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Abstract

Rotavirus infections are a leading cause of severe, dehydrating gastroenteritis in children <5 years 

of age. Despite the global introduction of vaccinations for rotavirus over a decade ago, rotavirus 

infections still result in >200,000 deaths annually, mostly in low-income countries. Rotavirus 

primarily infects enterocytes and induces diarrhoea through the destruction of absorptive 

enterocytes (leading to malabsorption), intestinal secretion stimulated by rotavirus non-structural 

protein 4 and activation of the enteric nervous system. In addition, rotavirus infections can lead to 

antigenaemia (which is associated with more severe manifestations of acute gastroenteritis) and 
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viraemia, and rotavirus can replicate in systemic sites, although this is limited. Reinfections with 

rotavirus are common throughout life, although the disease severity is reduced with repeat 

infections. The immune correlates of protection against rotavirus reinfection and recovery from 

infection are poorly understood, although rotavirus-specific immunoglobulin A has a role in both 

aspects. The management of rotavirus infection focuses on the prevention and treatment of 

dehydration, although the use of antiviral and anti-emetic drugs can be indicated in some cases.

Diarrhoeal diseases are one of the leading causes of illness and death in children <5 years of 

age, particularly those in low-income countries, and cause >500,000 deaths per year 

globally1. Before the 1970s, the aetiologic agent in many cases of infantile gastroenteritis 

was not identified, but a breakthrough occurred in 1973 with the identification of virus 

particles in duodenal biopsy samples from children with severe diarrhoea2 and in faecal 

samples from children with acute diarrhoea3. The name rotavirus (adapted from the Latin 

word ‘rota’, which translates to wheel) was assigned to this newly discovered virus because 

of its distinct morphological appearance (FIG. 1a). Rotaviruses were soon confirmed as a 

major cause of life-threatening diarrhoea in infants and children <5 years of age worldwide 

and in the young of many mammalian and avian species4.

Rotaviruses are non-enveloped double-stranded RNA (dsRNA) viruses that have a complex 

architecture of three concentric capsids that surround a genome of 11 segments of dsRNA 

(FIG. 1b,c). The RNA segments encode six structural viral proteins (VP1, VP2, VP3, VP4, 

VP6 and VP7) and six non-structural proteins (NSP1, NSP2, NSP3, NSP4, NSP5 and NSP6) 

(FIG. 1c). The proteins in the mature virus particle determine host specificity, cell entry and 

enzymatic functions necessary for the production of viral transcripts, and contain epitopes 

that generate immune responses (FIG. 1b,c). The non-structural proteins are involved in 

genome replication and antagonism of the innate immune response (a particular role for 

NSP1) and include the viral enterotoxin NSP4 (REF. 4).

Ten different rotavirus species (A–J) have been classified on the basis of sequence and 

antigenic differences of VP6 (REFS 5–7). Species A rotaviruses, which are the most 

common cause of infections in children, are the focus of this Primer. Species A rotaviruses 

are further classified into different genotypes, based on sequence differences in RNA 

segments 7 and 4 (encoding VP7 and VP4, respectively), which form the basis of the dual 

nomenclature system used for species A rotavirus strains, whereby glycoprotein (G, or VP7) 

and protease-cleaved protein (P, or VP4) subtypes are differentiated4. To date, 32 G 

genotypes and 47 P genotypes of species A rotavirus have been identified8, although 

globally, six G types (that is, G1, G2, G3, G4, G9 and G12) and three P types (that is, P[4], 

P[6] and P[8]) predominate9–11. In addition, six strains of species A rotavirus generally 

account for >90% of globally circulating species A rotavirus: G1P[8], G2P[4], G3P[8], 

G4P[8], G9P[8] and G12P[8]10–12. Geographical differences in species A rotavirus strain 

distribution have been observed, with more strains causing rotavirus disease in children in 

low-income countries than in children in high-income countries. Human species A rotavirus 

strains that have a high degree of genetic homology with animal strains have been identified, 

and direct animal-to-human transmission can occur10,13, particularly in low-income 

countries14. Virus evolution is driven by the accumulation of point mutations and genome 
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reassortment, which can occur after dual infection of individual cells by different species A 

rotavirus strains, leading to viral progeny with combinations of the parental genomes.

In addition to diarrhoea, rotavirus infection can induce vomiting, malaise and fever. Indeed, 

vomiting is a hallmark of rotavirus disease15, contributes to dehydration and can hamper the 

effectiveness of therapeutic interventions, such as oral rehydration therapy16. Live attenuated 

oral vaccines against rotavirus were licensed for global use in 2006 and are used in >100 

countries worldwide. Before the introduction of vaccines, rotavirus-associated gastroenteritis 

caused >500,000 deaths in children <5 years of age annually17. Although the introduction of 

vaccines has reduced the number of rotavirus-associated deaths, the effectiveness of licensed 

vaccines is suboptimal in low-income countries, in which, rotavirus gastroenteritis still 

results in >200,000 deaths annually18.

This Primer discusses the epidemiology and pathophysiology of species A rotavirus disease, 

including the innate and adaptive immune response to rotaviruses, clinical manifestations, 

disease management and prevention, and summarizes important remaining research 

questions.

Epidemiology

Global burden of disease

Rotaviruses are ubiquitous and infect almost every child globally by 3–5 years of age19,20. 

In 2003, 114 million cases of rotavirus infection were reported in children <5 years of age 

globally, of which 24 million cases required outpatient visits and 2.3 million cases required 

hospitalization21. In 2013, rotaviruses were associated with an estimated >200,000 fatalities 

in children <5 years of age globally18. Although the prevalence of rotavirus infection in 

children hospitalized with diarrhoea is similar worldwide (~30–50%), >90% of children 

with fatal rotavirus infections live in low-income countries18, which is likely because of 

limited access to health care, lack of available hydration therapy and a greater prevalence of 

comorbid conditions (such as malnutrition), among other factors (FIG. 2). Rotavirus disease 

is more frequently caused by uncommon rotavirus strains (such as G9P[6], which accounted 

for 9.5% of all rotaviruses identified from a multicentre collection in India22) and occurs at a 

younger age in low-income countries than in high-income countries18. For example, the 

proportion of all rotavirus hospitalizations in children <5 years of age that occur in infants 

by 8 months of age is 43% in Africa but only 27% in Europe23. In addition, seasonality 

correlates with the income level of a country, as more-seasonal disease occurs in high-

income countries than in low-income countries24.

Diarrhoea caused by rotavirus infection is of more than average severity; the proportion of 

diarrhoea episodes that are caused by rotavirus is lowest in patients in the community who 

require only home care (5–10%) compared with those who require outpatient care (15–20%) 

or inpatient care (30–50%)18. Indeed, before the introduction of rotavirus vaccines, global 

surveillance studies in several countries reported that ~40% of hospitalizations due to 

diarrhoea in children <5 years of age could be attributed to rotavirus infection21.
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Effects of vaccination

A reduction in the burden of rotavirus disease has been observed in many countries 

following the introduction of rotavirus vaccines. In countries where rotavirus vaccine impact 

was reported during the first 10 years after introduction into the national childhood 

immunization schedule, all-cause hospitalizations due to diarrhoea in children <5 years of 

age decreased by a median of 38% (with a range of 5–63%), rotavirus disease-associated 

hospitalizations decreased by a median of 67% (with a range of 18–84%) and all-cause 

diarrhoea deaths decreased by 42% (with a range of 3–64%)21,25. Indirect protection (also 

known as herd immunity) of children who are age-ineligible for rotavirus vaccination has 

been reported in some high-income and middle-income countries, but not consistently in 

low-income settings, although the reasons for this are unclear25,26.

