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models for human microbiome research
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Abstract

Large-scale ‘meta-omic’ projects are greatly advancing our knowledge of the human microbiome and its specific
role in governing health and disease states. A myriad of ongoing studies aim at identifying links between microbial
community disequilibria (dysbiosis) and human diseases. However, due to the inherent complexity and
heterogeneity of the human microbiome, cross-sectional, case–control and longitudinal studies may not have
enough statistical power to allow causation to be deduced from patterns of association between variables in
high-resolution omic datasets. Therefore, to move beyond reliance on the empirical method, experiments are
critical. For these, robust experimental models are required that allow the systematic manipulation of variables to
test the multitude of hypotheses, which arise from high-throughput molecular studies. Particularly promising in this
respect are microfluidics-based in vitro co-culture systems, which allow high-throughput first-pass experiments
aimed at proving cause-and-effect relationships prior to testing of hypotheses in animal models. This review focuses
on widely used in vivo, in vitro, ex vivo and in silico approaches to study host-microbial community interactions.
Such systems, either used in isolation or in a combinatory experimental approach, will allow systematic
investigations of the impact of microbes on the health and disease of the human host. All the currently available
models present pros and cons, which are described and discussed. Moreover, suggestions are made on how to
develop future experimental models that not only allow the study of host-microbiota interactions but are also
amenable to high-throughput experimentation.
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Introduction
A human individual’s microbiota consists of around 100
trillion cells, which represent at least ten times as many
cells as human cells constitute the body. These micro-
biota colonize the surface and deep layers of the skin,
are found in saliva and the oral cavity, and in the con-
junctiva as well as in the gastrointestinal tract (GIT) [1].
Recent large-scale metagenomic sequencing efforts,
including those led by the human microbiome project
(HMP; National Institutes of Health initiative) [2,3]
and the metagenomics of the human intestinal tract
(MetaHIT) [4,5] consortia, have convincingly corrobo-
rated the notion that humans should be considered as
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superorganisms in which the microbial symbionts play
essential physiological functions [6,7]. Beneficial ef-
fects of the presence of microbial communities on
human physiology range from immune cell develop-
ment and homeostasis [8-10], food digestion via the
fermentation of non-digestible dietary components in
the large intestine [11-14] to balancing the host’s me-
tabolism [15-17] and promoting angiogenesis [18,19].
Negative consequences for the host linked to the
microbiota include for example chronic inflammation
and infection (for recent reviews see [20,21]). Further-
more, shifts in microbial community structure and
function (dysbiosis) have been linked to numerous human
diseases, including inflammatory bowel disease, diabetes
mellitus, obesity, cardiovascular disease and cancer (re-
cently reviewed in [22]).
The largest microbial reservoir of the human body is

the GIT and, thus, it is also the most studied and
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important from a biomedical perspective [23]. Extensive
analyses of small subunit (16S) ribosomal RNA gene se-
quences amplified from fecal samples [24-28], mainly
reflecting the luminal microbiota of the distal large
intestine, have more recently been supplemented by
comprehensive data from large-scale metagenomic se-
quencing studies to establish a catalogue of microbial or-
ganismal and functional diversity in the GIT [4,5,7].
Descriptions at a more detailed taxonomic level reveal
many hundreds of species and even more strains in a
typical fecal sample [29]. Even though substantial inter-
individual variation in microbial community compos-
ition has been reported [30], common sets of microbial
species include members of the genera Faecalibacterium,
Ruminococcus, Eubacterium, Dorea, Bacteroides, Alis-
tipes and Bifidobacterium [4,25].
Beyond metagenomics, functional omic approaches,

such as metatranscriptomics, metaproteomics and meta-
bolomics (jointly referred to here as ‘meta-omic’ ap-
proaches), are now also rapidly gaining pace [31-33].
Integrated omic approaches provide qualitative and
quantitative information on genetic potential, tran-
scripts, proteins and metabolites that are present in mi-
crobial communities at specific points in space and time
[34]. Moreover, such approaches have the potential to
highlight the systemic impact of microbial communities
beyond the vicinity of the GIT and thereby highlight
the intricate cross-feeding between both the human
and microbial (eco-)systems. For example, Wikoff and
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Figure 1 From association to causality. (A) Functional co-occurrence ne
from healthy and diseased cohorts by meta-omic approaches are crucial to
community members with disease. (B) In order to gain detailed informatio
on disease, high-throughput in vitro experimental systems are essential. In
hypotheses resulting from meta-omic data. (C) In order to causally link cha
biomolecular patterns with specific diseases, gnotobiotic animal models are
different biomolecules whereas color-coded circles represent different micr
coworkers showed using a metabolomic approach that
amino acid metabolites found in mammalian blood
were particularly affected by the GIT microbiome
[35]. In particular, indole-3-propionic acid (derived
from tryptophan) could only be detected in conven-
tionally raised mice compared to germ-free mice [35].
Only after colonization of the germ-free mice with
Clostridium sporogenes could this bioactive amino
acid derivate be identified in the plasma of these
animals [35]. Another example of metabolic cross-
feeding evidenced by metabolomics includes the higher
prevalence of tricarboxylic acid cycle (TCA) metabolites
in conventionally raised mice versus germ-free mice
[36].
It is clear that ‘meta-omics’ approaches result in data

