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Rotavirus (RV) remains a leading cause of severe gastroenteritis in infants and 
young animals worldwide, contributing to significant morbidity and mortality 
despite the availability of vaccines. The gastrointestinal tract’s health, shaped 
by complex interactions between nutrition, the gut microbiota, and the host 
immune system, plays a crucial role in RV pathogenesis and outcomes. Emerging 
evidence suggests that dietary components not only influence the composition 
and function of the gut microbiota but also modulate immune responses essential 
for protection against RV. This review integrates findings from human and animal 
models to elucidate the interplay between nutrition, microbiota, and immunity in 
the context of RV infection. We aim to shed light on the mechanisms by which 
dietary factors and microbial communities influence RV susceptibility and severity, 
and how this knowledge could guide the development of more effective preventive 
and therapeutic strategies.
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1 Introduction

Rotavirus (RV) remains one of the leading causes of severe gastroenteritis, particularly 
among infants and young children and animals, causing substantial global morbidity and 
mortality. Despite advances in vaccination, RV infections continue to present significant public 
health challenges, especially in resource-limited regions (1). A growing body of research has 
underscored the pivotal role of gut health in modulating the immune response to viral 
infections. The gut microbiota, a complex community of microorganisms residing in the 
intestines, plays a crucial role in both maintaining intestinal homeostasis and modulating 
immune functions. Dysbiosis, or imbalance in the microbiota, has been implicated in 
exacerbating disease outcomes during RV infections (2). The gut microbiota plays a central 
role in shaping immune function, and nutrition—an important determinant of immune 
responses—further modulates these interactions, influencing susceptibility to RV infection. 
Dietary components can alter the composition and function of the gut microbiota, thereby 
impacting the host’s immune response to infections (3). Recent studies leveraging human and 
animal models have highlighted potential therapeutic avenues through nutritional and 
microbiota-based interventions, offering potential avenues for therapeutic strategies (4). This 
review aims to explore the intricate interplay between nutrition, gut microbiota, and immunity 
in the context of RV infection.
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2 RV biology and immune response

2.1 Host immune responses to RV

RV is a non-enveloped, double-stranded RNA virus belonging to 
the Reoviridae family. It is characterized by an 11-segmented genome 
encapsulated within a triple-layered protein capsid, which is essential 
for its stability and infectivity (5). RV infection triggers innate 
immunity at the intestinal epithelium. Enterocytes detect viral 
dsRNA via RIG-I, MDA5, and TLR3, which activate IRF3 and NF-κB, 
driving type I (IFN-α/β) and type III (IFN-λ) interferon production 
(6). These interferons establish an antiviral state by inducing 
interferon-stimulated genes (ISGs) that limit viral replication. 
Additionally, RV modulates host responses through viral proteins 
such as NSP1, which antagonizes IFN signaling by targeting IRF3 and 
other regulatory factors for proteasomal degradation (6, 7). In the 
adaptive phase, mucosal immunity is critical for protection. The 
infection stimulates gut-associated lymphoid tissue (GALT), 
particularly Peyer’s patches and mesenteric lymph nodes, where 
antigen-presenting cells such as dendritic cells activate naïve CD4+ T 
cells, leading to B cell class switching and the generation of 
IgA-producing plasma cells (8). These plasma cells home to the 
intestinal lamina propria via CCR9 and α4β7 integrins and secrete 
virus-specific secretory IgA (sIgA) that neutralizes virus particles in 
the lumen and on the epithelial surface, preventing reinfection. CD8+ 
cytotoxic T lymphocytes also play a role in clearing infected cells, 
especially in the early stages of infection (8). Protective immunity is 
largely non-sterilizing but is enhanced by repeated exposure, which 
boosts both the magnitude and breadth of sIgA and systemic IgG 
responses (5). In vaccine contexts, the generation of intestinal sIgA 
and memory B cells has been correlated with long-term protection, 
though no absolute immunologic correlate of protection has been 
universally accepted (9).

2.2 Limitations of RV vaccines

Recent data further underscore the geographic disparities in 
rotavirus vaccine performance. According to WHO surveillance and 
Gavi reports, vaccine effectiveness exceeds 80–90% in many high-
income countries but drops significantly in low- and middle-income 
countries (LMICs), often ranging from 50 to 60% (10). The limitations 
of RV vaccines in providing effective immune protection are 
multifaceted, involving both host and viral factors that compromise 
efficacy, particularly in LMICs. A major constraint is the incomplete 
understanding of immune correlates of protection; while serum IgA 
and neutralizing antibodies have been associated with protection, they 
are not fully reliable predictors of vaccine efficacy, complicating the 
assessment and improvement of vaccines (11). The mucosal immunity 
required for robust protection is often inadequately induced, 
particularly in settings where environmental factors like malnutrition, 
high pathogen exposure, and environmental enteric dysfunction 
impair immune responses (12, 13). Maternal antibodies transferred 
via the placenta or breast milk can neutralize vaccine virus replication 
in the infant gut, dampening the immune response (12). Additionally, 
the gut microbiome composition, altered by geography and nutrition, 
influences vaccine take and efficacy, with evidence suggesting that 
dysbiosis can reduce immunogenicity (13).

The genetic diversity of RV also presents a significant hurdle; 
although current vaccines provide some cross-protection, they are 
primarily based on specific strains, and the continual emergence of 
novel genotypes may limit broad protective coverage (1, 14). Moreover, 
vaccine-induced immunity may wane after the first 2 years of life, 
particularly in LMICs, leaving children susceptible to later infections 
(13). There are operational challenges as well, including the need for 
cold chain logistics and multiple doses, which can limit vaccine 
coverage and timely administration (14). These combined factors 
highlight the need for next-generation vaccines that can induce 
stronger and more durable mucosal immunity, broaden strain 
coverage, and overcome host and environmental barriers to ensure 
equitable global protection against RV (11, 14).

