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Abstract 

The gut microbiota is a critical determinant of host immune, metabolic, and 

epithelial homeostasis, yet the host genetic factors governing inter-individual 

variation in microbial composition remain incompletely defined. Beyond 

environmental influences, genetic variation in innate immune pathways has 

emerged as a key regulator of host-microbiome interactions. Variants in 

pattern recognition receptors, inflammasome components, antimicrobial 

peptide genes, and immune-regulatory cytokines modulate microbial sensing, 

antimicrobial defense, inflammatory tone, and barrier integrity, thereby 

exerting selective pressures on gut microbial communities. This review 

systematically synthesizes evidence from human genome-microbiome 

association studies, twin cohorts, population-based analyses, and mechanistic 

experimental models to delineate how genetic variation in innate immune 

genes shapes gut microbiota composition and function. We focus on major 

innate pathways, including Toll-like receptors, NOD-like receptors, 

inflammasomes, defensins, and cytokine signaling networks, and summarize 

their documented effects on microbial diversity, taxonomic structure, and 

disease-associated dysbiosis. Key methodological challenges such as small 

genetic effect sizes, environmental confounding, population specificity, and 

limited causal inference are critically evaluated. Finally, we outline future 

directions emphasizing longitudinal study designs, multi-omics integration, 

functional validation, and genotype-stratified interventions. Elucidating 

innate immune genetic control of the gut microbiota will be essential for 

advancing precision microbiome medicine and for developing targeted 

therapeutic strategies for inflammatory, metabolic, and immune-mediated 

diseases. 
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1. Introduction 

The human gastrointestinal tract is colonized by a dense and diverse community of 

microorganisms whose collective genomes (the gut microbiome) profoundly influence host 

physiology (Qin et al., 2010; The Human Microbiome Project Consortium, 2012; Thursby & Juge, 

2017). Gut microbes contribute to nutrient metabolism, synthesize vitamins, modulate energy 

balance, and produce bioactive metabolites that signal to host tissues, thereby shaping host 

metabolic homeostasis (Hou et al., 2022; Nombulelo Mntambo et al., 2025; Rowland et al., 2017). 

Landmark works such as the Human Microbiome Project and early metagenomic catalogues 

established the scale and functional potential of the gut microbiome and illustrated that microbial 

gene content complements the human genome in determining physiological capabilities (Troisi, 

2022; Xiao & Kang, 2020). 

Beyond metabolism, the gut microbiota is essential for immune system development (Belkaid & 

Hand, 2014; Gensollen et al., 2016; Hooper et al., 2012). Early-life microbial exposures drive 

maturation of gut-associated lymphoid tissue, influence the development of regulatory T cells, and 

calibrate innate and adaptive immune responses; perturbations in these host-microbe dialogues can 

predispose to immune-mediated and inflammatory diseases later in life (Kühn et al., 1993; 

Turnbaugh et al., 2006; Yatsunenko et al., 2012). Moreover, decades of ecological and 

interventional studies have linked alterations in gut community structure to disease susceptibility, 

including obesity, inflammatory bowel disease, metabolic syndrome, and colorectal cancer, 

demonstrating that microbial composition and function are clinically consequential (Frank et al., 

2007; Ley et al., 2006; Mota et al., 2018; Turnbaugh et al., 2006; Wang, Wang, et al., 2025). 

Despite strong environmental influences (diet, drugs, geography, and lifestyle), host factors, 

notably genetics and immune status, help to determine which microbes colonize and persist. Twin 

studies demonstrated that some taxa and community features are heritable, suggesting a 

measurable host genetic contribution to microbiome variation (Goodrich et al., 2016; Goodrich et 

al., 2014; Lee et al., 2014). Subsequent host genome–microbiome association studies (mGWAS) 

and meta-analyses have identified specific human loci that correlate with abundances of particular 

taxa (Wang et al., 2018). Extensive consortium efforts (e.g., MiBioGen, Rühlemann/Kurilshikov, 

and others) have begun mapping reproducible host genetic effects across cohorts, while also 

highlighting modest effect sizes and the predominance of environmental drivers (Europe PMC, 

2016; Kurilshikov et al., 2021). 

Within host determinants, the innate immune system occupies a central role; it is the first line of 

recognition and response to microbial molecules and thereby actively shapes the gut habitat 

through multiple mechanisms (Rakoff-Nahoum et al., 2004; Shang et al., 2008)  Pattern 

recognition receptors (PRRs), including Toll-like receptors (TLRs), NOD-like receptors (NLRs), 

and inflammasome components, detect conserved microbial-associated molecular patterns and 

trigger signaling cascades that regulate antimicrobial peptide (AMP) production, mucus secretion, 

epithelial barrier integrity, and cytokine milieus (Takeuchi & Akira, 2010). Reviews of PRR 

biology and TLR signaling provide a conceptual framework for how variations in these sensors 
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alter host–microbe communication and downstream ecological selection (Kawai & Akira, 2006; 

Kawai & Akira, 2010). 

