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Abstract The human gut microbiome performs prodigious
physiological functions such as production of microbial metab-
olites, modulation of nutrient digestion and drug metabolism,
control of immune system, and prevention of infection.
Paradoxically, gut microbiome can also negatively orchestrate
the host responses in diseases or chronic disorders, suggesting
that the regulated and balanced host-gut microbiome crosstalk
is a salient prerequisite in gastrointestinal physiology. To un-
derstand the pathophysiological role of host-microbiome
crosstalk, it is critical to recreate in vivo relevant models of
the host-gut microbiome ecosystem in human. However, con-
trolling the multi-species microbial communities and their un-
controlled growth has remained a notable technical challenge.
Furthermore, conventional two-dimensional (2D) or 3D
culture systems do not recapitulate multicellular
microarchitectures, mechanical dynamics, and tissue-
specific functions. Here, we review recent advances
and current pitfalls of in vitro and ex vivo models that
display human GI functions. We also discuss how the
disruptive technologies such as 3D organoids or a hu-
man organ-on-a-chip microphysiological system can
contribute to better emulate host-gut microbiome
crosstalks in health and disease. Finally, the medical
and pharmaceutical significance of the gut microbiome-
based personalized interventions is underlined as a fu-
ture perspective.
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Introduction

In 2008, the United States National Institutes of Health
(NIH) launched the BHuman Microbiome Project (HMP)^
to identify and characterize the physiological functions of
mic roorgan isms in human body [1] . Al though
Bmicrobiology^ is one of the oldest disciplines in life
sciences, we still have not clearly answered questions
such as, BWhy do we fail to grow ~99% of soil microbes
in the laboratory?^ or BHow can we stably maintain multi-
species microbial communities in vitro?^. Here, we add
one more tricky question, BWhat is the role of human the
gut microbiome in gastrointestinal (GI) homeostasis and
diseases?^ Indeed, there have been burgeoning interests in
the human gut microbiome and its key functions in
metabolic (e.g. diabetes [2]), inflammatory (e.g. Crohn’s
disease [3]), and neurodegenerative diseases (e.g.
Parkinson’s disease [4]). Specifically, in cellular and
molecular context, pivotal modulatory effects of the gut
microbiome germane to the regulation of immune system
and local barrier functions have not been fully understood
[5]. In xenobiotic metabolism, gut microbiome can alter drug
absorption, metabolism, and pharmacokinetics, which
eventually influences the efficacy and toxicity of the drug [6].
Hence, it is obvious that the study of human gut microbiome is
of great significance and impact. Nevertheless, how can we
demonstrate host-gut microbiome interactions in the
laboratory?

To explore the microbial signatures in human health, mi-
crobial metagenomic pools have been predominantly investi-
gated by using high-throughput next-generation sequencing
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(NGS) techniques [7] in coordination with various bioinfor-
matics tools [8]. This approach mostly depends on massive
sample collections in epidemiological aspects via cohort stud-
ies [9, 10]; but these metagenomic results never distinguish
culturable versus unculturable microbes and their symbiotic
communities [11]. Hence, although metagenomic databases
provide a whole catalog of the species-level microbial signa-
ture, this approach is inherently limited in dictating the
metabolic function of microbial cells and the connectiv-
ity of syntrophic microbial ecosystem [12]. Most impor-
tantly, metagenomic approaches only focus on the mi-
crobial genomic backgrounds, by which the information
of inter-dependent interactions with host tissues is con-
siderably biased [13].

To scrutinize the role of microbial communities in
human physiology and pathology, there have been mul-
t iple experimental models to recapitulate host-
microbiome interactions using in vitro cell/tissue culture
techniques, ex vivo explants or biopsies, and in vivo
animal surrogates. This review will discuss the pros
and cons as well as the relevance and applications of
established experimental models in vitro and ex vivo,
where we particularly focus on models of the GI tract
as they have been predominantly studied (Table 1).
Finally, we address the therapeutic potential of recently
developed 3D organoid cultures and organ-on-a-chip
systems that have been designed to reconstitute host-
gut microbiome interactions.

Table 1 Experimental models that emulate host-microbiome interactions in the human GI tract

Models Culture format Target tissues and cells Microbial species References

In vitro 2D model Well plate Mouth (gingival
epithelium; Ca9–22,
HGPEC, OLF6-TERT2)

Fusobacterium nucleatum,
Porphyromonas gingivalis,
Aggregatibacter
actinomycetemcomitans

Strptococcus mitis

[20]

Centrifuge tube Intestine (Caco-2) Faecalibacterium prausnitzii [21]

Transwell Intestine (Caco-2) Non-pathogenic E. coli, Lactobacillus
sakei, L. johnsonni, and
enteropathogenic E. coli

[44]

3D model Rotating wall vessel
with microbeads

Intestine (HT29,
HT-29-16E)

Salmonella enterica serovar
typhimurium,

Brachyspira sp., and
Lactobacillus sp.

