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Highlights 

• The gut-immune axis is better understood as a system of immune regulation and resilience than as a target for 

indiscriminate immune stimulation. 

• Barrier integrity, mucosal immunity, microbial ecology and microbial metabolites form a continuous functional 

network linking digestion with local and systemic immune homeostasis. 

• Probiotics, prebiotics, synbiotics and postbiotics require product-specific evidence; microbiome association alone does 

not establish clinical efficacy. 

• The next phase of innovation is likely to move from taxonomy-driven "microbiome balancing" toward functional 

ecology, metabolomics, precision substrates and validated immune-relevant outcomes. 

Abstract 

The relationship between intestinal physiology and immune function has moved from the margins of nutritional science to 

become a central theme in functional nutrition, microbiome research and preventive health. This shift is changing the 

conceptual basis of immune-support products. Rather than treating immunity as a seasonal concern requiring nonspecific 

stimulation, current evidence describes immune competence as a dynamic property that depends on epithelial barrier 

integrity, mucosal tolerance, microbial ecology, metabolic signalling and the capacity to mount, regulate and resolve 

inflammatory responses appropriately. The gastrointestinal tract lies at the centre of this system. It is simultaneously a 

digestive organ, a major immunological interface and one of the most densely colonised microbial ecosystems in the human 

body. Interactions among intestinal epithelial cells, mucus, secretory immunoglobulin A, gut-associated lymphoid tissue, 

innate and adaptive immune cells, dietary substrates and microbial metabolites generate signals that influence local and 

systemic immune homeostasis. Short-chain fatty acids, bile-acid derivatives and tryptophan-derived metabolites are among 

the best-characterised molecular mediators, although they represent only a fraction of the microbiota-associated 

metabolome. This expanding mechanistic understanding has stimulated interest in dietary fibre, prebiotics, probiotics, 

synbiotics, postbiotics and next-generation microbiome-directed ingredients for daily wellness applications. Biological 

plausibility, however, should not be confused with demonstrated clinical efficacy: effects are frequently strain-, substrate-, 

dose-, population- and endpoint-specific, and changes in microbiome composition alone cannot be assumed to constitute a 

health benefit. This narrative review examines the biological foundations of the gut-immune axis, the evidence supporting 

nutritional modulation, the convergence between digestive health and year-round immune wellness, and the technological 

and regulatory challenges that will shape the next generation of products. The central argument is that the future of the 

category will depend less on claims of indiscriminate "immune boosting" and more on demonstrable support for immune 

resilience, intestinal barrier function and physiologically appropriate immune regulation. 



REVIEW ARTICLE | GUT- IMMUNE AXIS 

From Immune Boosting to Immune Resilience   |   2 / 15 

Keywords: gut-immune axis; gut microbiome; immune resilience; intestinal barrier; mucosal immunity; probiotics; 

prebiotics; synbiotics; postbiotics; microbial metabolites; functional nutrition 

 

Editorial framing: why "immune resilience" is preferable to "immune boosting" 

A competent immune system is not one that is permanently more active. Effective defence requires discrimination 

between danger and harmless exposure, proportional activation, maintenance of tolerance, and timely resolution once a 

challenge has been controlled. 

For nutritional products, this shifts the target from nonspecific stimulation toward preservation of barrier function, mucosal 

defence, regulatory balance and recovery toward homeostasis. 

 

1. Introduction: immunity is becoming a daily health issue 

For decades, consumer immune health was treated primarily as a seasonal category. Products were positioned 

around winter, travel, periods of stress or recovery from respiratory illness, while digestive-health products evolved in 

a largely separate commercial space focused on regularity, bloating, bowel comfort and probiotic supplementation. 

Modern mucosal immunology makes that separation increasingly difficult to defend. The intestine is not merely a 

digestive tube inhabited by microorganisms; it is a highly regulated biological interface at which dietary exposure, 

microbial metabolism, epithelial sensing and immune surveillance occur continuously. The relationship between these 

domains is sufficiently integrated that the gut is now regarded as a central site of immune education, tolerance and 

defence (Belkaid & Hand, 2014; Zheng et al., 2020). 

The conceptual change is important because it challenges one of the most persistent simplifications in the wellness 

market: the idea that a healthy immune system should simply be "boosted". Excessive or misdirected immunity can 

itself be pathological, as illustrated by allergy, autoimmunity and chronic inflammatory disease. Physiologically 

successful immunity requires an ability to identify threats, mobilise an appropriately scaled response, avoid 

unnecessary damage to host tissues and return toward homeostasis once the challenge has been controlled. This review 

therefore uses the term immune resilience to describe the capacity to preserve functional readiness while maintaining 

tolerance, regulatory control and resolution. 

