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Highlights
Gnotobiotic murine models are cur-
rently the cornerstone of causal gut
microbiome research. Nevertheless,
they provide limited opportunity for de-
lineating various areas of interest to the
human gut microbiome research.

Current in vitro microbial ecology and
host–microbe coculture methods also
have limited capacity for studying the
ecological bidirectional interaction of
host and gut microbiome.

Gut-microbiome-on-chips provide phys-
iological and ecological advantages over
There is a growing interest to understand if and how the gut microbiome is caus-
ally linked to the pathogenesis and/or progression of diseases. While in vitro cell
linemodels are commonly used for studying specific aspects of the host–microbe
interaction, gnotobiotic murine models are considered the preferred platform for
studying causality in microbiome research. Nevertheless, findings from animal
studies provide limited opportunity for delineating various areas of interest to
the human gutmicrobiome research. Gut-on-chips are biomimetics recapitulating
intestinal physiology which enable investigation of bidirectional effects of the host
and microbiome. We posit that they could advance causal and ecological gut
microbiome research in three major areas: (i) diet–microbiome and drug–
microbiome interaction; (ii) microbiome-targeted therapeutics pharmacoecology;
and (iii) mechanistic studies of gut microbiome and microbiome-targeted inter-
vention in extraintestinal pathologies.
other in vitromethods, allowing for mon-
itoring microbial growth and ecological
dynamic as well as host–microbiome in-
teractions while adjusting andmeasuring
the ecologically relevant parameters
(e.g., pH and O2 level) in real time.

Gut-microbiome-on-chips could be
connected with other chips to model
gut–liver, gut–lung, or gut–brain axes.

Gut-microbiome-on-chip could ex-
pand microbiome research in three
major areas: (i) diet–microbiome
and drug–microbiome interactions;
(ii) pharmacoecology of microbiome-
targeted therapeutics; and (iii) mecha-
nistic studies of gut microbiome and
microbiome-targeted intervention in
extraintestinal pathologies within the
context of a personalized and preci-
sion medicine framework.
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Currently available experimental methods for causal microbiome research
Human gut microbiome (see Glossary) research has fundamentally transformed our per-
ception of pathogenesis and/or progression of many intestinal and extraintestinal chronic
diseases. Most of the gut microbiome research so far has been based on sequencing-
dependent methods identifying associations between microbiome composition and disease
pathophysiology. While association studies have provided important evidence on the link be-
tween the microbiome and health and disease states, such studies do not indicate causality,
which is a prerequisite for moving from bench to bedside. There is a growing interest in the
field to understand if and how the gut microbiome is mechanistically linked to the pathogen-
esis and/or progression of diseases. While in vitro host–microbe coculture models offer
platforms to address specific questions on the acute effects of microbe or microbial
products, gnotobiotic murine models are currently the cornerstone of causal microbiome
research. Nevertheless, findings from animal studies provide limited opportunity for delineat-
ing various areas of interest to the human gut microbiome research due to lower clinical
relevance and ecological differences. Alternative human-based in vitro methods are required
to address these shortcomings. Organ-on-chip platforms, such as gut-microbiome-on-
chip, allow for investigation of bidirectional effects of the host and microbiome, thus,
providing a unique ex vivo platform for ecological and causal gut microbiome research.
Here we briefly review the currently available models to study the interaction of the host
and microbes, highlight the current advances of the organ-on-chip-based gut microbiome
models, and propose their potential for three major areas: (i) diet–microbiome and drug–
microbiome interactions; (ii) pharmacoecology of microbiome-targeted therapeutics;
and (iii) mechanistic studies of the gut microbiome and microbiome-targeted intervention
in extraintestinal pathologies within the context of the personalized and precision medicine
framework [1].
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Gnotobiotic animal models
Murine models are the most commonly used models for studying causality in microbiome re-
search for several reasons: a certain degree of anatomical and physiological similarities to
humans; ease of control of study conditions (e.g., food composition, light/dark cycle, and stress
factors) and experimental modulation of their gut microbiome; availability of genetically modified
and germ-free animals; and the relative ease and cost of use of mice compared with larger an-
imal models [2,3]. While mouse models have greatly expanded our understanding of the mecha-
nistic role of the gut microbiome in various diseases, translatability of findings from coprophagic
animals to humans remains questionable; specifically in clinically relevant areas of research such
as efficacy assessment of new drugs prior to clinical trials in humans [4–7]. Shortcomings of
murinemodels include, but are not limited to: (i) the results being strongly impacted by differences
in the species, animal husbandry, gnotobiotic facilities, and the study protocols employed [3,8,9];
(ii) microbiological and immunological divergence between laboratory animals and the wild pop-
ulations of Mus musculus, which affects the clinical significance of findings [6,7]; and (iii) the
fact that experimentally reduced microbial communities in gnotobiotic experiments do not
faithfully model the complexity of the human microbiome [3]. While human microbiota-
associated mouse models are an attempt to overcome some of these shortcomings, they
introduce new challenges such as ecological mismatches between the human and murine
microbiomes and physiological differences in the immune and metabolic systems when mice
are colonized with human microbiome [10].

Other model organisms for causal microbiome research include laboratory worms
(Caenorhabditis elegans), fruit-fly (Drosophila melanogaster), and zebrafish (Danio rerio). These
models are widely used for having relatively simpler microbial communities, are easier to handle,
and combined with the availability of a wide array of genetic and genomic tools, allow for a sys-
tematic interrogation of the host–microbiome interactions [2,11]. Although these small-animal
models are advantageous for unraveling the dynamics of microbiome-community assembly,
they suffer from a lack of clinical relevance to human pathologies. Pigs and non-human primates
are more physiologically and phylogenetically relevant but are less commonly used due to ethical,
practical, and financial reasons [2]. Despite these reasons, these costly animal models still do not
capture the complexity of host–microbiome interactions in humans [12] (Figure 1A).