3 Gut microbiota and RV infection

3.1 Influence on susceptibility and severity

The gut microbiota profoundly influences host susceptibility, 
immune responses, and vaccine efficacy against RV through 
modulation of intestinal barrier function, immune signaling, and viral 
replication dynamics. Heyman et al. (15) found that germ-free mice 
infected with RV exhibited increased intestinal permeability and 
abnormal absorption of macromolecules like bovine serum albumin, 
suggesting that microbiota are critical in maintaining tight junction 
integrity and limiting paracellular leakage during infection. Hulst et al. 
(16) provided molecular evidence from germ-free piglets, where RV 
infection triggered an exaggerated transcriptional response in the 
jejunum, particularly upregulation of genes related to innate 
immunity, such as interferon-stimulated genes (ISGs), acute phase 
reactants, and inflammatory cytokines, indicating that microbiota 
normally calibrate the epithelial and mucosal immune tone to prevent 
hyperactivation. Uchiyama et  al. (17) further demonstrated that 
broad-spectrum antibiotic treatment, which depletes gut microbiota, 
significantly reduced RV replication in mice and simultaneously 
enhanced virus-specific humoral immunity, including higher titers of 
IgA and IgG. This suggests that certain bacterial species may provide 
metabolites or immune cues that favor viral replication while 
dampening adaptive immune responses. Ngo et  al. (18) extended 
these findings by identifying microbial taxa, particularly some 
Clostridia and Bacteroidetes members, that impair RV vaccine efficacy 
by suppressing type I interferon pathways and antigen-presenting cell 
functions, thereby reducing the priming of protective immunity. 
Collectively, these studies underscore that the microbiota shapes the 
epithelial barrier, regulates innate immune thresholds, modulates viral 
replication niches, and influences both infection outcomes and 
vaccine responses to RV.

3.2 Microbial metabolites and 
immunomodulation

The gut microbiota produces a diverse array of metabolites that 
profoundly influence the host’s immune system, antiviral activity, and 
barrier function (19–21). Several microbial metabolites and 
compounds modulate RV infection through diverse cellular pathways 
and antiviral mechanisms (Table 1). Butyrate, a short-chain fatty acid 
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produced by gut bacteria, exerts protective effects against RV-induced 
damage by attenuating endoplasmic reticulum (ER) stress-mediated 
apoptosis via suppression of the PERK-eIF2α signaling pathway, 
thereby reducing epithelial cell death (22). Additionally, sodium 
butyrate preserves intestinal barrier integrity by activating the AMPK-
Nrf2 signaling pathway, leading to enhanced antioxidant defenses and 
tight junction protein expression in IPEC-J2 cells (23–25).

Beyond butyrate, bile acids and synthetic farnesoid X receptor (FXR) 
agonists inhibit RV replication by disrupting viral transcription and 
replication processes, suggesting bile acid receptors play a regulatory role 
in antiviral defenses (26, 27). Bacterial-derived sialidases impede porcine 
RV replication by cleaving host cell surface sialic acids, interfering with 
viral attachment and entry during early infection stages (28).

Additionally, the interaction between RV and the host’s serotonergic 
system influences diarrheal outcomes, with RV triggering serotonin 
release that modulates gut motility and secretion, exacerbating diarrhea 
(29). Metabolomic studies further highlight that host–microbe 
interactions shape the metabolic landscape influencing RV pathogenesis, 
though specific metabolic mediators require further elucidation (30). 
Lastly, carbohydrate malabsorption syndrome contributes to the 
pathogenesis of RV diarrhea by promoting osmotic imbalances and 
altering the gut microbiota composition, thereby aggravating disease 
severity (31). Together, these findings emphasize the therapeutic 
potential of microbial metabolites like butyrate, bile acids, and bacterial 
enzymes in mitigating RV infection and its associated intestinal damage.

3.3 Microbiota and vaccine responses

The gut microbiota plays a significant role in shaping both mucosal 
and systemic immune responses to vaccines, including those against RV 
(32). Multiple bacterial species modulate RV (RV) infection through 
distinct mechanisms involving direct viral inhibition, microbiota 
modulation, immune priming, and glycan interactions (Table  2). 
Lactobacillus rhamnosus GG and Lactobacillus acidophilus reduce RV 
diarrhea severity by enhancing mucosal barrier integrity, producing 
antiviral metabolites, and modulating immune responses such as 
increasing sIgA levels (33–35). Bifidobacterium longum inhibits RV 

replication in vitro by competitive exclusion and modulation of host cell 
antiviral pathways, such as upregulating interferon-stimulated genes (36).

Segmented filamentous bacteria (SFB) exhibit potent anti-RV 
effects by inducing a Th17-mediated immune response and enhancing 
retinoic acid receptor signaling, which primes intestinal epithelial cells 
for rapid interferon production, creating an antiviral state that blocks 
RV replication (37, 38). Similarly, Bacteroides thetaiotaomicron and 
Lactobacillus casei secrete glycan-modifying enzymes and soluble 
factors that alter host cell surface glycans, thereby impeding RV 
binding to its receptors, specifically by reducing sialic acid-containing 
glycan availability (39). Lactobacillus reuteri, isolated from pigs, 
exhibits bile tolerance and produces antimicrobial compounds like 
reuterin that inhibit both RV and co-infecting bacterial pathogens, 
indirectly reducing RV infectivity by controlling microbial dysbiosis 
(40). Probiotics also enhance mucus production and fortify tight 
junction proteins, limiting RV penetration (41). Furthermore, 
probiotic colonization in neonatal gnotobiotic pigs modulates dendritic 
cell and macrophage populations, promoting antiviral cytokine 
production such as IL-12 and IFN-γ (42). Lipopolysaccharide (LPS)-
rich bacteria increase TLR4 activation, influencing innate immune 
responses that modulate live attenuated RV vaccine virus shedding 
(43). Glycan-mediated interactions between certain commensals and 
RV can competitively block viral entry by saturating glycan receptors 
on epithelial cells, adding an additional antiviral defense layer (44).

RV infection itself reshapes the gut microbiome by increasing 
glycan availability in the ileum, facilitating the overgrowth of specific 
bacteria that may enhance or inhibit subsequent RV infection (45). 
Human studies demonstrate that antibiotic-mediated microbiome 
depletion reduces RV vaccine immunogenicity by impairing 
microbial-derived adjuvant signals necessary for optimal immune 
priming (32). Specific microbiota profiles correlate with oral RV 
vaccine efficacy, particularly involving bacteria that modulate bile 
acid metabolism and TLR signaling (2, 18, 46). Early probiotic 
supplementation with Bifidobacterium bifidum and Streptococcus 
thermophilus reduced RV diarrhea and viral shedding, potentially via 
enhanced colonization resistance and modulation of gut pH to 
inhibit RV replication (47). Overall, these findings underscore that 
diverse bacterial taxa employ multi-modal mechanisms — including 

TABLE 1  Bioactive compounds and host-derived factors modulating RV infection: mechanisms and outcomes across models.