The gut-immune axis offers an unusually rich biological basis for this resilience model. Intestinal epithelial cells, 

tight-junction complexes, mucus, antimicrobial peptides, secretory immunoglobulin A (sIgA), organised gut-

associated lymphoid tissue, lamina propria immune cells and the microbiota form a multilayered defence and 

signalling system. Diet supplies substrates to both host and microorganisms; microbial metabolism generates bioactive 

molecules; host immunity shapes microbial niches; and systemic physiology feeds back through endocrine, neural and 

metabolic pathways. The result is not a linear pathway but a bidirectional network. 

This network also explains why consumer interest in digestive health and immune health is converging. If barrier 

integrity, microbial metabolism and mucosal immune regulation are continuous determinants of host defence, then the 

biological rationale for gut-directed support is not inherently seasonal. However, this same popularity creates a 

scientific risk: the existence of a gut-immune axis does not validate every microbiome product, every proposed strain 

or every claim of "balance". The field will retain credibility only if mechanistic plausibility is connected to 

reproducible human benefit. 

2. Scope and approach of this review 

This article is a narrative review rather than a systematic review or meta-analysis. It prioritises international 

consensus statements, authoritative reviews, systematic evidence syntheses, major human intervention studies and 

relevant European regulatory sources available through August 2026. Particular emphasis is placed on evidence that 
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clarifies the distinction between microbiome composition, gastrointestinal function, immune biomarkers and clinically 

meaningful outcomes. 

The purpose is not to catalogue every taxon or immune pathway associated with intestinal biology. Instead, the 

review addresses four questions that are particularly relevant to nutrition and ingredient innovation: (1) which 

components of the gut-immune axis have the strongest mechanistic basis; (2) what evidence supports nutritional and 

biotic modulation; (3) where current commercial language exceeds scientific certainty; and (4) which research, 

formulation and regulatory principles are most likely to determine future product quality. 

3. Gut health is broader than microbiome composition 

The term gut health has been used so broadly that it can refer to normal digestion, absence of disease, stool 

regularity, microbial diversity, psychological well-being or combinations of these constructs. The 2026 International 

Scientific Association for Probiotics and Prebiotics (ISAPP) consensus sought to reduce this ambiguity by defining 

gut health around normal gastrointestinal function, absence of active gastrointestinal disease and absence of gut-

related symptoms that materially affect quality of life, while recognising functional, subjective and extrinsic domains 

(Marco et al., 2026). This is more clinically useful than equating gut health with a particular microbiome profile. 

That distinction matters because there is no universally applicable microbial composition that defines health. 

Microbiomes vary substantially with geography, habitual diet, age, medication exposure, host genetics, transit time 

and other environmental variables. High alpha diversity can be associated with health in some contexts, but diversity 

is not intrinsically beneficial and can be a misleading universal target. Contemporary reviews emphasise ecological 

function, stability, metabolic capacity and context rather than a single ideal list of microorganisms (Shanahan et al., 

2021; Van Hul et al., 2024). 

The same caution applies to commercial microbiome testing. The 2025 international consensus on microbiome 

testing in clinical practice concluded that many current direct-to-consumer interpretations are not sufficiently validated 

for routine clinical decision-making, particularly when they generate deterministic health scores or personalised 

interventions from stool composition alone (Porcari et al., 2025). The analytical ability to detect microorganisms has 

advanced faster than the ability to interpret the clinical meaning of every detected difference. 

For functional nutrition, the practical implication is straightforward: a product should not be considered efficacious 

simply because it alters relative abundance of a bacterial genus, increases a diversity index or produces a statistically 

significant metagenomic shift. Such measurements can support mechanism, but health benefit should be demonstrated 

through relevant physiological, symptomatic or clinical outcomes. 

4. The intestinal barrier: where digestion meets immunity 

The intestinal barrier is sometimes described as a wall, but its biology is more accurately understood as a 

selectively permeable and immunologically active border. It must permit efficient absorption of water, electrolytes and 

nutrients while restricting invasion by pathogens and limiting inappropriate exposure to microbial molecules, dietary 

antigens and environmental compounds. This balancing act is achieved through coordinated physical, chemical and 

immunological mechanisms (Neurath et al., 2025). 

The epithelial layer is composed of specialised cell populations with functions that extend well beyond absorption. 

Enterocytes contribute to nutrient transport and innate sensing; goblet cells produce mucus; Paneth cells secrete 

antimicrobial factors; enteroendocrine cells integrate nutritional, microbial and neuroendocrine information; and 

microfold cells facilitate antigen sampling. Tight-junction proteins, including claudins, occludin and zonula 

occludens-associated complexes, regulate the paracellular route and respond dynamically to inflammatory and 

metabolic signals. 

Beneath the epithelium, dendritic cells, macrophages, T cells, B cells and innate lymphoid cells form a dense 

immunological network. These cells must respond rapidly to breaches while maintaining tolerance to food antigens 

and commensal microorganisms. The importance of this distinction is often lost in consumer discussions of "leaky 
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gut". Increased intestinal permeability is measurable and relevant in defined diseases and experimental contexts, but 

the term has been expanded in wellness marketing to explain a broad spectrum of nonspecific symptoms for which 

causal evidence may be weak. Supporting normal barrier physiology is a defensible scientific objective; diagnosing a 

universal permeability syndrome is not. 