In vitro microbial ecology
Several bioreactor-basedmodels are available for studying the dynamics of microbial communities
in the laboratory. These include the dynamic in vitromodel of the human large intestine (TIM-2), the
simulator of the human intestinal microbial ecosystem (SHIME), the three-stage continuous culture
system, and fecal minibioreactor arrays. By modeling the luminal conditions of the gastrointestinal
tract (e.g., pH and O2 level), these systems are able to assess alterations in the microbial commu-
nity composition and function in response to luminal changes and are shown to predict the
success of fecal microbiome transplantation engraftment [13]. While some newer extensions of
SHIME models (e.g., HMI [14] or HuMiX [15]) include host components such as the intestinal
epithelium and the mucus layer, these platforms are overall more appropriate to model the
response of the microbial community and themetabolic output to luminal perturbations with limited
capacity for studying the microbial effects on the host (Figure 1B).

In vitro host–microbe coculture
Host–microbe interactions can be studied via short-term coculture of host cells (with varying
degrees of structural complexity) with individual microbes, microbial products, or microbial com-
munities. The submerged monolayermethod, the classic 2D culture method, is relatively easy
and reproducible and has been used for acute microbial cytotoxicity assessment in static culture
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Glossary
Air–liquid interface: a more complex
method of cell culture where the apical
side of the epithelium is not submerged
in the culture medium.
Biomimetic: engineered technology
that emulates biological systems.
Chemoinformatic: computational
methods that are used for drug
discovery.
Defined microbial consortia:
synthetic microbial communities
composed of defined species.
Fecal microbiome transplant:
transfer of fecal matter from one
individual to another.
Germ-free animals: laboratory
animals that do not contain any
microorganisms.
Gnotobiotic animals: laboratory
animals colonized with known microbial
communities.
Gut-microbiome-on-chip: a
gut-on-chip platform inoculated with
human gut microbiome or defined
consortium.
Intestinal organoids: spherical,
enclosed, 3D structures of epithelium
consisting of all intestinal epithelial cell
types which exhibit villi- and crypt-like
protrusions.
Microbiome: the collection of
microorganisms including bacteria,
archaea, fungi, viruses, and protists.
Microfluidics: an area of
microengineering using nanotechnology
and microfluid mechanics.
Multi-omics: different high-throughput
omics methods such as genomics,
transcriptomics, metagenomics, and
metabolomics.
Organ-on-chip: a microfluidic
biomimetic technology used for in vitro
reconstruction of complex tissue
structure.
Pharmacoecology: the study of the
ecological impact of
microbiome-targeted intervention
on the gut microbiome.
Pharmacokinetic: the study of the
absorption, metabolism, distribution,
and excretion of medications.
Prebiotics: nutrients that are used by
bacteria and thus promote growth
of the beneficial human gut
microbiome.
Precision-cut tissue slices (PCTSs):
full-thickness segments excised from
resected tissue, mostly from animal
experiments. These slices completely
preserve the tissue structure and thus
provide a near complete representation
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conditions. Nevertheless, this 2D method cannot be used for coculture with a complex microbial
community due to the high susceptibility of the host cells to microbe-induced cytotoxicity in this
model [16]. The air–liquid interface model, including the airway system and the anaerobic
transwell intestinal models, have been used for short-term coculture of host cells with a complex
donor-derived microbial community [17,18]. This relatively easy method allows high-throughput
studies of the immediate effect of microbiome on the host cells. However, it does not provide a
good representation of human physiology and provides limited opportunity for ecological assess-
ment of host–microbiome interaction.

Recent advances in developing long lasting primary epithelial organoids from intestinal tissues
have introduced new opportunities for moving towards a better representation of the intestinal
epithelium in causal microbiome research. Intestinal organoids are spherical, enclosed 3D
structures of epithelium that consist of all intestinal epithelial cell types which exhibit villi- and
crypt-like protrusions, mimicking the features of the tissue of origin [19]. The coculturing of intes-
tinal organoids with microbes results in microbial exposure at the basolateral (exterior) side. The
apical exposure of the epithelium to the microbes, which is more representative of what occurs
in vivo, could be achieved by transferring microbes into the intact organoids or via mechanical
disruption of the organoids’ spheres and subsequent introduction of microbes [19]. Complex
microbial communities could also be transferred inside the intestinal organoids which could
sustain microbial growth and maintain the composition for 96 h [20]. Intestinal organoids lack
the mucosal immune compartment and the ecologically relevant stimuli from the in vivo environ-
ment, including physicochemical gradients [19], limiting their application for the study of host–
microbiome interactions. Additionally, they have limited throughput and present significant
challenges in scaling up to high-throughput setups.

Precision-cut tissue slices (PCTSs) provide the highest degree of intestinal tissue complexity
for microbiome research. PCTSs preserve the tissue structure and thus provide a near complete
representation of the intestinal epithelium and submucosal region in vitro. While PCTSs have been
primarily used for studying drug transport, metabolism, and toxicity, they can also be used for
short-term coculture assays with microbes or microbial products [21]. The use of PCTSs for
investigating host–microbiome interactions poses major limitations such as the fact that the
spatial heterogeneity of the intestinal tract cannot be strictly controlled when preparing tissue
slices from different specimens. Additionally, the aerobic culture condition required for maintain-
ing the tissue slices does not allow for coculture with (intestinal) obligate anaerobic bacteria.
Ecological understanding of host–microbiome interactions is further limited by the short-term
viability of the excised tissue and lack of compartmentalized microbial exposure. To maximize
tissue representation, murine PCTSs could be modified to create an ex vivo murine intestinal
model preserving the intestinal lumen as a separate culture chamber, thus allowing an anaerobic
luminal environment for introduction of individual microbes or microbial communities [22]. While
PCTSs have some physiologic advantages over organoids for a more mimetic representation
of host–microbiome interactions (e.g., inclusion of submucosal components in PCTSs), this
method could not be easily and reproducibly expanded to humans given the need for surgical
resection (Figure 1C).