Genetic variation in innate immune genes ranges from common single-nucleotide polymorphisms 

(SNPs) to rare loss-of-function alleles and regulatory variants that affect expression (BURGNER 

& LEVIN, 2003). A paradigmatic example is NOD2 (CARD15), whose frameshift and missense 

variants were among the first robust human susceptibility alleles linked to Crohn’s disease; NOD2 

is highly expressed in Paneth cells and has been implicated in the regulation of Paneth cell α-

defensin production and, consequently, in the control of luminal bacterial populations (Cui et al., 

2023; Fu et al., 2023). Similarly, inflammasome components (for example, NLRP6) influence 

colonic IL-18 production and, in mice, have been shown to affect microbial composition and 

transmissible colitogenic states, illustrating how single-gene perturbations in innate pathways can 

remodel the microbiota (Elinav et al., 2011; Wlodarska et al., 2014). 

Human observational studies and animal experiments together form a growing evidence base 

linking innate immune genetic variants to microbiome features and disease. Twin and cohort 

analyses reveal heritable taxa and identify immune-related loci enriched among microbiome-

associated variants, while experimental knockouts or gene-targeted models (Nod2−/−, 

inflammasome component knockouts, defensin perturbations) provide a mechanistic 

demonstration that altered innate signaling or AMP output changes microbial community 

structure, mucosal colonization patterns, and disease susceptibility. Still, the field faces challenges 

of replication, small effect sizes, confounding (especially diet and medication), and population 

specificity; large meta-analyses and consortium-scale genome wide association study (GWAS) 

have improved power and reproducibility but underline the complexity of the host-microbiome 

architecture (Awany et al., 2019; Blekhman et al., 2015; Scepanovic et al., 2019). 

Innate immune genes are a primary focus of this review because of their critical influence on 

microbial ecology and host health. Firstly, the innate immune system continually senses microbial 

cues at the mucosal surface, and small changes in sensing thresholds or effector outputs can 

produce selective pressures that favour or suppress particular microbial taxa. Secondly, innate 

pathways operate upstream of adaptive immunity and of epithelial barrier functions, so genetic 

variation here can have broad ecological consequences for community composition, colonization 

resistance, and function. Thirdly, many innate immune variants are clinically linked to 

inflammatory disorders; therefore, studying their microbiome effects opens direct translational 

paths toward stratified therapies and microbiome-targeted interventions. Foundational studies in 

humans and model organisms, and recent large-scale host-genome association efforts, together 

provide the conceptual and empirical substrate for this focus (Belkaid & Harrison, 2017; Blekhman 

et al., 2015; Koch, 2014 ;Iliev et al., 2025; Okumura & Takeda, 2017). 

In this review, we synthesize current evidence on how genetic variations in key innate immune 

genes (TLRs, NLRs, inflammasomes, antimicrobial peptides, and immune-regulatory cytokines) 

influence gut microbiota composition, microbial diversity, and host-microbe interactions. We 

integrate findings from human cohorts, multi-omic studies, and mechanistic models, highlight 

methodological challenges in associating host genotype with microbial traits, and outline research 
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strategies needed to move from association to causation and to exploit innate-genotype-

microbiome knowledge for precision therapeutics. The overall conceptual framework is shown in 

Fig. 1. 

 

Fig. 1. Integrative overview of host genetic regulation of gut microbiota through innate immune 

pathways. Genetic variation in innate immune genes, including PRRs (e.g., TLRs, NOD2), AMP 

pathways, and regulatory cytokines, affects microbial sensing, barrier integrity, and antimicrobial 

defense. These variations shape the composition of the gut microbiota, and disruptions can lead to 

dysbiosis, immune imbalance, and an increased risk of inflammatory, metabolic, and infectious 

diseases. 

2. Literature search and selection 

A systematic literature search was conducted to identify studies examining the relationship 

between genetic variation in innate immune genes and gut microbiota composition. Electronic 

databases, including PubMed/MEDLINE, Web of Science, Scopus, and Embase, were searched 

up to the time of manuscript preparation. The search strategy combined controlled vocabulary and 

free-text terms related to the gut microbiome, innate immunity, and host genetics, including “gut 

microbiota,” “innate immunity,” “pattern recognition receptors,” “Toll-like receptors,” “NOD-like 

receptors,” “inflammasome,” “antimicrobial peptides,” “cytokines,” “genetic variation,” 

“polymorphism,” “SNP,” and “copy number variation.” Reference lists of relevant articles and 

reviews were manually screened to identify additional eligible studies. 

Studies were included if they investigated associations between innate immune genetic variation 

and gut microbiota composition or function in humans, or if they employed experimental animal 

or in vitro models to assess causal mechanisms. Eligible studies used microbiome profiling 

approaches such as 16S rRNA gene sequencing or shotgun metagenomics and included original 

research articles, large-scale genome-microbiome association studies, or high-quality meta-
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analyses. Non-intestinal microbiome studies, articles lacking genetic or immune relevance, 

conference abstracts, and non-English publications were excluded. 