The barrier is also not independent of microbial ecology. Commensals influence mucus utilisation, epithelial 

metabolism and antimicrobial signalling, while the host controls nutrient availability and immune pressure within 

microbial niches. Barrier integrity is therefore an emergent property of host cells, microorganisms, diet and immune 

regulation rather than a single molecular target. 

5. The gut as an immune organ 

The gastrointestinal tract contains extensive organised and diffuse immune structures collectively referred to as 

gut-associated lymphoid tissue. Peyer patches, isolated lymphoid follicles, mesenteric lymph nodes and immune cells 

distributed through the epithelium and lamina propria create a surveillance system capable of sampling antigens while 

limiting unnecessary inflammation. This is one reason the gut is central to both immune defence and immune 

tolerance. 

sIgA provides a particularly instructive example. Mucosal IgA can restrict microbial contact with the epithelium 

and influence microbial localisation without necessarily provoking the tissue-damaging inflammatory responses 

associated with systemic pathogen clearance. Dendritic cells integrate microbial and dietary signals and help shape T-

cell differentiation. Regulatory T cells support tolerance, while effector populations such as Th17 cells contribute to 

barrier defence but can also participate in inflammatory pathology when regulation is lost. The microbiota participates 

in the development and tuning of these cell populations (Honda & Littman, 2016; Zheng et al., 2020). 

This biology illustrates why "pro-inflammatory" and "anti-inflammatory" are often inadequate labels for nutrition 

science. Acute inflammation is essential for host defence and repair. The problem is not inflammation per se, but 

inappropriate initiation, magnitude, localisation or persistence. A credible gut-immune intervention should therefore 

be evaluated in relation to physiological regulation, not solely by whether it reduces one cytokine concentration. 

6. The microbiota as an immunological and ecological partner 

The intestinal microbiota contributes to immune physiology through ecological competition, molecular signalling 

and metabolism. Resident microorganisms compete with potential pathogens for nutrients and physical niches, alter 

local pH, consume oxygen and produce inhibitory compounds. These ecological effects contribute to colonisation 

resistance and interact with host-derived mucus, antimicrobial peptides and immunoglobulins (Pickard et al., 2017). 

Equally important, the immune system shapes the microbiota. Antimicrobial peptides, IgA coating, epithelial 

oxygen gradients and inflammatory changes in nutrient availability can favour some organisms while restricting 

others. Gut immunity and microbial ecology are therefore reciprocal: the host does not merely react to the microbiota, 

and the microbiota does not simply "train" immunity in a one-directional manner. 

The term dysbiosis is useful when it describes a disrupted microbial ecosystem, but it can become misleading 

when treated as a unitary diagnosis. Different diseases show different microbial signatures; the same taxon may be 

associated with opposite outcomes in different contexts; and observed microbial differences can be consequences of 

medication, diet, transit time or inflammation rather than primary causes. Microbiome science is strongest when it 

moves beyond association and establishes a credible sequence from microbial feature to mechanism, intervention and 

health outcome. 
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7. Microbial metabolites as the biochemical bridge 

7.1 Short-chain fatty acids 

Short-chain fatty acids (SCFAs), especially acetate, propionate and butyrate, are among the best-characterised 

mediators of diet-microbiota-host communication. They are generated largely through microbial fermentation of 

carbohydrates that escape digestion in the upper gastrointestinal tract. Butyrate is an important energy substrate for 

colonocytes and can influence epithelial barrier function, while SCFAs can signal through G-protein-coupled 

receptors and affect gene regulation through histone deacetylase inhibition. 

These mechanisms can influence regulatory T-cell differentiation, dendritic-cell activity and macrophage function, 

but SCFAs should not be described as universally anti-inflammatory. Their effects depend on concentration, tissue, 

receptor expression, host metabolic state and disease context. Arifuzzaman et al. (2024) emphasised that diet-

microbiota-derived metabolites can support or constrain inflammation depending on the biological setting. The more 

precise interpretation is that SCFAs participate in immune regulation rather than functioning as simple anti-

inflammatory agents. 

7.2 Bile acids 

Bile acids illustrate another layer of host-microbial co-metabolism. Primary bile acids synthesised by the host are 

transformed by intestinal microorganisms into secondary bile acids and structurally diverse derivatives. These 

molecules signal through receptors including farnesoid X receptor and TGR5 and can influence epithelial, metabolic 

and immune pathways. 

Experimental work has shown that selected microbial bile-acid metabolites can affect the differentiation or 

function of regulatory T cells and Th17 cells, offering a mechanistic bridge between microbial metabolism and 

mucosal immune balance. The broader lesson is important for product innovation: changing microbial composition is 

only one route to changing host physiology; modifying the metabolic products generated by an existing community 

may be equally or more relevant. 