Organ-on-chip is biomimetics recapitulating organ physiology
Organ-on-chip is an emerging technology harnessing advances in microengineering and fluid
dynamics to create a biomimetic organ [23]. Microfluidic principles allow for precise control
of physical and chemical properties of organ-on-chip, including concentration gradients, shear
force, mechanical stimulus, cell patterning, tissue boundaries, and tissue–organ interactions.
When coupled with integrated biosensors [24,25], they provide a unique opportunity to create
Trends in Microbiology, Month 2022, Vol. xx, No. xx 3
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of the intestinal epithelium and
submucosal region in vitro.
Probiotics: live microorganisms with
health benefits.
Submerged monolayer: the classic
method of 2D cell culture.
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a precisely regulated microenvironment that can be monitored in real time. In addition, organ-on-
chip allows for incorporation of multiple cell types in the system at different times, sequences, and
stages of maturation, such as organoids. Although organoids lack the surrounding immune and
stroma cells, and are not ideal models to study host–microbiome interactions on their own, they
could be used to develop more mimetic organ-on-chips. Additionally, patient-derived organoids
from small biopsy samples provide opportunities for modeling the host at the individual patient
level on organ-on-chip platforms.

Gut-on-chip provides physiological and ecological advantages over other in vitro methods,
including a more complex host tissue and mimetic anaerobic coculture with a complex microbial
community on the luminal side (Figure 2A). Gut-on-chips provide a reproducible and scalable
platformwith a high level of clinical relevance for causal and translational gut microbiome research
(Figure 2B). This platform allows for monitoring of microbial growth and microbial community
ecological dynamics as well as host–microbiome interactions while measuring the ecologically
relevant parameters (e.g., pH and O2 level) in real time. Such organ-on-chips are intended to
satisfy the requirements of an ideal in vitro system for host–microbiome research [26,27].
Controlled media flow through the system allows for long-term coculturing of host cells with
microbial communities [28–37], thereby combining the advantages of bioreactor-based models
with host–microbe coculture systems to decipher host–microbiome interaction (Box 1). Comparisons
of gnotobiotic animal models and existing in vitro methods with organ-on-chips are summarized in
Table 1.

Diet–microbiome interaction
Diet is a major driver of the gut microbiome composition throughout the human age spectrum
[38,39]. While studies have extensively focused on the effect of broad dietary patterns on the
gut microbiome composition, the role of macronutrients and micronutrients or food groups on
the microbial growth dynamic within the community, and the consequent shift in the overall com-
position and function, are less understood [39]. There is a growing interest in clinical dietary inter-
ventions and targeted prebiotics to predictably modulate the gut microbiome composition and
function with the aim of disease prevention and/or amelioration [39]. Therefore, it is prudent to
know the impact of the tested compounds and nutrients at the species and interspecies levels.
The clinical benefit of dietary interventions might be dependent on the baseline microbiome
composition and/or the compositional changes in response to medications [40,41]. As a result,
it is crucial to gain precise ecological understanding of the dietary interventions on the gut
microbiome specifically when the diet–microbiome interaction could be modified by the effect
of medications on the microbiome [42]. While germ-free animal models and fermenter systems
are commonly used in this context, the gut-microbiome-on-chip platforms using patient-
derived microbiome and host cells could provide a physiologically relevant and robust alternative
to systematically interrogate diet–microbiome interaction. Such a model will allow: (i) systematic
investigation of the effect of macronutrients and micronutrients on gut microbiome at the species
and interspecies levels; (ii) identification of novel and species-specific prebiotics and elucidation
of their downstream functional effect on the host; (iii) an ecological investigation of drug–
diet–microbiome interaction; and (iv) personalized clinical nutrition using patient-specific
gut-microbiome-on-chip.

Drug–microbiome interactions
While antimicrobials are prescribed to target a specific pathogen to treat infectious diseases, the
unintended effect of antimicrobials on the gut microbiome composition is now well known. In
addition, recent discoveries have shed light on the impact of other commonly used drugs – such
as antidiabetics, proton-pump inhibitors, antipsychotics, and nonsteroidal anti-inflammatory
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Figure 2. Ecological human gut microbiome studies using organ-on-chip. (A) Gut-on-chip schematics. Intestinal epithelium is seeded in the luminal chamber and
the endothelium and immune cells are cultured in the mucosal side of the chip separated by a diffusible material. Sources of the intestinal epithelium could be cell lines,
induced pluripotent stem cells, or organoids. Patient-derived microbiome or defined communities could be added to the luminal side of the chip. The O2 gradient is
established in such a way that the luminal side is anaerobic to support the growth of gut microbiome. The mucosal side maintains a higher O2 level to support the host
cells. (B) Advantages of gut-microbiome-on-chip for causal and ecological host–microbiome studies. (C) Interconnected organ-on-chips for causal disease modeling.
Gut-microbiome-on-chip could be linked to other downstream organ-on-chips as a method of modeling gut–liver, gut–lung, and gut–brain axes. In this case, one chip
will recapitulate the gut-microbiome-on-chip while the connected chip will model the target organ of interest. Once the multiorgan-on-chip system is set up, diseases of
interest could be modeled. This setup allows for investigation of major pathways involved in the gut microbiome signaling to the extraintestinal organs, including
microbial products which could be directed from the gut to the target organ by mimicking the blood circulation.

Trends in Microbiology
drugs – on the microbiome [43]. A systematic screening of more than 1000 FDA-approved drugs
on the growth of individual human gut species has significantly advanced our understanding of the
off-target effect of common medications [44]. Of note, the gut microbiome can also affect drug
metabolisms leading to clinically important alterations in tissue availability, efficacy, and toxicity [45,46].

Building on established drug-discovery approaches, systematic screening approaches could be
employed to examine drug–microbiome interactions [43]. Organ-on-chip is potentially ushering in
Figure 1. Current methods for human gut microbiome research. (A) Gnotobiotic animal models are the cornerstone of causal microbiome research. (B) In vitro
microbial ecology methods rely on a series of interconnected fermenters and lack host tissue. (C) In vitro host–microbe coculture methods vary in the degree of host
complexity, with intestinal organoids and precision-cut tissue slice models providing the highest tissue complexity.
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Box 1. Organ-on-chip technology enables an ecologically robust approach to assess the causal role of the
gut microbiome in health and disease

While gut microbiome has been associated with various intestinal and extraintestinal diseases, it is still unclear whether
it is changes in the overall community composition (i.e., dysbiosis) or in specific members of the community that
underly disease pathogenesis. Untangling these associations is a nontrivial task because of (i) possible variations in
dysbiosis definition according to the disease [69]; (ii) methodologic challenges in distinguishing microbiome as a cause
or consequence of the disease in humans [70]; (iii) inability to account for relevant spatial scales when measuring
microbial characteristics; (iv) complex relationships between environmental factors (e.g., diet) and microbial
characteristics; (v) lack of a robust method for mapping microbiome properties and metabolites [e.g., short-chain fatty
acid (SCFA) production] to the human physiology and disease pathogenesis [71]; and (vi) limitations in measuring the
microbial heterogeneity and physiologically distinct behavior at the individual species level within their community
[72,73]. While the question of defining dysbiosis and distinguishing cause versus consequence could be clinically
tackled in prospective population-based cohort studies where multiple time point sample collections occur, the listed
challenges for defining the 'microbial drivers' require an experimental platform that seamlessly integrates host–
microbiome components in a precisely controlled, reproducible, and scalable system.