In addition, the demographics of rotavirus disease has changed since the introduction of 

vaccinations into national immunization schedules; for example, in Finland, rotavirus 

infection was most common in children <5 years of age before vaccine introduction, but 

after vaccine introduction, it is most common in unvaccinated children between 6 and 16 

years of age and individuals >70 years of age27. Changes in the seasonal pattern of rotavirus 

disease have also been observed after vaccine introduction, including delays in the start of 

the rotavirus season, a shorter duration of seasons and blunting of seasonal peaks28. In the 

United States, the regular annual seasonal pattern of rotavirus disease that was observed 

before rotavirus vaccine introduction has shifted to biennial increases in circulating rotavirus 

disease (FIG. 3). This phenomenon might be due to the accumulation of unvaccinated 

children over two successive rotavirus seasons due to moderate levels of vaccine coverage 

(60–80%), leading to a larger epidemic every alternate year.

Although initial differences in the genotypes of circulating rotavirus strains have been 

described in some countries after vaccine introduction, there is little evidence that this is due 

to selective pressure from vaccination27,29. An increased prevalence of G2P[4] strains was 

observed following introduction of the monovalent G1P[8] rotavirus vaccine in several 

countries in South America and Europe, and Australia. However, similar increases in the 

prevalence of G2P[4] strains have been observed in countries that introduced the pentavalent 

rotavirus vaccine (which includes the G2 genotype) and in countries with low rotavirus 

vaccine use30. Furthermore, the monovalent G1P[8] rotavirus vaccine was effective at 

preventing G2P[4]-induced diarrhoea in Brazil (where this strain was initially observed)31; 

thus, whether the differences in rotavirus genotypes represent natural seasonal variation or 

vaccine-induced selection pressure is unclear. Continued surveillance is needed to monitor 

changes in rotavirus epidemiology following vaccine introduction. In addition to monitoring 

genotypes, whole genomic characterization of circulating rotavirus strains before and after 

vaccine introduction will help assess whether vaccines are affecting the evolution of the 

rotavirus genome.

Transmission

Rotavirus is shed in large quantities in stools during episodes of rotavirus-associated 

diarrhoea. The virus is transmitted predominantly through the faecal–oral route, mainly by 

close person-to-person contact4, and few virions are needed to cause disease in susceptible 
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hosts32. Contaminated fomites (that is, objects that can enable the transmission of 

pathogens) also have a role in the transmission of rotavirus, especially in out-of-home care 

settings and hospitals33,34. Transmission of rotavirus through airborne droplets has been 

hypothesized to explain the rapid acquisition of anti-rotavirus antibody in the first 3 years of 

life, regardless of hygiene and sanitary conditions, but this has not been proved4.

Mechanisms/pathophysiology

Viral entry and replication

Rotavirus infects and replicates in the mature, non-dividing enterocytes in the middle and tip 

of the villi and in enteroendocrine cells in the small intestine35, suggesting that these cell 

types express factors that are required for efficient infection and replication15,36. The 

susceptibility of mature enterocytes and enteroendocrine cells to infection has been shown in 

mice, in a transformed human enteroendocrine cell line and in human intestinal enteroid 

(HIE) cultures35,36 (BOX 1). Rotavirus attachment to host cells is mediated by the outer 

capsid protein VP4 (through its VP8* domain37) and binding partners on the host cell 

surface, including sialoglycans (such as gangliosides GM1 and GD1a) and histo-blood 

group antigens (HBGAs)38 (FIG. 4). Rotavirus–HBGA interactions are dependent on the 

rotavirus P genotype, and studying these interactions has provided new insights into host 

range restriction and interspecies transmission of different rotavirus strains36,39. Indeed, 

genetic differences in HBGA expression can explain differences in rotavirus epidemiology 

among populations. For example, the susceptibility of neonates to some rotavirus genotypes 

(such as P[11]) might be due to the binding of developmentally regulated precursor HBGA, 

and the high prevalence of P[6] rotavirus infections in children in Africa might be due to the 

higher prevalence of the Lewis-negative glycan phenotype in this population40,41. The role 

of HBGAs in the susceptibility to rotavirus vaccine strains and the associated effect on 

vaccine efficacy are important emerging areas of public health research36,39,40. Following 

cellular uptake, rotavirus replication and assembly occur in cytoplasmic viroplasms, and 

newly produced rotaviruses are released from the cells through cell lysis or Golgi-

independent non-classical vesicular transport (FIG. 4).

Gastrointestinal symptoms

In contrast to gastroenteritis caused by bacterial pathogens, rotavirus infections cause non-

bloody diarrhoea that lasts for a relatively short duration and is associated with a limited 

inflammatory response35,42. Indeed, inflammatory markers such as serum C-reactive protein 

and faecal calprotectin are almost unaltered in children with rotavirus infection43,44. Thus, 

rotavirus-induced diarrhoea is considered non-inflammatory and has two proposed 

mechanisms: osmotic diarrhoea due to malabsorption (secondary to enterocyte damage or 

death, or to decreased epithelial absorptive function) and secretory diarrhoea due to the 

effects of NSP4 and activation of the enteric nervous system (ENS)45. In addition, rotavirus 

infection-mediated secretion of 5-hydroxytryptamine (5-HT; also known as serotonin) can 

activate signalling pathways that can induce diarrhoea and vomiting15.

Enterocyte damage and death—Although few histopathological studies of samples 

from patients with rotavirus infection have been carried out, rotavirus infection and 
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replication in the duodenal mucosa of infants has been shown to cause disruption to normal 

cellular homeostasis. This disruption results in shortening and atrophy of villi, loss of 

microvilli, mononuclear cell infiltration, distended endoplasmic reticulum and mitochondrial 

swelling in enterocytes46,47. Similarly to children with rotavirus infection, blunting of 

intestinal villi and enterocyte vacuolization and damage can be observed in rotavirus-

infected piglets and calves4. By contrast, minimal loss of the intestinal epithelium has been 

observed in rotavirus-infected mice, although enterocyte vacuolization and ischaemia of 

intestinal villi have been described in rotavirus-infected mouse pups48. In addition, rotavirus 

infection in mice >2 weeks of age does not cause diarrhoeal disease, and infections in adult 

mice occur without symptoms or histopathological changes.4 As shown in studies in piglets 

and mice, symptoms of rotavirus infection can occur before histological changes, indicating 

that these changes do not solely explain clinical presentation49 (FIG. 5).

Molecular insights into the mechanisms of enterocyte damage and death have been limited 

owing to the lack of model systems that recapitulate the human small intestine. However, 

studies in cell culture and in mice have shown that the expression of NSP4 and viral 

replication can hijack cellular pathways that might lead to cell death or cell extrusion from 

the intestinal epithelium50,51. Proposed mechanisms of this include virus-mediated 

apoptosis51,52, NSP4-mediated mislocalization of the tight junction protein ZO-1 (REF. 53) 

and binding to the basement membrane extracellular matrix proteins laminin subunit-β3 and 

fibronectin54, as well as disruption of normal cellular homeostasis50.

Reduced epithelial absorptive function—Several mechanisms underlying the 

reduction of epithelial absorptive function that contributes to rotavirus-induced diarrhoea 

have been proposed. These mechanisms include the loss of infected enterocytes and NSP4-

mediated impairment of sodium-coupled solute symporters that are involved in the 

reabsorption of large volumes of water under physiological conditions55. However, the 

contribution of the reduced epithelial absorptive function to rotavirus-induced diarrhoea is 

unclear, owing to the efficacy of oral rehydration therapy in rapidly correcting electrolyte 

and water loss in children with severe rotavirus-induced diarrhoea. This observation 

indicates that a sufficient number of enterocytes have intact sodium–glucose cotransporter 1 

function and suggests that rotavirus does not infect all enterocytes. An alternative 

explanation is that rotavirus infection induces an increase in epithelial cell turnover (which 

has been shown in mice51) and that this might aid in the uptake of oral rehydration solution 

(ORS).

