Ann Microbiol (2011) 61:709-715
DOI 10.1007/s13213-011-0242-5

REVIEW

Studying the host-microbiota interaction in the human
gastrointestinal tract: basic concepts and in vifro approaches

Massimo Marzorati - Pieter Van den Abbeele -
Sam Possemiers - Jessica Benner - Willy Verstraete -
Tom Van de Wiele

Received: 4 January 2011 /Accepted: 1 March 2011 /Published online: 20 March 2011

© Springer-Verlag and the University of Milan 2011

Abstract Bacteria in the human gut exceed the number of
cells in our body by a 100-fold. At the level of the
gastrointestinal epithelium, a constant battle is fought for
equilibrium between the microbiota and the human body.
These interactions play a key role in many aspects of host
health, influencing energy harvest from food, colonization by
pathogens, and the immune system, to name but a few.
Unfortunately, the study of this host-microbiota interaction in
vivo is limited by the inaccessibility of the digestive tract.
Therefore, in vitro technology that focuses on the simulation
of this epithelial environment offers an ideal platform with
which to conduct mechanistic research that could shed more
light on this environment and help explain in vivo observa-
tions. However, the limitation of currently available tools
could yield results with limited reliability for an in vivo
situation. The aim of this mini-review is to focus on the
importance of studying the host-microbiota interaction in the
gastrointestinal tract and to evaluate the state of the art of the
available in vitro techniques. Finally, we aim to identify those
missing factors that, if present, would allow the creation of a
model that would constitute a better simulation of biofilm
formation, i.e. one more closely resembling the in vivo
situation.
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Introduction

The human gastrointestinal tract (GIT) is home to a large
number of microorganisms—up to 10''-10'* cells are
present per gram of fecal matter in the distal colon—
belonging to seven bacterial phyla, of which Firmicutes,
Bacteroides and Actinobacteria are the most dominant
(Cummings and Macfarlane 1991; Eckburg et al. 2005;
Rajili¢-Stojanovi¢ et al. 2007; Turnbaugh et al. 2007).
This extremely complex community is normally function-
ally stable and yet dynamic in composition. It is
considered to play multiple roles related to energy
harvesting, preservation of niche functionality, decreasing
the colonization and invasion of pathogens, regulation of
host fat storage, and immunological induction (Eckburg et
al. 2005, and references within; Manning and Gibson
2004; Lebeer et al. 2008). As a consequence, host
physiology, in both the healthy and pathological state, is
greatly dependent on interaction with this community.
Overall, the structure and composition of this ecosystem
reflects natural selection at both microbial and host levels
to develop a mutual cooperation aimed at functional
stability (O’Hara and Shanahan 2006). This interaction
occurs mainly at the gut wall level, and it is at this site that
the equilibrium is finely tuned. This area of study is often
neglected due to, on the one hand, the limited accessibility
of the human GIT and, on the other, the intrinsic
complexity of recreating in vitro conditions relevant to
an in vivo-like interaction. In this review, we will focus
mainly on the importance of studying the host-microbiota
interaction in the GIT (with some specific examples) and
on the state of the art of the in vitro approach, with its
relative advantages and drawbacks.
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Host—microbiota interaction