7.3 Tryptophan and aromatic amino-acid metabolism 

Dietary tryptophan can enter host metabolic pathways or be converted by intestinal microorganisms into indole 

derivatives. Several of these metabolites can activate the aryl hydrocarbon receptor (AhR), a transcriptional regulator 

involved in epithelial integrity, innate lymphoid-cell function and mucosal immune responses. This pathway 

demonstrates how a dietary substrate can yield different physiological consequences depending on the metabolic 

repertoire of the microbiota. 

The same principle applies to a much larger metabolome. Intestinal microorganisms produce thousands of low-

molecular-weight compounds, many of which remain poorly characterised. The field is consequently shifting from 

taxonomic questions - which bacteria are present - toward functional questions - which genes are expressed, which 

metabolites are produced and which host pathways are altered. That transition is likely to be decisive for the next 

generation of microbiome-directed nutrition. 

Table 1. Principal biological domains of the gut-immune axis 

 

Domain Representative mechanisms Relevance to nutrition and product 
design 

Barrier integrity Mucus, epithelial cells, tight junctions, 

antimicrobial peptides 
Supports a shift from vague "detox" language 

toward defined barrier-related endpoints. 

Mucosal immunity sIgA, dendritic cells, Treg/Th17 balance, innate 

lymphoid cells 
Favors regulation and resilience rather than 

indiscriminate stimulation. 
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Domain Representative mechanisms Relevance to nutrition and product 
design 

Microbial ecology Colonisation resistance, nutrient competition, 

cross-feeding 
Requires ecological context; taxonomic 

abundance alone is insufficient. 

Microbial metabolism SCFAs, bile-acid derivatives, indoles and other 

metabolites 
Creates opportunities for metabolite-oriented, 

function-first formulations. 

Systemic signalling Circulating metabolites, immune-cell trafficking, 
neuroendocrine pathways 

Provides plausible links to respiratory, 
metabolic, brain and ageing outcomes, but needs 

endpoint-specific evidence. 

8. Diet remains the most powerful everyday ecological input 

The commercial focus on proprietary microbiome ingredients can obscure a basic fact: habitual diet is one of the 

most important modifiable determinants of microbial metabolism. Fermentable carbohydrates supply substrates for 

microbial growth and cross-feeding; plant foods provide polyphenols and other compounds that undergo extensive 

microbial transformation; protein quantity and source alter nitrogenous fermentation; and dietary fat influences bile-

acid availability. Diet therefore modifies the gut ecosystem through multiple interacting mechanisms. 

Human intervention data demonstrate that diet can alter both microbiome function and immune markers. In a 

prospective 17-week intervention, Wastyk et al. (2021) compared high-fibre and high-fermented-food dietary patterns 

in healthy adults. The high-fibre intervention altered microbiome functional capacity without uniformly increasing 

diversity, and immune responses varied according to baseline microbiota. The fermented-food intervention increased 

microbiota diversity and was associated with decreases in several inflammatory markers. The study is valuable not 

because it establishes a universal "best" microbiome diet, but because it illustrates individual variation and the need to 

integrate microbial and host outcomes. 

For product development, the implication is that supplements and functional foods should complement rather than 

conceptually replace dietary quality. A probiotic or postbiotic can have value, but it cannot reasonably be expected to 

compensate for every physiological consequence of a chronically poor diet. This is also relevant to claims: the 

strongest long-term positioning may be products that fit within a coherent dietary strategy rather than products 

marketed as shortcuts around it. 

9. Prebiotics: feeding function rather than simply adding fibre 

ISAPP defines a prebiotic as a substrate selectively utilised by host microorganisms that confers a health benefit 

(Gibson et al., 2017). This definition is more demanding than the common commercial practice of describing any 

added fibre as "prebiotic". Demonstrating fermentability is not enough; selective microbial utilisation and a health 

benefit are integral to the concept. 

Established prebiotic classes include selected fructans and galacto-oligosaccharides, while other carbohydrates and 

non-carbohydrate substrates remain under active investigation. Potential gut-immune effects can arise through changes 

in microbial metabolic output, pH, ecological competition, SCFA production and indirect modulation of epithelial or 

mucosal immune physiology. However, fermentation is dose dependent. A dose sufficient to modify microbial 

metabolism can also increase gas production and gastrointestinal symptoms in susceptible individuals, making 

tolerability part of the efficacy equation. 

Future prebiotic development is likely to become more precise. Rather than pursuing generic increases in 

"beneficial bacteria", formulations may be selected for their ability to support defined metabolic pathways, microbial 

guilds or cross-feeding networks. Such precision prebiotics could ultimately be evaluated by functional outputs - for 

example, a reproducible metabolomic signature - rather than by broad taxonomic change alone. 
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10. Probiotics: strain specificity is not optional 

Probiotics are live microorganisms that, when administered in adequate amounts, confer a health benefit on the 

host (Hill et al., 2014). The operational importance of this definition is often underestimated. Evidence is strain-

specific unless a robust scientific basis exists for broader extrapolation. Results obtained with one strain cannot 

automatically be transferred to another strain of the same species, and evidence for a defined dose, delivery system 

and target population cannot simply validate a superficially similar formulation. 