Data extracted included study design, population or model system, genes examined, type of genetic 

variation, microbiome profiling method, and principal findings. Owing to methodological 

heterogeneity, a narrative synthesis approach was applied. Study quality was assessed qualitatively 

based on cohort size, replication, control of confounders, and reproducibility across cohorts, 

informing interpretation of evidence strength. 

3. Overview of innate immunity in the gut 

3.1. Innate immune system in intestinal homeostasis 

The intestinal tract represents the largest interface between the external environment and the host, 

harbouring a dense microbial ecosystem while simultaneously functioning as an immunological 

organ that must distinguish between harmless commensals and harmful pathogens. Maintaining 

homeostasis in this complex environment requires a coordinated innate immune network 

consisting of the physical epithelial barrier, pattern recognition receptors (PRRs), antimicrobial 

effectors, and cytokine-mediated signaling. The mechanisms by which genetic variation in pattern 

recognition receptors disrupts microbial sensing and promotes dysbiosis are illustrated in Fig. 2. 

 

Fig. 2. Genetic variation in pattern recognition receptors disrupts microbial sensing and promotes 

dysbiosis. Under homeostatic conditions, pattern recognition receptors (PRRs), including Toll-like 

receptors (TLRs) and NOD2, recognize microbial ligands and support balanced immune signaling, 

antimicrobial peptide production, and epithelial barrier integrity. Genetic variants, particularly 

loss-of-function mutations, impair microbial recognition and downstream signaling, thereby 

reducing immune tolerance, altering antimicrobial responses, and expanding pathobionts such as 

Enterobacteriaceae, ultimately leading to microbial dysbiosis and barrier dysfunction. 

3.1.1. Epithelial barrier 

The epithelial monolayer of the gut constitutes the first line of defense, functioning as a 

semipermeable physical barrier that limits direct microbial contact with underlying tissues 
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(Antonio Di Sabatino et al., 2023; Takiishi et al., 2017). Specialized epithelial cells (absorptive 

enterocytes, mucus-secreting goblet cells, and antimicrobial peptide-producing Paneth cells) and 

intercellular tight junctions collectively maintain barrier integrity and segregate luminal microbes 

from the systemic immune system. Disruption of this barrier alters microbial ecology and 

predisposes to inflammation and disease (Arumugam et al., 2025; Fukata & Arditi, 2013; 

Gieryńska et al., 2022). 

3.1.2. Pattern Recognition Receptors (PRRs) 

PRRs are germline-encoded sensors that detect conserved microbial-associated molecular patterns 

(MAMPs). Major PRR families in the gut include TLRs, NOD-like receptors (NLRs), C-type 

lectin receptors, and cytosolic nucleic acid sensors (Chen et al., 2025; Rolland et al., 2024). Upon 

engagement of a MAMP, PRRs initiate intracellular signaling cascades that modulate host defence, 

cytokine production, and epithelial responses, thereby shaping microbial composition and host-

microbe interactions (Chu & Mazmanian, 2013; Muniz et al., 2012). 

3.1.3. Antimicrobial Peptides (AMPs) 

Antimicrobial peptides are small cationic molecules secreted primarily by Paneth cells and 

epithelial surfaces that exert direct microbicidal activity and modulate microbial community 

structure (Kim, 2014; Ra & Bang, 2024). Families such as defensins and cathelicidins are 

expressed constitutively or after PRR stimulation and regulate commensal and pathogenic 

populations. Dysregulated AMP expression alters ecological niches and can shift the microbiota 

toward pathogenic states (Ra & Bang, 2024; Yao et al., 2024). 

3.1.4. Cytokine signaling 

Innate immune activation in the gut also triggers production of cytokines and chemokines (e.g., 

Interleukin-1 beta (IL-1β), Interleukin-18 (IL-18), tumor necrosis factor alpha (TNF-α), and 

interleukin-22 (IL-22)) by epithelial and immune cells. These mediators coordinate local immune 

responses, recruit effector cells, promote barrier repair, or maintain tolerance (Garlanda et al., 

2025; Ohara et al., 2024; Wang, Gong, et al., 2025). Cytokine signaling is critical not just for 

pathogen clearance, but for regulating baseline crosstalk with the microbiota itself. Perturbations 

in cytokine networks often parallel alterations in microbial communities in diseases such as 

inflammatory bowel disease and metabolic disorders (Marek Vebr et al., 2023; Ohara et al., 2024; 

Shirin Manshouri et al., 2024; Zurgham & Mehwish, 2025). 

Together, these components constitute a dynamic innate immune network that both restricts 

inappropriate microbial invasion and supports a symbiotic relationship with commensal 

microbiota, maintaining intestinal integrity and overall host health. 

