-Saharan Africa and S.E. Asia. Various factors that have been identified or suggested as being involved in the differences of rotavirus vaccine effectiveness are reviewed here. Recognition of these factors will help to achieve gradual worldwide improvement of rotavirus vaccine effectiveness.
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1. Introduction


Rotaviruses (RVs) were discovered as a major cause of acute gastroenteritis (AGE) in infants and young children worldwide more than 40 years ago [1,2] and were also recognized as pathogenic agents in many mammalian and avian species [3]. Since 2006, two live attenuated RV vaccines (Rotarix®, RotaTeq®) have been licensed in >100 countries and are increasingly used in universal mass vaccination (UMV) programs [3,4]. While UMV against RV disease has been highly effective (80–90%—preventing severe RV-associated disease) in high income countries [3,4], their efficacy and effectiveness is much lower (40–60%) in low- and middle-income countries [5,6,7]. RV-associated disease still caused the death of over 200,000 children of <5 years of age worldwide in 2013 [8] and thus represents a major pediatric, public health and economic problem. Here, various factors are reviewed which do or may contribute to the differences in effectiveness of RV vaccines.




2. Rotavirus Structure and Classification


Rotaviruses are triple-layered particles containing 11 segments of genomic double-stranded (ds) RNA, which encode 6 structural proteins (VP1-VP4, VP6, VP7) and 5–6 non-structural proteins (NSP1-NSP5/6). With the exception of RNA segment 11, which codes for NSP5 and NSP6, all RNA segments are mono-cistronic (Figure 1). The viral genome, the RNA-dependent RNA polymerase (VP1) and the capping enzyme (VP3) are surrounded by an inner protein layer (VP2), forming a core. This in turn is surrounded by an intermediate layer (VP6), to form a dual-layered particle (DLP), and the DLP gains an outer layer, consisting of the VP7 protein and the spike-forming VP4, to become a triple-layered particle (TLP), the infectious virion [3,4] (Figure 1).



Rotaviruses represent one of the 15 genera of the Reoviridae family. According to the serological reactivity and genetic variability of VP6 at least 10 groups/species (A- I; J) have been differentiated [10,11,12], and within species various genotypes encoding VP7 (G types) and VP4 (P types) have been observed. Furthermore, a comprehensive classification system defining genotypes of all 11 RNA segments of species A RVs (RVAs) has been developed [13]. Within RVAs, 28 G types, 39 P types and between 14 and 24 genotypes for the remaining nine RNA segments were recognized in 2015 [14]. Species A RVs are the main cause of human acute gastroenteritis (AGE).




3. Rotavirus Replication Cycle


Rotavirus TLPs first attach to sialo-glycans or histo-blood group antigens on the surface of susceptible host cells, followed by interactions with other cellular co-receptors, including integrins and Hsc70. Internalization of RV particles occurs by receptor-mediated endocytosis. Removal of the outer layer of TLPs in endosomes results in the release of DLPs into the cytoplasm from which (+)ssRNAs of all genomic segments are transcribed and released into the cytoplasm. These are either translated into viral proteins or act as templates for the dsRNA genomes of progeny virus. Once enough RV proteins have been synthesized, cytoplasmic inclusion bodies termed ‘viroplasms’ arise in which the viral RNA segments are assorted, packaged into new DLPs and replicated to dsRNA. The rotavirus NSP2 and NSP5 are essential components of viroplasms. The DLPs are released from viroplasms and bind to NSP4, which is inserted into the endoplasmic reticulum (ER), where it serves as an intracellular receptor mediating the transport of DLPs into the ER. NSP4 also acts as a viroporin, releasing Ca2+ ions from intracellular stores, and has other pleiotropic properties. In the ER, DLPs acquire transient envelopes, which are lost as the outer capsid proteins VP4 and VP7 are assembled onto DLPs, resulting in the maturation of infectious TLPs. The progeny virions are released by cell lysis or, in polarized epithelial cells, by a non-classical vesicular transport mechanism (for further details see [3,4]).