NSP4—The NSP4 enterotoxin was first shown to induce diarrhoea in mice45. Indeed, NSP4 

secreted from cells infected with rotavirus binds to intestinal epithelial cells56 and signals 

through phospholipase C to increase cytoplasmic calcium levels, which activates calcium-

dependent chloride channels50. Activation of these channels causes excessive secretion of 

chloride ions into the intestinal lumen, creating an osmotic gradient that facilitates the 

transport of water into the lumen, leading to secretory diarrhoea. Calcium-activated chloride 

channel inhibitors can prevent rotavirus-induced secretory diarrhoea in neonatal mice, 

supporting the role of NSP4 in the development of secretory diarrhoea57. In addition, NSP4 
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can induce swelling and apical fluid secretion in 3D HIE cultures, recapitulating the effect of 

NSP4 in the intestines of 6–10 day-old mice36,58.

Activation of the nervous system—Rotavirus infection and NSP4-mediated increase in 

intracellular calcium levels can induce secretion of 5-HT from enteroendocrine cells in 

humans and mice, which can activate enteric nerves that innervate the small intestine and 

ultimately lead to increased intestinal motility59 (FIG. 6). Indeed, 5-HT release from 

enteroendocrine cells is calcium-dependent; infection with a rotavirus strain that does not 

increase calcium levels, silencing of NSP4 expression or chelation of cytoplasmic calcium 

did not lead to 5-HT release59. In mice, rotavirus-induced diarrhoea can be attenuated by 

loperamide (an opioid receptor agonist) and atropine (an anti-muscarinic drug that inhibits 

parasympathetic nerves60) supporting the role of the nervous system in rotavirus-induced 

intestinal motility and diarrhoea. However, the use of anti-motility drugs such as loperamide 

is not recommended in children <3 years of age because of an increased risk of life-

threatening adverse effects15,61.

Rotavirus infection and NSP4-dependent 5-HT release can also activate vagal nerves that 

project to regions of the brain associated with nausea and vomiting15 (FIG. 6). The vagus 

nerve contains neurons that project from the gut to the brain and vice versa and is an 

important pathway in the detection of emetic stimuli and the generation of vomiting62. The 

anti-emetic drugs, ondansetron and granisetron (both 5-HT3 receptor antagonists), are 

widely used as anti-emetic drugs for children with acute gastroenteritis16,63, although direct 

evidence supporting the role of therapies in attenuating rotavirus-induced vomiting in 

children is lacking.

In addition, rotavirus infection is associated with delayed gastric emptying64. Gastric 

emptying is thought to be mainly a function of the pressure gradient between the stomach 

and the duodenum, which is influenced by poorly characterized neural and hormonal 

receptors in the duodenum and upper jejunum. In addition, the observed delay in gastric 

emptying might be mediated by increased secretion of gastrointestinal hormones (such as 

secretin, gastrin, glucagon and cholecystokinin) as well as activation of neural pathways that 

involve non-cholinergic, non-adrenergic and dopaminergic vagal neurons. However, whether 

rotavirus signals through these pathways or induces the secretion of these gastrointestinal 

hormones is unknown.

Fever and malaise

Rotavirus infection induces fever65 and is commonly associated with malaise. In general, 

fever is an acute-phase immune response that is regulated by the hypothalamus and is 

usually accompanied by inactivity, sleepiness, depression and reduced intake of food and 

water66. The pro-inflammatory cytokines IL-1β, tumour necrosis factor (TNF) and IL-6 have 

a role in the induction of fever, and the role of IL-1β in fever induction is dependent on IL-6 

expression66,67. Although the exact mechanism of how rotavirus infection induces fever is 

unknown, significantly increased levels of IL-6 and TNF have been reported in the serum of 

children with fever following rotavirus gastroenteritis compared with levels in children who 

did not have gastroenteritis68. Vagal neurons that innervate the small intestine can, in theory, 
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detect inflammatory cytokines because of the expression of appropriate receptors on the 

neuronal surface; these neurons relay this information to the brain, which can lead to fever 

and malaise. However, the exact mechanism by which rotavirus mediates this 

communication is unknown.

Extra-intestinal infection

Rotavirus can cause systemic infection by entering the bloodstream, although the 

mechanisms of extra-intestinal infection are unclear69. Detection of viral antigens (that is, 

antigenaemia) and infectious viruses (that is, viraemia) in serum have been reported in 

children with rotavirus infection, and replication of rotavirus in sites other than the 

intestines, although limited, is likely to occur69. One study reported antigenaemia in ≥90% 

of children with rotavirus infection until ~5 days after symptom onset, and some children 

had infectious virus in their serum69. In other studies, children with antigenaemia had more 

severe disease than children without antigenaemia, but the proportion of children with extra-

intestinal presentations was not higher in those with antigenaemia70,71. Although it is clear 

that rotavirus infections can develop into systemic infections, direct evidence that this 

contributes to extra-intestinal disease and specific pathological findings in the infected host 

is lacking. However, rotavirus infection is associated with several non-gastrointestinal 

clinical conditions (BOX 2).

Immune response and clearance

Susceptibility to rotavirus infection is modulated by both non-immunological (such as the 

presence of gastric acid72 and differential expression of rotavirus receptors, such as HBGA, 

in the intestine73) and immunological factors. Most data on rotavirus-induced immune 

responses are from studies using animal models (mostly neonatal or adult mice and 

gnotobiotic piglets)74,75, although the relevance of these data to children with human 

rotavirus strains is unknown, and the mechanisms of immunity to rotavirus disease in 

humans are not completely understood.

Rotaviruses are initially recognized by pattern recognition receptors (PRRs) in enterocytes 

or cells of the immune system (including macrophages, dendritic cells or adaptive B cells 

and T cells). The best characterized PRRs that have a role in rotavirus recognition are 

probable ATP-dependent RNA helicase DDX58 (also known as RIG-I, which recognizes 5ʹ 
triphosphate uncapped RNA) and interferon (IFN)-induced helicase C domain-containing 

protein 1 (IFIH1; also known as MDA5, which recognizes dsRNA)76, both of which initiate 

type I and type III IFN responses77,78. Other PRRs include Toll-like receptors (TLRs) that 

were implicated in rotavirus recognition given the increased susceptibility of MYD88-

knockout mice to rotavirus infection and disease79; MYD88 encodes myeloid differentiation 

primary response protein MYD88, an adaptor protein involved in TLR signalling. However, 

which, if any, MYD88-dependent TLRs directly recognize rotavirus components is unclear, 

as the increased susceptibility of MYD88-knockout mice to rotavirus infection could be 

related to the complex interaction of the microbiota with rotavirus infection. This interaction 

was illustrated by the report that antibiotic treatment can reduce rotavirus replication and the 

severity of disease in mice80. Rotavirus dsRNA can be recognized by TLR3 (a MYD88-

independent TLR) and NACHT, LRR and PYD domains-containing protein 9B (a 
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component of the nucleotide-binding oligomerization domain-like receptor inflammasome), 

and these PRRs are speculated to have a role in the age-dependent resistance to rotavirus 

disease in mice, as both proteins are expressed at higher levels in adult animals81,82. In vitro 
(with multiple cell types) and in vivo experiments in mice have shown that, depending on 

the tissue, virus strain and age of the animal, NSP1 or possibly other rotavirus proteins can 

inhibit the signalling pathways activated by PRRs, which might underlie the poor innate 

immune response to rotaviruses78,83 (FIG. 7).

Combinations of cytokines, such as IL-18 and IL-22 (REF. 84) or IL-22 and IFN85, have 

been proposed to mediate the clearance of rotaviruses by the innate immune system in 

mice77. In addition, rotavirus infection of human Caco-2 cells in vitro86,87 and in piglets88 

induces transforming growth factor-β (TGFβ) expression, which can downregulate the 

adaptive immune response to rotavirus infection (see Recurrent infections). In general, 

rotaviruses have several features that enable them to efficiently evade the innate immune 

response, leaving the adaptive immune response as a final mechanism for viral clearance. 