3.2. Genetic variation in innate immune genes 

Genetic variation in innate immune genes represents a fundamental source of inter-individual 

differences in immune responses and, by extension, gut microbiota composition. These variants 

can alter host sensing, effector functions, and downstream immune regulation. 

3.2.1. Single Nucleotide Polymorphisms (SNPs) 

SNPs are the most common form of genetic variation and can influence gene function by altering 

amino acid sequences or by affecting regulatory elements that control gene expression.60 Innate 
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immune genes such as Toll-like receptor 4 (TLR4), nucleotide-binding oligomerization domain-

containing protein 2 (NOD2), and interleukin-23 receptor (IL23R) harbour well-characterized 

SNPs that modulate signal transduction and disease susceptibility (e.g., TLR4 Asp299Gly) (Cheng 

et al., 2015; Giambra et al., 2023). These variations can consequently shape individual differences 

in gut microbiota composition and host immune responses. 

3.2.2. Loss-of-function mutations 

More severe than SNPs, loss-of-function mutations altogether abolish the normal protein activity 

(Chigozie et al., 2025; Yamaguchi et al., 2017). A classic example is NOD2 mutations (e.g., 

R702W, G908R, L1007insC), which impair bacterial peptidoglycan recognition and are strongly 

associated with Crohn’s disease risk in specific populations. These mutations can disrupt host–

microbe interactions and alter microbial diversity in the gut (Barnet et al., 2025).  Such changes 

contribute to inflammation and increase susceptibility to intestinal disorders. 

3.2.3. Regulatory variants 

Noncoding variants can affect transcription factor binding sites, splicing, or chromatin structure, 

leading to differences in gene expression levels. Regulatory variation in innate signaling 

components (e.g., promoter polymorphisms in TLRs or cytokine genes) influences the magnitude 

of immune responses and may indirectly shape microbial ecology (Häder et al., 2023; Yeyeodu et 

al., 2024). 

3.2.4 Population differences 

Different ancestral populations show variable frequencies of innate immune gene variants. For 

instance, the common NOD2 risk alleles in European Crohn’s disease patients are rare or absent 

in Asian cohorts, illustrating how evolutionary history and selection pressures influence genotype 

distribution and potentially host-microbial interactions (S. Nakagome et al., 2012). 

These genetic factors interact with environmental exposures to generate diverse innate immune 

landscapes, which in turn influence the host’s ability to sense and respond to microbial cues. 

Understanding this variation is foundational to linking host genetics, immune function, and 

microbiota composition. 

4. Effects of genetic variations in PRRs 

Pattern recognition receptors, particularly TLRs and NLRs, orchestrate initial host recognition of 

microbes and set the tone for downstream immune responses (Qing et al., 2022). Genetic variants 

in these sensors can alter the thresholds and quality of microbial detection, with consequences for 

microbial composition, community diversity, and host-microbe dynamics (Ayoub et al., 2025). 

Key innate immune genes influencing gut microbiota composition are summarized in Table 1. 

Table 1. Key innate immune genes influencing gut microbiota composition 

Gene Immune function Genetic variation Microbiota effect Reference 

TLR2 Recognition of Gram-

positive bacterial 

lipoproteins; immune 

tolerance 

SNPs affecting 

signaling efficiency 

Altered 

Firmicutes/Bacteroidetes 

ratio 

(Abreu, 2010; Cheng et 

al., 2015; Choteau et al., 

2017)  
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TLR4 LPS recognition; 

inflammatory regulation 

Hypomorphic SNPs Expansion of Proteobacteria (Cheng et al., 2015; Loh 

et al., 2008; Routsias et 

al., 2025) 

TLR5 Flagellin recognition Loss-of-function 

mutation 

Dysbiosis; metabolic 

syndrome 

(Ayoub et al., 2025; 

Kawai & Akira, 2006) 

TLR9 Bacterial DNA sensing Regulatory SNPs Altered immune tolerance (Bauer et al., 2001) 

NOD2 Peptidoglycan sensing; 

Paneth cell function 

Loss-of-function 

variants 

Reduced diversity; 

pathobiont expansion 

(Barnet et al., 2025; 

Frank et al., 2007) 

NLRP6 Inflammasome activation; 

mucus regulation 

Functional 

polymorphisms 

Prevotellaceae expansion (Chen, 2014; Elinav et 

al., 2011; Wlodarska et 

al., 2014) 

NLRP3 Inflammasome activation SNPs affecting IL-

1β production 

Pro-inflammatory 

microbiota 

(Biswas & Kobayashi, 

2013; Guo et al., 2020)  

DEFA5/6 Antimicrobial peptides (α-

defensins) 

Copy number 

variation 

Loss of microbial 

containment 

(Fu et al., 2023; 

Salzman et al., 2009; 

Wehkamp et al., 2005) 

CAMP 

(LL-37) 