Organ-on-chip is built based on nanotechnology and microfabrication techniques and thus provides the scales at which the
ecological microbial interactions are tracible. Detailed longitudinal monitoring of microbial growth, O2, and pH will enable
ecology-informed computational modeling of microbiome behavior in response to environmental signals, such as diet, and
thereby allow modeling of the complex relationship between environmental and microbial characteristics. Subsequently, the
ecological dissection of the gut microbial community could be studied in relation to the host components (epithelium, mucosal
immune cells, and barrier integrity), and inflammatory and metabolic outputs in a single or interconnected organ-on-chip.

Organ-on-chip facilitates deciphering the effect of microbiome properties and processes on the host. Hall et al. [71]
suggest that studies should aim to identify the causally relevant microbial processes and microbial community properties
that best describe and predict those microbial processes. The distinction should be made if these processes are the result
of community-aggregated traits, and hence attributable to individual microbes, or an emergent property of the ecosystem,
and thus attributable to the overall community. In cases where an individual species might be causally relevant its
population heterogeneity and physiologically distinct behavior, such as heterogeneity in bacterial lipopolysaccharide
structure [73], can be investigated. Our ability to monitor microbial growth patterns and model interspecies interaction will
make it possible to build the community metabolic network using genome-scale metabolic network reconstruction. When
coupled with the ability to measure key elements of microbial configuration, such as nutrient cycling, as well as relevant
microbial metabolic outputs such as SCFAs, organ-on-chips will facilitate ecological modeling to identify the causal
ecosystem traits that regulate the microbiome features.

Trends in Microbiology
a new era of drug development [47]. Gut-microbiome-on-chip interconnected with a liver-on-chip
and the downstream organ of interest (Figure 2C) will provide a more physiologically relevant
setup for drug development [48,49]. Such a model will allow: (i) predictive chemoinformatic
analysis; (ii) pharmacokinetic modeling of the microbiome-dependent serum levels; and
(iii) mapping the downstreamorgan-level biological impact. One area of immediate clinical translation
is individualized therapeutics in clinical oncology using interconnected gut-microbiome-on-chips
and tumor-on-chips generated from patient-derived fecal microbiome and tumor tissue, respectively.
This will allow identification of effective chemotherapeutic agents based on their interaction with the
microbiome and the downstream effect on the tumor [50,51]. Gut-microbiome-on-chip platform is
thus a credible model to reduce, and even potentially replace, animal drug testing according to the
missions of regulatory bodies [52].

Pharmacoecology of microbiome-targeted therapeutics: a step towards
microbiome-based precision and personalized medicine
There is expanding interest in modulating the gut microbiome using prebiotics, probiotics,
defined microbial consortia, and fecal microbiome transplants. These microbiome-
targeted interventions can confer health benefits by transiently or persistently modulating the
gut microbiome composition or function. Nevertheless, the shift in the gut microbiome as the
crucial intermediate step is not commonly investigated in clinical trials, hampering the accurate
interpretations of the clinical outcomes in the absence of the expected clinical response. Much
remains unknown about the precise ecological, immunological, and metabolic impacts of
Trends in Microbiology, Month 2022, Vol. xx, No. xx 7
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Table 1. Comparison of gnotobiotic animal models and existing in vitro methods with organ-on-chip

Method Strengths Weaknesses Microbial
community
coculture

Microbial
ecology

Host–microbiome
interaction

Animal
models

Small animals - Relatively simple microbiome
- Amenable to genetic manipulation
- Availability of cultured core bacteria
- Ease of handling
- Short life cycle
- Axenic animals generated in large
numbers

- Low clinical relevance Not
applicable

No - Downstream effect
on host development
and physiology

- Molecular pathways
activated downstream
of microbiome

Rodents - Physiologically more relevant to
humans
- Ease of handling
- Amenable to genetic manipulation
- Availability of cultured core bacteria

- Coprophagia (intake of
their feces)

- Complex microbiome
- Interlaboratory variation in
microbiome

- Significant microbiome
and immune difference
compared with wild mice

- Different diet
- Low clinical relevance

Not
applicable

No - Downstream effect
on host development
and physiology

- Mechanistic studies
of gut–lung, gut–liver,
and gut–brain axes

Large animals - Physiologically and phylogenetically
closer to humans

- Different diet
- Ethically challenging
- Expensive

Not
applicable

No - Downstream effect
on host development
and physiology

- Mechanistic studies
of gut–lung, gut–liver,
and gut–brain axes

Bioreactor models of
in vitro microbial ecology

- Relative ease of use
- Long-term fecal microbial community
culture

- Allows investigation of microbial
community composition and function
in response to environmental stimuli
(e.g., diet)

- Enables assessing preclinical engraft-
ment success of fecal microbiome
transplant

- Does not include host
components

Yes Yes Not applicable

In vitro
methods

Submerged
monolayer

- Simple and accessible
- Good model of cytotoxicity assessment

- Lack cell type complexity,
nutrient gradients, shear
forces, and immune
components.

- High cytotoxicity when
cultured with bacteria

No No - Downstream effect
on epithelium biology

Air–liquid
interface

- Easily implemented
- Low-cost assay
- High throughput
- Scalable and reproducible

- Short term coculture
- Low mimetic tissue
representation

- The setup only allows
persistence of mucosa-
adherent microbes

Yes No - Downstream effect on
epithelium biology and
mucosal immunity

Organoid - Near-physiological model for epithelial
tissue

- Allows exposure to microbes
- Mainly applied to study host–pathogen
interaction

- Microbial exposure on the
apical side of epithelium as
opposed to the luminal side

- Not useful for ecological
host microbiome interaction
studies

-Multicellular platforms are not
established yet.