that is essential for the definition of baseline healthy
microbiota and the identification of differences that may
be associated with human disease [37]. Recently, integra-
tion of different ‘meta-omic’ approaches was successfully
used to pinpoint bacterial members of the GIT commu-
nity, which are active, damaged, or responsive to a given
compound [38]. However, to causally link the identified
differences in the human microbiota with distinct hu-
man phenotypes including diseases, experiments are es-
sential (Figure 1A). Therefore, representative in vitro
(Figure 1B) and in vivo (Figure 1C) experimental models
are required, which allow the systematic manipulation of
variables and, thus, allow experimental testing and valid-
ation of results derived from meta-omics.
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In vivo models
Germ-free (GF) animals are reared in sterile isolators to
control their exposure to microorganisms, including vi-
ruses, bacteria and eukaryotic parasites [39]. If these ani-
mals are colonized with specific microorganisms they
become gnotobiotic [39]. The colonization of GF ani-
mals mimics the birth of an infant from a sterile envir-
onment of the womb towards a microbe-dominated
environment. A considerable advantage of GF animals is
that they can be made gnotobiotic with GIT microbial
communities of specific donors (human or other animal
species) and therefore allow analysis of the systemic im-
pact of specific microorganisms on the xenograft recipi-
ent. Indeed, colonization of GF animals with single
individual bacterial species allows one to directly link a
putative function or shaping of the GIT to a particular
bacterial species or group [40,41]. Being able to associate
a specific function to a particular bacterial strain or spe-
cies is of utmost importance considering the possibility
that specific organisms could be used as a treatment for
a given disease. However, a major drawback of mo-
nocolonization of GF animals with specifically selected
bacteria is the lack of scope of such investigations to un-
cover the full effects of single bacterial species on the
host because of lack of full microbial community context
in such approaches. Therefore, the beneficial impacts of
a single bacterial species/strain on the host should be
validated by taking into account the full microbial com-
munity context. In particular, shifts in microbial com-
munity structure need to be assessed when adding single
strains to communities to avoid potentially triggering a
dysbiotic state.
Different GF animal models (zebrafish, mice, rats and

even pigs) have already been successfully established
(Tables 1 and 2). Undoubtedly, such animal models have
proven to be essential for studying host-microbe interac-
tions (in particular immune-microbe feedbacks) and
have allowed causal links to be established in a limited
number of studies [42,43].
From the most fundamental point of view, the study

of GF animals demonstrated that life without microbes
is possible [39]. Nevertheless, GF animals show a
number of important physiological differences when
compared to conventionally raised (CONV-R) animals
(Table 2). For example, GF animals show a slower
epithelial renewal [64,93], an altered immune system
[57-63,94] and marked differences in gene expression of
mammalian gastrointestinal cells [69,70,91]. Interest-
ingly, GF animals require a higher caloric intake to
maintain their body weight, which might be linked
to less efficient whole-body metabolism compared to
CONV-R animals [6,72,73,75-81,84,95]. Moreover, GF
animals, at least GF rats, exhibit a decreased mucus
layer in the GIT compared to CONV-R animals, which
might be due to the fact that different bacterial strains
stimulate the secretion of colonic mucin [85,86,96].
Thus, since a number of essential physiological functions
significantly differ between GF and CONV-R animal
models, data extrapolated from experiments carried out
with GF animal models must be considered with caution
(Tables 1 and 2). However, the comparison between an
‘all’ (CONV-R animals) or ‘nothing’ (GF animals) sit-
uation is still invaluable for the definition of the
host’s physiological pathways and functions, which are
impacted and/or influenced by different microbiota
(reviewed in [60]), as well as for the characterization
of the biogeography of the GIT [97].
Although different animal models have been developed

(Table 1), mice represent the most widely used and best
characterized model organisms. Therefore, we chose to
illustrate the pros and cons of experimental models by
highlighting investigations carried out in GF mice. Sev-
eral research groups have, for example, investigated how
monocolonization by individual bacterial species shape
the immune system of the host. In such studies, investi-
gators have demonstrated that colonization of GF mice
with particular segmented filamentous bacteria (SFBs) is
sufficient to induce Th17 cell populations in the lamina
propria of the gut [62,63]. This specific T cell subpopula-
tion, which is important for protecting the host from
bacterial and fungal infections, is absent or marginally
detectable in GF mice [62,63]. Interestingly, it was re-
cently shown that human colonization with SFBs, in
contrast to mice, seems to be age-dependent with the
majority of individuals loosing SFBs by the age of 3 years
[98]. Moreover, colonization of GF mice with human gut
microbiota supplemented with SFB only results in a
minor increase in the number of intestinal T cells. This
indicates that multiple microbial species are involved in
the development of intestinal T cells in humans [99] and
that most likely different species and strains are im-
portant in humans compared to mice. Similarly, coloni-
zation of GF mice with indigenous Clostridium spp. [61]
or Bacteroides fragilis [100] by means of a protease-
resistant capsular polysaccharide, can increase the fre-
quency or function of colonic CD4+ T regulatory cells,
which in turn play critical roles in the maintenance of
immune homeostasis [8]. However, these findings have
yet to be fully validated in humans.
A particularly interesting animal model for investigat-

ing microbes-host immune system feedbacks is the re-
versible microbe colonized GF mouse model that was
recently described by Hapfelmeier et al. [101]. The rea-
son behind the development of this model is that the
continuous presence of commensal intestinal bacteria
has made it difficult to study mucosal immune dynamics
(for example, kinetics and longevity of IgA’s), which in
turn does not allow answering fundamental questions



Table 1 Advantages and disadvantages of different animal models commonly used for studying host-microbe
interactions

Animal model Advantages Disadvantages

Zebrafish • Transparent until adulthood allowing real-time visualization
of fluorescently labeled microbes throughout the gut [44].

