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Microbial communities in the human gut play a significant role in regulating host 
gene expression, influencing a variety of biological processes. To understand 
the molecular mechanisms underlying host-microbe interactions, tools that 
can dissect signaling networks are required. In this review, we discuss recent 
advances in molecular tools used to study this interplay, with a focus on those 
that explore how the microbiome regulates host gene expression. These tools 
include CRISPR-based whole-body genetic tools for deciphering host-specific 
genes involved in the interaction process, Cre-loxP based tissue/cell-specific 
gene editing approaches, and in vitro models of host-derived organoids. Overall, 
the application of these molecular tools is revolutionizing our understanding of 
how host-microbiome interactions contribute to health and disease, paving the 
way for improved therapies and interventions that target microbial influences 
on the host.

KEYWORDS

host-microbiome interactions, molecular tool, CRISPR, Cre-loxP, organoid 1

1 Introduction

Gut microbiota is a community of indigenous microorganisms residing in the host 
intestinal tract, which has intimate interaction with the host and significantly regulate host 
physiology. Much efforts and significant advances have been made in understanding the 
relationship between human diseases and host-associated microbial communities, notably in 
the Integrative Human Microbiome Project [Integrative HMP (iHMP) Research Network 
Consortium, 2019]. Besides intestinal disorders (Imhann et al., 2018), gut microbial alterations 
were frequently observed in a wide range of diseases such as immune (Pellicciotta et al., 2019), 
neurological (Nikolova et al., 2021), and metabolic diseases (Yuan et al., 2022). Transplantation 
of dysregulated gut microbiome from diseased mice or patients has been observed to generally 
lead to similar syndromes in the recipient mice, indicating reciprocal interactions between the 
host and intestinal microbiome (Thaiss et al., 2016). Alterations in microbial consortia could 
be not only a consequence but also a cause in the pathogenesis of various diseases. Investigation 
of the mechanisms underlying host-microbiota interactions is crucial for promoting the 
understanding of the pathophysiology of microbiota-related diseases and the development of 
precise interventions.

Beyond the massive observational studies on the association between gut microbiome 
alterations and host diseases, further exploration on the causal link between the host-
microbiota interaction in health and diseases has attracted much attention (Round and Palm, 
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2018; Koh and Bäckhed, 2020). On the basis of profile and function 
analysis of gut microbiota revealed by omics-based techniques, such 
as metagenomics, transcriptomics, proteomics and metabolomics, the 
causal role of these highly relative bacteria or bioactive microbial 
products in the host pathogenesis were further studied (Franzosa 
et al., 2015; Roager et al., 2019; Park et al., 2022). The causal role of 
these highly relative bacteria or bioactive microbial products in the 
host pathogenesis were further studied. Culturomics is an approach 
for extensive assessment of the microbial composition by high-
throughput culture. With the aid of culturomics of gut microbiota as 
well as monocolonization of isolated bacterial strains in germ-free 
mice, critical gut bacteria which causally regulate host physiology have 
been illuminated (Round and Palm, 2018). To capture a spectrum of 
host-gut microbiota interaction scenarios, emerging molecular tools 
have been employed to delve into the underlying mechanisms within 
the host. The gene targets and signaling responses downstream gut 
microbiota are identified by genetically modified mice and host-
derived organoid. The development and implementation of these 
molecular tools on the host have greatly advanced the deciphering of 
detailed molecular mechanism underlying host-microbiota interaction.

There have been some review articles summarizing microbiome-
based approaches in studying host-microbe interaction (Round and 
Palm, 2018). In this review, we  summarize a range of host-based 
molecular tools for deciphering the hypotheses about which genes or 
molecular are responded to microbial and how these factors modulate 
host phenotype and exploring the molecular mechanism underlying 
host-microbiome interaction. The host-targeting molecular tools 
including genome editing system, conditional gene manipulating 
system, tissue/cell specific gene delivery tools and platforms for 
simulating gut-host interaction are summarized, and their application 
in elucidating the host signaling response to gut microbiome are 
discussed. Then, we provided some considerations on how to select 
appropriate methods to be  employed in complex host-microbial 
interactions. Then, we will illustrate the process of applying these 
strategies on elucidation the mechanisms of host-
microbial interactions.

2 Whole-body genetic tools for 
deciphering host-specific genes 
involved in host-microbe interaction

2.1 CRISPR-Cas mediated whole-body 
gene manipulation

Based on the above studies, screening studies of microbial 
sequences can provide basis for how intestinal microorganisms cross-
talk with the host. However, in the process of exploring specific 
mechanisms, there is still a lack of evidence of direct interaction. This 
requires researchers to further explore the genes responsible for host 
response. In addition to observational evidence, host gene knockouts 
are often performed in vivo to determine whether host-specific genes 
play a critical role in the response to microorganisms. Unveiling the 
host specific genes in response to gut microbiota is significant to 
understand the causal role of host-microbe interaction in host 
physiology and pathology. Remarkable alterations in transcriptional 
profiles of host tissues in response to gut dysbiosis have been reported 
in numerous studies, in relation to host physiology, including 

metabolism, immunity, intestinal barrier function (Schirmer et al., 
2019), neurological regulation (Sharon et  al., 2016), and tumor 
development (Gopalakrishnan et al., 2018). Based on transcriptomic 
analysis, researchers employ a diverse array of gene editing tools to 
further elucidate key host genes affected by the gut microbiota and 
deepen our understanding of their functions. Gene editing animal 
models have been instrumental in providing critical evidence 
demonstrating the involvement of host genes in host-microbe 
interactions in both health and disease contexts. These models are 
typically generated using genomic editing tools applied to embryonic 
stem (ES) cells. In contrast to earlier gene editing tools such as zinc 
finger nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs), the emergence of clustered regularly interspaced 
short palindromic repeats and their associated Cas nucleases 
(CRISPR-Cas) has revolutionized the field. The CRISPR-Cas system 
offers several advantages, including simplicity of operation, high 
efficiency, and minimal off-target effects, allowing for the rapid 
generation of genetically modified animal models (Doudna and 
Charpentier, 2014).

The CRISPR-Cas system was originally discovered as a 
prokaryotic adaptive immune defense system, being able to cut and 
destroy invading DNA in bacteria or archaea (Makarova et al., 2020). 
Following this discovery, the CRISPR-Cas system was heterologously 
introduced into eukaryotic cells to manipulate their genomes. When 
the CRISPR-Cas system is delivered into cells, guide RNA (gRNA) 
recruits the Cas enzyme to target a specific DNA sequence with a 
protospacer adjacent motif (PAM), and the Cas nuclease executes the 
gRNA-targeted cutting of DNA with a double-strand break (DSB) 
(Figure 1A). Various DNA manipulation strategies with Cas nuclease- 
or nuclease-deficient Cas have been applied to perform gene deletion, 
insertion, single-base conversion, and transcriptional regulation. 
DSB repair after Cas cleavage through the error-prone 
non-homologous end joining (NHEJ) pathway generates gene 
mutations, whereas DSB repair through homologous template-
mediated recombination leads to fragment insertion into the DSB site 
(Kraft et  al., 2015). Catalytically deficient Cas9 (dCas9) or Cas9 
nickase (nCas9) fused to cytidine or adenosine deaminases can 
catalyze single-base conversion without generating DSBs (Li et al., 
2017; Matsoukas, 2018). Moreover, the guidance of dCas9 to 
transcription-related elements could inhibit or activate the 
transcription of specific genes by regulating RNA polymerase binding 
(Gilbert et al., 2013; Qi et al., 2021).

These CRISPR-Cas mediated gene manipulation approaches have 
been implemented in experimental animals, in order to explore the 
molecular mechanism whereby the gut microbiota regulate host 
physiology (Doudna and Charpentier, 2014; Pickar-Oliver and 
Gersbach, 2019; Zhang, 2021). For several examples, inflammasomes 
are important sentinels and executors of innate immune defense, 
which play fundamental roles in regulating intestinal homeostasis and 
inflammatory reactions. NOD-like receptor (NLR) family members 
are inflammasome sensors for pathogen-associated molecular patterns 
(PAMPs) and damage-associated molecular patterns (DAMPs), which 
activate inflammasome assembly without the recognition of PAMPs 
or DAMPs, subsequently inducing pyroptosis and the release of 
proinflammatory cytokines (Xue et al., 2019). To study the influence 
of inflammasomes on host-microbiota interactions, mice with loss-of-
function mutations in inflammasome components, including ASC 
and caspase-1, were generated using CRISPR-Cas tools. This series of 
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mutant mice showed that inflammasones regulate intestinal innate 
immunity in response to gut commensal bacteria and their bioactive 
molecules (Rathinam and Chan, 2018). One such study reported that 
infection with pathogenic E. coli led to cell pyroptosis and increased 
secretion of proinflammatory cytokines, while ASC deletion repressed 
levels of cell pyroptosis and proinflammatory cytokines upon E. coli 
infection. Pre-treatment with the probiotic L. rhamnosus GR-1 
protected the host against E. coli infection by suppressing pyroptosis, 
indicating that the host inflammasomes could be  significantly 
regulated by pathogenic and probiotic bacteria (Wu et al., 2018). The 
CRISPR-Cas mediated gene manipulation approach also provides 
technical support for research on the impact of intestinal 
microorganisms on distal organs. In one example, IL-22 KO mice was 
utilized to verify the involvement of IL-22 expression in the process of 
dissecting the mechanism of fiber-mediated nourishment microbiota 
in gut affecting metabolic syndrome (Zou et al., 2018). In another 
example, IRF-1 and IRF-7 knockout mice were used to verify whether 
18-hydroxyeicosapentaenoic acid produced by gut microbiota 
Clostridium butyricum promoted lung function through G protein-
coupled receptor (GPR) 120 and IFN regulatory factor (IRF)-1/-7 
activation (Hagihara et al., 2022).