[57]

Host-Microbiota
Interaction (HMI™) module

Intestine (Caco-2) LGG, fecal microbiome [137]

3D silk fibroin
protein scaffold

Intestine (Caco-2,
HT29-MTX, primary
human intestinal
myofibroblasts)

Yersinia pseudotuberculosis
and LGG

[67]

Organoids Stomach (iPS cells) Helicobacter pylori [72]

Ex vivo
model

Cell culture dish with
sponge or agar
disk

Intestine (duodenal
mucosal biopsy from
peptic ulcer disease
patients)

Enterotoxigenic E. coli, [80]

Transwell Intestine (ileum biopsy
from Crohn’s disease
patients)

Non-pathogenic E. coli, and
Lactobacillus casei

[82]

Snapwell Intestine (duodenal
biopsy from intestinal
disorder patients)

Enteropathogenic E. coli [86]

Ussing chamber Intestine (ileum biopsy
from colon cancer patients)

E. coli [89]

Microfluidics
system or
Microphysiological
system

Microfluidic device GI tract (HeLa) E. coli BW25113, and E.
coli O157:H7

[101]

The HuMiX model Intestine (Caco-2) LGG
Bacteroides caccae

[102]

Human
Gut-on-a-chip

Intestine (Caco-2) LGG, VSL#3, non-pathogenic
GFP-labeled E. coli, and
enteroinvasive E. coli

[15, 16, 18,
136, 138, 139]
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Experimental Models of Host-Microbiome
Interactions in the GI Tract

In Vitro Static 2D Culture

The main advantages of the 2D tissue culture system include
its robustness, simplicity, and reproducibility. The 2D tissue
culture models typically employ established cell lines and
provide an intact monolayer of epithelium with tight junction
barriers. This method, however, often fails to induce full cy-
todifferentiation [14, 15], tissue regeneration [15, 16], and
other physiological tissue-specific functions [14, 17, 18].
Most importantly, most in vitro 2D models undergo static
culture condition; thus microbial overgrowth cannot be appro-
priately controlled, which remarkably hampers the long-term
maintenance of host-gut microbiome co-cultures. As a result,
majority of studies discussed in this section have applied liv-
ing microbial cells for a limited period of time (for several
hours) to cultured human tissues, then eliminated the micro-
bial population by adding bacteriostatic antibiotics [19]. The
following sections summarize representative examples.

Well Plate

In general, a well plate format has not been widely used for
demonstrating host-gut microbiome interactions because it
only provides the apical side of an epithelial monolayer to
microbial cells in the static condition, whereas epithelial
basolateral secretion is notably limited. A modified version
of the well plate co-culture that uses a hanging basket has been
considered to better recapitulate host-microbiome interactions
(Fig. 1a), where the distance between gingival epithelium
(OKF6-TERT2) and oral biofilm consisting of four pathogen-
ic oral microbes (Streptococcus mitis, Fusobacterium
nucleatum, Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans) can be adjusted [20]. To establish a
biofilm layer, those four bacterial species are seeded and
grown onto a coverslip under anaerobic condition at 37 °C
for three days. After a biofilm layer is fully established
(Fig. 1a, a right inset), the coverslip containing the biofilm is
added to the well plate pre-cultured with oral keratinocytes to
induce inflammatory responses. In this study, antimicrobial
(e.g. chlorhexidine) and anti-inflammatory chemicals (e.g.
polyphenol resveratrol) are tested in the compartment where
host-microbiome interactions occur. However, this model nei-
ther fully reconstitutes the 3D structure of oral microenviron-
ment nor conveys dynamic cell-cell interactions.

Centrifuge Tube

A centrifuge tube loosely (air-open) or tightly (air-closed)
closed may provide an aerobic-anaerobic interface to mimic
host-gut microbiome interactions that happen in the gut by

compartmentalizing the microbial and epithelial cell side in
solid agar and liquid medium, respectively (Fig. 2b) [21].
Faecalibacterium prausnitzii is an obligate anaerobic bacteria
that contribute up to 25% of the gut microbiome in a healthy
individual [22, 23]; consequently decreased population of
F. prausnitzii is often associated with intestinal inflammation
[24]. To study its role in vitro, F. prausnitzii cells are seeded in
the solid agar medium (Fig. 2b, yellow); after 18 h of culture,
microcolonies are evenly dispersed throughout the agar

Fig. 1 Host-microbiome interactions in static 2D cultures. a The
Hanging basket co-culture model. The biofilm pre-grown on a coverslip
is attached on the hanging basket to induce host-biofilm interactions with
gingival epithelium up to 24 h. Right inset shows a scanning electron
microscopic (SEM) image of the biofilm (magnification, 2000×).
Reproduced with permission [20]. 2014 BioMed Central Ltd. b A
centrifuge tube is used to co-culture Faecalibacterium prausnitzii
grown in solid agar medium overlaid with the Caco-2 cells cultured on
the coverslip. The presence (a right tube) of Caco-2 cells strongly
promotes F. prausnitzii growth in the upper layer of the bacterial
medium, whereas the absence (a left tube) of Caco-2 cells does not. A
right inset displays a close-up of the Caco-2-microbiome interface. c The
Transwell culture model displaying the co-culture of intestinal epithelium
(Caco-2) with bacterial cells seeded into the apical side. A DIC image (a
right inset) shows the morphology of a Caco-2 monolayer grown on a
Transwell nanoporous insert for 4 weeks. AP apical side, BL basolateral
side. Bar, 50 μm
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medium. In contrast, when F. prausnitzii cells are co-cultured
in a close contact with Caco-2 cells grown on a coverslip
(Fig. 2b, pink), clearer and bigger F. prausnitzii colonies ap-
pear closer to the coverslip-attached Caco-2 cells (Fig. 2b, a
zoomed-in inset), both in air-closed and air-open tubes. This
finding coincides well with a previous report that
F. prausnitzii is able to grow close, and even adhere, to the
intestinal epithelium, and can also survive within the mucus
layer [25]. This system is relatively simple and experimentally
convenient; however, the expected culture period is quite lim-
iting because of the quick depletion of nutrient and over-
growth of bacterial cells.