The GIT has a form that reflects its specialization in
functional anatomy. It is divided into four concentric
layers, of which the mucosa—the innermost layer
surrounding the lumen—comes in direct contact with
the GIT contents. This layer acts as a natural barrier that
allows the absorption of nutrients and provides a defense
against xenobiotics, digestive enzymes, and bacteria. On
top of the epithelial layer, goblet cells secrete mucus,
which results in a gel-like film consisting of ca. 95%
water, 1-10% glycoproteins and electrolytes, proteins,
and antibodies as well as nucleic acids, covering the
entire epithelium (Macfarlane et al. 2005). The mucus
layer is divided into two layers: an outer layer that is less
dense and populated with bacteria, and an inner, denser
layer impenetrable to bacteria. Mice lacking a mucus
layer, and with consequently an almost sterile zone
directly on top of the epithelium, show chronic intestinal
inflammation (Hooper 2009). At this level, the commensal
microorganisms exert a miscellany of protective, structural
and metabolic effects on the intestinal mucosa and are
thought to exchange defined signals with the host
(microbe-associated molecular patterns, or MAMPs). It
has been reported that MAMPs are not invariant generic
components of microbial cells, but rather their abundance,
structure and signaling properties can be modulated in
response to the environmental changes that occur during
host colonization (Cheesman and Guillemin 2007). On its
side, the host is involved in the accurate interpretation of
the micro-environment to distinguish between commensal
organisms and possible pathogens, with subsequent pre-
cise regulation of the response, mainly through two pattern
recognition receptors: toll-like receptors (TLRs) and
cytosolic nucleotide oligomerisation domain (NOD) pro-
teins (O’Hara and Shanahan 2007). Such a selection
occurs primarily along mucosal surfaces by a host-
microbiota cross-talk that leads to modulation of host
immunity.
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Hence, the equilibrium in this area is based on a deep
network of both un-coordinated and coordinated signals,
which are conceived to result from an evolutionary stable
strategy (i.e., an evolvement in which the potential invader
gradually becomes partner; Blaser and Kirschner 2007).
This cross signaling can occur both by direct contact (e.g.,
M cells or dendritic cells) and by secretion of specific
molecules (e.g., sIgA, small soluble peptides, DNA; Lebeer
et al. 2008). Many of these signals are still unknown.
Recently, it has been proposed that this cross-kingdom cell-
to-cell signaling involves small molecules, such as hor-
mones, that are produced by the eukaryotes (adrenaline,
noradrenaline, ...) and hormone-like chemicals (autoin-
ducer signals 2 and 3 and acyl homoserine lactones) that are
produced by bacteria for quorum sensing purposes (Hughes
and Sperandio 2008).

In relation to the host—microbiota interaction, it is thus
possible to postulate the existence of true commensals,
opportunistic commensals and pathogens (Fig. 1). True
commensal bacteria are considered to be allowed to have
direct contact with the host (adhesion), thereby positively
activating innate and adaptive immunity (Corthésy et al.
2007). In exchange, they benefit from a longer retention
time in the gut and from a preferential location to influence
host physiology. Besides true commensals, the GI tract also
hosts a number of bacteria that are opportunistic commen-
sals. They are found mainly in the lumen suspension. The
advantage for the host is that they can bring about certain
important metabolic processes [e.g., production of short-
chain fatty acids (SCFA), vitamins...] in exchange for the
possibility of living in an environment with high nutrient
availability. When, due to genetic disorders (e.g., inflam-
matory bowel disease) the immune system becomes poorly
regulated, these opportunistic commensals can become a
real danger to the host. Finally, negative interactions can
also occur as shown by Oliveira et al. (2003): bacteria
participate in cancer development and, more specifically,
Listeria monocytogenes can interfere with the cross-talk
between cancer cells and host elements thus modulating
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invasion-associated activities such as cell-cell adhesion or
cell-matrix interaction.

Biofilm formation

Relatively little is known about the structure and functions
of microbial biofilms in the human GIT. The reason for this
is that these structures are located in parts of the digestive
tract that are not easily accessible. However, a number of
studies have already suggested some peculiar characteristics
(Macfarlane and Dillon 2007; Probert and Gibson 2002,
and references within). These communities exhibit coordi-
nated multicellular behavior (as do other biofilms in
different environments), provide a higher resistance to
antibiotics as compared to luminal microorganisms, repre-
sent a means of resistance to colonization against potential
pathogens, and are directly involved in the stimulation of
host immune and hormonal systems. Even if a multitude of
species can be retrieved in the biofilms, the capacity to
adhere to the mucus layer is not common to all actors
present in the GIT. Normally, these structures are dominat-
ed by Bacteroides spp., Bifidobacterium spp., Spirochaetes,
Firmicutes (e.g., Lactobacillus spp.) and Fusobacterium
spp. (Probert and Gibson 2002). The latter plays an
important role in the early colonization of the mucus layer,
acting as a “bridge” and thus favoring the accumulation of
the late colonizers (Kolenbrander 2000). From an ecolog-
ical point of view, living in a biofilm is a selective
advantage that allows the microbes to live in a protected
niche, to interact directly with the host, and to prolong their
stay in the GIT with higher metabolic efficiency (Li et al.
2008; Macfarlane 2008).