However, some T cell-deficient and B cell-deficient strains of mice clear rotavirus infection, 

indicating that the innate immune system has a role in viral clearance89.

In mice, cells of the adaptive immune system, such as CD8+ T cells and, to some degree, B 

cells, can mediate rotavirus clearance89,90. Very low levels of rotavirus-specific CD8+ T 

cells can be detected in the blood of children with rotavirus disease, whereas these cells are 

below the detection limit in most healthy children91. Rotavirus-specific CD8+ T cells can be 

detected in adults with or without rotavirus disease but, in general, secrete only one cytokine 

(IFNγ), suggesting that like CD4+ T cells, these cells are not very functionally efficient91,92. 

Of note, very little relevant data are available regarding the level or quality of enteric 

(measured in the intestine) T cell immunity to rotavirus in either children or adults.

Recurrent infections

Although children can have many recurrent rotavirus infections, they progressively diminish 

in severity20,93. Levels of total serum rotavirus-specific immunoglobulin A (IgA) antibodies, 

measured after infection, are currently the best marker of protection against rotavirus 

disease74, and the presence of anti-rotavirus IgA antibodies in serum is widely used as a 

marker of vaccine take, although the correlation with protection from severe gastroenteritis 

is not absolute.

The critical role of antibodies and T cells in protection against recurrent rotavirus infection 

can be observed in children with primary severe combined immunodeficiency (SCID, who 

have defective T cell and antibody responses), who can develop chronic rotavirus infection 

and intestinal and systemic disease94. Children with SCID are also susceptible to chronic 

rotavirus vaccine shedding, especially with the waning of maternal antibodies95. These 

findings form the basis for the recommendation that children with SCID should not receive 

rotavirus vaccines95. As monovalent G1P[8] vaccines can induce protection against other 

rotavirus strains with different P-types and G-types (that is, heterotypic responses)90, 

heterotypic neutralizing antibodies (either anti-VP4 antibodies or anti-VP7 antibodies) might 

have important roles in protection against rotavirus disease.
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In adult mice, protection from rotavirus reinfection is almost absolute and is mostly 

mediated by intestinal IgA antibodies90, the production of which is largely dependent on the 

activation of CD4+ T cells89. These cells are not readily inducible in neonatal mice, in which 

protection is less efficient96. A similar situation might exist in young children in whom 

intestinal IgA antibodies wane90 and rotavirus-specific CD4+ T cells are found at very low 

levels. Indeed, children with acute rotavirus gastroenteritis have very low levels of rotavirus-

specific CD4+ T cells, which almost exclusively produce IFNγ91,97. Considering the poor 

ability of children to develop rotavirus neutralizing antibodies and that protection against 

rotavirus reinfection is age-dependent, the low levels of rotavirus-specific CD4+ T cells in 

younger children might be a key factor in protection from severe recurrent illness and in the 

response to rotavirus vaccination98.

As ~50% of parents of children with rotavirus disease develop rotavirus infections, and half 

of these develop mild disease, levels of rotavirus-specific CD4+ T cells and neutralizing 

antibodies might decrease over time and become insufficient to fully prevent reinfections99. 

When compared directly to influenza virus CD4+ T cell responses or tetanus toxin CD4+ T 

cell responses, the frequencies of rotavirus-specific CD4+ T cells in healthy adults have been 

shown to be low97 but similar to levels of CD4+ T cells specific for other mucosal 

respiratory viruses91. Interestingly, in adults, rotavirus-specific CD4+ T cells have a terminal 

effector memory cellular phenotype, suggesting that they do not provide long-term 

immunity97. Collectively, these data suggest that in adults, the systemic CD4+ T cell 

response to rotavirus infection is poor, which might explain the absence of sterilizing 

immunity and the presence of moderately frequent, mild recurrent infections. The relatively 

poor adaptive immune response to rotavirus is most likely related to the efficient 

mechanisms (inhibition of IFN and secretion of TGFβ and inhibition of the IFN response.

Diagnosis, screening and prevention

In infants <1 month of age, rotavirus infections are caused by distinct strains and are often 

asymptomatic or mild, presumably because of protection conferred by maternal antibodies 

that are transferred through the placenta or through breast milk100,101. The first rotavirus 

infections in infants >3 months of age are likely symptomatic and accordingly the incidence 

of rotavirus disease peaks between 4 and 23 months of age102,103. In children, the 

manifestation of rotavirus disease ranges from no symptoms to mild, watery diarrhoea of 

short duration and to severe diarrhoea with vomiting and fever that can result in rapid 

dehydration with shock, electrolyte imbalance and death19,104. As previously mentioned, 

reinfections are common, although the severity of disease usually decreases with each repeat 

infection20,100. However, rotavirus can cause limited disease in older children and adults, 

especially parents and caretakers of children with rotavirus diarrhoea, immunocompromised 

individuals, travellers and elderly individuals105,106. These illnesses are generally mild to 

moderate in severity.

Diagnosis

Although rotavirus-induced disease is clinically indistinguishable from diarrhoeal diseases 

caused by other gastroenteritis-inducing infectious agents (such as noroviruses, enteric 
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adenoviruses 40 and 41, astroviruses, Escherichia coli and Salmonella spp.), several factors 

can indicate rotavirus infection. For example, rotavirus infections are often more severe than 

diarrhoeal diseases caused by other infectious agents. In addition, the seasonality of 

infection can indicate rotavirus as the causative agent in some regions; for example, in non-

equatorial countries, rotavirus or norovirus infection is suggested if a child presents with 

diarrhoea in winter.

When a laboratory-confirmed diagnosis of rotavirus infection is requested by physicians in 

the clinical setting, rotavirus antigen can be detected in stools using enzyme-linked 

immunosorbent assay (ELISA) or immunochromatography. In vaccine and epidemiological 

studies, these assays are often complemented by the use of reverse transcription PCR (RT-

PCR)-based assays, which are more sensitive and permit genotyping of virus isolates. The 

window for the detection of viral shedding using ELISA usually ends within 1 week after 

the onset of illness, but the virus can be detected for longer periods by more-sensitive assays, 

such as RT-PCR107. Indeed, viral shedding ranges from 4 to 57 days108, and the quantity of 

RNA shed directly correlates with the severity of rotavirus-associated diarrhoea in 

children109 but not in neonates110. Importantly, up to 29% of healthy children <1 year of age 

have asymptomatic rotavirus infection when detected using RT-PCR111; accordingly, the 

quantity of viral RNA used to confirm diagnosis should be carefully considered. In addition, 

abnormal enzyme levels have been observed in children with rotavirus disease, which might 

be related to rotavirus-associated vomiting, dehydration or nonintestinal pathology. For 

example, mildly increased levels of alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) in blood can sometimes be observed during rotavirus infection and 

might be due to rotavirus-induced mild hepatitis112,113.

Prevention

Improvements in hygiene or sanitation do not substantially reduce the burden of rotavirus 

disease; the incidence of hospitalizations due to diarrhoea was ~40% in high-income or low-

income countries before the introduction of rotavirus vaccines114. Thus, vaccination against 

rotavirus is the best measure to prevent rotavirus disease.

Two rotavirus vaccines are broadly used worldwide: the RV5 vaccine, RotaTeq (Merck, 

USA), and the RV1 vaccine, Rotarix (GlaxoSmithKline, Belgium). The RV5 vaccine is a 

live attenuated, pentavalent vaccine, which is composed of five bovine–human reassortant 

rotaviruses that express either human VP4 or VP7 from rotavirus strains G1, G2, G3, G4 and 

P1A[8]115. In the United States, the RV5 vaccine is given in three doses at 2, 4 and 6 months 

of age. The RV1 vaccine is a monovalent, live attenuated human virus vaccine116 containing 

rotavirus strain 89–12, which was initially isolated from a child with G1P[8] rotavirus-

induced gastroenteritis, and in the United States, this vaccine is given in two doses at 2 and 4 

months of age. For both vaccines, similar dose schedules and age schedules are used in most 

countries worldwide, although alternative schedules have been evaluated in clinical trials. 