4. Rotavirus Pathogenesis


Rotaviruses infect the mature enterocytes at the tips of the villous epithelium of the small intestine. Upon release of replicated viral progeny, epithelia are destroyed leading to an absorptive diarrhea. A crypt cell hyperplasia to replace the lost villous epithelium is accompanied by a secretory diarrhea component. The RV NSP4 acts as an enterotoxin [3], and the enteric nervous system is also involved in the emergence of diarrhea and vomiting [15,16]. The pathogenesis of RV AGE is multifactorial, and various RV gene products (VP3, VP4, VP7, NSP1, NSP2, NSP3 and NSP4) were found to be involved [3,4,17]. Human rotavirus-associated AGE is mainly caused by RVAs of highly variable genotypes, but also by species B rotaviruses (RVB; associated with diarrhea in adults in China) and species C rotaviruses (RVC, associated with some smaller disease outbreaks) [4].




5. Rotavirus Molecular Epidemiology


RVAs are transmitted via the faecal-oral route or by contaminated fomites, and clinical AGE occurs after an incubation period of 1–2 days. In the USA RVAs cause 5–10% of all cases of AGE in children <5 years of age [3]. In countries of temperate climate RVA-related outbreaks/epidemics take place during the winter months, and the genotype combinations P[8]G1, P[4]G12, P[8]G3, P[8]G4, P[8]G19, and P[8]G12 are found in the majority of clinical isolates [18,19]. In African, Asian and South American countries the genotype diversity is much higher, including P[8]G5 and P[6]G8 RVAs [20,21].




6. Immune Responses to Rotavirus Infection/Vaccination


Rotavirus infection elicits non-virus-specific innate and virus-specific acquired immune responses.



A. Innate immune responses (IIR). Upon rotavirus infection, the RNAs produced by actively transcribing DLPs are recognized by RIG-I and MDA-5 receptors, triggering the activation of transcription factors IRF-3 (Interferon [IFN] regulatory factor 3) and NF-κB. Those compounds migrate to the cell nucleus and stimulate IFN stimulatory genes (ISGs) and the production of IFN, which is secreted. Binding of IFN to other cells (which may or may not be infected) leads to activation of the transcription factors STAT1, STAT2 and IRF9, which in turn activate the transcription of ISGs and IFN in the nucleus, conveying an ‘antiviral state’ to the cell. NSP1, one of the non-structural gene products of RV, can block the IRF3/NF-κB pathway of the IIR, leading to the degradation of these compounds [22]. Furthermore, RV infection was observed to block the migration of STAT1, STAT2 and NF-κB to the nucleus, thus preventing host cell immune responses [23] (for further details, see [24]).



B. RV-specific humoral and cellular immune responses. Following rotavirus infection, virus-specific immune responses are elicited in B cells, which produce humoral antibodies, and in T cells, which recognize T-cell specific RV protein epitopes on the surface of infected cells in complexes with major histocompatibility (MHC) class I or class II antigens. The antibodies directed against VP7 and VP4 can neutralize in vitro and protect in vivo as shown by passive transfer experiments [25,26]. VP6-specific antibody can protect by ‘intracellular neutralization’ [27,28]. Passive transfer of RV-specific CD8+ T cells has also been shown to be protective [25].



For RVs, correlates of protection mainly consist of neutralizing antibodies and VP6 antibodies of the IgA class. However, the full correlates of protection against RV disease have not been identified [24,26,29].




7. Prevention of Rotavirus Disease by Vaccination


In 2006, two live attenuated RV vaccines were developed and licensed: Rotarix® and RotaTeq®. Rotarix® is a monovalent vaccine derived from a human G1P[8] isolate. RotaTeq® is pentavalent, consisting of a mixture of human bovine RV mono-reassortants, carrying the genes encoding the human G1, G2, G3, G4 and P[8] proteins in a genetic background of the bovine rotavirus Wi79 (G6P[5]). Both vaccines were found to be highly efficacious in phase III clinical trials [30,31] and have been included into the EPI scheme of childhood vaccination in >100 countries since 2006. Post-marketing studies showed both vaccines to be highly effective at population level [32,33,34]. The finding of ‘herd immunity’ in non-vaccinated children in contact with vaccines was a surprising but welcome ‘side effect’ [32,35].