CRISPR-Cas-mediated gene manipulation in experimental 
animals has facilitated the elucidation of the causal role of host genes 
in host-microbe interactions. Notably, some issues should 
be considered when using genetically engineered animals. First, the 
genetic manipulation of experimental animals may lead to a shift in 
gut microbiome profiles from those of wild-type animals. To rule out 
the influence of distant gut microbiota on the performance of 
genetically engineered animals, the intestinal microbial communities 
should be  standardized among wild-type and mutant animals 
(Stappenbeck and Virgin, 2016). Second, it should be noted that the 
use of the CRISPR-Cas system for whole-body genetic manipulation 
of experimental animals is not suitable for essential genes, such as the 
P53 gene (Maddalo et al., 2014), which are involved in regulating the 
cell cycle and DNA damage repair. There are also important tumor 
suppressor genes, such as the PTEN gene (Platt et al., 2014), whose 
knockout can lead to cancer and embryonic lethality. Notably, studies 
utilizing heterozygous animal models offer valuable insights into the 
physiological consequences of partial gene deficiency. For another 
instance, report indicates Igf1r−/− mice experience perinatal lethality 
(Junnila et al., 2013). Mice heterozygous for the IGF-1R mutant allele 
(Igf1r+/−) were used to found they are typically around 10% smaller in 

FIGURE 1

Molecular biology approaches facilitating the understanding of the mechanisms by which microbiota influences the host health. (A) The whole-body 
genetic tools are utilized for illustrating host-specific genes involved in host-microbe interaction. Tools like the CRISPR/Cas system are employed for 
genomic editing in mice. (B) Tissue/cell-specific genetically modified mice are exploited for illustrating the function of host genes in specific tissues/
cells, which can explore the linkage between the gut and other organs/tissues as well. Tools like the Cre-loxP system are utilized for tissue/cell-specific 
genetic modification. (C) Immunodeficient mice which show defects in the innate immune system or (and) adaptive immune system are applied for 
dissecting the causality between the microbiome and the host immune system. (D) Viral vectors, such as adeno-associated viruses (AAVs) or lentivirus 
vectors, can be combined with existing Cre-loxP mouse lines together for Cre-loxP-mediated tissue/cell specific gene manipulation. (E) Genetically 
modified organoids are a powerful ex vivo model that deepens our insights into the mechanisms governing gene function and biological processes 
relating to host-microbe interaction. Illustrations are made with BioRender (biorender.com).
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size compared to wild-type counterparts. Additionally, investigations 
have shown that these mice display significant reductions in IGF-1-
induced intracellular signaling, indicating a crucial role of IGF-1R in 
metabolic regulation (Holzenberger et al., 2003). This approach allows 
researchers to investigate the effects of gene dosage on various 
biological processes and provides a more nuanced understanding of 
gene function. Similarly, in the field of microbial flora research, 
mechanistic studies using partial gene deficiency can shed light on the 
intricate interactions between host and microbiota. Third, the 
behavior of mutant animals warrants additional analysis to ascertain 
whether the mutant gene triggers a robust compensatory mechanism, 
leading to the upregulation of redundant genes following knockout or 
knockdown. It is essential to perform certain common assays routinely 
employed (Table 1) in mutant animals to verify that any alterations in 
microbiome and host interactions are not attributable to the mutation 
itself. These tests encompass a range of behavioral, biochemical, and 
physiological parameters, allowing for a thorough assessment of the 
mutant phenotype and its potential impact on host physiology and 
microbiome composition.

3 Tissue/cell-specific mutation for 
dissecting host-microbe interaction

Compared to gene manipulation in the whole body, gene-editing 
tools with higher resolution in cell types are preferred, especially for 
genes with housekeeping essentiality or tissue/cell-specific 
involvement in host-microbe interactions. Many studies have 
demonstrated the interaction between the gut microbiota and distal 
organs and tissues, such as the brain, liver, lung, and kidney, etc. 
Tissue/cell-specific molecular tools are necessary to decipher the 
molecular mechanisms underlying the gut-tissue/organ axis.

3.1 Cre-loxP based conditional gene 
modification

Cre-loxP-mediated conditional DNA recombination system 
makes it possible to study the role of tissue/cell-specific genes in host-
microbiome interactions. The Cre-loxP system was initially isolated 
from P1 phage (Sternberg and Hamilton, 1981), and contains a 
recombinase enzyme Cre as well as DNA sequence named loxP. The 

loxP site is a 34 bp DNA sequence that is recognized by the 
recombinase enzyme Cre, and the recombinase Cre catalyzes 
homologous recombination between two loxP sites (Sauer and 
Henderson, 1988; McLellan et al., 2017). According to the arrangement 
of two loxP sites, gene deletion, inversion or translocation between 
two loxP sites can be induced (Bouabe and Okkenhaug, 2013; Kim 
et al., 2018). If two loxP sites are located on the same DNA strand in 
the same direction, Cre recombinase mediates the sequence deletion 
between the loxP sites. If two loxP sites are located on the same DNA 
strand in opposite directions, sequence inversion is catalyzed by 
recombination. When two loxP sites are arranged on different DNA 
strands or chromosomes, Cre recombinase triggers exchange or 
chromosomal translocation between the two DNA strands. In 
combination with the Cre-loxP system, tissue-specific promoters have 
been utilized to control location-programmable expression of the Cre 
enzyme and subsequent Cre-mediated tissue-specific gene 
manipulation (Figure 1B). A series of common promoters with tissue-
specific expression properties is summarized in Table 2. In addition, 
engineered Cre recombinases with chemically inducible properties 
have also been applied to further achieve time-controllable gene 
modification in animal models to avoid abnormal early embryonic 
development or postnatal lethality (Kim et al., 2018). Spatiotemporally 
programmable gene modulation could be achieved with the Cre-loxP 
system equipped with both tissue/cell-specific promoters and 
chemically activated/inactivated Cre enzymes, including tamoxifen-
inducible CreER and Dox (a tetracycline derivative) inducible Cre 
(Gossen and Bujard, 1992; Metzger and Chambon, 2001; McLellan 
et al., 2017).

The Cre-loxP-mediated conditional gene editing avoids lethal 
mutations due to its controllable gene expression and enables the 
study of essential genes in host-microbe interactions (Cioppi et al., 
2019; Gronke et al., 2019). Such conditional genetic manipulation 
has been applied to specific cell types in experimental animals, 
which has helped elucidate the effects of the microbiome on 
specific host tissues or cell types (Baier et al., 2020; Hinrichsen 
et al., 2021). For example, hexokinase 2 (HK2) is highly expressed 
in the gut epithelium and catalyzes the first and rate-limiting step 
of glycolysis. It plays a key role in normal embryonic development 
and adult organisms. HK2 knockout may lead to embryonic 
lethality or severe metabolic disorders. While, HK2 is upregulated 
in the epithelium of patients with colitis. To determine the impact 
of gut microbiota on epithelial HK2  in the pathogenesis of 

TABLE 1 Typical behavioral and biochemical indicators to assess the gene-mutant mice.

Test type Description References

Body weight Measure the body weight of mutant animals compared to wild-type controls Speakman (2013)

Food consumption Monitor the daily food intake of mutant animals to assess feeding behavior Buettner et al. (2007)

Locomotor activity Assess the spontaneous activity and movement patterns of mutant animals Crawley (2007)

Cognitive function Evaluate learning and memory using tasks like the Morris water maze or novel object recognition test Vorhees and Williams (2006)

Blood chemistry Analyze serum levels of glucose, cholesterol, triglycerides, and other metabolic markers Shangguan et al. (2024)

Liver enzymes Measure levels of enzymes such as alanine transaminase (ALT) and aspartate transaminase (AST) to assess 

liver function

Pratt and Kaplan (2000)

Intestinal permeability Assess gut barrier function by measuring the passage of molecules from the gut into the bloodstream Fasano (2012)

Gut microbiota analysis Perform 16S rRNA sequencing or metagenomic analysis to characterize changes in the composition and 

diversity of the gut microbiome

Suzuki et al. (2019)
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intestinal inflammation, researchers generated mice lacking the 
HK2 gene specifically in intestinal epithelial cells with the aid of 
the Cre-loxP system. Mice with a deletion of epithelial HK2 were 
less susceptible to acute colitis with reduced mitochondrial 
respiration and epithelial cell death. A probiotic microbe-derived 
metabolite, butyrate, repressed the expression of HK2 and 
protected wild-type, but not mutant, mice from colitis. These 
findings indicated that intestinal butyrate promotes intestinal 
hemostasis by repressing epithelial HK2 to attenuate intestinal 
inflammation (Hinrichsen et al., 2021).

Notably, conditional gene editing tools are powerful tools for 
investigating the molecular mechanism underlying the gut-organ/
tissue axis, illustrating the interaction between the gut and distal 
organ/tissue (Malik et  al., 2018; Saeedi et  al., 2020). For instance, 
researchers have found that the administration of the probiotic 
bacterium Lactobacillus rhamnosus can protect mice against oxidative 

liver injury. To explore whether the therapeutic efficacy of L. rhamosus 
was dependent on the regulation of Nrf2-mediated antioxidant 
responses in the host liver, liver-specific Nrf2 knockout mice were 
constructed using the Cre-loxP system. The results showed that gut 
colonization by L. rhamosus protected the host against oxidative liver 
injury by stimulating Nrf2  in the liver, and the gut-liver axis was 
mediated by the microbial metabolite 5-methoxyindoleacetic acid of 
L. rhamosus (Saeedi et al., 2020).

3.2 Immunodeficient mice with specific 
immune cell populations

The intestinal mucus layer is located at the interface between the 
gut microbiome and enterocytes, separating commensal bacteria from 
the host epithelium, and the loose outer layer serves as the natural 

TABLE 2 Summary of the cell type-specific or tissue-specific promoters to drive Cre expression.

Tissue/cell Specific functional position Targeted Cre/CreERT2 
promoter

References

Intestinal Enteroendothelial cell Cdh5 Zhang et al. (2018)

Stem cells Lgr5 Gronke et al. (2019)

Epithelial cell Villin Thaiss et al. (2018), Cioppi et al. (2019), Grootjans et al. (2019), Reed 

et al. (2019), Kazgan et al. (2014)

Immune cell Macrophage Lysosome M (LC) Bandaru et al. (2019)

Lyz2 Larson-Casey et al. (2016)

LysM Wanderley et al. (2018)

Dendritic cells CD11c Ainsua-Enrich et al. (2019), Mayer et al. (2017)

Mast cells CPA3 Wei et al. (2018), Chmelar et al. (2016)

T-cell CD4 Yoshida et al. (2019), Milam et al. (2018), Zeboudj et al. (2018)

CD2 Vacchio et al. (2014)

B-cell Mb1 Wang et al. (2019), Forster et al. (2017)

CD19

CD21

Brain Pan-GABAergic Slc32a1 Daigle et al. (2018)

Glutamatergic Slc17a6

Slc17a8

Ventromedial hypothalamus Fezf1

Claustrum Gnb4

Thalamus Tnnt1

Liver / Albumin Chao et al. (2018), Li M. et al. (2019)

Adipose tissue / Adipoq Lee et al. (2019)

Musculoskeletal Osteoclasts Ctsk Tonna et al. (2014)

Stomach / Tff1 Thiem et al. (2016)

Kidney / Gdnf Cebrian et al. (2014)

Nephron progenitor cells Six2 Li S. Y. et al. (2019)

Pancreas / Gcg (Glu) Shiota et al. (2017)

Ins1 (MIP) Thorens et al. (2015)

Skin / Krt14 Bhattacharya et al. (2018)

K5 Yoon et al. (2019)
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habitat for commensal bacteria. In addition to the epithelium and 
mucus layer serving as a physical barrier, the mucosal immune system 
plays a critical role in the defense against microbial threats. Diverse 
immune cells in the gut reside in the intestinal lamina propria and 
gut-associated lymphoid tissues, such as Peyer’s patches and 
mesenteric lymph nodes. The mucosal innate immune compartment 
contains cells of the mononuclear phagocyte system (MPS), e.g., as 
monocytes, macrophages, dendritic cells (DCs) (Zhao and Maynard, 
2022), as well as Innate lymphoid cells (ILCs) (Guo et al., 2015) and 
natural killer cells (NK) (Yu et  al., 2022). The adaptive immune 
systems in the gut contain T cells and plasma cells (Ivanov et al., 2022; 
Zhao and Maynard, 2022). Numerous studies have reported that gut 
microbes can significantly regulate host immunity, including innate 
immunity as well as adaptive immune responses in health and diseases 
(Lo et  al., 2021). In order to explore the interaction between gut 
microbes and immune system, immunodeficient mice have been 
established as study tools (Figure 1C).