Compound/factor Model/system Mechanism of action Key outcomes Reference

Sodium butyrate IPEC-J2 (porcine IECs) Inhibits ER stress-mediated apoptosis via 

PERK-eIF2α signaling pathway

Protects cells from RV-induced 

apoptosis

(22)

Sodium butyrate IPEC-J2 Activates AMPK-Nrf2 signaling pathway to 

protect intestinal epithelial barrier

Preserves barrier integrity 

during RV infection

(23)

Bile acids (e.g., chenodeoxycholic 

acid, deoxycholic acid)

Cell cultures Inhibit RV replication; FXR agonists block 

viral replication through unknown precise 

mechanisms

Reduced viral replication (26)

Bile acids General/Animal Studies Modulate enteric virus replication via bile 

acid receptor-mediated pathways (FXR, 

TGR5)

Can suppress or enhance RV 

infection depending on type

(27)

Serotonin In vivo/Pigs/Mice Cross-talk with RV promotes diarrhea via 

modulation of ENS and intestinal secretion

Exacerbates diarrheal 

symptoms

(29)

Bacterial-derived sialidases Porcine RV OSU in vitro Inhibits RV infection by interfering with virus 

attachment and entry (early infection steps)

Reduced viral replication (28)
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modulation of host immunity, competitive exclusion, glycan receptor 
modification, and metabolic interactions — to mitigate RV infection 
and improve vaccine responses.

4 Nutritional factors modulating RV 
infection and immunity

4.1 Macronutrients

Adequate intake of macronutrients and micronutrients is 
fundamental to maintaining a competent immune system and 
mitigating the impact of RV infection (48). Protein-energy 
malnutrition (PEM) profoundly disrupts intestinal integrity and 
immune defense against RV (RV) infection through multiple 
mechanisms (Table 3). In neonatal pigs and mice, PEM impairs small 
intestinal epithelial regeneration and mucosal repair post-RV 
infection by reducing villus height, crypt depth, and epithelial cell 
proliferation, thereby delaying recovery (49–51). Mechanistically, 
protein deficiency downregulates tight junction proteins and mucins, 
weakening the epithelial barrier and facilitating viral invasion (3). 
PEM also diminishes expression of pattern recognition receptors like 
TLR3 and RIG-I, essential for recognizing RV and initiating antiviral 
responses (48). Concurrently, protein malnutrition skews immune 
responses by reducing type I  and III interferons, IL-22, and 

antimicrobial peptides, all critical for limiting RV replication (3). 
Furthermore, PEM alters gut microbiota composition—favoring 
pathobionts and depleting beneficial commensals—which 
exacerbates inflammation and diminishes the efficacy of oral RV 
vaccines (52, 53).

Dietary supplementation with whey protein concentrates or 
animal plasma enhances intestinal repair by increasing anti-
inflammatory cytokines (e.g., IL-10) and sIgA, and restoring mucosal 
immunity, thereby reducing RV-associated diarrhea and intestinal 
damage (54–58). Milk fat globule membrane components specifically 
block RV replication by disrupting viral attachment and entry 
processes (59). In terms of energy and fatty acids, saturated fatty acids 
such as palmitic and stearic acids enhance RV infectivity by promoting 
membrane fluidity and facilitating viral entry and uncoating (60). In 
contrast, oleic acid supplementation and modulation of lipid droplet 
metabolism can reduce RV replication by altering host lipid 
metabolism, including beta-oxidation and lipid droplet formation, 
which RV exploits for its replication complexes (61). Ceramide 
metabolism is particularly critical, as ceramide-enriched membrane 
domains are necessary for RV assembly and budding; disruption of 
ceramide synthesis impairs these viral processes (61).

Carbohydrates impact RV infection both structurally and 
functionally. Proper glycosylation and disulfide bond formation in RV 
proteins, particularly VP7, are carbohydrate-dependent processes 
necessary for forming mature, infectious virions (62). Malabsorption 

TABLE 2  Effects of bacterial species on RV infection and vaccine response in human and animal models.

Bacterial species Model/system Effect on RV 
infection

Mechanism/key findings Reference

Lactobacillus rhamnosus GG Human clinical, in vitro Reduced duration of diarrhea; 

prophylactic effect

Enhances immune response, potential direct 

interaction with virus

(33, 35)

Lactobacillus acidophilus In vitro, pediatric clinical Inhibits RV infection; reduces 

diarrhea

Modulation of intestinal environment, 

antiviral activity

(34)

Bifidobacterium longum Caco-2 cells, neonatal mouse Inhibits RV infection; reduces 

diarrhea severity

Enhances mucosal immunity, direct 

inhibition

(36)

Segmented Filamentous Bacteria 

(SFB)

Mouse Prevents and cures RV 

infection

Enhances Th17 and retinoic acid receptor-

mediated signaling

(37, 38)

Lactobacillus reuteri Pig feces, porcine RV model Inhibits porcine RV infection Antimicrobial activity, competitive exclusion (40)

Lactobacillus casei Human intestinal cells Inhibits RV infection in vitro Secretes glycan-modifying soluble factors (39)

Bacteroides thetaiotaomicron Human intestinal cells Inhibits RV infection Produces glycan-modifying metabolites (39)

Bifidobacterium bifidum and 

Streptococcus thermophilus

Hospitalized infants Prevents diarrhea and RV 

shedding

Competitive exclusion, gut environment 

modulation

(47)

Lactobacillus ruminis Caco-2, neonatal mouse Reduces RV infection Antiviral metabolites, immune modulation (36)

Various lactic acid bacteria Human infant mucus 

samples

Enhanced adherence during 

RV infection

Improved colonization during infection (41)

Unclassified glycan-degrading 

bacteria

In vitro, animal models Inhibits RV infection Glycan-mediated virus-bacteria-host 

interactions

(44)