• GIT is homologous to that of mammals but not identical
(reviewed in [45]).

• Chemical screens and forward genetic tests can be
performed to investigate host genetic factors or signaling
pathways regulated by microbes [46].

• Diet and living environment strongly differs from humans

• Relatively short generation time (3 to 4 months) with a
progeny size of about 100 to 200 eggs/female [46].

• Aging differs strongly from humans

• 3 to 4 cm long as an adult allowing storage of a large
number in laboratory facilities [46].

• Zebrafish and their natural pathogens exist at a temperature
of 28°C, while most human-relevant pathogens are only
infectious at 37°C [47].

• Genome fully sequenced (http://www.sanger.ac.uk/Projects/
D_rerio/).

• Zebrafish do not have distinguishable lymph nodes, Peyer’s
patches, or splenic germinal centers [48].

• Well characterized mutant strains [46].

• Gastrointestinal tract (GIT) is homologous to that of
mammals, containing a liver, pancreas, gall bladder, and a
linearly segmented intestinal tract with absorptive and
secretory functions. The intestinal epithelium forms tight
junctions and microvilli. Displays absorptive enterocytes,
goblet cells, and enteroendocrine cells (reviewed in [45]).

Mouse • Numerous mouse specific disease models or genetically
altered mice are available [49].

• Marked differences in the immune system [50]

• Well characterized model; genome fully sequenced (http://
www.sanger.ac.uk/resources/mouse/genomes/) and virtually
all mouse genes have human homologues.

• Marked differences in microbiota composition between
mice and humans have been noted [51].

• Relatively small and thus can be easily maintained. • Diet and living environment differs from human.

• Reproduction rather quick so that several generations can
be observed in a relatively short period of time, generally a
mouse can live 2 to 3 years.

• Mice present the same organs as humans but in different
proportions

Rat • A lot of rat-specific disease models or genetically altered rats
are available (http://rgd.mcw.edu/wg/physiology).

• Diet and living environment differs from human.

• Genome fully sequenced (http://rgd.mcw.edu/).

• Relatively small and thus can be easily maintained.

• Reproduction rather quick so that several generations can
be observed in a relatively short period of time,

• Generally a rat can live 2 to 3 years.

Pig • Omnivore. • Reproduction rather slow (4 months gestation), generally a
pig can live 10 to 15 years.

• Physiology of digestion, digestate transit times and
associated metabolic processes are very similar between
humans and pigs (reviewed in [52]).

• Important in size and thus expensive and complicated to
maintain in laboratory conditions.

• Digestive tract shares many anatomical and physiological
traits with that of humans.

• Immune system similar to humans.

• Genome fully sequenced (http://www.sanger.ac.uk/
resources/downloads/othervertebrates/pig.html).

• Conserved homology between human and pig genomes.
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Table 2 Examples of successfully conducted microbiota transplantation experiments into germ-free (GF) recipient
animals

Animal
model

Host microbiota aGF status versus CONV-Rb animals Donor’s microbiota in the recipient animal

Zebrafish Predominantly Proteobacteria (82% ± 22%)
and Fusobacteria (11% ± 15.2%). Minor
populations are: Firmicutes, Bacteroidetes,
Verrucomicrobia, Actinobacteria, candidate
phyla TM6 and TM7, Planctomycetes,
Nitrospora and candidate division OP10
[53,54].

Reduced rates of epithelial proliferation [53]. Mouse to zebrafish: predominantly
Firmicutes and Bacteroides [51]; when GF
zebrafish are colonized with mouse
microbiota the transplanted community
resembles its community of origin in terms of
the lineages present, but the relative
abundance of the lineages changes to
resemble the normal gut microbial
community composition of the recipient host.
Thus, a selective pressure of the host is
imposed to the recipient’s gut habitat [54].

Compromised ability to use nutrients [53].

Mouse Mouse and human microbiota are similar at
the phylum level, but different at the genus
level (>99% of the bacterial phylogenetic
types from wild-type mice belong to two
divisions: Firmicutes and Bacteroidetes) [51].

Most widely used GF animal model and
theoretically any mouse strain can be
derived to GF status.

Human to mouse: Transplantation of fresh or
frozen adult human fecal microbial
communities into GF mice results in stably
and heritably colonized mice with a
microbiota that reproduces much of the
bacterial diversity of the donor’s microbiota
(all bacterial phyla, 11/12 bacterial classes, and
88% (58/66) of genus-level taxa) [55,56].

Numerous immunological differences in GF
animals: Peyer’s patches are poorly formed;
composition of CD4+ T cells and IgA-
producing B cells in the lamina propria is
altered [57-63]; impaired development of
follicular B- and T-cell areas of the spleen
and peripheral lymph nodes [60]. Th17 and
Treg CD4+ T cells are less efficient in GF
mice [61-63].

The epithelial cell turnover is decreased by a
factor 2 in GF animals compared to CONV-R
mice [64,65].

Obese mouse to GF mouse: Microbiota
transplantation experiments utilizing
genetically obese ob/ob mice [66],CONV-R
mice fed a Western diet [67], and mice
lacking the Toll like receptor 5 [68] have
demonstrated that colonization with an
obesity-associated gut microbiota results in
an increased gain in adiposity relative to
colonization with a gut microbiota harvested
from lean controls.

Postnatal gene expression of β1-4-
galactosyltransferase stays at low levels in GF
mice [69] and in general host gene
expression differs between GF and colonized
mice [70].

Compromised ability to use nutrients in GF
animals compared to CONV-R mice [60].