Immunodeficient mice were derived or bred from mutant mice 
with loss of function or impaired immune cell development. Mice 
deficient in innate immunity have been constructed, including beige 
mice (Song et  al., 2017) (dysfunction of NK cell development by 
recessive mutations of bg gene induced by radiation) and ID2-deficient 
mice (Chen et al., 2015; Wang et al., 2017) (lacking all known ILC 
subsets). Immunodeficient mice with defects of adaptive immunity 
have been established, including Nude mice, XID mice, rag−/− mice, 
SCID mice (Tsuchimoto et al., 2015), Foxp3− DTR mice, etc. Nude 
mice (Chen et al., 2020; Lin et al., 2020) have defect of T cells induced 
by thymus excision. XID mice (Uslu et al., 2014) contain xid gene 
mutation with deficient B lymphocyte function and reduced antibody 
secretion. SCID mice (Thomsen et al., 2005) have a single recessive 
mutant gene in scid with congenital T and B cell defects. The rag genes 
are necessary for the maturation of T and B cells, while the rag−/− mice 
possess deletion of rag genes and subsequent lack of mature T/B 
lymphocytes in peripheral blood (Koboziev et al., 2012; Wang et al., 
2014; Atarashi et al., 2015). It has been reported that Foxp3+ Tregs 
were recognized as the major source of IL-10 expression, according to 
single cell RNA sequencing results. Hence, by means of tissue-specific 
intracellular expression of the diphtheria toxin fragment and 
supplement diphtheria toxin for 4–7 days, Foxp3-DTR mice were 
generated with deficiency in regulatory T cell (Treg) deficiency (Wang 
et al., 2014; Biton et al., 2018).

Immunodeficient mice have been applied to explore the host 
immune responses toward gut microbes. For example, Song et al. 
(2017) used T/B lymphocyte-deficient Rag1−/− mice and natural killer 
(NK) cell-deficient Beige mice to study the mechanism underlying the 
antitumor effect of eustress stimulation. Exposure to enriched 
environment enhanced NK-cell activity against tumors and promoted 
tumoral infiltration of NK cells. Experiments with immunodeficient 
mice have shown that this effect remained intact in T/B lymphocyte-
deficient rag1−/− mice, but was nearly eliminated in natural killer (NK) 
cell-deficient Beige mice or in antibody-mediated NK-cell-depleted 
mice, suggesting a predominant role of NK cells in enriched 
environment-induced tumor inhibition. In another work, rag1−/− mice 
was employed to study the impact of segmented filamentous bacteria 
(SFB) on the host immunity. It was observed that SFB tightly adhered 
to the intestinal epithelium and induced Th17 cell differentiation in 
the intestine. While, rag1−/− mice colonized with SFB-containing 
microbiota failed to induce chemokines including IL-17A, CXCL1 and 

CXCL2 and displayed defective neutrophil recruitment to the ileum, 
demonstrating that adaptive immunity is required for the IL-17A-
mediated neutrophil recruitment in response to SFB colonization 
(Flannigan et al., 2017).

3.3 Tissue/cell specific gene delivery 
system

Tissue/cell specific gene delivery systems play a pivotal role in 
manipulating gene expression within targeted tissues or cell types in 
a labor and time-conserving manner. These delivery systems 
encompass both viral vectors and non-viral vehicles with genetic 
modifications to enhance tissue specificity, delivery efficiency and 
biosafety (Bulcha et  al., 2021; Zu and Gao, 2021). Their cargo 
molecules includes DNA, mRNA, gene editing proteins or 
ribonucleoproteins, which mediate diverse gene manipulation 
performances including gene knockdown, knockout, or upregulation 
(Raguram et al., 2022). By administration of gene delivery system with 
tissue/cell specific affinity, cargo molecules controlled by tissue-
specific promoters or just in situ injection, tissue/cell specific gene 
regulation can be accomplished.

In situ injection involves directly injecting gene delivery system 
into the target tissue of interest, such as brain (Landeck et al., 2021), 
muscles (Kenjo et al., 2021), and myocardium (Gabisonia et al., 2019). 
This method restricts dissemination of the vehicle to the local area, 
minimizing its impact on other tissues and organs. To achieve this, the 
target position for injection requires thick parenchymal tissues or 
relatively enclosed interstitial spaces, and the types of tissues suitable 
for in situ injection are limited. In addition, techniques such as 
stereotactic injection of the brain or intravitreal injection have a high 
level of technical complexity.

Delivery tools with tissue- or cell-specific affinities have been 
frequently utilized to generate programmable gene modifications. A 
classic gene delivery tool is a tissue-specific serotype of adeno-
associated virus (AAV) vectors, and the delivery process occurs 
through the binding of cell surface receptors to AAV capsid proteins 
(Agbandje-McKenna and Kleinschmidt, 2011). The structures of 
capsid proteins exhibit varied affinities toward the cell surface 
receptors from distinct cells/tissues, thereby contributing to the cell/
tissue tropism and determination of AAV serotypes (Agbandje-
McKenna and Kleinschmidt, 2011). By modifying the capsid proteins 
of AAV, tissue-specific AAV serotypes have been obtained, thus 
enabling tissue-specific targeting and gene regulation (Büning and 
Srivastava, 2019). For instance, due to the efficient transduction of 
retinal neurons, AAV serotype 2 (AAV2) has been widely used to 
efficiently deliver transgenes to retinal ganglion cells (Lebherz et al., 
2008). AAV2 has been clinically employed in Luxturna, the pioneering 
ocular AAV gene therapy that has gained approval in both the 
United States and Europe (Russell et al., 2017).

Another gene delivery tool is surface-modified non-viral vector 
for targeted gene delivery. For example, lipid nanoparticles, when 
coated with Apolipoprotein E (ApoE) lipoproteins, can effectively 
engage with liver cells via binding to their low-density lipoprotein 
(LDL) receptors (Paunovska et al., 2022). This interaction subsequently 
leads to the internalization of lipid nanoparticles by hepatocytes 
(Paunovska et  al., 2022). Many studies have employed this lipid 
nanoparticle-based delivery system to effectively deliver Cas9 nuclease 
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mRNA and single-guide RNAs (sgRNAs) to the liver for liver-specific 
gene editing (Raguram et al., 2022).

To precisely achieve tissue-specific gene modification, tissue- or 
cell-specific promoters (Table 2) has also been used to enhance the 
specificity of gene delivery. Typically, these promoters are used in 
conjunction with the Cre-loxP system as cargo for the delivery system 
by employing the following two strategies (Figure 1D). One way is to 
acquire gene knockout mice using Cre-expressing vectors and a mouse 
line whose gene of interest is flanked by loxP sites. The tissue/cell-
specific gene knockout process can be accomplished with the help of 
vectors expressing Cre under the control of a tissue/cell-specific 
promoter after efficient in vivo vehicle delivery. Another strategy 
involves transfecting the virus vector, containing a gene editing agent 
flanked by two incompatible pairs of loxP sites, into transgenic mice 
with tissue/cell-specific expression of Creto achieve double-floxed 
inverse orientation (DIO) or double-floxed orientation (DO) switches 
(Saunders et al., 2012). Catylyzed by Cre recombination, which is 
produced by certain tissues/cells in mice, the inversion of the target 
cassette and the excision of two loxp sites occur by two homologous 
recombination steps of loxP sites, finally leading to the expression or 
knockdown of the target gene in mice. In one study investigating how 
the iron levels of adipocytes influence fat absorption in the gut and 
obesity syndromes, adipocyte-specific iron levels were regulated by 
regulating the expression level of the iron exporter gene, Fpn1 (Zhang 
et al., 2021). he  researchers intraperitoneally injected Adipoq-Cre 
mice (JAX028020, an adipose-specific-Cre expression transgenic 
mouse line) with AAVs encoding Cre-dependent Fpn1C326S increase 
the expression of Fpn1 in adipose tissue (Zhang et al., 2021). The 
resultant AAV-Fpn1C326S mice showed a depleted iron level from 
mature adipocytes, and was more resistant to metabolic dysregulation 
induced by high-fat diet (Zhang et al., 2021).

4 In vitro models of host-derived 
organoid and gut-on-chip

4.1 Host-derived organoid

The intestinal epithelium is a highly organized tissue with a crypt 
architecture and multiple subsets of epithelial cells (Helander and 
Fandriks, 2014). Many in vitro studies of host-microbe interactions 
have employed two-dimensional (2D) cell culture models to verify the 
influence of gut microbes on the host. However, 2D cell culture cannot 
resemble the architecture and function of the gut, which limits the 
findings of host-microbe interactions based on this culture platform. 
Recent advances in three-dimensional (3D) culture techniques have 
enabled the development of organoids (Figure 2A). Organoids are 
representative models mimicking the gastrointestinal system, with 
crypt-like structures and entire subsets of epithelial cells, providing in 
vitro platforms for molecular mechanism studies and bioactive 
compound screening (Mallott and Amato, 2021).

Organoids are generally formed by pluripotent stem cells (PSC) 
or organ-restricted adult stem cells (aSCs) (Barker et al., 2007; Sato 
et al., 2009). For example, adult intestinal stem cells expressing LGR5 
can be cultured into a polarized intestinal epithelium with villus-like 
structures and crypt-like proliferative zones, and contain almost all 
intestinal epithelial cell types, including enterocytes, goblet cells, 

Paneth cells, and M cells (Sato et al., 2009). In the early development 
of organoids, the apical membrane of epithelial cells usually faces the 
inner lumen of the organoid, resulting in crucial transporters, cell 
surface receptors, and mucus layer located inside the organoid lumen. 
In order to study host-microbe interactions involving the apical 
polarity of epithelial cells, efforts have been made to reverse enteroid 
polarity, such that the apical surface everts to face the media 
(Figure 2A). These apical-out organoids maintain proper polarity and 
barrier function, differentiate into major epithelial cell types, and 
exhibit polarized absorption of nutrients (Co et al., 2019).

Organoids have been frequently applied as powerful in vitro 
platform for dissecting host-microbe interaction, due to their superior 
performance in facile treatment, modification and examination. For 
instance, the invasion mechanism of S. typhimurium was revealed by 
the organoids generated from human induced pluripotent stem cells. 
Then, imaging and sequencing were used to assess bacteria invasion 
and altered patterns of transcriptional expression after the exposure 
to bacteria (Forbester et al., 2015). In another study, organoids were 
used to explore a protective effect of the probiotic L. acidophilus 
against S. typhimurium-induced damage of intestinal epithelium (Lu 
et al., 2020).