This is especially important in immune-support applications. Probiotic trials and systematic reviews have 

examined respiratory infections, antibiotic-associated diarrhoea, gastrointestinal infections and numerous immune 

biomarkers. The 2022 Cochrane review of probiotics for preventing acute upper respiratory tract infections reported 

benefits for several outcomes compared with placebo or no treatment, but the included interventions were 

heterogeneous in organisms, populations and methods (Zhao et al., 2022). Such evidence supports the proposition that 

some probiotic interventions can influence respiratory illness outcomes; it does not support the claim that all 

probiotics "boost immunity". 

High-quality product development therefore requires genomic or otherwise validated strain identity, dose 

justification, stability through the end of shelf life and evidence generated with a formulation sufficiently similar to the 

marketed product. Viability at manufacture is not enough if the viable count at consumer use is materially lower than 

the clinically evaluated dose. 

11. Synbiotics: rational combinations, not ingredient stacking 

Synbiotics combine live microorganisms with substrate components and are defined by ISAPP as mixtures in 

which live microorganisms and selectively utilised substrates together confer a health benefit (Swanson et al., 2020). 

The consensus distinguishes complementary synbiotics from synergistic designs in which the substrate is specifically 

intended to support the co-administered microorganism. 

This distinction exposes a common formulation weakness: adding a probiotic blend and a generic fibre to the same 

product does not automatically create biological synergy. A rational synbiotic should consider substrate utilisation, 

strain survival, dose, ecological competition, cross-feeding and the intended endpoint. In that sense, synbiotic design 

increasingly resembles ecological engineering rather than a label-driven exercise in ingredient accumulation. 

12. Postbiotics: technological flexibility with an evidence burden 

Postbiotics have become one of the most commercially attractive microbiome-related categories because they can 

offer greater processing and storage flexibility than live microorganisms. ISAPP defines a postbiotic as a preparation 

of inanimate microorganisms and/or their components that confers a health benefit on the host (Salminen et al., 2021). 

Purified microbial metabolites alone are not included in this definition. 

The distinction is not semantic. Inactivation does not remove the need to demonstrate efficacy. A heat-treated 

bacterial preparation is not scientifically a postbiotic merely because it contains non-viable cells. The health benefit 

must be demonstrated for the defined preparation, and manufacturing conditions matter because strain identity, growth 

conditions, inactivation method and matrix can influence cell structures and biological activity. 

Postbiotics nevertheless represent a significant formulation opportunity. They can be considered for product 

formats in which conventional probiotic viability is difficult to preserve, including certain beverages, high-water-

activity matrices or processes involving heat. Their future value will depend on rigorous characterisation and clinical 

validation rather than on using the term as a marketing substitute for probiotic evidence. 
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13. Next-generation microorganisms and the Akkermansia case 

Microbiome sequencing has expanded the search for health-related organisms beyond traditional Lactobacillaceae 

and Bifidobacterium taxa. Akkermansia muciniphila has become a prominent example because of its ecological 

relationship with the intestinal mucus layer and extensive experimental literature linking it to barrier and metabolic 

physiology. Reviews have described it as a paradigm for next-generation beneficial microorganisms, while also 

emphasising the importance of causal evidence and defined preparations (Cani et al., 2022). 

Human proof-of-concept research has evaluated live and pasteurised A. muciniphila in metabolically at-risk adults, 

providing translational evidence beyond observational association. From a regulatory perspective, pasteurised A. 

muciniphila has been authorised in the European Union as a novel food under specified conditions, with the conditions 

of use subsequently amended. Such authorisation is important but must not be confused with approval of broad health 

claims: market authorisation addresses legal placement and safety conditions, whereas a health claim requires separate 

substantiation under the applicable claims framework (European Commission, 2022, 2026). 

The Akkermansia example also demonstrates a wider technological problem. Many next-generation candidate 

microorganisms are highly oxygen sensitive and difficult to manufacture, stabilise and deliver. Future development 

therefore requires microbiology, fermentation engineering, formulation science, analytical characterisation and 

regulatory strategy to be integrated from an early stage. 

14. From local gut immunity to systemic axes 

14.1 Gut-lung communication 

The gut and respiratory tract are distinct anatomical environments, but mucosal immunity is systemically 

connected. Microbial metabolites can enter the circulation, immune cells primed in one mucosal compartment can 

traffic to other tissues, and systemic inflammatory or metabolic states can influence respiratory defence. This provides 

biological plausibility for a gut-lung axis and helps explain why some gut-directed interventions have been evaluated 

using respiratory outcomes. 

However, plausibility should not be converted into a generic prevention claim. The probiotic evidence for upper 

respiratory tract infection illustrates the point: selected interventions show benefit in pooled analyses, but 

heterogeneity in strains, populations and study design prevents indiscriminate generalisation. The gut-lung axis is 

therefore a valid mechanistic framework, not a universal product claim. 