Pig to mouse: when GF mice are colonized
with pig microbiota the overall bacterial
group distributions are similar, but colony and
cell morphologies of bacteria grown on
specific media are different between pig and
gnotobiotic mice [71].

Difference in metabolic signatures in GF
mice compared to CONV-R mice and
humans [72,73].

Rat Rat and human microbiota are similar at the
phylum level but different at the genus level
(wild-type rat microbial communities harbor
at least eight different divisions dominated
by two major phyla: Firmicutes (74%) and
Bacteroidetes (23%)) [74].

Difference in metabolic signatures [75-81]. Human to rat: when GF rats are colonized
with human microbiota the transplanted
community resembles its community of
origin in terms of the group or genus levels
but differences at the dominant species level
occur. Thus, a selective pressure of the host is
imposed on the gut habitat [82]. However,
certain metabolic characteristics (high equol-
producing and low equol-producing status or
cholesterol-to-coprostanol conversion) of
human intestinal floras can be transferred to
GF rats [82,83].

In CONV rats, the colonic mucus layer is
twice as thick as in GF rats [84], and the
mucin chemical composition is altered
[85,86].

Numerous immunological defects; the
proportion of intraepithelial CD4+ and CD8+
T cells is altered [59,87], as well as the
composition and T cell receptor repertoire
[59].

Decreased enterocyte production [88].

Pig The microbiome of pigs is dominated by two
major phyla: Firmicutes (≈81%) and
Bacteroidetes (≈11%) [89,90].

Host gene expression differs between GF
and colonized pigs [91].

Human to pig: pigs seem to induce less host
specific selection of the donor microbiota
[92].

Epithelial cell proliferation and differentiation
genes are downregulated in GF piglets
compared to CONV-R pigs [91].

CONV-R pigs to GF pigs: Genes involved in
biological processes such as epithelial cell
turnover, nutrient transport and metabolism,
xenobiotic metabolism, JAK-STAT signaling
pathway, and immune responsiveness
become upregulated by the colonization of
GF pigs [91].

aGF, germ-free.
bConv-R, conventionally raised.
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such as: Is constant bacterial exposure required to in-
duce antibody production? Is repetitive contact of the
same bacterial species with the host immune system re-
quired to provide specific antibodies? What is the min-
imal bacterial concentration required to induce antibody
production? This model consists of GF mice, colonized
with a triple mutant Escherichia coli strain, which can-
not divide and persist in vivo but which can sustain in-
testinal colonization up to 48 hours. Using this model
the authors could decipher the dynamics of IgA immune
responses and were able to demonstrate that (i) induc-
tion of high-titer IgA can be uncoupled from permanent
intestinal bacterial colonization, (ii) an intrinsic thresh-
old exists between 108 and 109 bacteria in the GIT below
which the intestinal IgA system shows no response, (iii)
the intestinal IgA system lacks classical immune mem-
ory characteristics (no observable prime-boost effect),
and (iv) the intestinal IgA repertoire represents the most
dominant species currently present in the intestine
[101].
Using analogous GF approaches, relationships between

diet, gut microbial ecology and energy balance have also
been investigated (recently reviewed in [21,22,102]). For
example, it was demonstrated that transplantation of the
cecal microbiota from obese mice fed on high-fat diets
into GF recipients increases adiposity, thereby demon-
strating a causal relationship between certain microbiota
compositions and the host’s energy-harvesting capacity
[67].
From GF animals experiments it is now well es-

tablished that microbial communities impact deeply on
essential physiological functions of the host. However, it
is oftentimes difficult to causally link an apparent
dysbiotic state to disease in humans mainly because of
marked differences between mouse and man (see also
paragraph below). In a few cases, however, causality
within the context of dysbiosis-linked diseases has been
demonstrated using microbial transplantation experi-
ments. For example, a colitis phenotype was transferable
from Tbx21−/−/Rag2−/− mice, which develop ulcerative
colitis in a microbiota-dependent manner, to wild-type
mice by adoptive transfer of the implicated microbiota
[42]. Similarly, there is also evidence that an altered
microbiota associated with a colitogenic phenotype iso-
lated from NLRP6 inflammasome-deficient mice alone is
sufficient to drive intestinal inflammation [43].
While all GF as well as disease-specific CONV-R ani-

mal models present a number of advantages for studying
host-microbe interactions, they often do not yield reli-
able preclinical results that readily translate into effective
human treatments. Two important factors contribute to
this failure: i) on the microbial side, bacterial species that
colonize the GIT appear to be host-dependent and, thus,
a host-specific microbiota is critical for a given host [99];
and ii) on the host side, the immune responses in non-
human mammalian species is oftentimes distinct from
those seen in human [50,103]. A partial solution to this
problem could be the use of animals that show a hu-
manized immune system. These animal models can be
generated by grafting immunodeficient animals with sus-
pensions of hematopoietic progenitor cells and/or hu-
man peripheral blood cells, and potentially even with
supplemental human tissues driving the generation of
human immune cells [104-107]. However, in order to
causally link dysbiosis with human diseases, these animal
models need to be gnotobiotically transplanted further
with ‘humanized’ microbiota. The latter poses additional
potential pitfalls, as many microbial species have evolved
to fill host-specific niches [55,82,97] and the topology of
the mouse GIT is, for example, distinct from that of
humans, rendering the mimicking of human-specific ni-
ches challenging if not impossible. Consequently, xeno-
graft microbiota may not representatively colonize the
GIT of a humanized animal model.
Another conceivable approach to study the interplay