- The downstream effect of
microbiome on the host
physiology cannot be
studied

Yes No - Downstream effect
on epithelium
biology, including
intestinal stem cells

Trends in Microbiology
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Table 1. (continued)

Method Strengths Weaknesses Microbial
community
coculture

Microbial
ecology

Host–microbiome
interaction

Precision-cut
tissue slices

- Primary patient material
- Higher level of complexity
- Can be cocultured with bacteria

- Donor-to-donor variability
- Challenges in tissue
procurement

- Tissue viability duration
varies

- Not useful for ecological
host microbiome
interaction studies

- The downstream effect of
microbiome on the host
physiology cannot be
studied

Yes No - Downstream effect
on the tissue

Organ-on-chip - Coculture of multiple cell types
(epithelium, endothelium, immune)
makes a more mimetic in vitro tissue
representation

- Cell sources include cell lines, induced
pluripotent stem cells, and organoids

- Microfluidic principles allow for precise
control of properties (e.g.,
concentration gradients, shear force,
mechanical stimulus)

- Allows measuring the ecologically
relevant parameters (e.g., pH, O2)

- Scalable and reproducible

- Not widely available to the
microbiome community

- Technical and
technological challenges

- Lack of faithful
recapitulation of the
microbiome–immune
system interaction

- Inability to model the
variations in microbiome
composition along the
mucosal–luminal axis

- Inability to assess the
spatiotemporality of
microbiome in relation to
disease

Yes Yes - Potential to establish
individualized
platforms

- Downstream effect on
epithelium biology and
mucosal immunity

- Diet–microbiome
interaction

- Drug–microbiome
interaction

- Pharmacoecology of
microbiome-targeted
interventions

- Mechanistic studies
of gut–lung, gut–liver,
and gut–brain axes

Trends in Microbiology
microbiome-targeted interventions. Medical use of these approaches requires 'improved preci-
sion, accuracy and repeatability of measures of microbial composition, which lead to genuine
and not misleading interpretations' [53]. Gut-microbiome-on-chip generated with the appropriate
patient-derived microbiome community can provide an individualized platform to assess the im-
pact of microbiome-targeted interventions and to help select the most appropriate intervention
for that individual. Such a model will allow: (i) rationally selecting the microbiome-targeted inter-
vention to achieve the optimal microbiome shifts; (ii) elucidation of the downstream effect of
these interventions on the host; (iii) moving towards personalized pharmacoecology by examining
the ecological impact of these interventions using patient-derived microbial communities;
(iv) monitoring response to treatment at themicrobiome level in vitro beforemoving to human clin-
ical trials; and (v) fulfilling regulatory requirements to develop medical-grade microbiome-targeted
interventions.

Mechanistic studies of gut microbiome and microbiome-targeted intervention in
diseases
One currently common model of mechanistic microbiome studies starts with a hypothesis-
generating phase based on multi-omics human studies followed by fecal transplant or transfer
of the microbial species/community of interest to germ-free animals. However, major scientific
and conceptual concerns have been raised about the reliability of causal claims based on the cur-
rent experimental models and their generalizability to humans [4,54]. Organ-on-chip platforms are
uniquely positioned to strengthen this research bymodeling different organ systems on chips [23]
to elucidate the effect of the gut microbiome on extraintestinal organs. The gut microbiome is
Trends in Microbiology, Month 2022, Vol. xx, No. xx 9
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Outstanding questions
How could we overcome the technical
(choice of human tissue, culture
media, and faithfully recapitulating pH,
osmolarity, and O2 gradient) and
technological (monitoring the dynamic
change in host, microbiome, and
microenvironment) challenges of the
microbiome-on-chip towards stan-
dardization of the platform?

What are the optimization steps
required to identify the sample volume
and microbial concentration needed
for downstream microbiome assays,
including culture, sequencing, bacterial
physiological, and single-cell analysis?

What are the challenges of modeling
interkingdom microbial interactions on
gut-microbiome-on-chip?

What are the opportunities of feeding
precise microbiome readouts from
organ-on-chip into computational
models for in silico clinical trial of
microbiome-targeted interventions?

What should be the regulatory aspects
overseeing the use of gut-microbiome-
on-chip in the clinic? Given the rapid
advancement of the field, there is a
need for parallel multidisciplinary dis-
cussions among different parties, in-
cluding engineers, clinicians, scientists,
ethics experts, and regulatory bodies.

Trends in Microbiology
causally linked to diseases of lung, liver, and brain via gut–lung [55], gut–liver [56], and gut–brain
[57] axes, respectively. The field is moving towards establishing causality, identifying predictive
microbial signatures, and devising microbiome-targeted interventions for extraintestinal patholo-
gies by modulating these axes [58,59]. Advances in organ-on-chip technology have enabled
mimicking these axes using multiple, interconnected organ-on-chips [23,60]. In this case, one
chip will recapitulate the gut-microbiome-on-chip while the connected chip will model the target
organ of interest. The connection will allow fluid exchange between the chips and models the cir-
culatory system (Figure 2C). Once the multiorgan-on-chip system is set up, diseases of interest
could be modeled [61]. The gut mucosal immunity–microbiome pathway can be built by incorpo-
rating select immune cells in the mucosal side of the gut-microbiome-on-chip. Although not fully
representing the mucosal immunity, this setup allows for investigation of networks involved in the
gut microbiome signaling to the extraintestinal organs, including gut mucosal immunity and mi-
crobial products. This will be achieved by mimicking the blood circulation and directing the mu-
cosal affluent of the gut-microbiome-on-chip containing the immune cells and microbial
products towards the chip of the organ(s) of interest where the extraintestinal disease is modeled.
This level of precision and ecological control in the chip may not be feasible in animal models or
existing in vitro systems.