Several factors influence the formation of these
microbial structures within the GIT. Those that are
specific for biofilm formation in the gastrointestinal tract
are shown in Fig. 2. Apart from the constant exchange of
signals between host and microbiota (as shown in Fig. 1) a
special feature of mucosal biofilm is the presence of
microaerophilic conditions at the basal side—due to
oxygen diffusion from the host blood stream across the
epithelium—and of anaerobic conditions on the top. Such

conditions create a favorable niche for first colonizers (i.e.,
Fusobacterium spp), which also act as oxygen scavengers
(Probert and Gibson 2002). A second factor of key
importance is the presence of shear forces of different
intensity (according to the GIT sector), induced by the
transit of the bolus and fluids, which exert a mechanical
action in shaping the thickness of the biofilm.

According to the developmental model of a gastrointes-
tinal microbial biofilm—as shown by some scientific
studies—environmental factors also play a key role in
bacterial biofilm formation (Lebeer et al. 2007; Monds and
O’Toole 2009). In fact, a number of hierarchically ordered
genetic factors control the temporal development of biofilm
formation, and these genetic switches are normally activat-
ed in response to changes in external stimuli (i.e., shear
stress, microbe—microbe interactions, presence of oxygen,
host—-microbe interactions, etc...).

Gastrointestinal microbial resource management

Several scientific outcomes have confirmed that resident
microbiota play a crucial role in maintaining the host health
in numerous ways. For instance, probiotic lactobacilli can
induce mucin secretion as well as enhance the tight junction
functioning (Lebeer et al. 2008, and references within).
Bacteroides thetaiotaomicron can modulate the expression
of genes involved in nutrient absorption, mucosal barrier
fortification and xenobiotic metabolism (Hooper et al.
2001). Bacteroides thetaiotaomicron can also promote an
anti-inflammatory mechanism by the attenuation of pro-
inflammatory cytokine expression (PPAR-y induction
linked to the RelA subunit of NF-kB; Kelly et al. 2004).
The same positive effect has been elucidated recently for
Lactobacillus acidophilus NCFM, which can modulate
dendritic cells and T cell functions via the S-layer protein
A (Kostantinov et al. 2009). Probiotics also have a role in
the production of SCFA, and compounds that can exert a
positive effect on gut health (i.e., butyrate; Hamer et al.
2008). Finally, Bacteroides fragilis protects animals from
experimental colitis induced by Helicobacter hepaticus,
through the beneficial activity of a single microbial
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molecule, polysaccharide A (PSA), which restores the
balance between humoral and cell-mediated immunity
(Mazmanian et al. 2008).

In the last 20 years, much research effort has focused on
the modulation of the colonic microbiota and related
metabolic processes by means of, e.g., pre-probiotics, with
the aim of improving host health (Gibson et al. 1989; Fooks
and Gibson 2002; Manning and Gibson 2004; Sanchez et
al. 2009; Possemiers et al. 2010; Marzorati et al. 2010).
Such approaches, by analogy with the microbial resource
management (MRM) concept (Verstraete 2007; Marzorati et
al. 2008), have been defined as gastrointestinal resource
management (GRM), i.e., modulation of the gut microbiota
and its metabolism with the aim of improving the health of
the host (Possemiers et al. 2009, 2010). In this context, less
attention has been paid to the host-microbiota interaction at
the gut wall level as a key component of our understanding
of how different microbial species can contribute to human
health. This is probably due to intrinsic limitations in the
possibilities of studying these interactions under conditions
relevant to an in vivo situation. In the next section, we will
evaluate the state of the art in this field, listing the
advantages and drawbacks of the available techniques.

In vitro analysis of the host—-microbiota interaction

To evaluate the potential effect of a specific treatment on
the GIT microbial community, and thus to estimate the
overall effect on the human host, several possible solutions
can be applied: human intervention trials, animal studies, in
vitro simulation technologies.