14.2 Gut-brain-immune interactions 

Psychological stress can alter gastrointestinal motility, secretion, permeability and immune activity through 

autonomic and neuroendocrine pathways. Conversely, microbial metabolites and immune mediators can participate in 

signalling that influences brain function and behaviour. The result is a microbiota-gut-brain network in which immune 

pathways are one component among neural, endocrine and metabolic routes. 

For the wellness market, this creates an obvious opportunity for multifunctional products positioned around 

digestive comfort, stress and immune resilience. Scientifically, however, multifunctionality increases rather than 

reduces the evidentiary burden. A formulation should not inherit a stress claim from one ingredient, an immune claim 

from another and a microbiome claim from a third and then imply that the final combination has demonstrated all 

three outcomes. 

14.3 Ageing, immunosenescence and inflammaging 

Ageing is accompanied by changes in immune function, inflammatory regulation, diet, medication exposure and 

microbiome ecology. These changes are highly heterogeneous: chronological age alone does not determine a single 

microbiome state. Reviews of healthy ageing therefore emphasise function, resilience and ecological context rather 

than a simplistic age-related loss of diversity (Ghosh et al., 2022). 
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The gut-immune axis is nevertheless highly relevant to healthy ageing because older adults may simultaneously 

experience reduced dietary diversity, altered gastrointestinal physiology, increased medication burden and changes in 

immune responsiveness. The appropriate nutritional objective is not indiscriminate immune stimulation but 

preservation of barrier integrity, nutrient adequacy, microbial metabolic function and proportionate immune responses. 

15. Micronutrients still matter 

The enthusiasm surrounding microbiome science should not displace established nutritional immunology. Vitamin 

D, vitamin A, vitamin C, zinc, selenium, folate, vitamin B6 and vitamin B12, among other nutrients, contribute to 

normal immune physiology through well-characterised mechanisms. In the European Union, authorised health claims 

exist for several nutrient-immune relationships when the conditions of use are satisfied. 

This creates a rational opportunity for layered formulations in which nutrient sufficiency, epithelial physiology, 

microbial metabolism and immune regulation are addressed simultaneously. The scientific caveat is equally important: 

an authorised nutrient claim cannot be used as evidence that the probiotic, prebiotic or postbiotic component of the 

same product has independently demonstrated an immune benefit. Ingredient-level and finished-product evidence 

should be kept conceptually distinct. 

16. The problem with "inflammation" as a consumer endpoint 

Inflammation has become one of the most overused constructs in wellness communication. Consumers are 

frequently encouraged to treat inflammation as though it were a toxin-like state that should always be reduced. In 

immunology, this is incorrect. Inflammatory responses are essential for pathogen control, wound repair and tissue 

adaptation. The relevant problem is excessive, inappropriate, chronic or poorly resolved inflammation. 

This distinction has methodological consequences. A statistically significant change in one inflammatory 

biomarker does not automatically indicate a clinically meaningful improvement, and cytokines can vary with 

infection, circadian timing, exercise, adiposity and many other factors. Gut-immune studies should therefore predefine 

mechanistically justified biomarkers and connect them, where possible, to validated clinical or functional outcomes 

rather than measuring large panels and selectively highlighting favourable results. 

17. Measuring gut-immune benefit properly 

Microbiome research has extraordinary analytical depth. 16S rRNA sequencing, shotgun metagenomics, 

metatranscriptomics, proteomics and metabolomics can generate thousands of variables from a relatively small 

number of participants. The risk is that technological sophistication creates an illusion of clinical certainty. A change 

that is statistically detectable is not necessarily physiologically important, and microbiome composition is often best 

treated as a mechanistic intermediate rather than a final health endpoint. 

For daily-wellness interventions, potentially meaningful outcomes include validated gastrointestinal symptom 

measures, stool frequency and consistency, carefully selected measures of intestinal permeability, incidence or 

duration of respiratory illness, antibiotic use, selected mucosal immune markers, response to standardised immune 

challenge and validated quality-of-life outcomes. The endpoint should match the proposed benefit. 

The microbiome can add mechanistic depth to these studies. Baseline composition and function may help explain 

responders and non-responders; metagenomics can identify potential metabolic capacity; and metabolomics can test 

whether the expected biochemical output has changed. The design principle should be hierarchy rather than 

accumulation: clinical outcome first, mechanistic support second, exploratory omics third. 
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Table 2. Evidence hierarchy for common gut-immune intervention classes 

Intervention Biological rationale Human evidence Primary scientific limitation 

Diverse fibre-rich diets Strong Moderate to strong, outcome-

dependent 
Complex intervention; mechanisms are 

difficult to isolate. 

Established prebiotics Strong Moderate to strong for selected 

outcomes 
Dose, tolerance and substrate 

specificity. 

Probiotics Strong for defined strains Strong for some strain-specific 

indications; variable elsewhere 
Effects cannot be generalised across 

strains, doses or populations. 