While we have focused on the mechanistic studies of the gut microbiome and its effect on the ex-
traintestinal organs, organ-on-chip platforms are capable of modeling host–microbiome interac-
tions in other organs, including vagina [62], skin [63], and lung [64]. Indeed, it is feasible to
establish the microbial communities of the gut and the organ of interest on two connected
chips [65]. This design will increase biomimicry of the model and enable assessment of the role
of the local microbiome in the context of the systemic impact of the gut microbiome.

Concluding remarks
While attempts are being made to optimize the causal frameworks for host–microbiome interac-
tion studies, organ-on-chip platforms adapted towards gut-microbiome-on-chip models can
provide a controlled experimental system for reproducible and reliable causal and ecological
microbiome research. Specifically, these models can facilitate systematic interrogation of the
tridirectional crosstalk of diet, drug, andmicrobiome ecology and provide a mechanism to assess
the pharmacoecology of the microbiome-targeted therapeutics prior to clinical trials. Importantly,
modeling disease on organs-on-chips interconnected with gut-microbiome-on-chip will allow the
experimental assessment of the impact of gut microbiome on extraintestinal diseases. While
promising in creating biomimetic platforms, key technical challenges and outstanding questions
remain to be addressed in adaptation of gut-on-chips for ecological and causal gut microbiome
research (see Outstanding questions). Several limitations still exist in modeling the entire com-
plexity of host–microbiome interaction such as faithful recapitulation of the microbiome–immune
system interaction while considering the scaling and tissue architecture [66], modeling the varia-
tions in microbiome composition along the mucosal–luminal axis, monitoring and capturing the
right microenvironment (e.g., pH, osmolarity, O2 gradients, and IgA repertoire [67]), and
assessing the spatiotemporality of microbiome in relation to disease. We envision that a close
cross-disciplinary collaboration between microbiome scientists, physiologists, and biomedical
engineers will facilitate widespread adaptation of organ-on-chip for microbiome research,
which will, in turn, move the field to overcome these technical and technological challenges. Fur-
thermore, patient-derived organoid biobanks could be instrumental in facilitating translational and
clinically relevant experimentation that could potentially guide clinical decisions [68]. By using
patient-derived tissues (e.g., organoids or tumor) and microbiome, this technology can signifi-
cantly advance translational gut microbiome research and bring gut microbiome to the forefront
of precision and personalized medicine. In conclusion, we posit that gut-microbiome-on-chip
10 Trends in Microbiology, Month 2022, Vol. xx, No. xx

CellPress logo


Trends in Microbiology
provides a unique ex vivo platform for ecological and causal host–microbiome research, which,
coupled with gnotobiotic studies, will facilitate personalized clinical translation of the gut
microbiome science.

Acknowledgments
S.M. is supported by Canadian Institutes of Health Research, Canada (CIHR) and Killam postdoctoral fellowships. F.B. is

supported by National Institutes of Health, USA grant AA025387. The authors thank Natural Sciences and Engineering

Research Council of Canada (NSERC) and CIHR for financial support related to this work.

Declaration of interests
No interests are declared.

References

1. van den Berg, A. et al. (2019) Personalised organs-on-chips:

functional testing for precision medicine. Lab Chip 19, 198–205
2. National Academies of Sciences, Engineering, and Medicine

(2018) Animal models for microbiome research: advancing
basic and translational science: proceedings of a workshop,
the National Academies Press, Washington DC

3. Nguyen, T.L. et al. (2015) How informative is the mouse for
human gut microbiota research? Dis. Model. Mech. 8, 1–16

4. Walter, J. et al. (2020) Establishing or exaggerating causality for
the gut microbiome: lessons from human microbiota-associated
rodents. Cell 180, 221–232

5. Bogatyrev, S.R. et al. (2020) Self-reinoculation with fecal flora
changes microbiota density and composition leading to an al-
tered bile-acid profile in the mouse small intestine. Microbiome
8, 19

6. Suntharalingam, G. et al. (2006) Cytokine storm in a phase 1 trial
of the anti-CD28 monoclonal antibody TGN1412. N. Engl.
J. Med. 355, 1018–1028

7. Rosshart, S.P. et al. (2019) Laboratory mice born to wild mice
have natural microbiota and model human immune responses.
Science 365, eaaw4361

8. Hoy, Y.E. et al. (2015) Variation in taxonomic composition of the
fecal microbiota in an inbred mouse strain across individuals and
time. PLoS One 10, e0142825

9. Rausch, P. et al. (2016) Analysis of factors contributing to varia-
tion in the C57BL/6J fecal microbiota across German animal fa-
cilities. Int. J. Med. Microbiol. 306, 343–355

10. Arrieta, M.C. et al. (2016) Human microbiota-associated mice: a
model with challenges. Cell Host Microbe 19, 575–578

11. Douglas, A.E. (2019) Simple animal models for microbiome re-
search. Nat. Rev. Microbiol. 17, 764–775

12. Amato, K.R. et al. (2015) Variable responses of human and non-
human primate gut microbiomes to a Western diet. Microbiome
3, 53

13. Payne, A.N. et al. (2012) Advances and perspectives in in vitro
human gut fermentation modeling. Trends Biotechnol. 30,
17–25

14. Marzorati, M. et al. (2014) The HMI™ module: a new tool to
study the host–microbiota interaction in the human gastrointes-
tinal tract in vitro. BMC Microbiol. 14, 133

15. Shah, P. et al. (2016) A microfluidics-based in vitro model of the
gastrointestinal human-microbe interface. Nat. Commun. 7,
11535

16. An, A.Y. et al. (2021) An overview of biological and computa-
tional methods for designing mechanism-informed anti-biofilm
agents. Front. Microbiol. 12, 640787

17. De Rudder, C. et al. (2020) Dual and triple epithelial coculture
model systems with donor-derived microbiota and THP-1 mac-
rophages to mimic host-microbe interactions in the human
sinonasal cavities. mSphere 5, e00916-19

18. Sasaki, N. et al. (2020) Development of a scalable coculture system
for gut anaerobes and human colon epithelium. Gastroenterology
159, 388–390 e5

19. Dutta, D. and Clevers, H. (2017) Organoid culture systems to
study host-pathogen interactions. Curr. Opin. Immunol. 48,
15–22

20. Williamson, I.A. et al. (2018) A high-throughput organoid microin-
jection platform to study gastrointestinal microbiota and luminal
physiology. Cell Mol. Gastroenterol. Hepatol. 6, 301–319