Transwell

The Transwell is the most popular culture format to grow
epithelium either on the nanoporous insert or on the surface
of a well plate, by which a monolayer of the polarized

intestinal epithelium (e.g. T84 [26], HT-29 [27], or Caco-2
[28, 29] intestinal epithelium) can provide luminal (i.e. apical
membrane side; AP) and abluminal (i.e. basolateral membrane
side; BL) compartments (Fig. 1c). After a monolayer with
high barrier integrity is established (Fig. 1c, a right inset
displaying a monolayer of Caco-2 cells), pre-cultured micro-
bial cells that are probiotic (e.g. VSL#3 [30, 31],
Lactobacillus rhamnosus GG [32, 33] or Escherichia coli
Nissle 1917 [34]) or pathogenic (e.g. Salmonella sp. [31],
Vibrio cholera [35], Shigella sp. [36, 37], enteroinvasive
[38] or enterotoxigenic E. coli [39], or Campylobacter jejuni
[40]) can be introduced into the apical compartment to induce
short-term host-microbiome interactions. For quantitative re-
sults, enhanced or compromised intestinal barrier function is
measured through the transepithelial electrical resistance
(TEER; unit, Ω∙cm2) [30, 41] or the permeability assay [30].
To induce inflammatory responses during host-microbiome
interactions, isolated innate immune cells such as neutrophils

Fig. 2 The host-gut microbiome interactions demonstrated in 3D
cultures. a The rotating wall vessel (RWV) cell culture system. A
photograph of the RWV bioreactor (left top) containing circulating
porous microcarrier beads (right top) lined by intestinal epithelial cells
(left bottom; an SEM image) that have the 3D morphology. Continuous
rotating fluid induces shear stress and stochastic collision of epithelium,
which allows cells forming 3D aggregates. A schematic (right bottom)
shows a scheme of infection with Salmonella typhimurium. Reproduced
with permission [57]. 2010 licensed under a Creative Commons
Attribution. b A microengineered human intestine model reconstituted
on the 3D porous silk scaffolds. The screw patterned 3D porous
scaffolds (2 mm in diameter, villi-like features with a height of 400 μm)
are trimmed along the axis of the hollow cylinder with dimensions of
5 mm outer diameter, 2 mm inner diameter, and 8 mm length. A mixed

population of intestinal epithelial cells (Caco-2 and HT29-MTX) is
seeded and fully polarized inside the scaffold to form intestinal lumen,
where Yersinia pseudotuberculosis is inoculated to demonstrate infection.
Reproduced with permission [67]. 2015 licensed under a Creative
Commons Attribution. c A 3D organoid model to mimic the host-
pathogen interactions. A schematic (left) shows the experimental
procedure of the bacterial infection using a microinjector needle. A set
of bright field (left) and immunofluorescence (right) images of human
gastric organoids in the non-infected (BControl^) or the infected group
with Helicobacter pylori (BHelicobacter pylori infection^; 24 h since
onset), respectively. H. pylori cells are tightly associated with the apical
surface of the human gastric organoid epithelium. CDH1 Cadherin-1.
Bars, 100 μm. Reproduced with permission [72]. 2014 Nature
Publishing Group
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[42, 43], macrophages [44], or dendritic cells [45] are added in
the basolateral compartment (i.e. abluminal side) in the pres-
ence of the microbial stimulation in the apical compartment
(i.e. luminal side). Since a confluent cell monolayer grown in
the Transwell insert provides apical and basolateral compart-
ments, the secretomes released into apical or basolateral direc-
tions can be independently collected and analyzed. While
Transwell cultures are robust, easy, and reproducible, they
often fail to support tissue-specific differentiations [15, 16].
Furthermore, given its static nature, host-microbiome
crosstalk can only be induced for a relatively short period
(from a half-hour to several hours) because microbial cells
are prone to overgrow under static culture conditions.