between host and microbes is the use of CONV-R ani-
mal models treated with antibiotics, leading to a tem-
porary knock-out effect of selected bacterial groups,
followed by a repopulation of host GIT with human
feces-derived microbial communities. The assumption
behind this idea is that these animals do not present sig-
nificant alterations in essential physiological processes
described for GF animals and that the antibiotic intake
does significantly enhance the reshaping effect of the
transplanted human microbiota. Surprisingly, the com-
bination of antibiotic and transplantation treatments
does not increase the establishment of the donor phy-
lotypes but does interfere with the establishment of the
exogenous communities by a yet unknown mechanism
[74].
In summary, animal models, especially humanized GF

models, can be attractive tools for human microbiome
research. However, in addition to some of the pitfalls
discussed above, animal models are labor-intensive
(there is an immense logistical challenge associated
with keeping the animals GF), relatively expensive, te-
dious, and limited in high-throughput. The establish-
ment of animal models that are widely applicable
realistic models of human diseases and that could be
used to study the specific interplay between micro-
biota and their host presents a formidable challenge.
Therefore, in vitro human-microbial co-culture strat-
egies might offer alternative and complementary strat-
egies, since they have a unique potential to facilitate
much needed high-throughput validation of hypoth-
eses that are emerging from state-of-the art molecular
data and that link certain microbial community com-
positions and functions to human disease.
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In vitro models
In vitro models mimic microbial processes along the
GIT by employing either distinct serially connected bio-
reactors/microchannels or a single bioreactor/micro-
channel mimicking specific part(s) of the human GIT
(Table 3). Such models represent enticing alternatives
over in vivo models because they are typically cheaper
and offer greatly improved throughput, flexibility and
scalability for hypothesis testing. Moreover, downstream
high-resolution molecular analyses are more readily car-
ried out on in vitro generated samples compared to
those derived from in vivo experiments. Traditional
in vitro systems are however usually based around the
partitioned cultivation of specific microbiota in dedi-
cated bioreactors connected in series [108]. They typic-
ally lack human cells because they have been developed
to model the individual steps catalyzed by the micro-
biota along the human GIT.
A pioneering example of such an in vitro system is the

Simulator of the Human Intestinal Microbial Ecosystem
(SHIME) [109]. Five reactors, harboring mixtures of lu-
minal microbes, are sequentially connected to mimic
acid- and pepsin-mediated digestions in the stomach,
metabolism of monosaccharides in the small intestine as
well as the distinct microbial fermentative processes that
occur in the ascending, transverse and descending co-
lons, respectively. Recently, a mucus layer has been inte-
grated in the SHIME model (M-SHIME) that allows
improved simulation of the mucosal and luminal micro-
biota in the GIT [110]. The SHIME and M-SHIME
models allow the study of gut microbiota using either
specific isolates or mixed fecal inocula from healthy and
diseased (for example, Crohn’s disease) donors. Altoge-
ther, these models can be used to examine roles of the
GIT microbiota in the digestion of specific human food
ingredients (for example, fermentation of arabinoga-
lactan, xylan and pectin [114]), to understand the phar-
macokinetics of drugs (for example, sulphasalazine
Table 3 In vitro models used to study host-microbes interacti

Feature Transwell
Inserts

SHIME
[109]

Human cell culturea +b -

GIT microbiota culture - +

Anaerobic conditions for
microbes

- +

Mucin + -

pH measurement - +

Throughput + -
aThe models involving the possibility to incorporate human cells can be subjected
model CCS).
b+, co-culture for 3 to 6 h; ++, co-culture for >1 week.
CCS, continuous culture system; GIT, gastrointestinal tract; M-SHIME, Mucus-Simulat
Human Intestinal Microbial Ecosystem; TIM1, model simulating the stomach and sm
[114]) and/or to model the gut microbiota linked to
gastrointestinal disorders [115].
Another well-established model is the in vitro GI tract

system (TIM1 and TIM2) [111,112]. These automated
models simulate the actions that occur along the GIT
with peristaltic mixing as well as the absorption of water
and fermentation products [111,112]. The TIM1 model
simulates the stomach and the small intestine [111],
whereas TIM2 mimics the large intestine [112]. The
unique characteristics of these models are their unique
capability to reflect a drug’s bioavailability in the intes-
tine. Other unique characteristics include the modeling
of the luminal conditions in the GIT of humans and
monogastric animals by taking into account the secre-
tion of gastric and small bowel fluids, GI transit times
and discharge of microbially metabolized compounds.
Therefore, similar to the SHIME model, these models
allow investigations of the metabolic capability of the ef-
fective microbiota in the GIT. However, the TIM models
clearly lack the possibility of partitioning the luminal
and mucosal microbiota in artificial niches that reflect
the GIT and, thus, cannot be regarded as fully represen-
tative models.
A third example of an in vitro model is a three-stage

continuous culture system (CCS), which was originally
designed to study the effect of mucin on microbial sul-
fate reduction and methanogenesis [113]. The highlight
of this model is that it reproduces some of the nutri-
tional features, pH characteristics and fluid retention
times of the large intestine with each vessel having a dif-
ferent operating volume and pH. Three different vessels
are interconnected and mimic the microbial activities in
the cecum, transverse colon and descending colon by
taking into account the following characteristics: 1) the
cecum is a nutrient-rich environment and has microbial
growth at low pH, and 2) the other two subparts of the
colon are rather nutrient limited with slow microbial
growth at neutral pH. Recently, co-cultures of bacterial
ons

M-SHIME
[110]

TIM1
[111]