21. Li, M. et al. (2016) Precision-cut intestinal slices: alternative
model for drug transport, metabolism, and toxicology research.
Expert Opin. Drug Metab. Toxicol. 12, 175–190

22. Yissachar, N. et al. (2017) An intestinal organ culture system un-
covers a role for the nervous system in microbe–immune
crosstalk. Cell 168, 1135–1148 e12

23. Wu, Q. et al. (2020) Organ-on-a-chip: recent breakthroughs and
future prospects. Biomed. Eng. Online 19, 9

24. Mousavi Shaegh, S.A. et al. (2016) A microfluidic optical platform
for real-time monitoring of pH and oxygen in microfluidic bioreac-
tors and organ-on-chip devices. Biomicrofluidics 10, 044111

25. Clarke, G.A. et al. (2021) Advancement of sensor integrated
organ-on-chip devices. Sensors (Basel) 21, 1367

26. Fritz, J.V. et al. (2013) From meta-omics to causality: experimen-
tal models for human microbiome research. Microbiome 1, 14

27. von Martels, J.Z.H. et al. (2017) The role of gut microbiota in
health and disease: in vitro modeling of host–microbe interac-
tions at the aerobe–anaerobe interphase of the human gut.
Anaerobe 44, 3–12

28. Kim, H.J. et al. (2012) Human gut-on-a-chip inhabited by micro-
bial flora that experiences intestinal peristalsis-like motions and
flow. Lab Chip 12, 2165–2174

29. Tovaglieri, A. et al. (2019) Species-specific enhancement of
enterohemorrhagic E. coli pathogenesis mediated by microbiome
metabolites.Microbiome 7, 43

30. Kim, H.J. et al. (2016) Contributions of microbiome and mechan-
ical deformation to intestinal bacterial overgrowth and inflamma-
tion in a human gut-on-a-chip. Proc. Natl. Acad. Sci. U. S. A.
113, E7–E15

31. Jalili-Firoozinezhad, S. et al. (2019) A complex human gut
microbiome cultured in an anaerobic intestine-on-a-chip. Nat.
Biomed. Eng. 3, 520–531

32. Lee, E.K.S. et al. (2018) Leukotriene B4-mediated neutrophil re-
cruitment causes pulmonary capillaritis during lethal fungal sep-
sis. Cell Host Microbe 23, 121–133 e4

33. Tang, H. et al. (2020) Human organs-on-chips for virology.
Trends Microbiol. 28, 934–946

34. Feaugas, T. and Sauvonnet, N. (2021) Organ-on-chip to investi-
gate host-pathogens interactions. Cell. Microbiol. 23, e13336

35. Baddal, B. and Marrazzo, P. (2021) Refining host–pathogen in-
teractions: organ-on-chip side of the coin. Pathogens 10, 203

36. Richardson, L.S. et al. (2020) Modeling ascending infection
with a feto-maternal interface organ-on-chip. Lab Chip 20,
4486–4501

37. Yuan, L. et al. (2020) Visualization of bacterial colonization and
cellular layers in a gut-on-a-chip system using optical coherence
tomography. Microsc. Microanal. 26, 1211–1219

38. Zmora, N. et al. (2019) You are what you eat: diet, health and the
gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 16, 35–56

39. Shanahan, E.R. et al. (2021) Conducting research on diet-
microbiome interactions: A review of current challenges, essen-
tial methodological principles, and recommendations for best
practice in study design. J. Hum. Nutr. Diet. 34, 631–644
Trends in Microbiology, Month 2022, Vol. xx, No. xx 11

http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0005
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0005
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0010
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0010
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0010
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0010
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0015
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0015
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0020
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0020
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0020
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0025
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0025
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0025
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0025
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0030
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0030
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0030
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0035
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0035
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0035
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0040
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0040
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0040
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0045
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0045
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0045
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0050
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0050
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0055
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0055
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0060
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0060
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0060
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0065
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0065
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0065
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0070
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0070
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0070
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0075
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0075
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0075
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0080
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0080
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0080
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0085
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0085
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0085
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0085
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0090
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0090
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0090
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0095
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0095
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0095
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0100
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0100
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0100
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0105
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0105
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0105
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0110
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0110
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0110
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0115
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0115
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0120
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0120
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0120
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0125
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0125
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0130
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0130
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0135
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0135
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0135
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0135
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0140
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0140
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0140
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0145
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0145
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0145
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0150
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0150
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0150
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0150
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0155
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0155
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0155
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0160
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0160
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0160
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0165
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0165
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0170
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0170
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0175
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0175
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0180
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0180
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0180
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0185
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0185
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0185
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0190
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0190
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0195
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0195
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0195
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0195
CellPress logo


Trends in Microbiology
40. von Schwartzenberg, R.J. et al. (2021) Caloric restriction dis-
rupts the microbiota and colonization resistance. Nature 595,
272–277

41. Wang, D.D. et al. (2021) The gut microbiome modulates the pro-
tective association between a Mediterranean diet and cardio-
metabolic disease risk. Nat. Med. 27, 333–343

42. Silamikele, L. et al. (2021) Metformin strongly affects gut
microbiome composition in high-fat diet-induced type 2 diabe-
tes mouse model of both sexes. Front. Endocrinol. (Lausanne)
12, 626359

43. Zimmermann, M. et al. (2021) Towards a mechanistic under-
standing of reciprocal drug-microbiome interactions. Mol. Syst.
Biol. 17, e10116

44. Maier, L. et al. (2021) Unravelling the collateral damage of antibi-
otics on gut bacteria. Nature 599, 120–124

45. Wilson, I.D. and Nicholson, J.K. (2017) Gut microbiome interac-
tions with drug metabolism, efficacy, and toxicity. Transl. Res.
179, 204–222

46. Zimmermann, M. et al. (2019) Mapping human microbiome drug
metabolism by gut bacteria and their genes. Nature 570,
462–467

47. Ma, C. et al. (2021) Organ-on-a-chip: a new paradigm for drug
development. Trends Pharmacol. Sci. 42, 119–133

48. Prantil-Baun, R. et al. (2018) Physiologically based pharmacoki-
netic and pharmacodynamic analysis enabled by microfluidically
linked organs-on-chips.Annu. Rev. Pharmacol. Toxicol. 58, 37–64