In Vitro 3D Cultures

Some mammalian cells require a specific type of extracellular
matrix (ECM) and 3D structural microenvironment because
they do not properly grow and function in the conventional 2D
culture format. To overcome limitations of the 2D system,
several studies have focused on mimicking the tissue micro-
environment and understanding the processes of cell growth
and differentiation using 3D culture methods [46, 47]. It has
been reported that temperature-responsive hydrogels such as
polyethylene glycol (PEG) or poly(lactic-co-glycolic) acid
(PLGA)-based hydrogels and poly(N-isopropylacrylamide)
are promising materials for creating a 3D culture matrix in
an injectable tissue-engineering system, driving multi-
lineage differentiation from human mesenchymal stem cells
[48–52]. By harnessing these functional hydrogel materials,
cellular spheroids (spherical cell aggregation) have suggested
a simple 3Dmodel utilizing wide range of cell types (mono- or
multicellular spheroids). Alternatively, the hanging-drop [53,
54], the self-organization method (e.g. organoid) [55], and the
rotating wall vessel culture methods [56] have also been ex-
plored. These platforms have improved physiological cogen-
cy by achieving higher levels of cell differentiation, mimick-
ing fluid shear stress, forming polarized exposure of the GI
lumen, and extending co-culture possibilities. Here, we review
a couple of representative models that leverage these 3D cul-
tures using human tissues to reconstitute in vivo host-
microbiome interactions.

Rotating Wall Vessel

The rotating wall vessel (RWV) is a cell culture bioreactor that
consists of a rotating component containing culture medium
and epithelial cells grown on the surface of a spherical bead
coated with ECM (Fig. 2a) [57, 58]. Similar to a ‘drum wash-
ing machine’, the RWV rotates the culture medium to induce
continuous surface shear stresses on the epithelial cells ad-
hered to the beads (Fig. 2a, an inset in upper right). This
approach presents a semi-3D tissue culture model with

improved cell differentiation [57], as intestinal epithelial HT-
29 cells grown in the RWV show 3D morphologies (Fig. 2a,
left bottom) with enhanced expression of junctional proteins
(E-cadherin, β-catenin, occludin, and zonula occludens (ZO)-
1) compared to the cells in a 2Dmonolayer [58]. Furthermore,
a RWV bioreactor enables to demonstrate enteropathogenesis
of Salmonella enterica serovar typhimurium (Fig. 2a, right
bottom), where S. typhimurium cells show increased adher-
ence to (> 6-fold) but significantly lower invasion (< 9-fold) of
the 3D epithelial cells compared to those grown in a 2Dmono-
layer. This result suggests that this culture method better
models human enteric salmonellosis and provides relevant
pathological insight [58]. Notable advantages of the RWV
bioreactor include the tunable shear stress applied to epithelial
cells and the maintenance of the steady-state condition that
can control the microbial population in situ. However, this
system may include high equipment costs and multiple exper-
imental steps for preparing bead-based epithelial aggregates,
which are relatively complex. Furthermore, epithelial cells
adhered on the bead can not be used to quantitatively measure
the barrier functions or to induce basolateral immune
stimulation.

3D Hydrogel Scaffold

Three-dimensional scaffolds using biocompatible hydrogel
such as hyaluronic acid [59], PLGA [48], Calcium-alginate
[60], or PEG-peptide [61] have been developed to recreate
the microarchitecture of the human GI tract. In addition, 3D
printing or bioprinting technologies have emerged to rebuild
more accurate and robust structure of human organs and tis-
sues such as skin [62, 63], vasculature [64, 65], and kidney
[66]. Potentially, this method can also be applied to study
host-microbiome or host-pathogen interactions. A recent
study reports that silk fibrin-based 3D scaffolding reproduces
the villi-like microarchitecture of the human small intestine,
where a mixed population of Caco-2 (absorptive) and HT29-
MTX (mucus secretory) epithelial cells successfully attenu-
ates on this artificial gut in co-culture with primary human
intestinal myofibroblasts [67] (Fig. 2b). Particularly, this
microengineered model replicates physiological conditions
such as enhanced mucus production, increases cytodifferenti-
ation and lastly, forms better luminal oxygen gradient when
compared to the 2D Transwell system. In addition, this model
demonstrates the infection of Yersinia pseudotuberculosis or
the co-culture with Lactobacillus rhamnosus GG (LGG).
However, static culture conditions applied in this model
strongly restrict the period of host-microbiome co-culture.

3D Organoids

Organoid culture is one of the most spotlighted methods to
form 3D micro-organ architecture with fully differentiated
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epithelial cells [68]. Variety of organoid culture protocols have
been proposed to regenerate small intestine [69, 70], colon
[71], stomach [72], lung [73, 74], liver [14], prostate [75],
pancreas [76], kidney [77], and brain tissues [78] using either
primary or induced pluripotent stem (iPS) cells [55]. Organoid
culture techniques guarantee high reproducibility and robust-
ness, where stem cell-containing tissue segment can regener-
ate into highly organized, structurally matured organoid bod-
ies in hydrogel under growth factor signals. Along with the
success of 3D organoid cultures of human tissues, there have
been multiple attempts to co-culture the human microbiome
with organoids. For instance, stomach organoids have been
used to study epithelium-microbiome interactions (Fig. 2c),
where Helicobacter pylori cells that can cause stomach ulcer
[72, 79] are injected into the lumen of the gastric organoids
(Fig. 2c; a left schematic). Since the lumen is enclosed inside
the stomach organoid body, a microinjection step is essential
to introduce microbial cells on the apical side of the differen-
tiated epithelium. This approach still holds the aforemen-
tioned challenges of employing a stable host-microbiome eco-
system for an extended period of culture. Nevertheless, the
organoid cultures have been recognized as a wonderful tech-
nology to contribute to personalized precision medicine be-
cause of the possible use of iPS cells or tissue biopsies as well
as microbiome samples isolated from individual patients.