Organoids can be propagated for a long time with stable genotype, 
and are amenable to many engineering techniques. Gene editing tools 
such as CRISPR-Cas9-based gene-editing systems have been widely 
used in organoids, generating gene knockout, insertion, expression 
regulation or single base modification (Figures 1E, 2B). For instance, 
CRISPR-Cas9 mediated modification of human stem cell-derived 
organs has been employed to study the origin of mutational markers 
of colorectal cancer (Drost et al., 2017). CRISPR-Cas9 technology was 
applied to human colon organoids to delete several potential DNA 
repair genes and mimic the deficiency in mismatch repair of colorectal 
cancer. Another study truncated the APC tumor suppressor gene in 
intestinal organoids using the CRISPR-Cas9 system, which resembled 
a well-recognized early event in the development of colorectal cancer 
(Sato et al., 2009). Moreover, gene delivery tools such as AAVs have 
also been used to make modification on mature organoids (Polyak 
et  al., 2008; Vidovic et  al., 2016). In the future, patient stem cell-
derived organoids could be pathologically investigated in patient-
specific settings and therapeutic targets screened from the perspective 
of host-microbial interactions (Spence et al., 2011; McCracken et al., 
2014; Clevers, 2016; Fatehullah et al., 2016). In addition, organoids can 
be  constructed repeatedly to facilitate multiple tests or high-
throughput screening (Figure 2C). By manipulated cell-containing 
bio-ink to construct active structures, bio-3D printing technology 
could be used for organoid bioprinting, generating centimeter-scale 
tissues with self-organized characteristics of tubular intestinal 
epithelium with crypts and villi structures (Brassard et al., 2021). In 
summary, these advanced organoids, in combination with tools, 
provide a powerful platform for the zoomed-in study of microbial-
epithelial cross-talk with insights into detailed molecular mechanisms 
and functionally involved cell subsets.

4.2 Gut-on-chip

Gut-on-chip technology, typically comprising a microfluidic chip 
with cells representing the intestinal epithelium and microbial 
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ecosystems, can also replicate the intricate environment of the human 
intestine in vitro. By emulating the intestinal microenvironment, 
including the mucosal layer, peristalsis, and interactions between 
microorganisms and the intestinal epithelium, this technology 
facilitates the investigation of interactions between the intestinal 
microbiota and the host. To facilitating disease modeling and 
treatment research, as well as research on microbial composition and 
function, Gut-on-chip platforms can introduce specific factors 
relevant to intestinal diseases, such as bacteria or mediators, to study 
their interactions with the host. This aids in understanding disease 
pathogenesis mechanisms and identifying potential treatments. For 
instance, Kim et al. (2012) developed a “human intestinal chip” that 
simulated the intestinal microenvironment and introduced microbial 
communities, enabling it to replicate conditions found in the 
intestine, including physiological movement and flow. Jalili-
Firoozinezhad et al. (2019) reported a complex human intestinal 
microbiome chip that mimics the anaerobic environment in the 
intestine and supports stable microbial growth. These studies jointly 
reveal the importance of Gut-on-chip technology in simulating the 
interaction between intestinal microorganisms and the host, and 
provide important tools and methods for related research and 
drug development.

5 Discussion and prospect

Recent studies have uncovered an interrelationship between the 
gut microbiota and the host response that extends beyond the 
digestive system. Microbial metabolites can act as signaling 

molecules to regulate host physiological processes such as glucose 
homeostasis, lipid metabolism, and neurobehavioral functions (de 
Vos et al., 2022; Bastings et al., 2023). Moreover, the gut microbiota 
may influence the efficacy and toxicity of drugs by modulating drug 
absorption, metabolism, and excretion (Savage, 2020). Hence, 
investigating the molecular mechanisms underlying host-microbe 
interaction is significant to advance our understanding of gut 
dysbiosis associated diseases and pave the way for promising 
interventions. Early research efforts focused on utilizing omics-
based techniques to aid in the comprehension of the gut microbiota 
composition and its association with host health. Here, we highlight 
the importance of host-focused methods in illuminating the 
mechanisms underlying the causal relationships between the gut 
microbiota and the host. This review summarized the host-related 
in vivo platforms of genetic-level techniques and in vitro platforms 
of organoid or bionic system which are applicable to host-microbe 
interaction study, and discussed their implementation in exploring 
the detailed molecular mechanism of host responses regulated by 
gut microbiota. Complementing the techniques we summarized, the 
utilization of engineered microbes and bacteriophages provided an 
additional avenue to modulate the functional capacities and diversity 
of the gut microbiota, enabling researchers to manipulate the 
microbial community and understand its functional consequences 
(Inda et al., 2019; Tripathi et al., 2024).

With the rapid development of efficient gene editing systems, 
future research endeavors can capitalize on these advancements to 
manipulate multiple genes simultaneously (McCarty et al., 2020). This 
will greatly facilitate investigations into host gene pathways or 
networks involved in microbiota-host interactions. More in vitro tools 

FIGURE 2

Organoid model and its application in the study of host-microbial interaction. (A) 2D and 3D organoid models in host-microbe interactions. 
(B) Genetic modification tools used in organoid models. (C) Lists of the main application scenarios of organoids.
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for mechanism research, such as organoid culture and gut-on-a-chip, 
will accelerate the development and integration of other host-derived 
and microbiota-based technologies. These advancements hold 
promise for achieving a deeper understanding of the sophisticated 
signaling network of host-gut microbiota interactions, as well as the 
development of personalized disease therapies.

Author contributions

SW: Writing – original draft. XG: Writing – original draft. FX: 
Writing – review & editing. YY: Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 

supported by National High Level Hospital Clinical Research Funding, 
2023-NHLHCRF-LXYZ-02.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Agbandje-McKenna, M., and Kleinschmidt, J. (2011). AAV capsid structure and cell 

interactions. Methods Mol. Biol. 807, 47–92. doi: 10.1007/978-1-61779-370-7_3

Ainsua-Enrich, E., Hatipoglu, I., Kadel, S., Turner, S., Paul, J., Singh, S., et al. (2019). 
IRF4-dependent dendritic cells regulate CD8(+) T-cell differentiation and memory 
responses in influenza infection. Mucosal Immunol. 12, 1025–1037. doi: 10.1038/
s41385-019-0173-1

Atarashi, K., Tanoue, T., Ando, M., Kamada, N., Nagano, Y., Narushima, S., et al. 
(2015). Th17 cell induction by adhesion of microbes to intestinal epithelial cells. Cell 
163, 367–380. doi: 10.1016/j.cell.2015.08.058

Baier, J., Gansbauer, M., Giessler, C., Arnold, H., Muske, M., Schleicher, U., et al. 
(2020). Arginase impedes the resolution of colitis by altering the microbiome and 
metabolome. J. Clin. Invest. 130, 5703–5720. doi: 10.1172/JCI126923

Bandaru, S., Ala, C., Salimi, R., Akula, M. K., Ekstrand, M., Devarakonda, S., et al. 
(2019). Targeting filamin a reduces macrophage activity and atherosclerosis. Circulation 
140, 67–79. doi: 10.1161/CIRCULATIONAHA.119.039697

Barker, N., van Es, J. H., Kuipers, J., Kujala, P., van den Born, M., Cozijnsen, M., et al. 
(2007). Identification of stem cells in small intestine and colon by marker gene Lgr5. 
Nature 449, 1003–1007. doi: 10.1038/nature06196

Bastings, J., Venema, K., Blaak, E. E., and Adam, T. C. (2023). Influence of the gut 
microbiota on satiety signaling. Trends Endocrinol. Metab. 34, 243–255. doi: 10.1016/j.
tem.2023.02.003

Bhattacharya, S., Kim, J. C., Ogawa, Y., Nakato, G., Nagle, V., Brooks, S. R., et al. 
(2018). DLX3-dependent STAT3 signaling in keratinocytes regulates skin 
immune homeostasis. J. Invest. Dermatol. 138, 1052–1061. doi: 10.1016/j.jid.2017. 
11.033

Biton, M., Haber, A. L., Rogel, N., Burgin, G., Beyaz, S., Schnell, A., et al. (2018). T 
helper cell cytokines modulate intestinal stem cell renewal and differentiation. Cell 175, 
1307–1320 e22. doi: 10.1016/j.cell.2018.10.008

Bouabe, H., and Okkenhaug, K. (2013). Gene targeting in mice: a review. Methods 
Mol. Biol. 1064, 315–336. doi: 10.1007/978-1-62703-601-6_23

Brassard, J. A., Nikolaev, M., Hubscher, T., Hofer, M., and Lutolf, M. P. (2021). 
Recapitulating macro-scale tissue self-organization through organoid bioprinting. Nat. 
Mater. 20, 22–29. doi: 10.1038/s41563-020-00803-5

Buettner, R., Scholmerich, J., and Bollheimer, L. C. (2007). High-fat diets: modeling 
the metabolic disorders of human obesity in rodents. Obesity (Silver Spring) 15, 798–808. 
doi: 10.1038/oby.2007.608

Bulcha, J. T., Wang, Y., Ma, H., Tai, P. W. L., and Gao, G. (2021). Viral vector platforms 
within the gene therapy landscape. Signal Transduct. Target. Ther. 6:53. doi: 10.1038/
s41392-021-00487-6

Büning, H., and Srivastava, A. (2019). Capsid modifications for targeting and 
improving the efficacy of AAV vectors. Mol. Ther. Methods Clin. Dev. 12, 248–265. doi: 
10.1016/j.omtm.2019.01.008

Cebrian, C., Asai, N., D'Agati, V., and Costantini, F. (2014). The number of fetal 
nephron progenitor cells limits ureteric branching and adult nephron endowment. Cell 
Rep. 7, 127–137. doi: 10.1016/j.celrep.2014.02.033

Chao, X., Wang, S., Zhao, K., Li, Y., Williams, J. A., Li, T., et al. (2018). Impaired TFEB-
mediated lysosome biogenesis and autophagy promote chronic ethanol-induced liver 

injury and steatosis in mice. Gastroenterology 155, 865–879 e12. doi: 10.1053/j.
gastro.2018.05.027

Chen, S., Su, T., Zhang, Y., Lee, A., He, J., Ge, Q., et al. (2020). Fusobacterium 
nucleatum promotes colorectal cancer metastasis by modulating KRT7-AS/KRT7. Gut 
Microbes 11, 511–525. doi: 10.1080/19490976.2019.1695494

Chen, L., Tai, W. C., Brar, M. S., Leung, F. C., and Hsiao, W. L. (2015). Tumor grafting 
induces changes of gut microbiota in athymic nude mice in the presence and absence of 
medicinal Gynostemma saponins. PLoS One 10:e0126807. doi: 10.1371/journal.
pone.0145602

Chmelar, J., Chatzigeorgiou, A., Chung, K. J., Prucnal, M., Voehringer, D., Roers, A., 
et al. (2016). No role for mast cells in obesity-related metabolic dysregulation. Front. 
Immunol. 7:524. doi: 10.3389/fimmu.2016.00524

Cioppi, F., Riera-Escamilla, A., Manilall, A., Guarducci, E., Todisco, T., Corona, G., 
et al. (2019). Genetics of ncHH: from a peculiar inheritance of a novel GNRHR mutation 
to a comprehensive review of the literature. Andrology 7, 88–101. doi: 10.1111/
andr.12563

Clevers, H. (2016). Modeling development and disease with organoids. Cell 165, 
1586–1597. doi: 10.1016/j.cell.2016.05.082

Co, J. Y., Margalef-Catala, M., Li, X., Mah, A. T., Kuo, C. J., Monack, D. M., et al. 
(2019). Controlling epithelial polarity: a human Enteroid model for host-pathogen 
interactions. Cell Rep. 26, 2509–2520 e4. doi: 10.1016/j.celrep.2019.01.108

Crawley, J. N. (2007). What's wrong with my mouse?: Behavioral phenotyping of 
transgenic and knockout mice. 2nd Edn Wiley-Interscience.