8. Differences in Rotavirus Vaccine Effectiveness: Causes and Contributing Factors


Whereas vaccine effectiveness was high in high-income countries with protection rates against severe RV-disease at 80–90% [32,33,34], it was 30–50% lower in low- and middle-income countries, mainly in sub-Saharan Africa and S.E. Asia, where the vaccine is needed most [5,6,7,8]. In India, a human bovine natural reassortant vaccine consisting of the 116E RV strain (G9P8[11]) (originally isolated from asymptomatically infected neonates in India) was found to have an efficacy of 49–55% over two years against severe RV disease [36], i.e., to be of similar efficacy as Rotarix and RotaTeq in low income countries (see above), and is now being introduced for universal vaccination [37]. The reasons for the lower effectiveness of RV vaccination in low-income countries are at present not fully understood [24,26,38,39,40]. In the following, various factors by which the life of children in low-income countries differ from that in high-income countries will be reviewed.



8.1. Malnutrition


Malnutrition is associated with dysfunctions of innate and adaptive immunity [41] and therefore is a major factor negatively affecting vaccine efficacy and effectiveness in low- and middle-income countries [42]. Malnutrition has long been recognized as a determinant of adverse patient outcome in hospital [43]. Whereas some studies were uncertain about whether malnutrition decreased the efficacy of vaccination [44,45], more recently such a correlation was considered likely, in particular for RV vaccination [46,47]. Two components of malnutrition have attracted particular attention: zinc deficiency and avitaminoses.



8.1.1. Zinc Deficiency


Zinc deficiency alters immune functions [48] and is known to be a contributing factor to severe diarrhea [49]. Zinc deficiency is a major cause of childhood morbidity and mortality in low-income countries, in particular since it occurs in parallel with deficiencies of other micronutrients and animal proteins [49]. Environmental enteropathy (see below) perturbs zinc homeostasis in the gut [49]. Therefore, zinc supplementation reduces the incidence and severity of diarrhea, but is also considered to be part of a prevention strategy. The evaluation is complex: The zinc concentration in plasma is an indicator of zinc store status, and low concentration can indicate zinc deficiency (71% sensitivity), but this parameter is insensitive to early zinc depletion. Clinical symptoms of zinc deficiency are acne, dermatitis, alopecia, stomatitis, diarrhea, impaired immune responses, and hunger. In Bangladesh, lower zinc levels were found to be associated with an increased risk of developing RV disease [50]. A diarrhea-prevention program in Zambia, which included RV vaccination and zinc supplementation, led to a decrease of diarrhea-associated mortality of children of <5 years of age by 34% [51].




8.1.2. Avitaminoses


Sufficient concentrations of vitamins are vital for appropriate functions of the immune system [52]. In this context, vitamins A and D are of particular importance.



Vitamin A


Besides exerting various other functions, vitamin A is a key regulator of gut immunity (controlling mucosal homing of B and T cells, enhancing IgA antibody formation and secretion mediated by gut dendritic cells, maintaining integrity of mucosal surfaces, etc). Vitamin A deficiency (VAD) is found in 33% of all preschool children globally, but in 44% of them in Africa and 50% in SE Asia. Vitamin A supplementation reduces morbidity and mortality from diarrhea. There is good experimental evidence that prenatal VAD impairs the immune responses to RV vaccination. Gnotobiotic (gn) piglets with VAD have an imbalanced innate immune response to RV vaccination and upon challenge by human RV infection develop exacerbated disease, i.e., prolonged diarrhea, higher RV shedding, and are protected against RV disease to only 25%, compared to 100% of protection of vaccinated animals without VAD [53,54,55]. Vitamin A supplementation is recognized as a measure which increases vaccine efficiency/effectiveness [56].