Ex Vivo Models

The ex vivo models generally use tissue biopsies obtained
from surgery. After washing the biopsy samples with saline
or phosphate buffered saline (PBS), biopsies are placed in
polarized or non-polarized orientations depending on the pur-
pose of the study. The non-polarized, ex vivo culture method
places the biopsies on top of an agar disk or sponge. After
mounted biopsies are covered with culture medium, bacterial
cells are inoculated on top of the biopsy [80, 81]. For instance,
jejunal tissues from pediatric patients who have gastrointesti-
nal disorders are isolated and co-cultured with 5 different
enteroaggregative E. coli strains to test adhesion properties
[81]. However, this approach allows for bacterial cells to ac-
cess not only the mucosal but also the sub-mucosal sides,
which seriously compromises the validity of this model.
Another ex vivo method uses the Transwell insert, in which
the colonic tissue is placed on top of the porousmembrane and
then submerged in culture medium [82, 83] with non-
pathogenic E. coli (ECOR-26) or several Lactobacillus strains
introduced on the apical side. In response to different bacterial
cells, tumor necrosis factor (TNF)-α, transforming growth
factor (TGF)-β1, interleukin (IL)-8, and IL-10 productions
are significantly changed [83].

A micro-Snapwell system [84–87] is a sandwich-type bi-
opsy culture method, similar to the Transwell approach. First,
a duodenal biopsy is open and spread in a planar sheet. Then

using a histoacryl tissue glue [86], the biopsy piece is bonded
onto an acrylic glass with a 2 mm hole in the center. Lastly, the
glass disc-covered tissue is positioned on a nitrocellulose filter
where the lumen side of the tissue is facing upward, and an-
other glass disc is placed at the bottom. In this model, infection
of enteropathogenic E. coli is performed for <8 h.

The Ussing chamber is also a sandwich-type tissue mount-
ing system originally designed by Hans Ussing to study ion
transport across the frog skin [88]. This system is usually used
to run ion or nutrient transport assays, but bacterial co-culture
can be also applied [89]. An Ussing chamber holds the intes-
tinal biopsy in an open planar sheet conformation, such that
the apical and basolateral sides each contain their own com-
partments. Bacterial cells are introduced to the apical chamber
for a limited period (< 3 h) to study infection [90], transmi-
gration [91–93], or immune responses [94]. Anaerobic gas
(10% CO2, 10% H2 and 80% N2 mixture) introduced to the
apical chamber creates local anoxic gradient; but in general,
Ussing chamber requires continuous sparging of oxygen for
maintaining the viability of a biopsy tissue. Human small in-
testinal mucosal biopsies can be viable for up to a day [95] or a
bit longer [96, 97], but it is quite challenging to maintain the
viability for longer than 2 days. While anaerobic conditioning
is theoretically possible, it is technically not plausible. In brief,
given all the existing ex vivo models are performed in static
conditions, which is a considerable drawback, the additional
lack of physical, mechanical stimulation and stable mainte-
nance of the tissue sample notably hampers the robustness
of the system in demonstrating mid- and long-term host-
microbiome crosstalk.

Microphysiological System

The development of the microphysiological system, also
known as the BHuman organ-on-a-chip^, has presented dis-
ruptive enabling technologies to create in vitro models with an
in vivo relevant tissue microenvironment, direct fluid shear
stress (e.g. blood flow in the vasculature [98]) and cyclic me-
chanical deformations (e.g. peristalsis in the intestine [16]) to
induce physiological cytodifferentiation with spatial resolu-
tion. By harnessing soft lithography-based microfabrication
and microfluidic technologies, 3D tissue microarchitecture
has been reconstituted on a microengineered platform that
allows co-culturing multiple types of cells as well as the hu-
man microbiome. While numerous organ models have been
reported, demonstration of viable host-microbiome interac-
tions using organs-on-chips have been remarkably limited.

The primary goal with demonstrating host-microbiome in-
teractions in vitro is to maintain viable and functional tissue
and microbial components simultaneously in a defined spatial
structure. However, it has been evident that microbial cells in
the static cell/tissue culture rapidly overgrow, resulting in the
depletion of nutrients and oxygen, and the accumulation of
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organic wastes (e.g. acetate or lactate) that can potentially
damage host cells. Thus, the nascent microfluidic model has
attempted to separate the culture compartments of microbial
and host cells. Specifically, pneumatic channels separate a
compartment containing a Bmicrobial island^ and the adjacent
compartment lined by epithelial cells (Fig. 3a). Microfluidic
valves made by silicone polymer such as polydimethylsilox-
ane (PDMS) secure the independent growth of host and mi-
crobial cells. In this model, epithelial HeLa cells (an immortal-
ized cervical cancer cell line [99, 100]) interact with non-
pathogenicE. coli biofilm in the presence of enterohemorrhagic
E. coli (EHEC), where the commensal biofilm protects EHEC
infection [101]. However, most of the human microbiome is in
direct contact to host cells; thus, spatially segregated growth of
host and microbial cells is physiologically questionable.