Daigle, T. L., Madisen, L., Hage, T. A., Valley, M. T., Knoblich, U., Larsen, R. S., et al. 
(2018). A suite of transgenic driver and reporter mouse lines with enhanced brain-cell-
type targeting and functionality. Cell 174, 465–480 e22. doi: 10.1016/j.cell.2018.06.035

de Vos, W. M., Tilg, H., Van Hul, M., and Cani, P. D. (2022). Gut microbiome and 
health: mechanistic insights. Gut 71, 1020–1032. doi: 10.1136/gutjnl-2021-326789

Doudna, J. A., and Charpentier, E. (2014). Genome editing. The new frontier of 
genome engineering with CRISPR-Cas9. Science 346:1258096. doi: 10.1126/
science.1258096

Drost, J., van Boxtel, R., Blokzijl, F., Mizutani, T., Sasaki, N., Sasselli, V., et al. (2017). 
Use of CRISPR-modified human stem cell organoids to study the origin of mutational 
signatures in cancer. Science 358, 234–238. doi: 10.1126/science.aao3130

Fasano, A. (2012). Intestinal permeability and its regulation by zonulin: diagnostic 
and therapeutic implications. Clin. Gastroenterol. Hepatol. 10, 1096–1100. doi: 10.1016/j.
cgh.2012.08.012

Fatehullah, A., Tan, S. H., and Barker, N. (2016). Organoids as an in vitro model 
of human development and disease. Nat. Cell Biol. 18, 246–254. doi: 10.1038/
ncb3312

Flannigan, K. L., Ngo, V. L., Geem, D., Harusato, A., Hirota, S. A., Parkos, C. A., et al. 
(2017). IL-17A-mediated neutrophil recruitment limits expansion of segmented 
filamentous bacteria. Mucosal Immunol. 10, 673–684. doi: 10.1038/mi.2016.80

Forbester, J. L., Goulding, D., Vallier, L., Hannan, N., Hale, C., Pickard, D., et al. 
(2015). Interaction of Salmonella enterica Serovar typhimurium with intestinal 
organoids derived from human induced pluripotent stem cells. Infect. Immun. 83, 
2926–2934. doi: 10.1128/IAI.00161-15

https://doi.org/10.3389/fmicb.2024.1335036
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/978-1-61779-370-7_3
https://doi.org/10.1038/s41385-019-0173-1
https://doi.org/10.1038/s41385-019-0173-1
https://doi.org/10.1016/j.cell.2015.08.058
https://doi.org/10.1172/JCI126923
https://doi.org/10.1161/CIRCULATIONAHA.119.039697
https://doi.org/10.1038/nature06196
https://doi.org/10.1016/j.tem.2023.02.003
https://doi.org/10.1016/j.tem.2023.02.003
https://doi.org/10.1016/j.jid.2017.11.033
https://doi.org/10.1016/j.jid.2017.11.033
https://doi.org/10.1016/j.cell.2018.10.008
https://doi.org/10.1007/978-1-62703-601-6_23
https://doi.org/10.1038/s41563-020-00803-5
https://doi.org/10.1038/oby.2007.608
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.1016/j.omtm.2019.01.008
https://doi.org/10.1016/j.celrep.2014.02.033
https://doi.org/10.1053/j.gastro.2018.05.027
https://doi.org/10.1053/j.gastro.2018.05.027
https://doi.org/10.1080/19490976.2019.1695494
https://doi.org/10.1371/journal.pone.0145602
https://doi.org/10.1371/journal.pone.0145602
https://doi.org/10.3389/fimmu.2016.00524
https://doi.org/10.1111/andr.12563
https://doi.org/10.1111/andr.12563
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.celrep.2019.01.108
https://doi.org/10.1016/j.cell.2018.06.035
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.aao3130
https://doi.org/10.1016/j.cgh.2012.08.012
https://doi.org/10.1016/j.cgh.2012.08.012
https://doi.org/10.1038/ncb3312
https://doi.org/10.1038/ncb3312
https://doi.org/10.1038/mi.2016.80
https://doi.org/10.1128/IAI.00161-15


Wang et al. 10.3389/fmicb.2024.1335036

Frontiers in Microbiology 10 frontiersin.org

Forster, M., Farrington, K., Petrov, J. C., Belle, J. I., Mindt, B. C., Witalis, M., et al. 
(2017). MYSM1-dependent checkpoints in B cell lineage differentiation and B cell-
mediated immune response. J. Leukoc. Biol. 101, 643–654. doi: 10.1189/
jlb.1AB0415-177RR

Franzosa, E. A., Hsu, T., Sirota-Madi, A., Shafquat, A., Abu-Ali, G., Morgan, X. C., 
et al. (2015). Sequencing and beyond: integrating molecular 'omics' for microbial 
community profiling. Nat. Rev. Microbiol. 13, 360–372. doi: 10.1038/nrmicro3451

Gabisonia, K., Prosdocimo, G., Aquaro, G. D., Carlucci, L., Zentilin, L., Secco, I., et al. 
(2019). MicroRNA therapy stimulates uncontrolled cardiac repair after myocardial 
infarction in pigs. Nature 569, 418–422. doi: 10.1038/s41586-019-1191-6

Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S. E., et al. (2013). 
CRISPR-mediated modular RNA-guided regulation of transcription in eukaryotes. Cell 
154, 442–451. doi: 10.1016/j.cell.2013.06.044

Gopalakrishnan, V., Helmink, B. A., Spencer, C. N., Reuben, A., and Wargo, J. A. 
(2018). The influence of the gut microbiome on Cancer, immunity, and Cancer 
immunotherapy. Cancer Cell 33, 570–580. doi: 10.1016/j.ccell.2018.03.015

Gossen, M., and Bujard, H. (1992). Tight control of gene expression in mammalian 
cells by tetracycline-responsive promoters. Proc. Natl. Acad. Sci. USA 89, 5547–5551. 
doi: 10.1073/pnas.89.12.5547

Gronke, K., Hernandez, P. P., Zimmermann, J., Klose, C. S. N., Kofoed-Branzk, M., 
Guendel, F., et al. (2019). Interleukin-22 protects intestinal stem cells against genotoxic 
stress. Nature 566, 249–253. doi: 10.1038/s41586-019-0899-7

Grootjans, J., Krupka, N., Hosomi, S., Matute, J. D., Hanley, T., Saveljeva, S., et al. 
(2019). Epithelial endoplasmic reticulum stress orchestrates a protective IgA response. 
Science 363, 993–998. doi: 10.1126/science.aat7186

Guo, X., Liang, Y., Zhang, Y., Lasorella, A., Kee, B. L., and Fu, Y. X. (2015). Innate 
lymphoid cells control early colonization resistance against intestinal pathogens through 
ID2-dependent regulation of the microbiota. Immunity 42, 731–743. doi: 10.1016/j.
immuni.2015.03.012

Hagihara, M., Yamashita, M., Ariyoshi, T., Eguchi, S., Minemura, A., Miura, D., et al. 
(2022). Clostridium butyricum-induced omega-3 fatty acid 18-HEPE elicits anti-
influenza virus pneumonia effects through interferon-lambda upregulation. Cell Rep. 
41:111755. doi: 10.1016/j.celrep.2022.111755

Helander, H. F., and Fandriks, L. (2014). Surface area of the digestive tract - revisited. 
Scand. J. Gastroenterol. 49, 681–689. doi: 10.3109/00365521.2014.898326

Hinrichsen, F., Hamm, J., Westermann, M., SchrÃ¶der, L., Shima, K., Mishra, N., 
et al. (2021). Microbial regulation of hexokinase 2 links mitochondrial metabolism 
and cell death in colitis. Cell Metab. 33, 2355–2366.e8. doi: 10.1016/j.
cmet.2021.11.004

Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen, A., Even, P. C., et al. 
(2003). IGF-1 receptor regulates lifespan and resistance to oxidative stress in mice. 
Nature 421, 182–187. doi: 10.1038/nature01298

Imhann, F., Vich Vila, A., Bonder, M. J., Fu, J., Gevers, D., Visschedijk, M. C., et al. 
(2018). Interplay of host genetics and gut microbiota underlying the onset and clinical 
presentation of inflammatory bowel disease. Gut 67, 108–119. doi: 10.1136/
gutjnl-2016-312135

Inda, M. E., Broset, E., Lu, T. K., and de la Fuente-Nunez, C. (2019). Emerging 
Frontiers in microbiome engineering. Trends Immunol. 40, 952–973. doi: 10.1016/j.
it.2019.08.007

Ivanov, T. II., Tuganbaev, A. N. S., and Honda, K. (2022). T cell responses to the 
microbiota. Annu. Rev. Immunol. 40, 559–587. doi: 10.1146/annurev-
immunol-101320-011829

Jalili-Firoozinezhad, S., Gazzaniga, F. S., Calamari, E. L., Camacho, D. M., 
Fadel, C. W., Bein, A., et al. (2019). A complex human gut microbiome cultured in 
an anaerobic intestine-on-a-chip. Nat. Biomed. Eng. 3, 520–531. doi: 10.1038/
s41551-019-0397-0

Junnila, R. K., List, E. O., Berryman, D. E., Murrey, J. W., and Kopchick, J. J. (2013). 
The GH/IGF-1 axis in ageing and longevity. Nat. Rev. Endocrinol. 9, 366–376. doi: 
10.1038/nrendo.2013.67

Kazgan, N., Metukuri, M. R., Purushotham, A., Lu, J., Rao, A., Lee, S., et al. (2014). 
Intestine-specific deletion of SIRT1 in mice impairs DCoH2-HNF-1alpha-FXR signaling 
and alters systemic bile acid homeostasis. Gastroenterology 146, 1006–1016. doi: 
10.1053/j.gastro.2013.12.029

Kenjo, E., Hozumi, H., Makita, Y., Iwabuchi, K. A., Fujimoto, N., Matsumoto, S., et al. 
(2021). Low immunogenicity of LNP allows repeated administrations of CRISPR-Cas9 
mRNA into skeletal muscle in mice. Nat. Commun. 12:7101. doi: 10.1038/
s41467-021-26714-w