LPS-rich bacteria (e.g., 

Enterobacteriaceae)

Human infants 

(South Africa)

Associated with reduced RV 

vaccine shedding

Modulates TLR4 and IL-8 expression (43)

Lactic acid bacteria (multiple 

species)

Gnotobiotic pigs Influence immune cell 

distribution during RV 

infection

Modulate monocytes/macrophages and 

dendritic cells

(42)

Probiotic bacteria mix IPEC-J2 cells Modulates porcine RV 

infection

Immunomodulation, cell viability effects (116)
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of carbohydrates during RV infection leads to osmotic diarrhea, 
exacerbating fluid loss and disease severity (63). Intestinal glycolipids 
and glycoconjugates rich in sialic acid residues act as critical cell 
surface receptors for RV, mediating viral attachment and entry (64, 
65). Inhibitory glycans and synthetic carbohydrate analogs can 
competitively block these binding sites, preventing infection (62). 
Additionally, Portulaca oleracea L. polysaccharide (POP) has been 
shown to inhibit porcine RV both in vitro and in vivo by reducing viral 
replication, enhancing mucosal barrier function, modulating the 
NF-κB pathway, and lowering inflammatory cytokines such as IL-6 
and TNF-α (66, 67). Altogether, adequate intake of protein, energy, 
specific fatty acids, and digestible carbohydrates not only supports 
epithelial and immune defenses but also limits RV replication and 
pathogenesis by directly modulating viral entry, replication, and host–
microbe interactions.

4.2 Micronutrients

Micronutrients are equally vital. Vitamin A and D have been 
extensively studied for their modulatory effects on RV (RV) infection 
and immunity (Table 4). Vitamin A deficiency (VAD) exacerbates RV 
infection through compromised gut integrity and impaired immune 
responses. In mice, VAD led to severe diarrhea, villous atrophy, and 
extensive gut involvement, reducing epithelial regeneration and 
delaying viral clearance (68, 69). Mechanistically, VAD diminished 
mucosal and systemic immunity by decreasing RV-specific intestinal 
IgA and systemic IgG, as well as impairing T cell proliferation (70). In 
gnotobiotic piglets, VAD prenatally acquired from sows resulted in 
reduced maturation of dendritic cells and suppressed type I interferon 
responses (IFN-α, IL-12), weakening innate defenses (71). Adaptive 
immunity was also compromised, with reduced B cell antibody 

TABLE 3  Role of protein, energy, fatty acids, and carbohydrates in RV infection and immunity.

Nutrient Study model Key findings Mechanisms/Pathways References

Protein/protein-

energy

Neonatal pigs (PEM) PEM delays small intestinal repair post-RV 

infection; worsens villus atrophy, reduces crypt 

proliferation

Impaired epithelial regeneration; reduced tight 

junction proteins; suppressed TLR3, RIG-I 

expression; diminished type I/III IFN, IL-22

(3, 49, 50)

Mice PEM alters IgA responses to RV vaccine but 

vaccine efficacy remains

Reduced mucosal IgA, altered adaptive immunity (122)

Gnotobiotic pigs Protein deficiency reduces efficacy of oral RV 

vaccine; impacts gut microbiota

Microbiota dysbiosis reduces vaccine-induced 

protection

(53, 123)

Pigs, Mice Protein malnutrition alters gut microbiota 

composition during RV infection

Loss of beneficial bacteria, overgrowth of pathobionts (52)

Pigs Protein malnutrition alters ACE2, tryptophan 

metabolism, adaptive immune responses

Dysregulated tryptophan-kynurenine pathway; 

weakened mucosal immunity

(48)

Suckling rats & mice Whey protein concentrate ameliorates RV 

diarrhea; improves immune response

Increases sIgA, anti-inflammatory cytokines; 

enhances mucosal immunity

(54, 56)

Neonatal pigs Animal plasma protein reduces intestinal 

damage during RV infection

Promotes intestinal repair, enhances anti-

inflammatory responses

(55)

In vitro Whey protein lipid concentrate inhibits RV 

replication in porcine and human cells

Blocks viral attachment and entry via milk fat globule 

membrane components

(59)

Mice Undernutrition weakens immune response to 

RV

Reduced mucosal immunity, impaired barrier 

function

(124)

Fatty acids In vitro (cell culture) Saturated fatty acids (palmitic/stearic) enhance 

RV infectivity

Promotes viral entry/uncoating by altering membrane 

fluidity

(60)

Cell culture, 

Lipidomics

Ceramide metabolism supports RV replication Ceramide-rich domains necessary for viral assembly 

and budding

(61)

Carbohydrates In vitro Carbohydrates aid correct folding of VP7 via 

disulfide bond formation

Essential for mature, infectious virion assembly (62)

Human infants Carbohydrate malabsorption in RV diarrhea 

worsens osmotic diarrhea

Unabsorbed carbs increase luminal osmolality, 

worsening diarrhea

(63)

In vitro Glycolipids and sialic acid residues act as RV 

receptors

Facilitates viral attachment and entry (64, 65)

Piglets POP reduces diarrhea, viral load, and 

inflammation in porcine RV-infected piglets

Enhances mucosal barrier integrity; reduces pro-

inflammatory cytokines (IL-6, TNF-α); boosts 

antioxidant capacity

(67)

In vitro POP inhibits porcine RV replication in IPEC-J2 

cells

Directly reduces viral replication; modulates NF-κB 

pathway to suppress inflammation

(66)
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TABLE 4  Effects of vitamin A and vitamin D on RV infection: summary of experimental and clinical findings across animal and human models.