Synbiotics Strong when rationally designed Variable Final combination requires evidence; 

simple co-formulation is not proof of 

synergy. 

Postbiotics Strong and rapidly expanding Growing Preparation-specific evidence and 
manufacturing characterisation are 

essential. 

Next-generation microorganisms High mechanistic interest Early to moderate depending on 

organism 
Manufacturing, safety, stability and 

regulatory complexity. 

Microbiome-personalised nutrition Strong conceptual rationale Emerging Prospective predictive validation 

remains limited. 

Generic "microbiome balancing" 

blends 
Often weakly specified Frequently limited Claims commonly exceed product-

specific evidence. 

18. Baseline microbiome, responders and the promise of precision nutrition 

Inter-individual variability is one of the defining challenges of microbiome nutrition. Two individuals consuming 

the same fermentable substrate may generate different metabolites because their communities contain different 

metabolic pathways. A probiotic strain may survive, interact and function differently depending on baseline ecological 

resistance, diet and host physiology. The average treatment effect in a trial can therefore conceal biologically 

meaningful responder and non-responder patterns. 

This creates the conceptual basis for precision microbiome nutrition. Future trials are likely to incorporate baseline 

metagenomic features, metabolomic signatures, dietary patterns and host phenotypes in attempts to predict response. 

Such work could ultimately support targeted selection of substrates or microbial preparations for specific ecological 

states. 

Yet personalisation should not be declared prematurely. A direct-to-consumer stool test that generates an 

algorithmic diet score is not equivalent to a prospectively validated precision-nutrition platform. The standard should 

be predictive validity: a baseline feature should reliably identify who is more likely to benefit from a defined 

intervention in an independent or prospective setting. Until then, many personalised microbiome recommendations 

should be treated as hypotheses rather than clinical facts. 

19. Product design: moving beyond ingredient collage 

The growth of the category creates a predictable temptation to combine as many fashionable ingredients as 

possible: multiple probiotic strains, several fibres, beta-glucans, vitamins, minerals, polyphenols and botanicals in a 

single formulation. Such products can look comprehensive while being scientifically difficult to interpret. A label can 

be complex without the biological hypothesis being coherent. 

Rational development should start with the intended population and outcome, then select the mechanism and 

ingredient rather than proceeding in the reverse direction. For each component, developers should ask whether the 

dose is clinically relevant, whether interactions are plausible, whether the delivery format preserves activity and 

whether the final product resembles the material evaluated in the supporting studies. The more ingredients are 

combined, the harder it becomes to infer which component drives the observed effect and whether the combination 

remains stable and tolerable. 
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The next generation of high-quality formulations is therefore likely to use fewer arbitrary components and more 

deliberate biological architecture. A product might combine an established micronutrient claim with a strain-specific 

probiotic supported for a defined endpoint, or pair a microorganism with a substrate selected for a demonstrated 

functional interaction. Scientific coherence is likely to become a competitive advantage as regulators, professional 

customers and informed consumers become more critical of generic microbiome language. 

20. Delivery technology is part of efficacy 

For live microorganisms, formulation and delivery science cannot be separated from biological efficacy. Probiotics 

can be exposed to oxygen, moisture, processing stress, gastric acidity, bile and ecological competition before they 

reach the intended site of action. A strain that performs well in a controlled laboratory system can fail commercially if 

viability declines during storage or release is poorly matched to gastrointestinal conditions. 

Microencapsulation, protective matrices, moisture and oxygen management, and targeted-release technologies can 

therefore be important. Next-generation strict anaerobes create greater manufacturing challenges because conventional 

processing environments may be incompatible with survival. Postbiotic approaches partly bypass viability constraints, 

but they introduce their own need for reproducible inactivation and compositional characterisation. 

The central principle is that the clinically relevant intervention is not simply the named organism or ingredient. It 

is the complete delivered preparation: strain or substrate, dose, matrix, manufacturing history, storage conditions and 

consumer-use conditions. Evidence should follow that real product as closely as feasible. 

21. Regulatory reality: science and claims are different questions 

In the European Union, nutrition and health claims made on foods are governed principally by Regulation (EC) No 

1924/2006. Health claims must meet the legal framework and, where required, be authorised on the basis of scientific 

substantiation. EFSA has issued specific guidance for claims relating to the immune system, gastrointestinal tract and 

defence against pathogenic microorganisms (EFSA NDA Panel, 2016; European Parliament & Council, 2006). 

This creates several practical boundaries for the gut-immune category. A plausible mechanism is not automatically 

an authorised health claim. A statistically significant change in microbiome composition is not necessarily a beneficial 

physiological effect. Authorisation of an ingredient as a novel food addresses the conditions under which that 

ingredient may be placed on the market; it does not automatically authorise health claims about it. Likewise, an 

authorised vitamin or mineral claim cannot be used to imply that an accompanying microbiome ingredient has 

independently established the same benefit. 