Kim, H. J., Huh, D., Hamilton, G., and Ingber, D. E. (2012). Human gut-on-a-chip 
inhabited by microbial flora that experiences intestinal peristalsis-like motions and flow. 
Lab Chip 12, 2165–2174. doi: 10.1039/c2lc40074j

Kim, H., Kim, M., Im, S. K., and Fang, S. (2018). Mouse Cre-LoxP system: general 
principles to determine tissue-specific roles of target genes. Lab. Anim. Res. 34, 147–159. 
doi: 10.5625/lar.2018.34.4.147

Koboziev, I., Karlsson, F., Ostanin, D. V., Gray, L., Davidson, M., Zhang, S., et al. 
(2012). Role of LFA-1 in the activation and trafficking of T cells: implications in the 

induction of chronic colitis. Inflamm. Bowel Dis. 18, 2360–2370. doi: 10.1002/
ibd.22947

Koh, A., and Bäckhed, F. (2020). From association to causality: the role of the gut 
microbiota and its functional products on host metabolism. Mol. Cell 78, 584–596. doi: 
10.1016/j.molcel.2020.03.005

Kraft, K., Geuer, S., Will, A. J., Chan, W. L., Paliou, C., Borschiwer, M., et al. (2015). 
Deletions, inversions, duplications: engineering of structural variants using CRISPR/
Cas in mice. Cell Rep. 10, 833–839. doi: 10.1016/j.celrep.2015.01.016

Landeck, N., Conti Mazza, M., Duffy, M., Bishop, C., Sortwell, C. E., and 
Cookson, M. R. (2021). Stereotaxic intracranial delivery of chemicals, proteins or viral 
vectors to study Parkinson's disease. J. Vis. Exp.  18:62128. doi: 10.3791/62128

Larson-Casey, J. L., Deshane, J. S., Ryan, A. J., Thannickal, V. J., and Carter, A. B. 
(2016). Macrophage Akt1 kinase-mediated Mitophagy modulates apoptosis 
resistance and pulmonary fibrosis. Immunity 44, 582–596. doi: 10.1016/j.
immuni.2016.01.001

Lebherz, C., Maguire, A., Tang, W., Bennett, J., and Wilson, J. M. (2008). Novel AAV 
serotypes for improved ocular gene transfer. J. Gene Med. 10, 375–382. doi: 10.1002/
jgm.1126

Lee, C. C., Shih, Y. C., Kang, M. L., Chang, Y. C., Chuang, L. M., Devaraj, R., et al. 
(2019). Naa10p inhibits beige adipocyte-mediated thermogenesis through N-alpha-
acetylation of Pgc1alpha. Mol. Cell 76, 500–515 e8. doi: 10.1016/j.molcel.2019.07.026

Li, G., Liu, Y., Zeng, Y., Li, J., Wang, L., Yang, G., et al. (2017). Highly efficient and 
precise base editing in discarded human tripronuclear embryos. Protein Cell 8, 776–779. 
doi: 10.1007/s13238-017-0458-7

Li, M., Lu, Y., Li, Y., Tong, L., Gu, X. C., Meng, J., et al. (2019). Transketolase deficiency 
protects the liver from DNA damage by increasing levels of ribose 5-phosphate and 
nucleotides. Cancer Res. 79, 3689–3701. doi: 10.1158/0008-5472.CAN-18-3776

Li, S. Y., Park, J., Guan, Y., Chung, K., Shrestha, R., Palmer, M. B., et al. (2019). 
DNMT1 in Six2 progenitor cells is essential for transposable element silencing and 
kidney development. J. Am. Soc. Nephrol. 30, 594–609. doi: 10.1681/ASN.2018070687

Lin, R., Sun, Y., Mu, P., Zheng, T., Mu, H., Deng, F., et al. (2020). Lactobacillus 
rhamnosus GG supplementation modulates the gut microbiota to promote butyrate 
production, protecting against deoxynivalenol exposure in nude mice. Biochem. 
Pharmacol. 175:113868. doi: 10.1016/j.bcp.2020.113868

Lo, B. C., Chen, G. Y., Nunez, G., and Caruso, R. (2021). Gut microbiota and systemic 
immunity in health and disease. Int. Immunol. 33, 197–209. doi: 10.1093/intimm/
dxaa079

Lu, X., Xie, S., Ye, L., Zhu, L., and Yu, Q. (2020). Lactobacillus protects against S. 
typhimurium-induced intestinal inflammation by determining the fate of epithelial 
proliferation and differentiation. Mol. Nutr. Food Res. 64:e1900655. doi: 10.1002/
mnfr.201900655

Maddalo, D., Manchado, E., Concepcion, C. P., Bonetti, C., Vidigal, J. A., Han, Y. C., 
et al. (2014). In vivo engineering of oncogenic chromosomal rearrangements with the 
CRISPR/Cas9 system. Nature 516, 423–427. doi: 10.1038/nature13902

Makarova, K. S., Wolf, Y. I., Iranzo, J., Shmakov, S. A., Alkhnbashi, O. S., Brouns, S. J. 
J., et al. (2020). Evolutionary classification of CRISPR-Cas systems: a burst of class 2 and 
derived variants. Nat. Rev. Microbiol. 18, 67–83. doi: 10.1038/s41579-019-0299-x

Malik, A., Sharma, D., Malireddi, R. K. S., Guy, C. S., Chang, T. C., Olsen, S. R., et al. 
(2018). SYK-CARD9 signaling Axis promotes gut Fungi-mediated Inflammasome 
activation to restrict colitis and Colon Cancer. Immunity 49, 515–530 e5. doi: 10.1016/j.
immuni.2018.08.024

Mallott, E. K., and Amato, K. R. (2021). Host specificity of the gut microbiome. Nat. 
Rev. Microbiol. 19, 639–653. doi: 10.1038/s41579-021-00562-3

Matsoukas, I. G. (2018). Commentary: Programmable base editing of A·T to G·C 
in genomic DNA without DNA cleavage. Front. Genet. 9:21. doi: 10.3389/
fgene.2018.00021

Mayer, J. U., Demiri, M., Agace, W. W., MacDonald, A. S., Svensson-Frej, M., and 
Milling, S. W. (2017). Different populations of CD11b(+) dendritic cells drive Th2 
responses in the small intestine and colon. Nat. Commun. 8:15820. doi: 10.1038/
ncomms15820

McCarty, N. S., Graham, A. E., Studená, L., and Ledesma-Amaro, R. (2020). 
Multiplexed CRISPR technologies for gene editing and transcriptional regulation. Nat. 
Commun. 11:1281. doi: 10.1038/s41467-020-15053-x

McCracken, K. W., Cata, E. M., Crawford, C. M., Sinagoga, K. L., Schumacher, M., 
Rockich, B. E., et al. (2014). Modelling human development and disease in pluripotent 
stem-cell-derived gastric organoids. Nature 516, 400–404. doi: 10.1038/nature13863

McLellan, M. A., Rosenthal, N. A., and Pinto, A. R. (2017). Cre-loxP-mediated 
recombination: general principles and experimental considerations. Curr. Protoc. Mouse 
Biol. 7, 1–12. doi: 10.1002/cpmo.22

Metzger, D., and Chambon, P. (2001). Site- and time-specific gene targeting in the 
mouse. Methods 24, 71–80. doi: 10.1006/meth.2001.1159

Milam, A. A. V., Bartleson, J. M., Donermeyer, D. L., Horvath, S., Durai, V., Raju, S., 
et al. (2018). Tuning T cell signaling sensitivity alters the behavior of CD4(+) T cells 
during an immune response. J. Immunol. 200, 3429–3437. doi: 10.4049/
jimmunol.1701422

https://doi.org/10.3389/fmicb.2024.1335036
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1189/jlb.1AB0415-177RR
https://doi.org/10.1189/jlb.1AB0415-177RR
https://doi.org/10.1038/nrmicro3451
https://doi.org/10.1038/s41586-019-1191-6
https://doi.org/10.1016/j.cell.2013.06.044
https://doi.org/10.1016/j.ccell.2018.03.015
https://doi.org/10.1073/pnas.89.12.5547
https://doi.org/10.1038/s41586-019-0899-7
https://doi.org/10.1126/science.aat7186
https://doi.org/10.1016/j.immuni.2015.03.012
https://doi.org/10.1016/j.immuni.2015.03.012
https://doi.org/10.1016/j.celrep.2022.111755
https://doi.org/10.3109/00365521.2014.898326
https://doi.org/10.1016/j.cmet.2021.11.004
https://doi.org/10.1016/j.cmet.2021.11.004
https://doi.org/10.1038/nature01298
https://doi.org/10.1136/gutjnl-2016-312135
https://doi.org/10.1136/gutjnl-2016-312135
https://doi.org/10.1016/j.it.2019.08.007
https://doi.org/10.1016/j.it.2019.08.007
https://doi.org/10.1146/annurev-immunol-101320-011829
https://doi.org/10.1146/annurev-immunol-101320-011829
https://doi.org/10.1038/s41551-019-0397-0
https://doi.org/10.1038/s41551-019-0397-0
https://doi.org/10.1038/nrendo.2013.67
https://doi.org/10.1053/j.gastro.2013.12.029
https://doi.org/10.1038/s41467-021-26714-w
https://doi.org/10.1038/s41467-021-26714-w
https://doi.org/10.1039/c2lc40074j
https://doi.org/10.5625/lar.2018.34.4.147
https://doi.org/10.1002/ibd.22947
https://doi.org/10.1002/ibd.22947
https://doi.org/10.1016/j.molcel.2020.03.005
https://doi.org/10.1016/j.celrep.2015.01.016
https://doi.org/10.3791/62128
https://doi.org/10.1016/j.immuni.2016.01.001
https://doi.org/10.1016/j.immuni.2016.01.001
https://doi.org/10.1002/jgm.1126
https://doi.org/10.1002/jgm.1126
https://doi.org/10.1016/j.molcel.2019.07.026
https://doi.org/10.1007/s13238-017-0458-7
https://doi.org/10.1158/0008-5472.CAN-18-3776
https://doi.org/10.1681/ASN.2018070687
https://doi.org/10.1016/j.bcp.2020.113868
https://doi.org/10.1093/intimm/dxaa079
https://doi.org/10.1093/intimm/dxaa079
https://doi.org/10.1002/mnfr.201900655
https://doi.org/10.1002/mnfr.201900655
https://doi.org/10.1038/nature13902
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1016/j.immuni.2018.08.024
https://doi.org/10.1016/j.immuni.2018.08.024
https://doi.org/10.1038/s41579-021-00562-3
https://doi.org/10.3389/fgene.2018.00021
https://doi.org/10.3389/fgene.2018.00021
https://doi.org/10.1038/ncomms15820
https://doi.org/10.1038/ncomms15820
https://doi.org/10.1038/s41467-020-15053-x
https://doi.org/10.1038/nature13863
https://doi.org/10.1002/cpmo.22
https://doi.org/10.1006/meth.2001.1159
https://doi.org/10.4049/jimmunol.1701422
https://doi.org/10.4049/jimmunol.1701422