Vitamin Study model Intervention Key Findings Mechanisms Reference

Vitamin A Mouse Vitamin A Deficiency (VAD) VAD worsens RV infection and 

gut pathology

Impaired mucosal integrity 

and immune responses

(124)

Mouse VAD Reduced immune responses (IgA, 

IFN-γ) against EDIM RV

Compromised mucosal and 

systemic immunity

(70)

Mouse (CD-1) VAD Aggravated RV infection with 

severe gut damage

Villous atrophy, crypt 

hyperplasia

(69)

Gnotobiotic Piglets Prenatal VAD Impaired innate (IFN-α, MxA) 

and adaptive responses to human 

RV

Suppressed NK cell, DC 

function

(71)

Gnotobiotic Piglets Prenatal VAD Reduced B/T cell responses to 

monovalent HRV vaccine and 

challenge

Diminished virus-specific 

IgA/IgG, T-cell proliferation

(72)

Gnotobiotic Piglets Prenatal VAD Reduced adaptive immune 

responses to RotaTeq® vaccine

Poor vaccine-induced 

protection

(73)

Pregnant Sows & 

Piglets

Oral vitamin A supplementation 

in VAD sows

Enhanced maternal immunity, 

higher piglet passive protection

Boosted maternal antibody 

titers

(74)

Sows VAD + supplementation VAD dampened T cell & innate 

immunity, supplementation 

improved it

Enhanced NK cells, IFN-γ, 

CD8 + T cells

(75)

Vitamin D Piglets & IPEC-J2 

Cells

Vitamin D3 supplementation Alleviated RV infection, reduced 

viral load

Enhanced autophagy via 

mTOR and LC3 pathways

(76)

Piglets Dietary vitamin D Reduced immune overactivation 

post-RV

Regulated RIG-I, MDA5, 

and IRF3 signaling

(81)

Piglets & IPEC-J2 

Cells

25-Hydroxyvitamin D3 treatment Inhibited RV replication Upregulated RIG-I, IRF7 

expression

(78)

IPEC-J2 Cells 1α,25-hydroxyvitamin D3 Protected against RV-induced 

ferroptosis

Modulated ATF3-SLC7A11-

GPX4 axis

(80)

Humans (Children 

with RV Diarrhea)

Serum vitamin D measured Low vitamin D associated with 

higher risk/severity of rotaviral 

diarrhea

Correlation, not 

intervention

(77)

Mice & Cells Vitamin D3 treatment Reduced RV infection via miR-

155-5p regulation of TBK1/IRF3

Modulated innate antiviral 

signaling

(79)

responses (IgA, IgG) and impaired CD4 + and CD8 + T cell responses 
to both vaccination and RV challenge (72, 73).

Vitamin A supplementation effectively reversed these deficits. 
Oral vitamin A in VAD pregnant sows enhanced RV-specific IgA 
and IgG in colostrum and serum, strengthening maternal adaptive 
immunity and passive protection in piglets (74). Further, 
supplementation restored innate immune function by increasing 
natural killer (NK) cell activity and IFN-γ production, and 
promoted robust CD8 + T cell responses (75). Clinically, vitamin 
A supplementation improved outcomes in preschool children with 
acute RV diarrhea, shortening disease duration and severity. 
Mechanistically, vitamin A and its metabolites (retinoids) enhance 
antiviral defenses by supporting mucosal immunity, promoting 
epithelial repair, and modulating the Th1/Th2 cytokine 
balance (73).

Vitamin D supplementation similarly alleviates RV infection 
through distinct pathways. In pigs and IPEC-J2 cells, vitamin D3 
activated autophagy by upregulating Beclin1 and LC3, promoting viral 
degradation and reducing replication (76). In humans, low serum 

vitamin D was associated with higher susceptibility to rotaviral 
diarrhea in children (77). Mechanistically, 25-hydroxyvitamin D3 
inhibited RV replication by suppressing the RIG-I and MDA5 
pathways, leading to lower IFN-β production and inflammatory 
signaling in infected IPEC-J2 cells (78). Vitamin D also regulates 
miR-155-5p. This modulation of the TBK1/IRF3 axis tempers 
excessive interferon responses while maintaining control of viral 
replication (79). Additionally, 1α,25-dihydroxyvitamin D3 protected 
against RV-induced ferroptosis in intestinal epithelial cells via the 
ATF3-SLC7A11-GPX4 pathway, enhancing cellular antioxidant 
defenses and survival (80). In pigs, dietary vitamin D also modulated 
RIG-I signaling and reduced pro-inflammatory cytokine expression 
during RV infection, contributing to a balanced immune response 
(81). Collectively, these findings underscore that vitamin A primarily 
bolsters gut barrier function, mucosal IgA, and T cell immunity, 
whereas vitamin D mitigates RV pathogenesis via autophagy 
activation, innate immune signaling modulation, miRNA-mediated 
regulation, and protection against infection-induced ferroptosis, all 
contributing to improved viral control and vaccine efficacy.
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Zinc exerts multifaceted protective effects against RV infection 
through both immunological and direct antiviral mechanisms. 
Clinically, higher serum zinc concentrations are associated with a 
lower incidence of RV gastroenteritis, partly by enhancing the mucosal 
immune response, particularly in infants receiving delayed RV 
vaccination (82). Zinc supplementation reduces the duration and 
severity of diarrhea by promoting epithelial barrier integrity, reducing 
intestinal permeability, and enhancing mucosal repair (83). 
Immunologically, zinc upregulates immune globulins (IgA, IgG), 
complement proteins, and suppresses pro-inflammatory cytokines 
including TNF-α, IL-6, and IL-17, which are typically elevated during 
RV infection-induced intestinal inflammation. Moreover, zinc 
influences gut microbiota composition, facilitating microbial shifts 
that support mucosal health and recovery post-infection (84). 
Mechanistically, zinc ions play a critical structural role in the RV 
virion: they stabilize the VP6 protein, a major capsid component 
essential for viral assembly and maintenance of the triple-layered 
particle, directly impacting viral integrity and infectivity (85). 
Additionally, zinc oxide nanoparticles have been shown to directly 
inhibit RV replication in vitro, likely through the generation of reactive 
oxygen species (ROS) that damage viral components and disrupt 
replication cycles (86). The economic benefits of zinc supplementation 
in RV management, particularly in reducing treatment duration and 
healthcare costs, further emphasize its therapeutic potential. 
Combination therapies with zinc, selenium, and probiotics 
demonstrate synergistic benefits by collectively enhancing immune 
resilience and antiviral defenses (87).

Copper exhibits antiviral properties against RV, with in  vitro 
evidence showing that copper oxide nanoparticles suppress RV 
multiplication. This effect is mechanistically linked to ROS generation, 
which leads to oxidative stress and denaturation of viral proteins, 
impairing the viral life cycle (88).