Both vaccines are highly effective in preventing severe rotavirus disease in high-income 

countries117 but reduce the incidence of severe rotavirus disease by ~50–60% in many low-

income countries118–120. Although the factors that determine the diminished effectiveness in 

less developed countries are not fully understood, both vaccines save more lives in low-
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income countries because of the higher rotavirus disease burden and mortality in these 

countries90. In Ghana and Pakistan, the intestinal microbiome composition has been 

associated with diminished efficacy of the RV1 vaccine121,122, although the exact 

implications of this are unclear. Environmental enteropathy (a common disorder in children 

in some low-income countries that is associated with diminished gastrointestinal immunity) 

might also have a role in reduced vaccine effectiveness in developing countries123. Indeed, 

the presence of biomarkers of environmental enteropathy has been associated with 

diminished RV5 vaccine seroconversion in infants123. In addition, in low-income countries 

that administer the oral polio vaccine, co-administration of this vaccine with oral rotavirus 

vaccines reduces the immunogenicity of the rotavirus vaccines124. Other factors that can 

alter the immunogenicity of rotavirus vaccines include the presence of maternal antibodies 

and host genetic differences. The role of maternal antibodies in rotavirus vaccine response is 

unclear, with some studies reporting a reduction in vaccine immunogenicity but others 

reporting no effect90. In addition, although the presence of rotavirus-specific IgA antibodies 

in breast milk has been associated with reduced RV1 vaccine seroconversion125, withholding 

breastfeeding before vaccination does not consistently improve vaccine immunogencity126. 

Differences in genes encoding HBGA in vaccine recipients might also contribute to 

differences in vaccine immunogenicity127. Whether increasing the number of vaccine doses 

administered in low-income countries could increase vaccine immunogenicity has not been 

easy to examine and probably requires additional post-marketing effectiveness studies128.

The first licensed rotavirus vaccine (RotaShield, Wyeth, USA) was withdrawn by its 

manufacturer owing to an increased risk (1 excess case per 5,000–10,000 vaccinated 

children) of intussusception (in which part of the intestine enters into an adjacent part of the 

intestine) following immunization, which suggested a causal association between rotavirus 

infection and intussusception129.

Both the RV1 vaccine and the RV5 vaccine have a good safety record, although an increased 

risk of intussusception (~1 excess case per 50,000–100,000 vaccinated children) has been 

reported in many settings130. Additional studies are needed to identify how wild-type 

rotavirus and rotavirus vaccines induce intussusception. Although the benefits of rotavirus 

vaccination outweigh the low risk of intussusception, several groups are pursuing the 

development of non-replicating, safer and more immunogenic vaccine formulations90. A 

combination of oral and parenteral vaccines (inactivated or recombinant non-live vaccines) 

or only parenteral vaccines might be useful in this regard90. Indeed, a parenterally 

administered recombinant VP8* vaccine is safe and immunogenic in children131.

In addition to the RV1 and the RV5 vaccines, other live attenuated, oral rotavirus vaccines 

are used in some countries, and others are in development. As asymptomatic infections with 

specific rotavirus strains in neonates are associated with protection against disease later in 

life, vaccines based on these strains have been developed. These include ROTAVAC (Bharat 

Biotech), which is based on rotavirus strain 116E and is now licensed in India132 and RV3 

(PT Bio Farma, Indonesia/Murdoch Children’s Research Institute, Australia), which was 

developed in Australia and is in clinical trials in neonates and infants133. Other live oral 

vaccines include the Lanzhou lamb rotavirus vaccine in China (Lanzhou Institute of 

Biological Products, China) and the Rotavin-M1 (Center for Research and Production of 
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Vaccines and Biologicals) attenuated human vaccine in Vietnam90. To lower vaccine costs, a 

bovine rotavirus pentavalent vaccine (BRV-PV) developed by the NIH is in production by 

manufacturers in low-income countries90. Three doses of the BRV-PV vaccine reduced the 

incidence of severe rotavirus gastroenteritis by 66.7% in infants in Niger134.

Management

Regardless of the infecting agent, children presenting with diarrhoea are assessed for 

dehydration and treated accordingly. A mild case of rotavirus disease, where the child is 

active, shows no signs of dehydration, has had between zero and two vomiting episodes 

within 12 hours, has had a few loose or low output watery stools per day and has no fever or 

a low-grade fever, requires only observation. Symptoms can last for 1–5 days, but if they last 

for >1 week, medical consultation should be sought. Increasing and/or intense vomiting and 

repeated episodes of watery diarrhoea (for example, >1 episode per hour, especially if 

abundant) are the main features that indicate the need for specific treatment. In low-income 

countries, the goal of treatment is avoiding or rapidly treating severe dehydration and 

maintaining protein–calorie intake to prevent death or worsening malnutrition, whereas in 

middle-income and high-income countries, reducing hospitalization and the duration of 

diarrhoea are the main goals. Key treatment concepts including fluid and electrolyte 

management (including ORS and intravenous rehydration), dietary management and the use 

of probiotics, anti-emetics, antisecretory drugs and antiviral drugs are discussed below; 

comprehensive reviews of acute diarrhoea management can be found elsewhere135,136.

Fluid and electrolyte management

One of the most important medical advancements in the past 50 years that has saved millions 

of infant lives was that administration of ORS resulted in glucose-coupled sodium and water 

absorption in the small intestine137. Oral rehydration therapy has been used safely and 

successfully to prevent and treat dehydration due to diarrhoeal pathogens, including 

rotavirus, in infants and young children138. Clinical scales that consider the presence of 

signs and symptoms are available to assess for dehydration139,140, and a thirsty, restless or 

fatigued child with a dry mouth should alert caretakers to ongoing dehydration. Prompt 

replacement of fluids and electrolytes, spoon by spoon if necessary, with hypo-osmolar ORS 

(containing 60–75 mmol per litre of sodium in addition to glucose, potassium, chloride and 

citrate)141 is the cornerstone of treatment for children without dehydration but with intense 

and repeated vomiting and/or diarrhoea episodes and for children with mild to moderate 

dehydration. If ORS is not available, homemade solutions can be prepared using water, 

sugar and salt. Plain water, soda, chicken broth and apple juice should be avoided in children 

with dehydration, especially in infants, as they are hyperosmolar solutions and do not 

sufficiently restore potassium, bicarbonate and sodium levels142. Intravenous fluids can be 

used in cases of severe dehydration, hyperemesis, oral rehydration therapy failure or severe 

electrolyte imbalances. Importantly, most children, even those with severe dehydration, can 

be managed effectively with ORS to prevent severe complications, including death.
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Dietary management

Dietary management is an important factor in the care of children with acute diarrhoea143. 

Breastfeeding should be encouraged and is never contraindicated. In patients with 

dehydration, food withdrawal is advised for only 4–6 hours after initiating rehydration 

therapy136,144. The administration of repetitive, small portions of regular undiluted milk 

formulas is recommended for infants and children >6 months of age. The administration of 

lactose-free formulas might reduce the duration of treatment and the risk of treatment 

failure143 and can be considered for selected children, such as those requiring 

hospitalization136. Importantly, the maintenance of adequate protein–calorie intake during 

the diarrhoea episode using home-available, age-appropriate foods should be encouraged, 

especially in low-income settings143. In addition, zinc supplementation can improve the 

outcome of acute diarrhoea in low-income regions, in which malnutrition is common. 

Although the mechanisms of the efficacy of zinc supplementation are unclear, data from 

animal studies suggest zinc has anti-inflammatory properties145 and antisecretory effects146, 

among others. Zinc deficiency is common in low-income countries and can occur in children 

with acute gastroenteritis due to intestinal fluid loss. For children living in low-income 

regions, the WHO recommends daily zinc supplementation for infants and children for 10–

14 days, starting as soon as the diarrhoea episode has been diagnosed147. However, zinc 

supplementation can increase vomiting after the initial dose148.