Vitamin D


Apart from its effects on bone development and stability (deficiency causing rickets), vitamin D is important for the functioning of the immune system, since vitamin D deficiency (VDD) has been found to be associated with decreased immune responses to vaccines [57,58]. Low levels of vitamin D were observed to be associated with severe RV diarrhea compared to vitamin D adequate controls [59]. In gn piglets, vitamin D deficiency was shown to decrease the innate immune response to RV challenge, likely by activation of the RIG-I signalling pathway [60].



In a project jointly funded by Danish, Swedish and Bangladeshi agencies and research groups, using routine cost-benefit analyses, various health care measures were assessed for their benefit to the people of Bangladesh. It turned out that countering malnutrition of small children with micronutrient supplements (iodized salt, vitamin A, zinc) would generate a 19-fold benefit for each $1 spent [61].






8.2. Gut Microbiota


The gut microbiota of children in low-income countries are different from those of children in high- and middle-income countries: they are more diverse and more variable over time [62,63,64]. The composition of gut microbiota affects the immune system in different ways [65,66,67,68,69]. From work with gn pigs, there is good experimental evidence that the presence of gut commensals (probiotics) decreases the clinical symptoms of RV disease [70,71,72,73,74]. Intestinal commensals, e.g., Lactobacillus rhamnosus GG, L acidophilus, L reuteri, Bifidobacterium lactis Bb12, regulate the development of gut immunity and decrease the severity of viral gut infections. Colonisation of gn piglets with LGG and Bb12 increased the immune response to RV vaccine (leading to ‘immune homeostasis’), strengthened the tight junctions of ileum epithelium and resulted in less viral shedding and decreased diarrhea after RV infection, compared to non-colonized piglets. A significant correlation between the composition of the infant gut microbiome and response to RV vaccination was found in Ghana [75]. More generally, the composition of the gut microbiome is important for the pathogenesis of chronic inflammatory bowel diseases and other extra-intestinal infectious diseases [76,77,78,79]. In detail, the pathogenetic mechanisms remain to be explored, since the gut microbiome resides mainly in the large intestine. The gut microbiome is of such importance that a human intestinal tract chip was developed recording the temporal and qualitative dynamics of its composition [80].



Gn piglets can be transplanted with human gut microbiota (HGM) or pig gut microbiota (PGM). HGM-transplanted gn piglets show a switch from Lactobacillus spp (Firmicutes) to Aeromonas, Erwinia, Klebsiella (Proteobacteria) upon challenge with human RV. This change is prevented by pretreatment of piglets with Lactobacillus rhamnosus GG; the reasons for this remain unclear [81]. Selected gram-negative probiotics (e.g., E. coli Nissle) appear to be more effective than gram-positive probiotics (e.g., Lactobacillus spp) in enhancing protective immunity against RV in the gn piglet model [82]. Human enteric dysbiosis and its influence on RV immunity has now been modelled in gn pigs [83], and the effects of fecal transplantations on gut eubiosis is being studied [84].




8.3. Co-Infections


Similar to commensal gut microbiota [75], other infections can affect the outcome of RV vaccination. Thus, concurrent enterovirus infections were correlated with poor IgA seroconversion to RV1 in Bangladesh [85]. In Ecuador, co-infections with RVs and other enteric pathogens (Giardia, E. coli, Shigella) acted synergistically, with the pathogenicity of the individual microbe being enhanced [86,87]. Studies in Taiwan found that children infected with non-typhoid Salmonella spp had a greater risk of bacteremia [88] and prolonged hospitalization [89], when they were co-infected with RVs. Similarly, children infected with Clostridium difficile had more severe clinical symptoms when co-infected with RVs [90].