Wang et al. 10.3389/fmicb.2024.1335036

Frontiers in Microbiology 11 frontiersin.org

Integrative HMP (iHMP) Research Network Consortium (2019). The integrative 
human microbiome project. Nature 569, 641–648. doi: 10.1038/s41586-019-1238-8

Nikolova, V. L., Smith, M. R. B., Hall, L. J., Cleare, A. J., Stone, J. M., and Young, A. H. 
(2021). Perturbations in gut microbiota composition in psychiatric disorders: a review 
and meta-analysis JAMA. Psychiatry 78, 1343–1354. doi: 10.1001/
jamapsychiatry.2021.2573

Park, S. Y., Rao, C., Coyte, K. Z., Kuziel, G. A., Zhang, Y., Huang, W., et al. (2022). 
Strain-level fitness in the gut microbiome is an emergent property of glycans and a single 
metabolite. Cell 185, 513–529 e21. doi: 10.1016/j.cell.2022.01.002

Paunovska, K., Loughrey, D., and Dahlman, J. E. (2022). Drug delivery systems for 
RNA therapeutics. Nat. Rev. Genet. 23, 265–280. doi: 10.1038/s41576-021-00439-4

Pellicciotta, M., Rigoni, R., Falcone, E. L., Holland, S. M., Villa, A., and Cassani, B. 
(2019). The microbiome and immunodeficiencies: lessons from rare diseases. J. 
Autoimmun. 98, 132–148. doi: 10.1016/j.jaut.2019.01.008

Pickar-Oliver, A., and Gersbach, C. A. (2019). The next generation of CRISPR-Cas 
technologies and applications. Nat. Rev. Mol. Cell Biol. 20, 490–507. doi: 10.1038/
s41580-019-0131-5

Platt, R. J., Chen, S., Zhou, Y., Yim, M. J., Swiech, L., Kempton, H. R., et al. (2014). 
CRISPR-Cas9 knockin mice for genome editing and cancer modeling. Cell 159, 440–455. 
doi: 10.1016/j.cell.2014.09.014

Polyak, S., Mah, C., Porvasnik, S., Herlihy, J. D., Campbell-Thompson, M., Byrne, B. J., 
et al. (2008). Gene delivery to intestinal epithelial cells in vitro and in vivo with 
recombinant adeno-associated virus types 1, 2 and 5. Dig. Dis. Sci. 53, 1261–1270. doi: 
10.1007/s10620-007-9991-1

Pratt, D. S., and Kaplan, M. M. (2000). Evaluation of abnormal liver-enzyme results 
in asymptomatic patients. N. Engl. J. Med. 342, 1266–1271. doi: 10.1056/
NEJM200004273421707

Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., et al. 
(2021). Repurposing CRISPR as an RNA-guided platform for sequence-specific control 
of gene expression. Cell 184:844. doi: 10.1016/j.cell.2021.01.019

Raguram, A., Banskota, S., and Liu, D. R. (2022). Therapeutic in vivo delivery of gene 
editing agents. Cell 185, 2806–2827. doi: 10.1016/j.cell.2022.03.045

Rathinam, V. A. K., and Chan, F. K. (2018). Inflammasome, inflammation, and tissue 
homeostasis. Trends Mol. Med. 24, 304–318. doi: 10.1016/j.molmed.2018.01.004

Reed, M., Luissint, A. C., Azcutia, V., Fan, S., O'Leary, M. N., Quiros, M., et al. (2019). 
Epithelial CD47 is critical for mucosal repair in the murine intestine in vivo. Nat. 
Commun. 10:5004. doi: 10.1038/s41467-019-12968-y

Roager, H. M., Vogt, J. K., Kristensen, M., Hansen, L. B. S., Ibrügger, S., 
Mærkedahl, R. B., et al. (2019). Whole grain-rich diet reduces body weight and systemic 
low-grade inflammation without inducing major changes of the gut microbiome: a 
randomised cross-over trial. Gut 68, 83–93. doi: 10.1136/gutjnl-2017-314786

Round, J. L., and Palm, N. W. (2018). Causal effects of the microbiota on 
immune-mediated diseases. Sci. Immunol. 3:eaao1603. doi: 10.1126/sciimmunol.
aao1603

Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., Yu, Z. F., Tillman, A., et al. (2017). 
Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-
mediated inherited retinal dystrophy: a randomised, controlled, open-label, phase 3 
trial. Lancet 390, 849–860. doi: 10.1016/S0140-6736(17)31868-8

Saeedi, B. J., Liu, K. H., Owens, J. A., Hunter-Chang, S., Camacho, M. C., Eboka, R. U., 
et al. (2020). Gut-resident lactobacilli activate hepatic Nrf2 and protect against oxidative 
liver injury. Cell Metab. 31, 956–968 e5. doi: 10.1016/j.cmet.2020.03.006

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D. E., 
et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without a 
mesenchymal niche. Nature 459, 262–265. doi: 10.1038/nature07935

Sauer, B., and Henderson, N. (1988). Site-specific DNA recombination in mammalian 
cells by the Cre recombinase of bacteriophage P1. Proc. Natl. Acad. Sci. USA 85, 
5166–5170.

Saunders, A., Johnson, C. A., and Sabatini, B. L. (2012). Novel recombinant adeno-
associated viruses for Cre activated and inactivated transgene expression in neurons. 
Front. Neural Circuits 6:47. doi: 10.3389/fncir.2012.00047

Savage, N. (2020). The complex relationship between drugs and the microbiome. 
Nature 577, S10–S11. doi: 10.1038/d41586-020-00196-0

Schirmer, M., Garner, A., Vlamakis, H., and Xavier, R. J. (2019). Microbial genes and 
pathways in inflammatory bowel disease. Nat. Rev. Microbiol. 17, 497–511. doi: 10.1038/
s41579-019-0213-6

Shangguan, Q., Liu, Q., Yang, R., Zhang, S., Sheng, G., Kuang, M., et al. (2024). 
Predictive value of insulin resistance surrogates for the development of diabetes in 
individuals with baseline normoglycemia: findings from two independent cohort 
studies in China and Japan. Diabetol Metab Syndr. 16:68. doi: 10.1186/
s13098-024-01307-x

Sharon, G., Sampson, T. R., Geschwind, D. H., and Mazmanian, S. K. (2016). The 
central nervous system and the gut microbiome. Cell 167, 915–932. doi: 10.1016/j.
cell.2016.10.027

Shiota, C., Prasadan, K., Guo, P., Fusco, J., Xiao, X., and Gittes, G. K. (2017). Gcg 
(CreERT2) knockin mice as a tool for genetic manipulation in pancreatic alpha cells. 
Diabetologia 60, 2399–2408. doi: 10.1007/s00125-017-4425-x

Song, Y., Gan, Y., Wang, Q., Meng, Z., Li, G., Shen, Y., et al. (2017). Enriching the 
housing environment for mice enhances their NK cell antitumor immunity via 
sympathetic nerve-dependent regulation of NKG2D and CCR5. Cancer Res. 77, 
1611–1622. doi: 10.1158/0008-5472.CAN-16-2143

Speakman, J. R. (2013). Measuring energy metabolism in the mouse - theoretical, 
practical, and analytical considerations. Front. Physiol. 4:34. doi: 10.3389/
fphys.2013.00034

Spence, J. R., Mayhew, C. N., Rankin, S. A., Kuhar, M. F., Vallance, J. E., Tolle, K., et al. 
(2011). Directed differentiation of human pluripotent stem cells into intestinal tissue in 
vitro. Nature 470, 105–109. doi: 10.1038/nature09691

Stappenbeck, T. S., and Virgin, H. W. (2016). Accounting for reciprocal host-
microbiome interactions in experimental science. Nature 534, 191–199. doi: 10.1038/
nature18285

Sternberg, N., and Hamilton, D. (1981). Bacteriophage P1 site-specific recombination. 
I. Recombination between loxP sites. J. Mol. Biol. 150, 467–486. doi: 
10.1016/0022-2836(81)90375-2

Suzuki, T. A., Phifer-Rixey, M., Mack, K. L., Sheehan, M. J., Lin, D., Bi, K., et al. (2019). 
Host genetic determinants of the gut microbiota of wild mice. Mol. Ecol. 28, 3197–3207. 
doi: 10.1111/mec.15139

Thaiss, C. A., Itav, S., Rothschild, D., Meijer, M. T., Levy, M., Moresi, C., et al. (2016). 
Persistent microbiome alterations modulate the rate of post-dieting weight regain. 
Nature 540, 544–551. doi: 10.1038/nature20796

Thaiss, C. A., Levy, M., Grosheva, I., Zheng, D., Soffer, E., Blacher, E., et al. (2018). 
Hyperglycemia drives intestinal barrier dysfunction and risk for enteric infection. 
Science 359, 1376–1383. doi: 10.1126/science.aar3318

Thiem, S., Eissmann, M. F., Stuart, E., Elzer, J., Jonas, A., Buchert, M., et al. (2016). 
Inducible gene modification in the gastric epithelium of Tff1-CreERT2, Tff2-rtTA, Tff3-
luc mice. Genesis 54, 626–635. doi: 10.1002/dvg.22987

Thomsen, M., Yacoub-Youssef, H., and Marcheix, B. (2005). Reconstitution of a 
human immune system in immunodeficient mice: models of human alloreaction in vivo. 
Tissue Antigens 66, 73–82. doi: 10.1111/j.1399-0039.2005.00409.x

Thorens, B., Tarussio, D., Maestro, M. A., Rovira, M., Heikkila, E., and Ferrer, J. (2015). 
Ins1(Cre) knock-in mice for beta cell-specific gene recombination. Diabetologia 58, 
558–565. doi: 10.1007/s00125-014-3468-5

Tonna, S., Takyar, F. M., Vrahnas, C., Crimeen-Irwin, B., Ho, P. W., Poulton, I. J., et al. 
(2014). EphrinB2 signaling in osteoblasts promotes bone mineralization by preventing 
apoptosis. FASEB J. 28, 4482–4496. doi: 10.1096/fj.14-254300

Tripathi, S., Voogdt, C. G. P., Bassler, S. O., Anderson, M., Huang, P. H., Sakenova, N., 
et al. (2024). Randomly barcoded transposon mutant libraries for gut commensals I: 
strategies for efficient library construction. Cell Rep. 43:113517. doi: 10.1016/j.
celrep.2023.113517

Tsuchimoto, Y., Asai, A., Tsuda, Y., Ito, I., Nishiguchi, T., Garcia, M. C., et al. (2015). 
M2b monocytes provoke bacterial pneumonia and gut Bacteria-associated Sepsis in 
alcoholics. J. Immunol. 195, 5169–5177. doi: 10.4049/jimmunol.1501369