Probiotics

Commonly used probiotics for the treatment of acute diarrhoea are lactic acid-producing 

bacteria, such as Lactobacillus rhamnosus, Lactobacillus plantarum, several strains of 

Bifidobacteria and Enterococcus faecium (the SF68 strain), and yeast, such as 

Saccharomyces boulardii149. Most meta-analyses suggest a modest benefit of probiotics in 

reducing the duration of diarrhoea by ~1 day and up to 2 days for rotavirus-induced 

diarrhoea, although studies have been performed largely in middle-income and high-income 

countries3, and some studies did not report a clear benefit150,151. The mechanisms 

underlying this have been postulated to include the activation of antigen-presenting cells, a 

reduction in the levels of pro-inflammatory cytokines, the modulation of effector T cell and 

regulatory T cell immune responses, innate immune signalling (through interactions with 

several TLRs) and the promotion of enterocyte proliferation and/or migration152. In low-

income regions, treatment with probiotics has a positive immunomodulatory effect (that is, 

an increased anti-rotavirus IgG response in individuals who received treatment compared 

with individuals who received placebo), improves intestinal function in children with 

rotavirus infection and might decrease repeat episodes of rotavirus diarrhoea153,154. 

However, probiotics are not included in the standard of care for children with rotavirus 

diarrhoea globally.

Other drugs

Antiviral therapy for rotavirus infection has been studied but remains mostly in preclinical 

stages. One exception is nitazoxanide, a broad-spectrum antiviral drug155 that has been 

reported to reduce the duration of diarrhoea and the duration of hospitalization of children 

with acute rotavirus diarrhoea155–157. Nitazoxanide inhibits the replication of rotavirus by 
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interfering with viral morphogenesis158. One study in hospitalized children 5 months to 7 

years of age reported a significant reduction in the median time to the resolution of all 

rotavirus-associated gastro intestinal symptoms from 75 hours in children who received 

placebo treatment to 31 hours in children who received a 3-day course of nitazoxanide 

treatment156.

Recommendations for the use of anti-emetics (such as metoclopramide, dimenhydrinate and 

ondansetron) for children with rotavirus disease have progressed from ‘not recommended’ to 

‘possibly recommended’ owing to their effects of reducing the number of vomiting episodes 

and reducing the need for intravenous rehydration and hospitalization150,159. Indeed, one 

dose of ondansetron reduces the likelihood of needing intravenous rehydration, although this 

can increase diarrhoea output. Importantly, repeated doses do not provide an additional 

benefit over one dose. The largest benefit can be gained when ondansetron is used early in 

the clinical course of children with rotavirus infection and intense vomiting.

Other potential therapies for rotavirus gastroenteritis include racecadotril and smectite. 

Racecadotril (an intestinal enkephalinase inhibitor that reduces the secretion of water and 

electrolytes into the gut160) has been shown to significantly decrease diarrhoea output at 48 

hours after treatment and did not increase the frequency of adverse effects161. However, 

treatment with racecadotril did not reduce the proportion of patients with diarrhoea 5 days 

after treatment161. In addition, one meta-analysis of seven clinical trials reported that 

racecadotril treatment is more effective than placebo or no intervention at reducing the 

duration of illness and stool output in children with acute diarrhoea162. However, in Kenya, 

racecadotril did not alter the number of stools after 48 hours, the duration of hospital stay or 

the duration of diarrhoea in children with severe gastroenteritis who received ORS and 

zinc163 and was not effective in Indian children with acute diarrhoea and vomiting164. Thus, 

racecadotril can be considered for the management of children with severe secretory 

diarrhoea, but the efficacy is variable. Smectite (a natural adsorbent that binds to endotoxins, 

exotoxins, bacteria and viral particles) has been reported to decrease the duration of acute 

diarrhoea by 18–29% in a meta-analysis of mostly open-label trials in children with acute 

diarrhoea. In addition, smectite has been shown to increase the cure rate at day 5, without 

any increase in the risk of adverse events and accordingly could be beneficial in some 

individuals with rotavirus disease165,166.

Combination trials evaluating the simultaneous use of several treatments are lacking99. 

Indeed, improvements in treatment strategies are needed, especially in regions where 

rotavirus-associated deaths occur and where vaccines are underutilized.

Quality of life

Health-related quality of life (HRQOL) is used to quantify how diseases affect health, but 

few tools are available that are applicable for acute self-limited childhood illness, are used in 

low-income countries and are comparable across various geographic or socio-economic 

settings. The WHO’s QOL assessment tool has been translated into 40 languages, although 

the use of this tool to complement cost of illness surveys in low-income countries, 

particularly for acute illness, is uncommon. This lack of use is because of methodological 
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challenges associated with estimating HRQOL or quality-adjusted life years for short or 

mild illnesses, particularly in young children167,168. In addition, few studies have used 

multiple assessments to measure the effect of an acute illness on QOL for the entire episode, 

as most studies assess HRQOL only at presentation to a health-care facility. The limited 

number of studies assessing the association between rotavirus illness and QOL from Europe, 

North America and Thailand have estimated HRQOL to range from 0.604 to 0.896 in 

children and 0.618 to 0.875 in parents, where 1 indicates no effect of illness169,170. The 

differences between locations might be due to variations in the tools used, the type of health-

care facility available and cultural determinants regarding when children are taken to a 

health-care facility. Nonetheless, the illness of a child (which lasts for ~1 week) can affect 

the QOL of the parents owing to missed work (of, on average, 2 days in duration, but this 

can be up to 3 days for parents with children who require hospitalization) and other 

household members developing gastroenteritis. Indeed, in the 4-week period starting 2 

weeks before the baseline health-care facility visit of the index case, at least 1 other 

household member will develop rotavirus infection in ~50% of families, leading to worry, 

stress and disruption of daily activity171.

Although rotavirus infection is considered an acute, self-limiting illness of young children, 

children in poor environmental conditions who develop repeat infections might sustain long-

term damage to the gut, which can lead to consequences on physical and cognitive 

development172. Whether this gut damage depends on the mode of action of a pathogen or 

on the number of infections is not clear, but QOL during and after infections and the long-

term effects of enteropathy will need to be evaluated in the future.

Over 100 hundred studies evaluating the cost-effectiveness of rotavirus vaccination have 

been conducted, but nearly all studies have focused on the direct and indirect cost of illness, 

and very few have considered QOL173. Although providing a single global estimate of the 

cost-effectiveness of vaccinations is difficult, one analysis of the economic impact of 

rotavirus vaccination in eligible countries by Gavi, the Vaccine Alliance, reported a cost-

effectiveness of US$42 per disability-adjusted life year averted. Regional differences in cost-

effectiveness were reported, with the highest ratios in the Western Pacific region ($231) and 

lowest in the Eastern Mediterranean region ($30)174. Few data are available because most 

information is collected at health-care facilities that manage moderate or severe disease, 

whereas a large proportion of disease is mild and is therefore not managed at such facilities.

Outlook

Remarkable progress in our understanding and management of rotavirus disease has been 

made with life-saving vaccines, but considerable gaps in our knowledge remain in terms of 

basic virology and practical applications to improve the effectiveness of treatment and 

vaccines. Rotaviruses remain powerful tools for the understanding of host–enteric virus 

interactions, and their investigation needs to be continued.

Virus structure and replication

Although the 3D structures of most rotavirus capsid proteins have been determined, the 

structure of the capping enzyme, VP3 (REFS 175–177), and most of the non-structural 
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proteins are unknown; determining these structures would aid our understanding of their 

functions and could lead to the development of targeted antiviral drugs. In addition, the 

structure of the rotavirus dsRNA genome and the exact mechanisms of rotavirus genome 

assortment, packaging and particle assembly await exploration. For example, rotavirus 

double-layered particles acquire a transient envelope during maturation, which is lost upon 

completion of triple-layer particle formation by an unknown mechanism178. During 

rotavirus replication, rotavirus-encoded proteins interact with cellular components, and 

exploration of these mechanisms is a topic of ongoing research (for example, the lipid 

droplet formation required for viroplasm assembly179) and should reveal new mechanisms 

that regulate replication. Although host HBGAs have been identified as receptors for human 

rotaviruses, the role of genetic variation in HBGAs in susceptibility to rotavirus infection 

and response to vaccination is incompletely understood.