TIM2
[112]

CCS
[113]

Gut-on-a-Chip
[44]

- - - +b ++b

+ - + - -

+ + + + -

+ - - - -

+ + + + -

- - - - +

to Trans-epithelial Electric Resistance (TEER) measurements (except the

or of the Human Intestinal Microbial Ecosystem; SHIME, Simulator of the
all intestine; TIM2, model simulating the large intestine.
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communities isolated out of a CCS and human intestinal
Caco-2 cells were sustained for approximately 3 h in
order to study bacterial adhesion to epithelial cells and
to measure bacteria-triggered cytokine release [116,117].
A conceptual colonic fermentation model that is ana-

logous to CCS - three similar sized reactors are con-
nected in a continuous culture system mimicking the
proximal, transverse and descending colons each at a
distinct pH - has recently been suggested by Payne et al.
[118]. Human fecal microbiota, either planktonic or
immobilized on polysaccharide beads, can be inoculated
in the proximal reactor and, thus, the metabolic trans-
formations of different nutrients can be investigated.
The results can be compared with the metabolism of the
same nutrients in a batch-type reactor mimicking only
one compartment and, thus, highlight the relative im-
portance of the different compartments for the digestion
of specific nutrients.
Although the above-mentioned in vitro models have

been successfully used to address specific research ques-
tions, they present a number of limitations, which hinder
their routine use for the study of versatile questions
related to the human GIT microbiome. The major
drawback of all the models is the lack of long term co-
cultures of human and microbial cells, and the subse-
quent inability to investigate questions related to host-
microbe interactions [102,109]. Furthermore, all of these
models are limited in the scope of hypotheses that can
be tested. The former shortcoming might be taken care
of by using Transwell inserts, in which microbial and
human cell cultures can be separated by semipermeable
membranes. This arrangement should theoretically allow
continuous co-cultures of human cells with microbial
consortia from the respective bioreactor compartments.
However, the Transwell cell cultures can only be em-
ployed as end-point assays [119-122] and bear ample
risks for cross-contamination of cultures in human-
microbe co-culture experiments. Most importantly, how-
ever, the representative inclusion of strictly anaerobic
microbiota in Transwell insert setups is not possible.
In contrast, adaptation of microfluidics-based cell cul-

ture approaches provide important characteristics for
development of improved GIT in vitro models. These
characteristics include laminar flow profiles, small vol-
umes, continuous diffusion-based perfusion, controlled
chemical gradients and the ability to probe cells in
spatial confinements mimicking their extracellular ma-
trix in vivo [123-125]. Most of these characteristics are
unachievable in macro-scale bioreactor setups but they
are essential for the ability to directly co-culture human
and microbial cells under physiologically relevant condi-
tions [126]. The ability to co-culture human and micro-
bial cells is particularly important to understand the
intricate interplay between the human and microbial
components that might be driven by direct cell-cell in-
teractions and/or extracellular signaling. Naturally, these
interactions have a marked impact on all processes
related to the human microbiome and, thus, should be
incorporated in any representative in vitro model. Con-
sequently, pronounced interest currently exists for the
development of microfluidics-based in vitro models of
the human GIT [127], in particular models that allow
human-microbial co-cultures. The enormous potential
of such approaches has recently been demonstrated by a
study focusing on host-pathogen interactions [128], and
by the successful co-cultivation of symbiotic micro-
bial communities in aqueous micro-droplets that were
probed for synergistic interactions [129]. Conversely,
in vitro (micro-)fluidics-based systems have so far been
mainly used for studying medically relevant biofilm
formation using microbial isolate cultures [130-132]. Al-
though several research groups have co-cultured differ-
ent human cell types [133,134] only a limited number of
studies have reported the successful co-culture of human
cells with microbial isolates [135-138]. Microfluidic cell
co-culture devices typically incorporate semipermeable
membranes or porous materials that allow cell feed to
diffuse through the permeable barrier to the cells,
thereby protecting them from shear stress while simul-
taneously allowing exchange of nutrients and waste
products. Efforts have recently been made to culture
multiple cell types across such permeable barriers there-
by allowing the mimicking of tissue niches [139]. Incorp-
oration of protective yet permeable barriers is especially
pertinent when co-culturing human cells and microbiota
due to the large differences in their respective growth
rates and possible bacterial virulence to their human
counterparts [128].
Microfluidics-based in vitro human-microbial co-

culture models may offer interesting characteristics for
conducting rapid first-pass experiments aimed at prov-
ing cause-and-effect relationships (Figure 1B). Moving
beyond the traditional lab-scale bioreactors, microfluidic
models should allow the co-culture of human and mi-
crobial cells for extended periods of time and allow
targeted perturbation experiments to be carried out.
Most recently, a promising microfluidics-based Gut-

on-a-Chip model has been presented that indeed allows
the direct co-culture of epithelial cells with probiotic
strains [44]. The model includes many dynamic physical
and functional features of the human GIT essential for
transport, absorption, and toxicity studies. Therefore, it
can be regarded as an essential research tool for drug
testing [44]. However, the model still lacks important
features, most notably a simulated mucosal barrier and
the provision for culturing strict anaerobic microor-
ganisms that dominate the human gastrointestinal
microbiota.
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Nonetheless the Gut-on-a-Chip model has laid the
foundation for the development of novel microfluidics-
based devices that allow sustained cultivation of human
and representative gut microbial communities (also
encompassing anaerobes) to study the links between mi-
crobial dysbiosis and disease pathogenesis in a truly sys-
tematic and representative manner (Figure 2).