In terms of the investigation of host—microbiota cross-
talk, in vivo studies are the most reliable tool and by far the
most relevant. On the other hand, human and animal trials
can be extremely complex and expensive, are associated
with a number of ethical constrains and, as already
mentioned, have limited access to specific areas of the
GIT. Besides, animal studies are not always representative
of humans. On the contrary, the use of in vitro systems to
simulate the GIT and to study the mechanistic effect of
specific treatments may be a useful and a complementary
tool, even if they suffer from the absence of a complete
physiological environment (Macfarlane and Macfarlane
2007; Marzorati et al. 2009, 2010). Therefore, in vitro
technology can be a valuable aid to studying the effect of a
given parameter, in excluding specific interfering processes,
and explaining in vivo observations. Previous studies have
validated this approach and shown that, by controlling the
nutritional and environmental determinants, it was possible
to reproduce in vitro microbial communities that can
resemble those in vivo, with typical microbiota-associated
characteristics (Molly et al. 1994; Macfarlane et al. 1998),
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although with some differences due to the in vitro setup and
the lack of the host presence, as shown recently by Van den
Abbeele and co-authors (2010). In the last two decades, the
need for systems that can better simulate the in vivo
situation led to the creation of dynamic in vitro simulators
that attempt to reproduce all or part of the physiological
parameters of the luminal environment that could influence
the GIT microbial community and its metabolic activity
(Molly et al. 1994; Minekus et al. 1999; Macfarlane and
Macfarlane 2007). These systems offer good reproducibility
in terms of analysis of the luminal microbial community but
other aspects, such as biofilm formation and host-micro-
biota interaction, are limited or neglected.

The study of the host—microbiota cross-talk has to take into
account the adhesion of bacteria to the mucus layer covering
the gut wall and, at the same time, the mutual effect that
bacterial and host cells have on each other following the
interaction. Nowadays, these two parameters are usually
studied as independent factors. In order to simulate adhesion
in vitro, Cinquin et al. (2004, 2006) developed a system
utilizing cell immobilization in anaerobic continuous-flow
cultures. Microbes from fresh fecal samples are immobilized
in a mixed gel of gellan and xanthan and the beads are then
introduced into a single- or multi-stage chemostat simulating
the biofilm that is typically formed in the GIT. Probert and
Gibson (2004) proposed a similar device with a framework
of mucin beads encased within a dialysis membrane. In
addition, Macfarlane et al. (2005) developed a two-stage
continuous culture system, simulating the proximal and
distal colon, and used sterile porcine mucin gels in small
glass tubes to determine how intestinal bacteria colonize and
degrade mucus.

Regarding simulation of the host-bacterial interaction,
biopsies are a possibility, although they are normally
obtained from diseased individuals and thus do not indicate
the normal mucosal condition (Macfarlane and Dillon
2007). In order to perform mechanistic studies, the use of
cell culture experiments such as Caco-2 (not producing
mucus) or HT29 cells (mucus producing if properly
trigged) or a combination of the two (Nollevaux et al.
2006) is a common approach. Nevertheless, the output of
these reductionist studies is limited by the fact that they are
normally conducted using pure cultures or a mix of only a
few bacterial strains. In fact, for reasons of cytotoxicity, cell
cultures are very sensitive to co-incubation with mixed
microbial slurries, thus limiting experimental time to 2 h,
maximally 4 h, thus not allowing sufficient time for
adaptation of host and microbial metabolism. An evolution
of the cell line approach is represented by the three-
dimensional organotypic model of human colonic epitheli-
um. This system, which can properly simulate several
characteristics normally associated with fully differentiated
intestinal epithelia in vivo (i.e., tight junction, brush-border
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proteins, localized mucin production), has been used, up to
now, only to study the invasion of pathogens (Hoéner zu
Bentrup et al. 2006). A final opportunity has been presented
by Parlesak et al. (2004), who investigated the interaction
between human mononuclear leucocytes and enterocytes
when challenged with a single bacterial species using
compartmentalized trans-well cell culture systems. In this
latter case, the authors concluded that the system was not
suited to study the complex properties of the intestinal
microbiota over long-term studies.