Virus evolution

Zoonotic transmission of rotaviruses is suggested to involve mutations that allow rotavirus–

HBGA binding180 and, in combination with other mechanisms of inter species transmission, 

should be monitored to fully understand host restriction. For example, bats are hosts of 

rotaviruses, and some strains of rotavirus are genetically related to other mammalian 

rotaviruses, although other strains are bat-specific7,181. The significance of bats as a 

reservoir for rotavirus transmission to other mammalian species (including humans) remains 

to be determined.

Reverse genetics of rotavirus

After many efforts182,183, a fully tractable, plasmid only-based reverse genetics system for 

rotaviruses has been developed184. This system can produce rotaviruses with predetermined 

changes in the genome, which enables functional analysis of the rotavirus NSPs and can be 

used to rescue rotaviruses containing heterologous inserts in one of their genes184. The 

reverse genetics system is versatile and very exciting and will be developed further to permit 

experiments that could not be previously conducted (BOX 3) and to move the field forward.

Experimental models

As previously mentioned, HIE cultures can be used to study rotavirus replication36 and 

closely mimic the natural infection, and these cultures await further exploration. This 

includes studies of the innate immune response to rotavirus185 and of disease 

pathophysiology, including defining the molecular mechanisms of rotavirus-induced 

diarrhoea and vomiting, the factors determining host restriction and the mechanisms of 

vaccine or virus attenuation in addition to studies testing candidate antivirals. Potential 

targets for rotavirus-specific antivirals include cellular receptors, proteins involved in 

viroplasm assembly, the viral RNA-dependent RNA polymerase, proteins involved in RNA 

assortment and packaging and molecules involved in particle maturation. The significance of 

the composition of the gut microbiome for chronic enteric diseases, in addition to the host 

response to acute viral infections or viral vaccinations121,186, is being increasingly 

recognized and merits further exploration.
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Vaccine development

Although rotavirus vaccination has an 80–90% effectiveness against severe rotavirus disease 

in high-income countries, the levels of rotavirus-specific antibodies sufficient for virus 

neutralization are found in only 30–50% of vaccinees115. Accordingly, understanding the 

true correlates of protection to improve current vaccines and facilitate the development of 

more effective next-generation vaccines, is urgent187. In addition, the effectiveness of 

rotavirus vaccines is 30–40% lower in low-income countries than in high-income 

countries118–120, and the causes of this remain incompletely understood188. At present, all 

licensed rotavirus vaccines are live attenuated vaccines, which can revert to virulence in 

immunodeficient and prematurely born children95 and can reassort with co-circulating 

human wild-type rotaviruses189,190. Thus, safer replication-incompetent rotavirus vaccines 

are required. One study identified memory B cells in the submucosa of adult intestinal tissue 

that produced broadly cross-reactive and cross-neutralizing antibodies specific to VP5*; 

accordingly, recombinant VP5* might represent a broadly efficient candidate for a rotavirus 

vaccine191.
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Box 1

Model systems for the study of rotavirus

For decades, most research on the basic biology of rotaviruses was carried out using 

transformed cell lines infected with animal rotavirus strains that grow easily in the 

laboratory. However, many strain-specific differences in rotavirus pathogenesis (such as 

histo-blood group antigen (HBGA) binding and virus entry) exist. Understanding host–

pathogen interactions and disease pathology in the healthy human gastrointestinal 

epithelium has been limited by the use of transformed cell line models. A major 

development to overcome these limitations is the use of human intestinal enteroid (HIE) 

cultures to model the human gastrointestinal epithelium36,192,193. HIE cultures are 

produced from stem cells that have been isolated from crypts of small intestinal tissues or 

biopsy samples donated by consenting individuals and are cultured ex vivo in 3D cultures 

or as monolayers. HIE cultures are multicellular and contain different cell types that are 

found in the intestinal epithelium including enterocytes, goblet cells, enteroendocrine 

cells and Paneth cells36,193. Heterogeneity in virus replication based on HBGA 

expression, the infection of several epithelial cell types, differences in the magnitude of 

intestinal innate immune responses among individuals, the production of viroplasms and 

their interaction with lipid droplets and visible physiological responses that can be 

imaged have all been observed following rotavirus infections in HIE cultures, suggesting 

that this system is a biologically relevant model to study human rotaviruses36,185.
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Box 2

Non-gastrointestinal conditions associated with rotavirus infection

Rotavirus RNA has been detected in the cerebrospinal fluid in a few children with 

meningitis194, encephalopathy195,196 or encephalitis197, suggesting that rotavirus can 

reach extra-intestinal sites and cause clinical symptoms. An 18–21% reduction in the risk 

of seizures requiring hospitalization or emergency care in vaccinated children following 

the introduction of rotavirus vaccines provides more direct evidence supporting the 

association between rotavirus and neurological illness198.

Species C rotavirus has been detected in infants with biliary atresia199 (a neonatal 

cholangiopathy that results in the blocking or narrowing of the bile ducts200), which is 

the primary indication for liver transplantation in children200. Although rotavirus 

infection can lead to biliary atresia in mouse models201, the contribution of rotavirus 

infection to human biliary atresia is controversial.

Rotavirus infection has been implicated in the increased risk of a child developing 

diabetes mellitus. In a mouse model of diabetes, rotavirus infection activated 

plasmacytoid dendritic cells, leading to the secretion of type I interferon, which induces 

lymphocyte activation, including activation of islet autoreactive T cells202,203. However, 

contradictory findings have also been reported204,205. In addition, data from a study 

comparing peripheral T cell responses to rotavirus in children with or without diabetes 

did not support an association between development of type 1 diabetes or diabetes-

associated autoantibodies in young children with rotavirus infections206. Further studies 

are needed to address whether rotavirus infection can contribute to the development of 

type 1 diabetes in a subset of children.
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Box 3

Studies enabled by the plasmid only-based reverse genetics system184

• Exploring the packaging signals of the rotavirus single-stranded positive 

RNAs to increase knowledge of rotavirus replication.

• Identifying the sequences of individual RNA segments that are involved in the 

genome assortment process, leading to a better understanding of reassortment 

mechanisms and potentially the development of safer, live attenuated vaccines 

in which reassortment is blocked.

• Investigating the compatibility of cogent proteins of different rotavirus 

species (for example, of the RNA-dependent RNA polymerases of rotavirus 

species A and C), elucidating rotavirus evolution.

• Studying host range restriction, pathogenicity, virulence and attenuation, 

enabling various projects of translational research, which could identify new 

therapies.

• Developing rotaviruses that have directed mutations and that express green 

fluorescent protein to enable live imaging and pathogenesis studies.