Another recent model named the BHuMiX (human-micro-
bial crosstalk)^ consists of a stacked assembly of elastomeric
gaskets separated by a nanoporous membrane for co-culturing
human intestinal epithelium (Caco-2) and microbial cells, rep-
licating the host-microbe GI interface (Fig. 3b) [102]. The
HuMix consists of three chambers capable of recreating the
internal aerobic and non-aerobic conditions, where generating
the gradient of oxygen and biomolecules is feasible. Indeed,
the HuMiX system supports to co-culture the Caco-2 epithe-
lium (Fig. 3b, BCaco-2^) with aerobic (e.g. LGG; Fig. 3b,

BLGG^) or obligate anaerobic bacteria (e.g. Bacteroides
caccae). This experimental setup highlights the significant
technical advance in manipulating metabolically mismatched
(e.g. aerobic vs. anaerobic) microenvironments in vitro.
However, the HuMiX lacks both the cyclic mechanical defor-
mations mimicking peristalsis germane to the prevention of
microbial overgrowth [18] and the direct contact between mi-
crobial and host cells, which reduces the physiological cogen-
cy of this model. Furthermore, all host-microbiome co-cul-
tures are carried out in only 24 h, which may not be sufficient
to extrapolate their results to quantitatively predict the tran-
scriptional and metabolic characteristics in human host-
microbiome crosstalk.

Finally, the microengineered human gut-on-a-chip model
[15, 16, 18] provides a 3D lumen-capillary tissue interface in
two juxtaposed microchannels separated by an ECM-coated,
flexible porous PDMS membrane lined by human intestinal
Caco-2 epithelium (Fig. 4a). Besides the central cell channel,
two vacuum chambers linked to a vacuum controller exert
cyclic physical deformations in response to the repeated suc-
tion motions, by which a flexible membrane lined by epithe-
lial cells in the central cell microchannel experiences
rhythmical stretching motions mimicking peristalsis.
The Caco-2 epithelial cells spontaneously undergo villus
morphogenesis (Fig. 4b, left panel) [15, 16], in which

Fig. 3 Host-microbiome interactions in microfluidic models. a A co-
culture model in a microfluidic device designed to compartmentalize
pneumatically actuated trapping regions for forming bacterial islands
around epithelial cells (HeLa). Each bacterial island (1200 μm in
diameter; 1000 μm apart) has a separate inlet and outlet ports for
providing the nutrient and removing the waste. The overlaid transmitted
and green fluorescence images showing the co-culture of HeLa cells and
GFP-labeled E. coli for 48 h. Bar, 200 μm. Reproduced with permission

[101]. 2010 The Royal Society of Chemistry. b A schematic of HuMix
system (top) and the images (bottom) of intestinal epithelial (BCaco-2^)
and microbial cells (BLGG^). The immunofluorescent images showing
the tight junction protein occludin (green) in Caco-2 cells following 24 h
of co-culture with Lactobacillus rhamnosus GG (LGG) grown under
anaerobic condition. The BLGG^ image displays the live (green) and
dead (red) cells. Bar, 10 μm. Reproduced with permission [102]. 2016
licensed under a Creative Commons Attribution
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the four lineages of the small intestinal epithelial cells
(absorptive, goblet, enteroendocrine, and Paneth) are re-
generated. Full cytodifferentiation of the intestinal epi-
thelium including mucin expression reprograms the lu-
minal microenvironment much more feasible for micro-
bial cells adherence [15]. The gut-on-a-chip can provide
direct contact between microbial cells and host intestinal
villi, by which green fluorescence protein (GFP)-labeled
E. coli cells inoculated on the surface of villus epithe-
lium (Fig. 4b, middle panel; at 0 h of the co-culture)
form multiple stochastic microcolonies across the epithe-
lial layer (Fig. 4b, right panel; at 13 h of the co-cul-
ture). High power magnification of an immunofluores-
cence image reveals the microbial niche of GFP E. coli
between the microengineered villi (Fig. 4c), suggesting
that the host-gut microbiome ecosystem established in a
gut-on-a-chip system closely emulates in vivo gut mi-
croenvironment. The gut-on-a-chip also supports to
demonstrate the colonization of spatially distinct
microcolonies of multiple microbial cells (Fig. 4d; co-
culture with VSL#3), on-chip formation of the biofilm
(Fig. 4e; by LGG cells), and the infection and invasion
of pathogenic bacteria (Fig. 4f; co-culture with

enteroinvasive E. coli, EIEC). The gut-on-a-chip system
is analytically compatible to perform conventional as-
says including microscopy, biochemical assay such as
enzyme- l inked immunosorbent assay (ELISA),
microfluorimetry, live/dead staining, quantitative poly-
merase chain reactions (qPCR), and even gene microar-
ray [18]. The gut-on-a-chip also provides the potential
to co-culture with other host cells such as capillary or
lymphatic endothelium or immune cells [18], by which
complex inflammatory responses between the gut
microbiome and local immune components such as pe-
ripheral blood mononuclear cells (PBMC) [18] or gut-
associated lymphoid tissues (GALT) can be robustly
demonstrated. However, this system has not demonstrat-
ed co-culture with anaerobic microbial cells yet. In
terms of the materials perspective, the use of PDMS
may hamper the accurate measurement of the transport
of hydrophobic molecules because the hydrophobic
PDMS wall often adsorb introduced test molecules. In
addition, replacement of the flexible porous PDMS
membrane to functional biomaterials is another impor-
t an t unmet need . In add i t i on , the mul t i - s t ep
microfabrication process could be a possible pitfall.