Ex vivo models
Besides in vivo and in vitro experimental models, ex vivo
models represent interesting tools to study host-
microbiota interactions. Such systems compromise ex-
plant cultures (tissue cultures) extracted from the colon
or rectum [140]. The advantages of such models, is that
Gut Microbiota

Different Subpopulations of 
T and B Lymphocytes Dendritic Cell

Epithelial C

Mucus (
Producing

Macrophage

B
A

C
T

E
R

IA
L 

C
E

L
L

 C
H

A
M

B
E

R
E

P
IT

H
E

L
IA

L 
C

E
L

L
 C

H
A

M
B

E
R

IM
M

U
N

E
 C

E
L

L
C

H
A

M
B

E
R

pH low

STOMACH
SMALL 

INTESTINE
ASCEN

COL

Figure 2 Conceptualization of an idealized in vitro gastrointestinal ex
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semipermeable membranes allowing molecular cross-talk between the diff
human cells due to pronounced differences in their respective growth rate
reflect the biogeographical distribution of the gastrointestinal microbiota. S
communities for the individual sections of the gastrointestinal tract (GIT) in
and descending colon. All the individual compartments should be connect
factors including pH, fluid retention times, growth medium and other phys
compositions, which actively interact and alter the microbial communities.
chamber needs to be depleted of oxygen, which could be achieved by flu
human cell chambers need to be flushed with oxygenated medium. Finally
support high-throughput omic analyses and, thus, needs to allow probing
different cell contingents following a particular experimental regime and to
the tissue cytoarchitecture, including epithelial, lympho-
cyte subtypes and follicular-dendritic cell networks, is
preserved and, thus, such systems can mimic more
closely the in vivo situation when compared to trad-
itional in vitro systems including isolated human cell
types. For example, Tsilingiri et al. recently described a
human mucosa explant culture model in which an apical
to basolateral polarity is preserved during stimulation
with bacteria [141]. Using this model, the authors dem-
onstrated that probiotics are not always beneficial for
the health of the host but that some postbiotics (meta-
bolic products of probiotics) can protect healthy tissue
against the inflammatory properties of invasive Salmo-
nella [141].
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Major drawbacks of ex vivo models are that during
surgical resection, the mucus layer is at least partially
removed or damaged. Additionally, the tissues are ge-
nerally treated with a cocktail of antibiotics to avoid
microbial contamination and therefore no immediate
co-culture of microbial communities and human GI cells
is achievable.
Furthermore, explants do not offer the required modu-

larity that would allow analyses to be related to specific
cell populations but rather only allows links to whole
communities of cells, thereby convoluting any relevant
molecular signals.

In silico models
To investigate microbe-microbe and host-microbe
metabolic interactions, in silico reconstructions of gen-
ome-scale metabolic networks combined with cons-
traint-based modeling also exhibit promising attributes.
The conversion of a metabolic reconstruction (for ex-
ample, as derived from the human genome sequences,
microbial isolate genome sequences and/or metageno-
mic sequences) into a condition-specific model (for ex-
ample, GIT model) requires the transformation of a
(hopefully) comprehensive biochemical reaction list into
a computable, mathematical matrix format [142]. It also
requires the addition of physico-chemical constraints
(for example, mass conservation) and system boundaries
[142]. Thus, (meta-)genome-scale, manually curated
metabolic reconstructions can serve as knowledge-bases
to summarize existing knowledge about cellular path-
ways in target organisms in a well-structured, mathemat-
ical manner [142]. However, so far, the knowledge-base
for microbe-microbe as well as host-microbe interac-
tions is very sparsely populated and extensive dedicated
efforts are required in coming years to establish such a
database. Consequently, at present, cross-feeding and/or
interaction experiments cannot yet be routinely carried
out in silico.
Even though, in silico constructed models represent

powerful tools for modeling and predicting phenotypic
characteristics of single organisms living in a community
within a particular host [143], they can only be cons-
tructed based on existing experimental data. Conse-
quently, in vitro, ex vivo and in vivo experimental data,
which allow the unraveling of links between gut micro-
biota and host metabolism, are crucial for constructing
comprehensive host-microbe interaction models as well
as for the benchmarking of such models. Once cons-
tructed, models can predict what role individual micro-
organisms have and how their actions influence others
within their native community [144]. The resulting
hypotheses may drive experiments, which will in turn
inform and improve the models. Thus, a combined
computational-experimental approach for hypothesis
generation and testing has the promise to accelerate new
discoveries in the realm of microbe-microbe and
microbe-host metabolic interactions. Disadvantages of in
silico models are that the reconstruction process of such
genome-scale high quality metabolic networks requires
extensive computational and manual analysis efforts and
that any new findings need to be experimentally vali-
dated. Furthermore, the resulting findings, especially in
the case of in silico animal-based models [145], may not
always efficiently translate to humans [143,145]. Despite
the limitations of current in silico reconstructed host-
microbe interaction models, such approaches are of
utmost importance because they theoretically allow a de-
tailed molecular resolution of the complex relationships
within microbial communities and with their host.
Therefore, such system approaches could dramatically
improve our understanding of individual bacterial taxa
within communities and the modes of interactions in
which they engage. New links between a host and its
microbiota could thus be predicted and perturbation ex-
periments (for example, diet variation for the host or
changed medium composition for the microbiota) and
their outcome could easily be simulated. An example of
a successful use of such an in silico reconstructed model
was recently published by Heinken and co-workers
[145]. In this study, the authors reconstructed and ana-
lyzed the first integrated stoichiometric model of murine
and Bacteroides thetaiotaomicron metabolism and could
demonstrate in silico that even at a low growth rate of
Bacteroides thetaiotaomicron the mouse profited signifi-
cantly from the presence of this microorganism in the
gut lumen [145].
In summary, host-microbe in silico models, when

combined with experimental data, will greatly strengthen
our knowledge on how microbes influence their host
and vice versa. Consequently, in silico models in com-
bination with in vitro, ex vivo and in vivo experimental
data will become an invaluable tool to predict metabolic
interactions between gut microbes and their host in both
diseased and healthy states.