• Developing a rotavirus with highly cross-reactive epitopes (that would induce 

cross-protective immunity) and has the potential to become a ‘universal 

rotavirus vaccine’ candidate.
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Figure 1. Rotavirus structure
The rotavirus particle resembles a wheel with short spokes and a smooth outer rim. a | 

Electron micrograph of rotavirus triple-layered particles. b | Cross-sectional schematic of the 

rotavirus triple-layered particle. This structure consists of the inner capsid layer (viral 

protein (VP)2), the middle capsid layer (VP6) and the outer capsid layer (VP7 and the spike 

protein VP4). VP4 is proteolytically cleaved into VP8* and VP5*. The structural protein 

VP2, the enzymes VP1 and VP3 and the viral genome compose the virion core. The middle 

capsid layer protein (VP6) determines species, group and subgroup specificities. The outer 

capsid layer is composed of two proteins, VP7 and VP4, which elicit an immune response in 

infected hosts, leading to the production of rotavirus-specific antibodies. c| Electrophoretic 

migration profile of the 11 segments of rotavirus double-stranded RNA (dsRNA) and the 

encoded proteins for simian rotavirus SA11 strain. NSP, non-structural protein.
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Figure 2. Rotavirus-associated mortality in children <5 years of age in 2013
As of April 2016, the WHO estimated that worldwide, 215,000 children <5 years of age died 

because of rotavirus infection in 2013. Figure reproduced with permission from the World 

Health Organization. Rotavirus mortality rate in children younger than 5 years, 2013. http://

www.who.int/immunization/monitoring_surveillance/burden/estimates/rotavirus/

rotavirus_deaths_map_b.jpg?ua=1 (2017) (REF. 208).
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Figure 3. The number of rotavirus-positive tests in the United States before and after vaccine 
introduction
These data are from 21 continuously reporting National Respiratory and Enteric Viruses 

Surveillance System laboratories, collected by week of year and region, including a 3-week 

moving average. The number of rotavirus-positive tests has decreased, and the annual peak 

in rotavirus cases has been replaced by a biennial peak, following the introduction of 

rotavirus vaccinations (dotted line)28,209. Figure adapted with permission from REF. 209, 

Centers for Disease Control and Prevention.

Crawford et al. Page 34

Nat Rev Dis Primers. Author manuscript; available in PMC 2018 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. The rotavirus replication cycle
Rotaviruses attach to different glycan receptors on the host cell surface, depending on the 

virus strain, through interaction with the viral protein 8* (VP8*) domain of VP4. For 

decades, sialoglycans (for example, gangliosides such as GM1 and GD1a) were considered 

the key cellular glycan partner for VP8* (REF. 37). Although this remains true for animal 

rotavirus strains, VP8* of many human rotavirus strains binds genetically determined 

nonsialylated glycoconjugates, called histo-blood group antigens (HBGAs). Other proposed 

receptors for rotavirus cell entry include integrins210, heat shock protein 70 (REFS 211,212) 

and junctional proteins such as junctional adhesion molecule A, occludin and tight junction 

protein ZO-1 (REF. 213). After initial binding, VP7 and the VP5* domain of VP4 can 

interact with several of these co-receptors, which are concentrated at lipid rafts to mediate 

viral entry. Depending on the strain of rotavirus, the virus is internalized into cells by 

clathrin-dependent or clathrin-independent and caveolin-independent endocytic 

pathways38,214. The low calcium levels inside the endosome trigger the removal of the outer 

capsid layer, which releases the transcriptionally active double-layered particle (DLP) into 

the cytoplasm. Viral mRNA is used for translation or as a template for RNA synthesis during 

genome replication; the RNA is then packaged into new DLPs within viroplasms 

(specialized structures composed of viral and cellular proteins that require components of 

lipid droplets for formation179). Triple-layered particle assembly involves the binding of 
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newly formed DLPs to non-structural protein 4 (NSP4), which serves as an intracellular 

receptor, followed by the budding of DLPs into the endoplasmic reticulum (ER). In addition, 

NSP4 mediates an increase in cytoplasmic calcium levels, which is required for virus 

replication (not shown)50,58. In the ER, transient enveloped particles can be observed and the 

outer capsid proteins VP4 and VP7 are added onto the DLPs. The envelope is then lost, the 

virus particles mature and progeny virions are released from cells through cell lysis or by a 

Golgi-independent non-classical vesicular transport mechanism in polarized epithelial cells.
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Figure 5. Duodenum histology of mice with rotavirus infection
Histopathological images of the duodenum of a mouse pup infected with a murine rotavirus 

strain (EDIM), 48 hours after infection. a | Rotavirus predominantly infects mature 

enterocytes at the middle and top of intestinal villi indicated by immunofluorescent labelling 

of rotavirus antigen viral protein 6. b | Vacuolization of enterocytes in the top and middle of 

intestinal villi can be observed with rotavirus infection, but crypt cells are unaffected.
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Figure 6. Schematic model of rotavirus-induced diarrhoea and vomiting
Rotavirus non-structural protein 4 (NSP4) is released from infected enterocytes and 

stimulates enterochromaffin cells (ECs, one type of enteroendocrine cell) to release 5-

hydroxytryptamine (5-HT)15, a neurotransmitter that regulates gastrointestinal motility and 

induces nausea and vomiting. 5-HT release can induce diarrhoea owing to the activation of 

5-HT3 receptors on intrinsic primary afferent nerves that compose the myenteric plexus15. 

The activation of nerves of the myenteric plexus increases intestinal motility and activates 

nerves that compose the submucosal plexus, which stimulates the release of vasoactive 

intestinal peptide (VIP) from nerve endings adjacent to crypt cells. These events, in turn, 

lead to diarrhoea by increasing cellular cAMP levels, which results in the secretion of 

sodium chloride (NaCl) and water into the intestinal lumen. Several lines of evidence 

support this model, including the attenuation of rotavirus-induced increased intestinal 

motility by an opioid receptor antagonist60, the attenuation of rotavirus-induced diarrhoea by 

a VIP receptor antagonist in mice216 and the secretion of water and electrolytes stimulated 

by VIP. In addition, enkephalins are endogenous morphine-like substances (opiates), which 

activate opioid receptors and therefore reduce the level of cAMP and might prevent this fluid 

secretion (not shown). Rotavirus infection can also activate the vomiting centre in the 

medulla oblongata of the brainstem, which comprises the reticular formation, nucleus tractus 

solitarius (NTS) and area postrema (AP). Rotavirus or NSP4 stimulates vagal afferents to the 

vomiting centre by release of 5-HT from ECs in the gut15, which, in turn, stimulates the 

vomiting reflex. Indeed, 5-HT3 receptor antagonists are used to attenuate vomiting in 

children with acute gastroenteritis. ENS, enteric nervous system. Figure adapted with 

permission from REF. 217, Elsevier.
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Figure 7. Rotavirus-mediated inhibition of interferon induction and amplification
In intestinal epithelial cells, rotaviruses are recognized by the pattern recognition receptors 

(PRRs) probable ATP-dependent RNA helicase DDX58 (RIG-I) and interferon (IFN)-

induced helicase C domain-containing protein 1 (MDA5). These PRRs then signal through 

mitochondrial antiviral-signalling protein (MAVS) to stimulate the IFN regulatory factor 3 

(IRF3) pathway and nuclear factor-κB (NF-κB) pathway to induce IFN type I, II or III 

responses. In an autocrine manner, this initially stimulates IFN signalling through the IFN 

receptor and then stimulates signal transducer and activator of transcription (STAT)1, STAT2 

and IRF9 to induce transcription of IFN-stimulated genes (ISGs) that amplify IFN 

production. In human cells in vitro, evasion of the innate IFN response is mediated 

principally by rotavirus non-structural protein 1 (NSP1) through inhibition of NF-κB 

activation via degradation of F-box/WD repeat-containing protein 1A (BTRC; also known as 

β-TrCP)218,219. A second mechanism is mediated by NSP1 and inhibits STAT1 activation, 

therefore blocking type I and type III IFN responses220. Indeed, results from experiments 

using human rotavirus strains in human intestinal enteroid cultures185 support the findings 

that homologous rotavirus infection is very efficient at evading the type I and III IFN 

responses in mice77. Other viral proteins (VPs) might be involved in the suppression of the 

IFN response through inactivation of MAVS. IFNAR1, IFN-α/β receptor 1; IκB, inhibitor of 

nuclear factor-κB; IKK-ε, inhibitor of NF-κB kinase subunit ε; JAK1, Janus kinase 1; ISRE, 

IFN-stimulated response element; TBK1, TANK-binding kinase 1; TYK2, non-receptor 

tyrosine kinase TYK2.
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