8.4. Immaturity/Functional Reduction of the Infant’s Immune System


A newborn child’s immune system (both innate and acquired) is immature and develops during infancy and childhood [91]. ‘Intrinsic reduced immunogenicity’ to RV vaccination and natural RV infection is a recognized condition in low-income countries, although it is not very well defined [38].




8.5. Environmental Enteropathy


Environmental enteropathy (EE) is characterized by anatomical and functional abnormalities in the small intestine of children living in low-income countries [92,93]. The response to RV vaccination is decreased in children presenting with biomarkers of EE [94,95].




8.6. Passive Transfer of Maternal Antibodies


8.6.1. Rotavirus Antibody Transferred to Infants in Breast Milk


Data from Africa [47,96], Europe [97] and the USA [98] did not show significant differences in RV vaccine efficacy, which depended on RV-specific antibodies passively transferred by mother’s breast milk. Transient abstention from breastfeeding around the time of RV vaccination did not increase the efficacy of RV vaccination [99,100].




8.6.2. Transplacentally Acquired Maternal RV Specific Antibodies


Studies from Nicaragua [101], India [99,102] and South Africa [103] demonstrated that mother’s RV-specific IgG levels before RV vaccination of their infants was negatively associated with infants’ seroconversion after RV vaccination. A similar trend observed for vaccines in New Zealand lacked significance [104].





8.7. Genetic Factors


Rotaviruses bind to sialic acid residues or histo-blood group antigens (HBGAs) as cellular attachment receptors in a strain-specific manner [105,106,107]. The expression of HBGAs is genetically determined and developmentally regulated [107]. Genetic differences of HBGA expression may affect susceptibility of infection by different RV strains [108] and may impact the efficacy of RV vaccination [109]. More extensive data are required to answer the question of whether the expression of particular HBGAs of infants will determine their susceptibility to RV infections and interfere with the uptake of RV vaccines.





9. Outlook and Future Research


A number of health conditions, by which infants in low income countries differ from children in high income countries have been recognized as being important for the outcome of RV and other microbial infections and of vaccination with one of the licensed RV vaccines. The major problems are: malnutrition with deficiencies in micronutrients (zinc, vitamin A, vitamin D), connected with functional reduction of innate and acquired immune responses, and the gut microbiome which is of proven influence for disease severity and vaccine uptake. Maternal RV-specific antibodies are of variable importance for disease and vaccine outcome. Specific diarrhea prevention programs (supply of nutrients and micronutrients, such as vitamins, combined with RV vaccination) have been shown to be beneficial.



There are still many aspects requiring further research such as: the mechanisms by which micronutrients affect the immune system, the multifactorial influences of the gut microbiome on disease severity and vaccine take, a more detailed characterization of environmental enteropathy, the influence of host genetics on disease severity and outcome of vaccination, and further development of RV vaccines.



There is great optimism that recent achievements in basic virology will contribute to progress in these topics. First, RV replication in stem cell-derived human intestinal enteroid cultures [110] will help to advance many questions of viral replication and pathogenesis. Second, the availability of an entirely plasmid-based reverse genetics system for RVs [111] will help tackle research questions which before could not be addressed and will, besides many other topics, permit progress in the development of safer and widely cross-reactive RV vaccine candidates.
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Figure 1. Structural organization of rotavirus. (a) Rotavirus dsRNA migration pattern by SDS-PAGE and gene-protein assignment (SA11 strain). (b) Surface representation and (c) cut-away of rotavirus structure (based on reconstructions from cryo-electron micrographs): VP4 spikes (red), VP7 outer layer (yellow), VP6 middle layer (blue), VP2 inner (core) layer (green), VP1/VP3 complexes, attached to the inside of the VP2 layer (red). Modified from: Pesavento JB, Estes MK and Prasad BVV. Structural organization of the genome in rotavirus. In: Viral Gastroenteritis, edited by U Desselberger and J Gray, pp. 115–127. Elsevier Science, Amsterdam, 2003 [9], where further details are described (with permission of authors; permission of publisher applied for). 
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