Calcium plays a dual role in the RV replication cycle. 
Physiologically, calcium ions facilitate the early stages of RV infection 
by mediating virus attachment and entry into host cells through 
endocytic pathways (89). However, intracellular calcium depletion 
alters viral protein processing: chelation of calcium activates the RV 
RNA-dependent RNA polymerase (RdRp), enhancing viral 
transcription (90). Conversely, sustained calcium depletion impairs 
the oligomerization of viral proteins within the endoplasmic 
reticulum, blocking proper virus maturation and assembly (91). Thus, 
calcium homeostasis is critical for balancing viral replication, 
assembly, and maturation processes. Collectively, these findings 
highlight the multifaceted roles of minerals in modulating RV 
infection and replication across clinical and molecular levels (Table 5).

4.3 Human milk components

Human milk contains multiple bioactive components that protect 
against RV (RV) infection through distinct and synergistic 
mechanisms (Table 6). Human milk oligosaccharides (HMOs) inhibit 
RV infection by acting as soluble decoy receptors that mimic host cell 
surface glycans, particularly histo-blood group antigens (HBGAs), 
which are recognized by the viral VP8* protein, thereby preventing 
RV attachment and entry into enterocytes (92, 93). In piglet models, 
HMOs not only reduce diarrhea severity and viral shedding but also 
enhance mucosal immunity by increasing intestinal sIgA and 

modulating cytokine responses, while reshaping the colonic 
microbiota toward protective bacterial profiles such as increased 
Bifidobacteria (94, 95). The milk microbiome itself, in concert with 
HMOs, promotes the colonization of beneficial microbes that can 
enhance gut barrier function and indirectly reduce RV infection 
susceptibility (95).

Mucins (MUC1, MUC4) present in human milk exhibit sialylated 
and fucosylated glycans that bind RV particles, physically blocking the 
interaction with epithelial cell receptors necessary for viral 
internalization (96). Lactadherin, another glycoprotein, contains 
phosphatidylserine-binding domains that enable it to bind directly to 
RV outer capsid proteins, interfering with viral attachment and entry 
into enterocytes; higher lactadherin concentrations in milk are 
associated with reduced symptomatic RV infections in infants (97).

Extracellular vesicles (EVs) isolated from colostrum carry 
miRNAs, lipids, and proteins capable of modulating host cell antiviral 
responses, including blocking viral entry, possibly through receptor 
competition or modulation of intracellular signaling pathways 
involved in viral replication (98). Anti-RV antibodies (IgA, IgG) in 
milk directly neutralize RV by binding to viral capsid proteins, 
preventing attachment, facilitating agglutination, and promoting 
immune exclusion in the gut lumen (99).

Additionally, novel glycans in human milk have been identified 
using glycan microarrays; these glycans, particularly those with 
unique sialylation and fucosylation patterns, act as decoy receptors 
targeting specific RV strains prevalent in neonates (100). Milk 
proteins, such as lactoferrin, inhibit RV by binding to viral particles or 
blocking cell surface receptors, while also possessing iron-chelating 
properties that can impair viral replication (101). Lastly, studies on 
whole breastmilk show that certain components can inhibit the 
replication of live oral RV vaccines in  vitro, indicating that while 
protective, some milk constituents may impede vaccine virus 
replication, potentially affecting seroconversion rates in infants (102). 
Collectively, these human milk factors provide both direct antiviral 
effects and indirect immunomodulatory actions that contribute to the 
protection of infants against RV infection.

4.4 Dietary fibers, prebiotics, and probiotics

Dietary fibers, prebiotics, and probiotics represent nutritional 
strategies with significant potential to modulate the gut microbiota, 
enhance immune responses, and confer protection against RV 
infection (Table 7) (103–105). Dietary fiber, particularly rice bran, 
protects against RV (RV) infection by multiple mechanisms, 
including enhancing intestinal barrier integrity, modulating gut 
microbiota, and promoting Th1-biased immune responses. In 
gnotobiotic pigs, rice bran supplementation reduced RV diarrhea 
and elevated IFN-γ and IL-12 production, boosting the response to 
RV vaccination (106). Rice bran also increased the abundance of 
Lactobacillus and Bifidobacterium, improved mucin production, 
and upregulated innate immune genes such as TLRs and 
antimicrobial peptides, leading to stronger epithelial defenses (104, 
107). Prebiotics, such as the scGOS/lcFOS mixture, decreased 
RV-induced diarrhea in suckling rats by enriching Bifidobacterium 
and Lactobacillus populations, which enhance SCFA production, 
mucosal IgA secretion, and the expression of tight junction proteins, 
maintaining gut permeability (108–110). Prebiotic supplementation, 
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together with bifidobacteria, enhanced both systemic and mucosal 
immunity in mice, with increased RV-specific IgA, IgG responses, 
and higher levels of IL-4 and IFN-γ, indicating balanced Th1/Th2 
responses (111). Similarly, a prebiotic-postbiotic mixture 
strengthened gut barrier function, reduced intestinal permeability, 

and modulated inflammatory cytokines such as IL-10 and TNF-α in 
a neonatal rat RV infection model (112). Probiotics, including 
Bifidobacterium breve, Lactobacillus rhamnosus GG, and Bacillus 
clausii, have shown strain-specific antiviral effects through 
competitive exclusion, production of antiviral metabolites, and 

TABLE 5  Summary of the effects and mechanisms of zinc, copper and calcium on RV infection.

Mineral Study model Intervention/
exposure

Key findings Mechanism/outcomes Reference

Zinc Human (Infants) Serum zinc levels + delayed 

RV vaccine

Higher serum zinc reduced risk 

of RV gastroenteritis

Enhanced mucosal immunity and vaccine 

response

(82)

Human (Infants) Probiotics + zinc with RV 

vaccine

No significant effect on vaccine 

immune response

Zinc alone insufficient to boost 

immunogenicity

(125)

Human (Children) Probiotics + zinc + lactose-free 

formula

Reduced duration of RV 

diarrhea

Zinc aids epithelial repair and immunity (83)

Human (Children) Zinc + conventional therapy Improved gut microbiota 

recovery

Modulation of microbiome composition (84)

In vitro Zinc ion presence Controls VP6 capsid assembly/

stability

Zinc essential for viral structural integrity (85)

In vitro Zinc oxide nanoparticles Inhibited RV and MDR A. 

baumannii growth

Antiviral via ROS production (86)

Human (Children) Probiotics + zinc + selenium Improved clinical outcomes Synergistic immune enhancement (87)

Copper In vitro Copper oxide nanoparticles Inhibited RV replication Direct antiviral action via ROS (88)

Calcium In vitro Calcium modulation Essential for viral entry Facilitates virus-cell binding (89)

In vitro Calcium chelation Activated RV RNA polymerase Calcium depletion activates transcription (90)

In vitro Calcium depletion Blocked RV maturation Disrupts protein folding, assembly in ER (91)

TABLE 6  Protective effects of human milk components against RV infection: mechanisms and experimental evidence.