Broad-spectrum 

antimicrobial activity 

Reduced expression 

variants 

Increased epithelial 

colonization 

(Hooper et al., 2012)  

IL10 Immune tolerance Loss-of-function 

variants 

Severe dysbiosis (Sharifinejad et al., 

2022) 

4.1. Toll-Like Receptors (TLRs) 

4.1.1. Biological role of TLRs in the gut 

Toll-like receptors are transmembrane sensors distributed across epithelial and immune cells 

throughout the gastrointestinal tract (Chen et al., 2024; Kawai et al., 2024). Specific TLRs 

recognize distinct microbial components, including TLR2 that binds lipoproteins from Gram-

positive bacteria and forms heterodimers with TLR1 or TLR6 for ligand discrimination (Choteau 

et al., 2017), TLR4 detects lipopolysaccharide (LPS), a signature of Gram-negative bacteria (Wan 

et al., 2023), TLR5 senses bacterial flagellin, abundant in motile species (Hug et al., 2018), and 

TLR9 recognizes unmethylated CpG DNA, common in bacterial genomes. 

Upon ligand engagement, TLRs activate downstream signaling cascades (e.g., MyD88-dependent 

pathways), inducing transcription of cytokines, chemokines, and antimicrobial genes that balance 

immune tolerance with defence. TLR signaling is crucial for maintaining epithelial homeostasis, 

controlling microbial access, and shaping the immune milieu of the gut (Hug et al., 2018). 

4.1.2. Genetic polymorphisms in TLR genes 

Functional polymorphisms in TLR genes modulate receptor signaling and immune output. The 

TLR4 Asp299Gly and Thr399Ile variants alter the extracellular domain of TLR4, reducing 

responsiveness to LPS and associating with hyporesponsive signaling in vitro and altered disease 

risks clinically. TLR2 Arg753Gln decreases NF-κB activation in response to its ligands, 

influencing inflammatory responses (Routsias et al., 2025). Such polymorphisms influence 

receptor sensitivity and downstream gene expression profiles, potentially altering host recognition 

of microbial ligands and the baseline immune tone toward commensals and pathogens. 
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4.1.3. Impact on gut microbiota composition 

Variants in TLR genes have been linked to shifts in microbiota features. Firstly, in human cohorts, 

TLR4 variants correlate with differences in abundance of major taxa such as Firmicutes and 

modulate disease risk in immune-related conditions like food allergy, potentially via altered 

microbial cues (Mehmet Kılıç et al., 2023). Secondly, mouse models deficient in specific TLRs 

show inconsistent but instructive results; while some studies report negligible effects of 

TLR2/TLR4 deficiency on overall bacterial community structure, others demonstrate that TLR5 

deficiency leads to altered microbiota composition and predisposition to metabolic syndrome, 

highlighting context-dependent outcomes (Loh et al., 2008). These observations indicate that TLR 

variants can shift microbial diversity and community patterns, though the magnitude and 

consistency of these effects are influenced by the genetic background, environment, and study 

design. 

4.2. NOD-Like Receptors (NLRs) 

4.2.1. NOD2 and intestinal immunity 

NOD2 (nucleotide-binding oligomerization domain containing 2) is a cytosolic PRR that senses 

muramyl dipeptide (MDP), a conserved peptidoglycan fragment from bacterial cell walls. NOD2 

is abundantly expressed in Paneth cells and mononuclear phagocytes within the gut mucosa, where 

it regulates antimicrobial peptide secretion and epithelial defence, contributing to microbial 

containment and homeostatic signaling (Guo et al., 2020). 

4.2.2. NOD2 genetic variants 

Certain NOD2 variants (R702W, G908R, L1007fsinsC) compromise sensing of bacterial MDP 

and are among the strongest genetic risk factors for Crohn’s disease in European populations. 

These mutations impair NF-κb activation and antimicrobial responses, leading to aberrant host–

microbe interactions (Biswas & Kobayashi, 2013). 

4.2.3. Effects on gut microbial ecology 

Functional loss of NOD2 signaling is associated with reduced bacterial diversity, expansion of 

pathobionts, and a dysbiotic microbial state that correlates with disease phenotypes. In 

experimental models, NOD2 deficiency alters Paneth cell function and antimicrobial peptide 

output, undermining ecological control of microbes and facilitating overgrowth of taxa that exploit 

weakened host defence niches (Chen, 2014). 

4.3. Inflammasome-related genes 

4.3.1. Role of Inflammasomes in Microbial Regulation 

Inflammasomes are multi-protein complexes formed upon activation of certain NLR family 

members (e.g., NLRP3, NLRP6) that culminate in caspase-1 activation and processing of pro-

inflammatory cytokines such as IL-1β and IL-18. These cytokines modulate epithelial repair, AMP 

secretion, and immune cell recruitment, thus influencing microbial community structure (Frühbeck 

et al., 2024). 