Fig. 4 The microengineered human gut-on-a-chip. a A photograph of a
gut-on-a-chip microdevice. Dashed arrows indicate the direction of the
flow of culture medium in the apical (blue) and basolateral (red)
microchannels. Bar, 5 mm. b A set of a schematic (upper) and
corresponding micrographs (lower; DIC alone in the left or DICs
overlaid with fluorescence images of GFP E. coli in both middle and
right) displays the germ-free microengineered villi (left panel),
inoculation (middle panel; at 0 h), and colonization of GFP E. coli
(right panel; at 13 h). Cells in the gut-on-a-chip device are grown at

40 μL/h of flow rate and 10%, 0.15 Hz of stretching motions. c An
immunofluorescence image of the co-culture of intestinal villi with GFP
E. coli. An arrow indicates a microcolony of GFP E. coli. Blue, nuclei;
magenta, F-actin. d A microscopic image displaying the stochastic
microbial niches (arrows) of VSL#3 cells on the villi grown in the gut-
on-a-chip. e Biofilm formation (an arrow) of LGG cells in the gut-on-a-
chip. f Overgrowth of pathogenic EIEC cells in the gut-on-a-chip. Bars,
100 μm. Reproduced with permission [18, 136]. 2016 National Academy
of Sciences; ©2016 licensed under a Creative Commons Attribution
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Potential Applications and Perspectives of in Vitro
Host-Microbiome Ecosystem

Personalized Precision Medicine

Human iPS cells or tissue-derived organoids can contribute to
the development of personalized treatment strategies [103].
Stem cell-derived organoids provide a compelling new class
of biological models to serve as both tissue and organ proxies
[104]. Patient-derived organoids also present an important re-
source for discovering a personalized treatment regime [55].
Organoids recapitulate the spatial organization of heteroge-
neous tissue-specific cells, cell-cell interactions, cell-matrix
interactions and certain physiological functions [105].
However, organoid systems have significant limitations. As
previously discussed, an enclosed static lumen results in tech-
nical challenges in recreating in vivo host-microbiome inter-
actions. Furthermore, organoids embedded in hydrogel have a
lack of mechanical cues (e.g. shear stress by blood flow rate,
mechanical deformations by organ movement) that are critical
for organ formation [106, 107]. To overcome this limit, disso-
ciated organoid cells can be used to form a polarized mono-
layer in the Transwell, however the static nature never be
appreciated to exert mechanical deformations as well as the
stable co-culture with microbes, which is a significant limita-
tion [108–110]. Hence, we envision integrating organoid-
derived cells with the organs-on-chips platform that offers a
more controllable and modulatory platform to independently
manipulate microbiome, host cells, and acellular factors one at
a time. Ultimately, the successful integration of organoid cul-
tures and organs-on-chips can be a game changer to investi-
gate detailed roles of the human microbiome on orchestrating
the disease pathogenesis, where all the microbial and host
cells obtained from human individuals can reflect various ge-
netic, demographic, or epidemiological backgrounds. This ap-
proach may potentially contribute to the Precision Medicine
Initiative [111].

Drug Metabolism

It has been known that the gut microbiome considerably alters
the efficacy of administered drugs directly or indirectly [112,
113]. While both enterocytes in the intestine and hepatocytes
in the liver contribute to the first-pass effect and detoxification
of orally administered xenobiotics, gut microbiome can also
perform drug metabolizing biotransformation via several bio-
chemical reactions such as hydroxylation, oxidation, or
deacylation of drug compounds [6, 114]. As a result,
microbiome-driven drug metabolism can change the efficacy
and toxicity of administered drugs by activating the prodrugs
or inactivating the drug actions.

For instance, irinotecan, an anti-cancer drug, undergoes se-
quential enzymatic transformations during the drug

metabolism, but the gut microbiome can perturb this biocata-
lytic reactions and causes adverse effect such as diarrhea. After
irinotecan is metabolized to the cytotoxic SN-38 (an inhibitor
of topoisomerase I) by hepatic or GI carboxylesterases, the
intermediate SN-38 is further transformed to a non-toxic SN-
38-G via hepatic UDP-glucuronosyl transferases. However, β-
glucuronidases in the gut microbiome can deconjugate SN-38-
G and restore it to SN-38, suggesting that the gut microbiome
remarkably perturb the drug metabolism and potentially in-
duces adverse effect [115, 116]. Another recent study reveals
that human gut actinobacterium, Eggerthella Ienta, inactivates
the cardiac drug digoxin through the microbial drug metabo-
lism, which dramatically alters the efficacy of digoxin [117].
This report clearly discloses that the gut microbiome is literally
the Bforgotten organ [118]^ that can greatly alter the first-pass
effect in drug metabolism. However, thus far, only about 40
xenobiotic drugs have been investigated to study the impact of
the gut microbiome on drug metabolism [119].