Human milk 
component

Experimental 
model

Mechanism of action Key findings Reference

HMOs In vitro (MA104 cells), 

piglets

Act as decoy receptors, blocking virus 

binding to intestinal cells.

Inhibited infectivity of human RV in vitro; 

reduced diarrhea and viral shedding in piglets; 

modulated mucosal immunity and gut 

microbiota.

(92–95)

Mucin (MUC1, MUC4) In vitro, animal models Inhibits RV replication by blocking virus-

cell interactions via glycan-mediated 

binding interference.

Human milk mucin prevents RV replication 

and gastroenteritis in vitro and in vivo models.

(96)

Lactadherin Human cohort, in vitro Binds directly to RV particles, preventing 

attachment to epithelial cells.

Presence of lactadherin in human milk 

correlates with reduced symptomatic RV 

infection in breastfed infants.

(97)

Extracellular vesicles 

(EVs)

In vitro (Caco-2, MA104 

cells)

Contain bioactive molecules that inhibit 

viral entry and replication.

Human colostrum-derived EVs prevented 

infection by human RV and respiratory 

syncytial virus in vitro.

(98)

Anti-RV antibodies (IgA, 

IgG)

Human milk samples Neutralization of virus directly through 

antibody binding, preventing infection 

and reducing viral replication.

Quantified anti-RV antibodies with confirmed 

neutralizing activity; higher levels associated 

with protection.

(99)

Milk proteins 

(Lactoferrin, etc.)

In vitro (MA104 cells) Various bioactive proteins inhibit virus by 

direct binding or enhancing immune 

defense.

Both human and bovine milk proteins showed 

inhibitory effects on RV infectivity.

(101)

Human milk microbiome 

and HMOs

Human infants, gnotobiotic 

pigs

Synergistically modulate the infant gut 

microbiome, enhancing innate immunity 

and resistance to RV infection.

Breastmilk microbiome and HMOs shaped the 

infant gut microbiome, reducing susceptibility 

to neonatal RV infection.

(95)
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modulation of host immunity. For instance, B. breve M-16 V 
prevented diarrhea by increasing dendritic cell maturation and 
enhancing Th1 cytokine profiles (113), while B. clausii induced 
epithelial stabilization, reduced oxidative stress, and upregulated 
type I IFN pathways, curbing RV replication in vitro (114). In pigs, 
probiotics modulated T cell responses, increasing CD8 + T cells and 
IFN-γ levels, which are critical for viral clearance (115). Probiotics 
also reduced RV infection in porcine IPEC-J2 epithelial cells by 
enhancing expression of tight junction proteins (claudin-1, 
occludin), reducing viral adhesion, and decreasing NF-κB mediated 
inflammation (116–118).

Synbiotics, like scGOS/lcFOS combined with B. breve M-16 V, 
provided synergistic protection by reinforcing the epithelial barrier, 
elevating mucosal IgA, and stimulating TLR expression, leading to 
heightened pathogen recognition and immune activation (108, 119). 
A fermented milk with prebiotics induced similar protection via 
upregulating mucin production and fortifying tight junctions (20, 
120). Additionally, a probiotic-prebiotic combination reduced severe 
gastroenteritis in mice by increasing intestinal IFN-γ and IL-10 levels, 
balancing inflammation (4). Together, these interventions work by a 
multifaceted mechanism involving gut microbiota modulation, 
enhancement of epithelial integrity, and immune system priming, 

TABLE 7  Modulation of RV infection by dietary fibers, prebiotics, probiotics, and synbiotics.

Category Intervention/
component

Experimental 
model

Main Findings Mechanism Reference

Dietary fiber Rice bran pigs Reduced RV diarrhea; promoted 

Th1 immune responses to HRV 

vaccine

Enhanced gut barrier, increased 

probiotic growth, upregulated IFN-γ

(103, 104)

Rice bran + probiotics Pigs Altered intestinal and serum 

metabolome; protection against 

HRV diarrhea

Modulated gut microbiota, increased 

SCFAs, improved innate immunity

(107)

Prebiotic scGOS/lcFOS Suckling rats Reduced incidence/severity of RV 

diarrhea

Increased beneficial bacteria, enhanced 

mucosal immunity

(108)

Prebiotics (unspecified) Piglets Decreased diarrhea and gut 

damage during RV infection

Modulated gut microbiota, reduced gut 

inflammation

(106)

Prebiotics + bifidobacteria Mice Enhanced immune responses in 

RV-challenged mice

Increased mucosal IgA and cytokine 

production

(111)

Prebiotics + postbiotics Rats Prevented RV-induced diarrhea Enhanced gut barrier integrity, 

modulated microbiota

(112)

Probiotic Various probiotics (e.g., L. 

rhamnosus GG, B. breve, B. 

clausii)

Pigs, rats, humans Reduced RV infection, improved 

gut health, modulated immune 

responses

Strain-specific adherence, priming of 

innate immunity, increased IFN-γ, IL-12

(72, 113, 114, 

126, 127)

Lactic-acid bacteria Mice Primed innate immunity, 

protected against RV

Upregulated type I IFN, dendritic cell 

activation

(128)

Probiotics + zinc Indian infants No consistent effect on oral RV 

vaccine response

Variable immunomodulatory impact (125)

Probiotics + zinc + selenium Children Improved recovery in RV 

enteritis

Synergistic immune enhancement (87)

Bifidobacteria and 

Lactobacilli

IPEC-J2 cells Reduced porcine RV OSU 

infection

Blocked virus adhesion, maintained 

epithelial integrity

(116)