4.3.2. Genetic variation and altered microbial sensing 

Variants in inflammasome components affect their activation thresholds and cytokine outputs. For 

example, NLRP6 has been implicated in the regulation of mucosal IL-18 and antimicrobial peptide 
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release, with deficiency predisposing to altered microbiota and greater susceptibility to colitis. 

However, the extent and reproducibility of these effects remain areas of active investigation 

(Frühbeck et al., 2024; Michail Mamantopoulos et al., 2017). 

4.3.3. Consequences for host-microbe interaction 

Altered inflammasome function can disrupt the gut's ecological equilibrium, leading to microbial 

communities that either over-stimulate or evade host surveillance. Changes in inflammasome 

signaling have consequences for barrier integrity, inflammatory responses, and potentially 

systemic outcomes, linking innate genetic variation to microbial ecology and disease (Bevins & 

Salzman, 2011). Evidence from human cohort studies linking innate immune gene variants to gut 

microbiota alterations is summarized in Table 2. 

Table 2. Human studies linking innate immune gene variants to gut microbiota composition 

Population Gene/Variant Method Main findings Study 

Crohn’s disease 

patients 

NOD2 variants 16S rRNA 

sequencing 

Reduced microbial diversity; 

Proteobacteria expansion 

(Frank et al., 

2007)  

Multi-cohort 

human study 

NOD2, ATG16L1 Microbiome 

GWAS 

Host genotype explains microbiota 

variation 

(Knights et al., 

2014) 

Healthy adults TLR5 SNP Shotgun 

metagenomics 

Altered microbial richness (Leifer et al., 

2014)  

Twins 

(heritability) 

Host genetic variation 16S rRNA 

profiling 

Several host genetic loci linked to 

microbiome variation 

(Goodrich et 

al., 2014)  

Healthy adults TLR5 SNP 16S & shotgun Association between TLR5 variation 

and overall microbiome diversity 

(Ayoub et al., 

2025) 

Healthy & IBD 

cohorts 

IBD risk variants MR analysis Identified taxa (Akkermansia, Dorea) 

associated with IBD-linked 

  host variants 

(Mah et al., 

2025) 

Dutch cohorts C-type lectin & innate 

immune genes 

Meta-analysis Innate immune gene variants 

associated with microbial taxa 

(Kemis, 2018) 

5. Effects of genetic variations in antimicrobial peptide pathways 

5.1 Defensins and cathelicidins 

AMPs constitute a fundamental effector arm of innate immunity in the gastrointestinal tract, acting 

at the interface between host defence and microbial ecology. Among these, defensins and 

cathelicidins are the most extensively studied and are central to microbial containment and 

community regulation. 

Defensins are small, cysteine-rich peptides with broad-spectrum antimicrobial activity against 

bacteria, fungi, and viruses. In the human intestine, α-defensins (human defensin-5 and -6; HD5 

and HD6) are predominantly produced by Paneth cells located at the base of intestinal crypts, while 

β-defensins are expressed by epithelial cells throughout the gut. These peptides exert microbicidal 

activity by disrupting microbial membranes and by shaping ecological niches through selective 

pressure on microbial taxa (Gallo & Hooper, 2012; GELFAND, 2004). 

Cathelicidins, particularly LL-37 in humans, complement defensins by exerting antimicrobial, 

immunomodulatory, and wound-healing functions. LL-37 modulates epithelial responses, 
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neutralizes bacterial toxins, and influences microbial spatial organization in the gut mucosa 

(Wallaeys et al., 2022). 

Paneth cell biology is central to AMP-mediated control of microbiota. Paneth cells integrate 

microbial sensing signals (e.g., via NOD2 and TLRs) and respond by releasing defensins into the 

crypt lumen, thereby regulating microbial proximity to the epithelium and protecting stem cell 

niches. Disruption of Paneth cell function is consistently linked to dysbiosis and intestinal 

inflammation (Pastalkova, 2006). 

5.2. Genetic variation in defensin genes 

Genetic variation in defensin genes significantly influences AMP availability and function, thereby 

altering host-microbe equilibrium. 

One of the most prominent forms of variation is copy number variation (CNV), particularly 

affecting the β-defensin gene cluster (DEFB). CNVs in DEFB genes result in inter-individual 

differences in defensin dosage, with lower copy numbers associated with impaired antimicrobial 

defence and increased susceptibility to inflammatory diseases (Wehkamp et al., 2005). 

Reduced expression of α-defensins has been repeatedly observed in individuals carrying NOD2 

risk alleles, suggesting a gene–gene interaction between microbial sensing pathways and AMP 

production. Reduced HD5/HD6 expression compromises microbial containment and alters luminal 

microbial composition (Salzman et al., 2009). 

Beyond coding regions, regulatory variants that affect the transcriptional control of defensin genes 

further contribute to variability in AMP expression across populations. Such variation likely 

reflects evolutionary pressures imposed by historical pathogen exposure and environmental 

factors. 