Since the biogeography of gut microbiome is dramatically
changed by the diet, medication, or environmental factors
[120, 121], drug metabolism by the host cells as well as the
gut microbiome should be simultaneously contemplated for
validating the drug candidates during the drug development
process. We envision that a human-predictive in vitro model
that provides a stable host-gut microbiome ecosystem will
have enormous potential to accurately validate the pharmaco-
kinetics, pharmacodynamics, and pharmacogenomics of oral-
ly administered drugs.

Microbiome-Based Therapeutics

The fecal microbiota transplantation (FMT) is an emerging
microbiome-based therapeutic intervention used to cure recur-
rent infections caused byClostridium difficile [122]. The basic
concept of the FMT is to collect fecal samples from an indi-
vidual who has healthy bowel functions, and proceed to flash-
freeze fecal samples in an aseptic condition. After subsequent
processes for isolating gut microbiome, these microbiome sus-
pensions are administered to people who suffer from infec-
tious diarrhea, abdominal pain, and mal-digestion or absorp-
tion [123]. Currently in the United States, the Food and Drug
Administration (FDA) has only approved the FMTapplication
for the treatment of C. difficile infections (CDI). However,
multiple GI clinicians may envision expanding the application
of FMT to other GI disorders, where GI scientists as well as
clinicians have tried to find new avenues to validate the effi-
cacy and safety of FMT. Since the role of the gut microbiome
is tremendous in terms of digestion [124], mucosal homeosta-
sis [125], drug metabolism [6], immune modulation [126],
disease development including cancers [127], or brain devel-
opment [128], the therapeutic potential of FMT treatment in
GI disorders and its prognosis will be of great significance.We
prospect that harnessing the in vitro host-gut microbiome
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models such as the gut-on-a-chip will provide many opportu-
nities to validate the effectiveness of FMTas well as assess the
risk factors of FMT such as the identification of opportunistic
pathogens in the donor’s fecal sample.

Gut-Brain Axis

There is a growing emphasis on understanding the relation-
ship between the complexity and diversity of the human GI
microbiome in relation to GI health and disease, and recently,
in brain development and disorders of the central nervous
system [129]. The relationship between the gut microbiome
and the brain is believed to be bi-directional, whereby presum-
ably the gut microbiome can potentially modulate the brain’s
functions and the brain can direct intestinal functions by
changing the GI motility and intestinal permeability barrier
[130]. However, there have been no clinically relevant models
reported to independently control the microenvironmental fac-
tors in the gut and brain to study the gut-brain axis [131]. In
addition, interactions of drugs with the blood-brain barrier
(BBB) and their translocation across the BBB can not be di-
rectly studied in the intact human brain or accurately exam-
ined by using animal models. This challenge underscores the
importance of developing in vitro models that mimic the path-
ophysiological conditions of the brain, particularly for human
diseases, where the existing animal models can not specifical-
ly recapitulate [132]. Furthermore, majority of the previous
studies using in vitro model systems neglect these critical
factors due to technical difficulties [133]. Hence, by leverag-
ing microengineering approaches, gut-brain axis should be
aggressively considered, where a gut-brain network
microfluidic device (e.g. integration of a human gut-on-a-
chip and a brain-on-a-chip or a BBB-on-a-chip) can be devel-
oped as a physiologically relevant platform.

Disease Models

Intestinal inflammation can be a potential target disease to
model using the in vitro host-gut microbiome ecosystem.
Inflammatory bowel disease (IBD) including Crohn’s disease
(CD) and ulcerative colitis (UC) is characterized by chronic
inflammation in the intestinal mucosa, where abnormal inter-
actions between the gut microbiome and the local immune
system seem to be a critical trigger [134]. However, exact
mechanisms of the initiation, progression, and optimal thera-
peutics of IBD are largely unknown [135]. Hence, if an
in vitro host-microbiome model can spatiotemporally modu-
late the key interacting factors associated with IBD pathogen-
esis, the value of this model can be immense since the effect of
the gut microbiome and immune components can be indepen-
dently decoupled and dissected. In addition, recruitment of
various human cohort samples obtained from individuals with
different ages, race/ethnicities, family histories of IBD, or

therapeutic histories will be a great opportunity to discover
better IBD models that can contribute to identify novel IBD
therapeutic interventions such as the FMT.

Conclusion

The host-gut microbiome interaction plays an important role
germane to the maintenance of human health and the devel-
opment of diseases. Specifically, microphysiological systems
can be a strong candidate to reconstitute, recapitulate, demon-
strate, and validate the functionality and robustness of host-
microbiome interactions in vitro. Furthermore, these on-chip
physiological models provide the tunable versatility by mod-
ulating the volumetric flow rate, shear stress, chemotactic
chemical gradient, tissue-tissue interface, and tissue-specific
mechanical movements that are all critical for sustaining
steady-state microbial populations. By encompassing clinical
samples, 3D organoids cultures, and translational researches
and collaborations, we may further improve the legitimacy of
a human surrogate system towards human BDisease-on-a-
chip^ or BPatient-on-a-chip^. Ultimately, personalized human
organs-on-chips with physiologically relevant host-gut
microbiome interactions can replace the costly inefficient
germ-free or conventional animal models and accelerate the
drug development process.
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