49. Bisanz, J.E. et al. (2018) How to determine the role of themicrobiome
in drug disposition. Drug Metab. Dispos. 46, 1588–1595

50. Komen, J. et al. (2021) Mimicking and surpassing the xenograft
model with cancer-on-chip technology. EBioMedicine 66, 103303

51. Peck, R.W. et al. (2020) Organs-on-chips in clinical pharmacol-
ogy: putting the patient into the center of treatment selection
and drug development. Clin. Pharmacol. Ther. 107, 181–185

52. Avila, A.M. et al. (2020) An FDA/CDER perspective on nonclinical
testing strategies: Classical toxicology approaches and new ap-
proach methodologies (NAMs). Regul. Toxicol. Pharmacol. 114,
104662

53. Sanders, M.E. et al. (2019) Probiotics and prebiotics in intestinal
health and disease: from biology to the clinic. Nat. Rev.
Gastroenterol. Hepatol. 16, 605–616

54. Lynch, K.E. et al. (2019) How causal are microbiomes? A com-
parison with the Helicobacter pylori explanation of ulcers. Biol.
Philos. 34, 62

55. Nawroth, J.C. et al. (2020) A micro-engineered airway lung-chip
models key features of viral-induced exacerbation of asthma.
Am. J. Respir. Cell Mol. Biol. 63, 591–600

56. De Gregorio, V. et al. (2020) Intestine–liver axis on-chip reveals
the intestinal protective role on hepatic damage by emulating
ethanol first-pass metabolism. Front. Bioeng. Biotechnol. 8, 163

57. Maoz, B.M. et al. (2018) A linked organ-on-chip model of the
human neurovascular unit reveals the metabolic coupling of en-
dothelial and neuronal cells. Nat. Biotechnol. 36, 865–874

58. Boutin, R.C.T. et al. (2020) Mining the infant gut microbiota for
therapeutic targets against atopic disease. Allergy 75,
2065–2068

59. Morkl, S. et al. (2020) Probiotics and the microbiota-gut-brain
axis: focus on psychiatry. Curr. Nutr. Rep. 9, 171–182

60. Jalili-Firoozinezhad, S. et al. (2021) Modeling the human body on
microfluidic chips. Trends Biotechnol. 39, 838–852

61. Beaurivage, C. et al. (2020) Development of a human primary
gut-on-a-chip to model inflammatory processes. Sci. Rep. 10,
21475

62. Houlden, A. and Mackay, R. (2022) Can microfluidics be used to
create a more realistic in vitro model of the vaginal ectocervix to
better understand bacterial vaginosis? Sex. Transm. Infect. 98, 74

63. Ren, X. et al. (2021) Investigations on T cell transmigration in a
human skin-on-chip (SoC) model. Lab Chip 21, 1527–1539

64. Huh, D. et al. (2010) Reconstituting organ-level lung functions on
a chip. Science 328, 1662–1668

65. Thacker, V.V. et al. (2020) A lung-on-chip model of early
Mycobacterium tuberculosis infection reveals an essential role
for alveolar epithelial cells in controlling bacterial growth. eLife
9, e59961

66. Rezaei Kolahchi, A. et al. (2016) Microfluidic-based multi-organ
platforms for drug discovery. Micromachines (Basel) 7, 162

67. Zhang, Y.S. et al. (2017) Multisensor-integrated organs-on-chips
platform for automated and continual in situmonitoring of organoid
behaviors. Proc. Natl. Acad. Sci. U. S. A. 114, E2293–E2302

68. Liu, L. et al. (2021) Patient-derived organoid (PDO) platforms to
facilitate clinical decision making. J. Transl. Med. 19, 40

69. Hooks, K.B. and O'Malley, M.A. (2017) Dysbiosis and its discon-
tents. mBio 8, e01492-17

70. Ni, J. et al. (2017) Gut microbiota and IBD: causation or correla-
tion? Nat. Rev. Gastroenterol. Hepatol. 14, 573–584

71. Hall, E.K. et al. (2018) Understanding how microbiomes influ-
ence the systems they inhabit. Nat. Microbiol. 3, 977–982

72. Ryall, B. et al. (2012) Culture history and population heterogene-
ity as determinants of bacterial adaptation: the adaptomics of a
single environmental transition. Microbiol. Mol. Biol. Rev. 76,
597–625

73. Davidson, C.J. and Surette, M.G. (2008) Individuality in bacteria.
Annu. Rev. Genet. 42, 253–268
12 Trends in Microbiology, Month 2022, Vol. xx, No. xx

http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0200
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0200
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0200
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0205
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0205
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0205
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0210
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0210
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0210
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0210
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0215
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0215
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0215
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0220
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0220
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0225
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0225
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0225
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0230
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0230
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0230
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0235
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0235
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0240
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0240
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0240
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0245
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0245
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0250
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0250
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0255
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0255
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0255
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0260
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0260
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0260
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0260
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0265
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0265
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0265
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0270
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0270
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0270
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0275
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0275
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0275
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0280
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0280
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0280
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0285
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0285
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0285
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0290
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0290
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0290
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0295
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0295
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0300
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0300
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0305
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0305
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0305
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0310
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0310
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0310
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0315
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0315
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0320
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0320
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0325
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0325
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0325
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0325
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0330
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0330
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0335
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0335
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0335
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0340
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0340
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0345
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0345
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0350
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0350
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0355
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0355
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0360
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0360
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0360
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0360
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0365
http://refhub.elsevier.com/S0966-842X(22)00014-2/rf0365
CellPress logo

	Gut-�on-�chip for ecological and causal human gut microbiome research
	Currently available experimental methods for causal microbiome research
	Gnotobiotic animal models
	In vitro microbial ecology
	In vitro host–microbe coculture
	Organ-on-chip is biomimetics recapitulating organ physiology
	Diet–microbiome interaction
	Drug–microbiome interactions
	Pharmacoecology of microbiome-targeted therapeutics: a step towards microbiome-based precision and personalized medicine
	Mechanistic studies of gut microbiome and microbiome-targeted intervention in diseases
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