Uslu, K., Coleman, A. S., Allman, W. R., Katsenelson, N., Bram, R. J., Alugupalli, K. R., 
et al. (2014). Impaired B cell receptor signaling is responsible for reduced TACI 
expression and function in X-linked immunodeficient mice. J. Immunol. 192, 3582–3595. 
doi: 10.4049/jimmunol.1203468

Vacchio, M. S., Wang, L., Bouladoux, N., Carpenter, A. C., Xiong, Y., 
Williams, L. C., et al. (2014). A ThPOK-LRF transcriptional node maintains the 
integrity and effector potential of post-thymic CD4+ T cells. Nat. Immunol. 15, 
947–956. doi: 10.1038/ni.2960

Vidovic, D., Carlon, M. S., da Cunha, M. F., Dekkers, J. F., Hollenhorst, M. I., 
Bijvelds, M. J., et al. (2016). rAAV-CFTRDeltaR rescues the cystic fibrosis phenotype in 
human intestinal organoids and cystic fibrosis mice. Am. J. Respir. Crit. Care Med. 193, 
288–298. doi: 10.1164/rccm.201505-0914OC

Vorhees, C. V., and Williams, M. T. (2006). Morris water maze: procedures for 
assessing spatial and related forms of learning and memory. Nat. Protoc. 1, 848–858. doi: 
10.1038/nprot.2006.116

Wanderley, C. W., Colon, D. F., Luiz, J. P. M., Oliveira, F. F., Viacava, P. R., Leite, C. A., 
et al. (2018). Paclitaxel reduces tumor growth by reprogramming tumor-associated 
macrophages to an M1 profile in a TLR4-dependent manner. Cancer Res. 78, 5891–5900. 
doi: 10.1158/0008-5472.CAN-17-3480

Wang, Z., Friedrich, C., Hagemann, S. C., Korte, W. H., Goharani, N., Cording, S., 
et al. (2014). Regulatory T cells promote a protective Th17-associated immune response 
to intestinal bacterial infection with C. rodentium. Mucosal Immunol. 7, 1290–1301. doi: 
10.1038/mi.2014.17

Wang, H., Jain, S., Li, P., Lin, J. X., Oh, J., Qi, C., et al. (2019). 3rd, transcription factors 
IRF8 and PU.1 are required for follicular B cell development and BCL6-driven germinal 
center responses. Proc. Natl. Acad. Sci. USA 116, 9511–9520. doi: 10.1073/
pnas.1901258116

Wang, Y., Kuang, Z., Yu, X., Ruhn, K. A., Kubo, M., and Hooper, L. V. (2017). The 
intestinal microbiota regulates body composition through NFIL3 and the circadian 
clock. Science 357, 912–916. doi: 10.1126/science.aan0677

Wei, Y., Chhiba, K. D., Zhang, F., Ye, X., Wang, L., Zhang, L., et al. (2018). Mast cell-
specific expression of human siglec-8 in conditional knock-in mice. Int. J. Mol. Sci. 
20:19. doi: 10.3390/ijms20010019

https://doi.org/10.3389/fmicb.2024.1335036
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41586-019-1238-8
https://doi.org/10.1001/jamapsychiatry.2021.2573
https://doi.org/10.1001/jamapsychiatry.2021.2573
https://doi.org/10.1016/j.cell.2022.01.002
https://doi.org/10.1038/s41576-021-00439-4
https://doi.org/10.1016/j.jaut.2019.01.008
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1016/j.cell.2014.09.014
https://doi.org/10.1007/s10620-007-9991-1
https://doi.org/10.1056/NEJM200004273421707
https://doi.org/10.1056/NEJM200004273421707
https://doi.org/10.1016/j.cell.2021.01.019
https://doi.org/10.1016/j.cell.2022.03.045
https://doi.org/10.1016/j.molmed.2018.01.004
https://doi.org/10.1038/s41467-019-12968-y
https://doi.org/10.1136/gutjnl-2017-314786
https://doi.org/10.1126/sciimmunol.aao1603
https://doi.org/10.1126/sciimmunol.aao1603
https://doi.org/10.1016/S0140-6736(17)31868-8
https://doi.org/10.1016/j.cmet.2020.03.006
https://doi.org/10.1038/nature07935
https://doi.org/10.3389/fncir.2012.00047
https://doi.org/10.1038/d41586-020-00196-0
https://doi.org/10.1038/s41579-019-0213-6
https://doi.org/10.1038/s41579-019-0213-6
https://doi.org/10.1186/s13098-024-01307-x
https://doi.org/10.1186/s13098-024-01307-x
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1007/s00125-017-4425-x
https://doi.org/10.1158/0008-5472.CAN-16-2143
https://doi.org/10.3389/fphys.2013.00034
https://doi.org/10.3389/fphys.2013.00034
https://doi.org/10.1038/nature09691
https://doi.org/10.1038/nature18285
https://doi.org/10.1038/nature18285
https://doi.org/10.1016/0022-2836(81)90375-2
https://doi.org/10.1111/mec.15139
https://doi.org/10.1038/nature20796
https://doi.org/10.1126/science.aar3318
https://doi.org/10.1002/dvg.22987
https://doi.org/10.1111/j.1399-0039.2005.00409.x
https://doi.org/10.1007/s00125-014-3468-5
https://doi.org/10.1096/fj.14-254300
https://doi.org/10.1016/j.celrep.2023.113517
https://doi.org/10.1016/j.celrep.2023.113517
https://doi.org/10.4049/jimmunol.1501369
https://doi.org/10.4049/jimmunol.1203468
https://doi.org/10.1038/ni.2960
https://doi.org/10.1164/rccm.201505-0914OC
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1158/0008-5472.CAN-17-3480
https://doi.org/10.1038/mi.2014.17
https://doi.org/10.1073/pnas.1901258116
https://doi.org/10.1073/pnas.1901258116
https://doi.org/10.1126/science.aan0677
https://doi.org/10.3390/ijms20010019


Wang et al. 10.3389/fmicb.2024.1335036

Frontiers in Microbiology 12 frontiersin.org

Wu, Q., Zhu, Y. H., Xu, J., Liu, X., Duan, C., Wang, M. J., et al. (2018). Lactobacillus 
rhamnosus GR-1 ameliorates Escherichia coli-induced activation of NLRP3 and NLRC4 
Inflammasomes with differential requirement for ASC. Front. Microbiol. 9:1661. doi: 
10.3389/fmicb.2018.01661

Xue, Y., Enosi Tuipulotu, D., Tan, W. H., Kay, C., and Man, S. M. (2019). Emerging 
activators and regulators of inflammasomes and pyroptosis. Trends Immunol. 40, 
1035–1052. doi: 10.1016/j.it.2019.09.005

Yoon, S. Y., Dieterich, L. C., Tacconi, C., Sesartic, M., He, Y., Brunner, L., et al. (2019). 
An important role of podoplanin in hair follicle growth. PLoS One 14:e0219938. doi: 
10.1371/journal.pone.0226662

Yoshida, N., He, F., and Kyttaris, V. C. (2019). T cell-specific STAT3 deficiency 
abrogates lupus nephritis. Lupus 28, 1468–1472. doi: 10.1177/0961203319877242

Yu, Q., Newsome, R. C., Beveridge, M., Hernandez, M. C., Gharaibeh, R. Z., Jobin, C., 
et al. (2022). Intestinal microbiota modulates pancreatic carcinogenesis through 
intratumoral natural killer cells. Gut Microbes 14:2112881. doi: 10.1080/19490976. 
2022.2112881

Yuan, X., Wang, R., Han, B., Sun, C., Chen, R., Wei, H., et al. (2022). Functional and 
metabolic alterations of gut microbiota in children with new-onset type 1 diabetes. Nat. 
Commun. 13:6356. doi: 10.1038/s41467-022-33656-4

Zeboudj, L., Maitre, M., Guyonnet, L., Laurans, L., Joffre, J., Lemarie, J., et al. (2018). 
Selective EGF-receptor inhibition in CD4(+) T cells induces Anergy and limits 
atherosclerosis. J. Am. Coll. Cardiol. 71, 160–172. doi: 10.1016/j.jacc.2017.10.084

Zhang, B. (2021). CRISPR/Cas gene therapy. J. Cell. Physiol. 236, 2459–2481. doi: 
10.1002/jcp.30064

Zhang, Z., Funcke, J. B., Zi, Z., Zhao, S., Straub, L. G., Zhu, Y., et al. (2021). Adipocyte iron 
levels impinge on a fat-gut crosstalk to regulate intestinal lipid absorption and mediate 
protection from obesity. Cell Metab. 33, 1624–1639 e9. doi: 10.1016/j.cmet.2021.06.001

Zhang, F., Zarkada, G., Han, J., Li, J., Dubrac, A., Ola, R., et al. (2018). Lacteal junction 
zippering protects against diet-induced obesity. Science 361:599. doi: 10.1126/science.
aap9331

Zhao, Q., and Maynard, C. L. (2022). Mucus, commensals, and the immune system. 
Gut Microbes 14:2041342. doi: 10.1080/19490976.2022.2041342

Zou, J., Chassaing, B., Singh, V., Pellizzon, M., Ricci, M., Fythe, M. D., et al. (2018). 
Fiber-mediated nourishment of gut microbiota protects against diet-induced obesity by 
restoring IL-22-mediated colonic health. Cell Host Microbe 23, 41–53 e4. doi: 10.1016/j.
chom.2017.11.003

Zu, H., and Gao, D. (2021). Non-viral vectors in gene therapy: recent development, 
challenges, and prospects. AAPS J. 23:78. doi: 10.1208/s12248-021-00608-7

https://doi.org/10.3389/fmicb.2024.1335036
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2018.01661
https://doi.org/10.1016/j.it.2019.09.005
https://doi.org/10.1371/journal.pone.0226662
https://doi.org/10.1177/0961203319877242
https://doi.org/10.1080/19490976.2022.2112881
https://doi.org/10.1080/19490976.2022.2112881
https://doi.org/10.1038/s41467-022-33656-4
https://doi.org/10.1016/j.jacc.2017.10.084
https://doi.org/10.1002/jcp.30064
https://doi.org/10.1016/j.cmet.2021.06.001
https://doi.org/10.1126/science.aap9331
https://doi.org/10.1126/science.aap9331
https://doi.org/10.1080/19490976.2022.2041342
https://doi.org/10.1016/j.chom.2017.11.003
https://doi.org/10.1016/j.chom.2017.11.003
https://doi.org/10.1208/s12248-021-00608-7

	Recent advances in host-focused molecular tools for investigating host-gut microbiome interactions
	1 Introduction
	2 Whole-body genetic tools for deciphering host-specific genes involved in host-microbe interaction
	2.1 CRISPR-Cas mediated whole-body gene manipulation

	3 Tissue/cell-specific mutation for dissecting host-microbe interaction
	3.1 Cre-loxP based conditional gene modification
	3.2 Immunodeficient mice with specific immune cell populations
	3.3 Tissue/cell specific gene delivery system

	4 In vitro models of host-derived organoid and gut-on-chip
	4.1 Host-derived organoid
	4.2 Gut-on-chip

	5 Discussion and prospect
	Author contributions

	References