5.3. Microbiota shifts due to impaired antimicrobial activity 

Defective AMP pathways lead to reproducible alterations in gut microbial ecology. Reduced 

defensin activity permits the expansion of opportunistic bacteria and pathobionts that are otherwise 

suppressed under homeostatic conditions. Experimental models demonstrate that loss of Paneth 

cell defensins results in increased bacterial adherence to the epithelium and altered spatial 

segregation of microbes (Stolfi et al., 2022). In humans, impaired AMP function correlates with 

decreased microbial diversity and enrichment of inflammatory-associated taxa, contributing to 

barrier dysfunction and mucosal inflammation. This creates a permissive environment for chronic 

immune activation and disease progression (Shouval et al., 2014).  

6. Effects of cytokine and immune regulatory gene variants 

6.1 IL-10 and immune tolerance 

IL-10 is a central anti-inflammatory cytokine essential for maintaining immune tolerance toward 

commensal microbiota. IL-10 signalling restrains excessive innate and adaptive immune 

activation, thereby preserving microbial diversity and mucosal integrity. IL-10 deficiency in mice 

results in spontaneous colitis driven by aberrant responses to commensal bacteria (Sharifinejad et 

al., 2022). 
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Human IL10 and IL10R variants are associated with early-onset IBD and severe intestinal 

inflammation, highlighting the importance of this pathway in host–microbe homeostasis (Pastras 

et al., 2025). 

6.2. IL-23/Th17 axis 

The IL-23/Th17 pathway plays a dual role in antimicrobial defence and inflammation. IL-23 

promotes Th17 responses and production of IL-17 and IL-22, cytokines that enhance barrier 

function and AMP expression. Genetic variants in IL23R modulate susceptibility to IBD and 

influence microbial composition by altering mucosal immune tone (Sanchis-Artero et al., 2021). 

6.3. TNF and inflammatory tone 

TNF-α is a key pro-inflammatory cytokine with profound effects on epithelial integrity and 

microbial ecology. Variants influencing TNF expression can shift the inflammatory threshold of 

the gut environment, indirectly selecting for inflammation-tolerant microbial communities. Anti-

TNF therapy in IBD patients has been shown to partially normalize dysbiotic microbiota, 

underscoring the bidirectional relationship between cytokine signalling and microbial composition 

(Medzhitov, 2007). 

6.4 Consequences for microbial composition 

Collectively, cytokine gene variants reshape microbial communities by modulating immune 

tolerance, barrier repair, and inflammatory pressure. Altered cytokine landscapes favour specific 

microbial assemblages that can either reinforce homeostasis or perpetuate chronic inflammation, 

depending on host genotype and environmental context.  

7. Mechanistic pathways linking host genetics to microbiota changes 

Genetic variation in innate immune genes influences gut microbiota composition through 

interconnected mechanistic pathways that govern microbial sensing, antimicrobial activity, 

inflammatory tone, and epithelial barrier integrity. These mechanisms operate simultaneously and 

dynamically, forming a multi-layered regulatory network that shapes host–microbe interactions 

(Abreu, 2010). 

7.1. Altered microbial sensing 

Innate immune receptors act as gatekeepers that detect microbial ligands and calibrate immune 

responsiveness. Genetic variants in PRRs can modify ligand recognition thresholds, downstream 

signal transduction, or receptor localization, resulting in altered discrimination between 

commensal and pathogenic microbes. Attenuated microbial sensing may permit overgrowth of 

normally controlled taxa, whereas hypersensitive signalling can promote inflammatory selection 

pressures that reduce microbial diversity. These genotype-dependent sensing differences represent 

one of the earliest determinants of microbiota composition (Vaishnava et al., 2011). 

7.2 Changes in antimicrobial peptide secretion 

Genetic variation affecting AMP pathways influences both the quantity and spatial distribution of 

antimicrobial peptides in the gut. Reduced defensin or cathelicidins secretion compromises 

microbial containment within the lumen and alters crypt-associated microbial niches. Studies 

demonstrate that AMP deficiencies enable bacteria to encroach upon epithelial surfaces, increasing 
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host-microbe contact and reshaping microbial communities toward inflammation-associated 

profiles (Parker et al., 2013). 

7.3 Modulation of intestinal inflammation 

Host genetic variants influence baseline inflammatory tone by regulating cytokine production and 

immune cell recruitment. Low-grade inflammation alters nutrient availability, oxygen gradients, 

and epithelial turnover, thereby selecting for microbial taxa adapted to inflammatory 

environments. This process, termed “inflammatory selection,” promotes the expansion of 

facultative anaerobes and pathobionts that thrive under immune stress (Sonnenburg & Bäckhed, 

2016). 

7.4 Barrier integrity and mucus production 

Genetic perturbations affecting epithelial integrity or mucus secretion modify physical separation 

between microbes and host tissues. Impaired mucus layers or tight junction dysfunction increase 

microbial access to the epithelium, intensifying immune activation and ecological instability. 