Global product development adds further complexity because definitions and permissible wording differ among 

jurisdictions. The most efficient strategy is to integrate regulatory planning with clinical development from the 

beginning. Claim wording, study population, endpoint selection and analytical methods should be considered before 

the pivotal study rather than after the product has already been formulated. 

22. Commercial opportunity and scientific risk 

The convergence of digestive and immune health creates a substantial opportunity because it reframes immunity 

from a reactive, seasonal purchase into a daily physiological concern. The same convergence also makes 

overstatement easy. Terms such as "microbiome balance", "immune optimisation" and "inflammation control" can 

sound technically sophisticated while remaining poorly defined. 

The strongest commercial propositions are likely to be those in which differentiation is built on evidence rather 

than on terminology alone. Well-characterised ingredients, transparent doses, stable formulations, reproducible 

manufacturing and clinically interpretable outcomes create defensible value. In contrast, products that depend on 

fashionable taxonomic associations or undefined "dysbiosis" narratives may face increasing scientific and regulatory 

scrutiny. 
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For ingredient suppliers, this means that technical dossiers should evolve beyond compositional specifications and 

in vitro assays. A high-value dossier should connect identity and manufacturing with mechanism, pharmacologically 

or nutritionally plausible dose, human evidence, stability, safety, target population and regulatory positioning. The 

gut-immune category is becoming multidisciplinary by necessity. 

23. Research agenda: from taxonomy to function 

The first commercial phase of microbiome science was dominated by taxonomy: which microorganisms are 

present and whether a product increases selected genera or diversity. The next phase is moving toward function. 

Shotgun metagenomics can identify metabolic potential; metatranscriptomics can show which genes are active; 

proteomics can identify expressed proteins; and metabolomics can measure host-microbial chemical outputs. These 

approaches make it possible to test whether an intervention changes what a community does, not merely who is there. 

This functional shift may change how products are designed. Precision prebiotics could be selected to favour a 

microbial guild or defined biochemical pathway. Synbiotics could be designed to generate predictable metabolites. 

Fermentation-derived bioactives could be characterised independently of live microorganisms. Microbial metabolites 

may emerge as ingredient classes in their own right, although they should not be mislabeled as postbiotics when they 

fall outside the accepted definition. 

Three research priorities are especially important. First, intervention studies need replication and adequately 

powered clinically meaningful outcomes. Second, the field needs stronger causal links between microbial function and 

host benefit, including validation of intermediate biomarkers. Third, personalisation requires prospective tests of 

response prediction rather than retrospective subgroup discovery. Progress on these points will determine whether 

microbiome nutrition becomes a mature evidence-based discipline or remains dominated by associative marketing. 

Practical criteria for a credible gut-immune product 

1. Define the target population and intended benefit before choosing the ingredients. 

2. Use strain-, substrate- or preparation-specific evidence at a dose relevant to the marketed product. 

3. Distinguish clinical outcomes from mechanistic biomarkers and microbiome composition endpoints. 

4. Validate stability and activity through the end of shelf life in the real delivery matrix. 

5. Keep regulatory authorisation, safety, mechanism and health-claim substantiation as separate evidentiary questions. 

6. Avoid language implying universal microbiome balance, nonspecific immune stimulation or disease treatment when 

those propositions have not been demonstrated. 

 

24. Conclusion 

The convergence between digestive health and immune wellness is more than a commercial trend. It reflects a 

genuine advance in understanding the gastrointestinal tract as a digestive surface, epithelial barrier, immune organ and 

microbial ecosystem operating as an integrated system. Barrier cells, mucosal lymphoid structures, microbial 

communities, dietary substrates and microbial metabolites continuously exchange signals that influence defence, 

tolerance and inflammatory regulation. 

This biology provides a strong foundation for year-round gut-immune nutrition, but it does not validate every 

product positioned within the category. The microbiome itself is not an efficacy claim. A microorganism, substrate or 

microbial preparation must demonstrate a meaningful benefit at a defined dose and in a relevant population, ideally 

using clinically interpretable outcomes. Microbiome measurements and immune biomarkers are most valuable when 

they clarify mechanism rather than substitute for benefit. 

The most important conceptual transition is therefore from immune stimulation to immune resilience. A healthy 

immune system is not one that remains maximally activated. It is one that distinguishes threat from harmless exposure, 
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mounts proportionate responses, preserves mucosal tolerance, limits collateral tissue damage and resolves 

inflammation efficiently. The gut participates in all of these functions. 

The next generation of innovation is likely to move from broad claims of microbiome "balance" toward better 

characterisation of microbial function, metabolic output and host response. Precision prebiotics, rational synbiotics, 

validated postbiotics, next-generation microorganisms and metabolite-oriented strategies may all contribute. Their 

success, however, will depend on a standard that is both scientifically demanding and commercially useful: 

mechanism where mechanism matters, clinical evidence where benefit is claimed, technological control where activity 

depends on delivery, and regulatory precision throughout. That framework offers a more durable future for gut-

immune wellness than the older language of "immune boosting". 
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