Conceptualization of experimental models
A conceptualized ideal experimental model (Figure 2)
for the study of host-microbiota interactions in the GIT
and one that would allow testing the myriad of hypo-
theses linking dysbiosis to disease should allow paired
wet- and dry-lab experiments and mimic as closely as
possible the GIT. Such a model should in particular
include: i) human GIT cells; ii) human microbiota sus-
tainably growing under anaerobic/microaerophilic con-
ditions; iii) a mucus layer simulating the physical
separation of human and microbial cell contingents; and
iv) the physico-chemical conditions encountered in the
GIT including primarily pH, fluid retention times and
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dissolved O2 concentrations. Moreover, such a model
should reflect simple and controlled experimental set-
tings to allow reproducibility and limit discrepancies in
the obtained results due to inter-individual variations oc-
curring in in vivo animal models. Finally, in the case of a
wet-lab model, it should allow massively parallel screen-
ing and validation of results revealed through meta-omic
investigations of human subjects.
An in vitro living cell-based and microfluidics-based

model appears best suited to achieve the highlighted re-
quirements since the gut microenvironment can be si-
mulated by flowing specialized media at defined rates
through the respective microchambers seeded with hu-
man intestinal cells and microbial communities, respect-
ively. Furthermore, to simulate the physical separation of
both human and microbial cells encountered in vivo
[146], both contingents should be separated either by
mucin and/or semipermeable membranes while still
guaranteeing molecular cross-talk (metabolites, proteins,
nucleic acids, cytokines, chemokines, etcetera) between
both compartments. The feasibility of such a
microfluidics-based in vitro model has already been
established by the successful co-culture of a single mi-
crobial species for over one week on the luminal surface
of cultured epithelial cells without compromising epithe-
lial cell viability [44]. However, a future challenge that
needs to be overcome in order to be able to reproducibly
analyze the interplay between microbes and their host in
such an experimental model is the requirement for
maintaining aerobic conditions in the human micro-
fluidic chamber while at the same time guaranteeing
strictly anaerobic conditions in the microbial chamber,
which allow the culture of obligate anaerobic human gut
microbes. Finally, an idealized in vitro model should in-
clude separate compartments mimicking the stomach,
small intestine, the ascending colon, the transverse colon
and the descending colon, each reflecting the bio-
geographically distinct characteristics of the GIT.
In summary the conceptualized in vitro experimental

model could be an elegant supplement to animal in vivo
and in silico models since it would exhibit simple and
controlled experimental settings allowing reproducibility
and limit discrepancies resulting from inter-individual
variations that occur in in vivo animal models. More-
over, by the introduction of human cells the interplay
between human and microbial cells should be traceable
in real-time. This point seems to be of particular import-
ance since a host-specific microbiota appears to be crit-
ical for a given healthy host [99]. Finally, the described
conceptualized in vitro experimental approach would be
well suited for high-throughput experiments in contrast
to in vivo animal models. However, due to their in vitro
nature experiments carried out in such a conceptualized
experimental model will for the most part still require
in vivo experimental validation. Combined experimental
approaches in animal and in vitro models could thus
lead to the establishment of causal relationships between
microbial community compositions and human diseases.

Conclusions
Understanding of the human gastrointestinal microbiota
and its putative role in governing health and disease
states has rapidly expanded in recent years. However,
the myriads of results, generated by linking ‘meta-omic’
data to disease, still require experimental validation. To
reach this goal, we propose a biphasic experimental
validation approach: i) rapid first-pass experiments in
in vitro devices, which allow massively parallel screening
and immediate cause-and-effect read-outs (Figure 1B)
and ii) in vivo experimental validation (Figure 1C).
Microfluidics-based in vitro devices appear particularly

well suited for high-throughput experiments due to their
small footprint, their ability to allow the co-culture of
both human and microbial cells for extended periods of
time, and their ability to facilitate dynamic perturbation
experiments. However, in vitro experiments will for the
most part still need to be followed up with in vivo exper-
iments. Such experimental validation may be achievable
using GF animal models. However, owing to specific dif-
ferences in the living environments of GF and wild-type
(CONV-R) animals, the physiologies of both are likely to
be distinct, which leads to the somewhat artificial nature
of GF animals. Therefore, in order to study the impact
of specific microbial strains on the host, gnotobiotic ani-
mal models should be directly compared to CONV-R
animals. In addition, GF animals should ideally be com-
pared to ex-GF animals colonized by exposing them to
the environmental conditions in which CONV-R animals
were raised.
We are living through exciting times in human mi-

crobiome research. With the advent of high-throughput
molecular tools, we are for the first time able to probe
the extensive organismal and functional diversity of the
human host and identify links between certain microbial
community constellations and disease. Beyond this cata-
loguing effort, experimental validation will become a
major component of future studies. Importantly, all the
necessary technology for devising representative high-
throughput in vitro models is available. In the future,
such models will become invaluable for large-scale
screening efforts prior to in vivo experimental and clin-
ical validation.
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