Genes regulating epithelial repair and mucus production indirectly influence microbial spatial 

organization and community resilience (Knights et al., 2014). 

7.5 Feedback loops between microbiota and immunity 

Microbiota-derived metabolites such as short-chain fatty acids (SCFAs), secondary bile acids, and 

tryptophan metabolites feed back onto host immune pathways, modulating PRR expression, 

cytokine production, and epithelial health. Genetic variation determines how effectively hosts 

respond to these microbial signals, reinforcing or destabilizing host–microbe equilibrium. These 

bidirectional feedback loops underscore the co-evolutionary nature of host genetics and the 

microbiome (Knights et al., 2014). 

8. Clinical and biological implications 

8.1. Inflammatory bowel disease 

IBD represents the most compelling clinical model of gene-microbiota interactions. Variants in 

NOD2, IL10, IL23R, and defensin-related genes predispose individuals to dysbiosis and 

inappropriate immune activation. Longitudinal studies indicate that host genotype influences 

disease-associated microbial signatures, disease course, and therapeutic response (Hotamisligil, 

2017). 

8.2. Metabolic and autoimmune disorders 

Host innate immune genetics also modulates susceptibility to metabolic and autoimmune diseases 

via microbiota-mediated mechanisms. Variants affecting microbial sensing and inflammation 

influence energy harvest, insulin sensitivity, and systemic immune activation. TLR and 

inflammasome pathways have been implicated in obesity, type 2 diabetes, and autoimmune 

disorders through microbiota-dependent effects (Khan et al., 2021). 

8.3. Infection susceptibility 

Innate immune genetic variation shapes colonization resistance against enteric pathogens. Defects 

in PRRs or AMP pathways compromise early microbial clearance, increasing susceptibility to 
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infection and altering post-infection microbiota recovery. Such effects have implications for both 

acute and chronic infectious diseases (Shahid, 2025). 

8.4. Precision medicine and microbiome-based interventions 

Understanding host genetic influences on microbiota composition opens avenues for precision 

medicine. Stratifying patients based on innate immune genotypes may improve prediction of 

probiotic efficacy, dietary interventions, faecal microbiota transplantation outcomes, and biologic 

therapy responses. Integrating host genetics with microbiome profiling represents a critical step 

toward personalized therapeutic strategies (Bauer et al., 2001; Tariq et al., 2025). 

9. Limitations and future perspectives 

Despite growing evidence linking innate immune genetic variation to gut microbiota composition, 

several critical gaps remain. Future studies must move beyond cross-sectional associations toward 

causal and temporally resolved analyses. Longitudinal cohort designs, particularly those initiated 

early in life, will be essential to capture how innate immune genotypes shape microbiota assembly, 

stability, and resilience across developmental and disease trajectories. Integrating causal inference 

approaches, such as Mendelian randomization and genetically informed intervention studies, will 

further help disentangle direct genetic effects from environmentally mediated influences. 

Progress in this field will also depend on deeper integration of multi-omics and spatially resolved 

technologies. Coupling host genomics with transcriptomics, epigenomics, metabolomics, and 

metagenomics will enable the mechanistic dissection of how genetic variants alter immune 

signalling pathways and downstream microbial functions. Emerging single-cell and spatial 

profiling approaches offer unprecedented opportunities to resolve cell-type-specific host-microbe 

interactions at the mucosal interface, where innate immune regulation is most active.  

Equally important is the systematic evaluation of gene–environment–microbiome interactions. 

Diet, medication exposure, infections, and lifestyle factors likely modulate the penetrance of innate 

immune variants, yet these interactions remain poorly characterized. Expanding studies to diverse 

ancestral populations will improve generalizability and provide evolutionary insight into how 

immune gene variation has co-adapted with microbial ecosystems. Finally, translating these 

insights into clinical applications represents a major frontier. Stratifying individuals by innate 

immune genotype may improve the prediction of responses to microbiome-based therapies, 

including dietary interventions, probiotics, and faecal microbiota transplantation. Ultimately, 

targeted modulation of innate immune pathways may enable precision manipulation of the gut 

microbiota to prevent and treat inflammatory, metabolic, and immune-mediated diseases. 

10. Conclusion 

Genetic variation in innate immune genes constitutes a critical determinant of gut microbiota 

composition and host-microbe interactions. Through effects on microbial sensing, antimicrobial 

effector pathways, inflammatory regulation, and barrier integrity, host genetics shapes the 

ecological landscape of the gut. These influences operate within a complex, dynamic network that 

integrates environmental exposures and microbial feedback signals. While individual genetic 
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effects are often modest, their cumulative impact is biologically meaningful and clinically relevant. 

Continued integration of host genetics, microbiome science, and functional validation will be 

essential for translating these insights into personalized interventions and improved disease 

management. 
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