Bacillus clausii In vitro Inhibited RV infection Stabilized gut epithelium, modulated 

immune markers

(114)

Bifidobacterium longum 

BORI and Lactobacillus 

acidophilus

Children Reduced diarrhea duration and 

severity

Competitive exclusion, 

immunomodulation

(127, 129)

Synbiotic scGOS/lcFOS + B. breve 

M-16 V

Suckling rats Reduced incidence/severity of RV 

diarrhea

Enhanced gut microbiota composition, 

upregulated mucosal immunity

(108, 119)

Probiotics + Prebiotics Mice Modulated RV gastroenteritis 

severity

Synergistic microbiota modulation, 

enhanced IgA production

(4)

Fermented milk concentrate 

+ prebiotics

Suckling rats Prevented RV diarrhea Enhanced gut barrier, immune 

modulation

(120)

Lactic-acid bacteria + RV 

vaccine candidate

In vitro/Preclinical Induced virus-specific immunity Expression of viral proteins, adjuvant 

effect

(130)
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leading to effective mitigation of RV infection. Incorporating dietary 
fibers, prebiotics, and probiotics into nutritional strategies offers a 
promising approach to bolster gut health, enhance immune defenses, 
and reduce the impact of RV infections.

5 Gaps in knowledge and future 
directions

The interplay between nutrition, gut microbiota, and immunity 
is a cornerstone of the body’s response to RV infection, influencing 
both the susceptibility to infection and the severity of the disease. RV, 
as a leading cause of diarrheal disease, remains a major global health 
challenge, particularly in LMICswhere high rates of malnutrition and 
dysbiosis increase the vulnerability of populations to more severe 
outcomes (1). The recent research reviewed herein highlights the 
multifaceted roles that dietary factors, microbiota composition, and 
immune responses play in shaping the overall RV disease process. 
Nutrition exerts profound effects on the gut microbiota, which in 
turn influences immune responses critical for defending against RV 
infection. Macronutrients, micronutrients, probiotics, and prebiotics 
contribute to maintaining a balanced and diverse microbiota, which 
is essential for promoting efficient immune responses, strengthening 
gut barrier integrity, and reducing disease severity. The ability of 
specific dietary components to modulate immune function is a 
promising therapeutic avenue for improving RV outcomes, 
particularly when used in conjunction with vaccines (Figure 1).

Despite significant advancements in understanding the interplay 
between nutrition, microbiota, and immunity in RV infection, several 
critical knowledge gaps remain. Addressing these gaps is essential to 
develop more effective prevention and therapeutic strategies, 
particularly in vulnerable populations with high disease burdens. 
While numerous studies have established associations between gut 
microbiota composition and immune responses to RV, the specific 
molecular and cellular mechanisms underlying these interactions are 
not fully elucidated. Future research should focus on delineating how 
specific microbial taxa and their metabolites modulate mucosal and 
systemic immunity against RV. The variability in oral RV vaccine 
efficacy between high-income and LMICsremains poorly understood. 
Factors such as environmental enteric dysfunction, microbiota 
composition, nutritional deficiencies, and genetic diversity likely 
contribute to these differences. Comprehensive multi-omic studies 
integrating microbiome, metabolome, and host genetic data are 
needed to identify key determinants of vaccine performance. Although 
numerous nutritional interventions (e.g., probiotics, prebiotics, 
micronutrients) have shown promise in modulating gut health and 
immunity, the optimal combinations, dosages, and timing of these 
interventions remain to be established. More randomized controlled 
trials are necessary to define standardized, population-specific 
nutritional protocols. Personalized nutrition and microbiota 
modulation offer great potential but face practical challenges in 
implementation, particularly in resource-limited settings. Developing 
cost-effective, scalable methods for microbiota profiling and 
individualized dietary interventions is a critical area for future 

FIGURE 1

The interplay between nutrition, microbiota, and immunity in RV infection.
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research. The long-term effects of early-life nutritional and microbiota-
targeted interventions on RV immunity, susceptibility to other enteric 
infections, and overall health remain unclear. Longitudinal cohort 
studies are needed to assess how early interventions influence immune 
development and disease outcomes across the lifespan. Environmental 
factors such as sanitation, hygiene, and exposure to pathogens 
significantly influence gut microbiota and immunity. Future studies 
should integrate environmental and socioeconomic variables to 
develop holistic interventions that address the broader determinants 
of health affecting RV outcomes. Innovative vaccine strategies that 
harness or modulate the microbiota to enhance immune responses are 
still in nascent stages. Research into microbiota-directed vaccines and 
adjuvants could revolutionize vaccination strategies, especially in 
populations with dysbiosis or compromised gut health. Implementing 
personalized nutrition and microbiome-based interventions raises 
ethical considerations related to data privacy, equity in access, and 
informed consent. Recent progress in three-dimensional intestinal 
organoid technology has also provided robust and physiologically 
relevant platforms for investigating RV–host interactions. This 
technology complements existing human, animal, and in vitro models 
and holds great promise for advancing mechanistic understanding and 
therapeutic discovery in RV infection. Recent advances in artificial 
intelligence and machine learning offer promising avenues for 
dissecting the complex interplay between nutrition, microbiota, and 
immune responses in rotavirus infection. These applications in clinical 
environments are evolving—encompassing tasks ranging from 
diagnostic support to therapeutic stratification—and are poised to 
bridge the gap between bench findings and real-world implementation 
(121). In the context of our topic, these tools could be leveraged to 
integrate microbiome composition, nutritional status, immune 
profiles, and clinical outcomes, thereby refining intervention strategies. 
Establishing ethical frameworks and guidelines will be essential as 
these approaches move closer to clinical and public health applications. 
Future research should prioritize interdisciplinary collaborations 
integrating microbiology, immunology, nutrition, genomics, and 
public health. Investments in technological innovations, such as 
low-cost microbiota sequencing and machine learning algorithms for 
predictive modeling, will accelerate progress. Policymakers and 
healthcare providers must also be  engaged to translate scientific 
insights into practical, equitable interventions that can be implemented 
globally. By addressing these knowledge gaps and advancing integrated 
strategies, the scientific and medical communities can enhance RV 
prevention, treatment, and vaccine efficacy, ultimately reducing the 
global burden of this significant enteric pathogen.
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