Limitations of the available approaches

Performing in vitro simulations that most closely resemble
real conditions is of crucial importance if the results are to
be extrapolated to the GIT situation in vivo. On the other
hand, it must be taken into account that systems character-
ized by too high complexity may lead to decreased control
of environmental parameters, thus making final interpreta-
tion of the results too complex. As previously reported,
several factors characterize the host—microbiota interface in
the GIT. These factors are summarized in Table 1 in
relation to the techniques presented in the previous
section. It is clear that the available systems have some
limitations. First, none of them offers the opportunity to
study gut biofilm formation or, at the same time, host—
microbiota interactions under continuous simulated con-
ditions. No system that provides the possibility of working
with complex microbial communities, such as those
present in the GIT, can simulate the presence of a host
environment. Moreover, all these systems lack the key
point that specifically characterizes the gut mucosal
biofilm, i.e., the anaerobic conditions prevailing at the

top of the biofilm and the microaerophilic conditions at the
base of it. As a final result, those microorganisms that play
a key role as primary colonizers and that act as oxygen
scavengers (i.e., Fusobacterium spp.) can no longer exert
their ecological function. This could have some other
implications for biofilm development.

On the other hand, the use of cell lines is limited to the
investigation of the effect of pure strains, under static
conditions (no shear stress) and for a short time. An
enterocyte is exposed, on average, for 48 h during its
lifetime when migrating from the crypts to the top of the
villi. Besides, no studies with complex microbial communi-
ties are yet possible. This is a clear limitation considering
that, for instance, it has been shown that Lactobacilli grown
in laboratory conditions (as pure strains) and in vivo (mixed
with other bacteria) exhibit different patterns of gene
expression. This is probably related to adaptation to the host
environment and microbe—microbe interactions (Lebeer et al.
2008). For instance, it is expected that the GIT environment
with its autochthonous microbial community can influence
the functioning of lactobacilli adhesins by cell-to-cell
communication molecules (Vélez et al. 2007). This possibly
leads to limited reliability when studies on the capacity of
specific strains are performed using pure cultures.

Conclusions

The study of the in vivo functionality of biofilms in the
human GIT has, up to now, been limited mainly by the
complexity of reaching these microbial structures in the
different areas of the digestive tract. In such situations, in
vitro approaches normally represent an alternative solution
for mechanistic studies. However, in vitro tests that do not

Table 1 Summary of the key characteristics that an in vitro system should have to properly study the host-microbiota interaction, and positioning

of the available approaches

Approach Reference

Key characteristics for a proper in vitro simulation

Mucus layer Shear stress Bottom microaerophilic Long-term  Working with complex Co-presence of

simulation conditions studies

Gellan and xanthan
beads

Mucin beads in a
dialysis membrane

Mucin gel in glass
tubes

Caco-2 cells

HT29 cells
3D organotypic

models
Trans-well

Cinquin et al.
2006

Probert and
Gibson 2004

Macfarlane et al.
2005

Héner zu Bentrup
et al. 2006

Parlesak et al.
2004

microbial communities host-microbiota
v v
v v
v v
‘/ a
‘/ a
/ a
v v

# Using pure strains or limited mixes

@ Springer



714

Ann Microbiol (2011) 61:709-715

represent actual in vivo complexity may result in non-
reliable results (Pedersen and Tannock 1989). To date, a
model that can mimic simultaneously several parameters
that are of basic importance for biofilm development (shear
stress, microbe—microbe interaction, microaerophilic con-
ditions close to the gut wall, host-microbe interaction,
etc...) is not yet available. Therefore, in vitro models
allowing the study of microbial mucus colonization over a
longer timeframe with the introduction of the host param-
eters are urgently needed, and research should point in this
direction. The ideal solution would be represented by a new
device that could incorporate, at the same time, the
presence of complex microbial communities originating
from different areas of the GIT (microbiota compartment)
and of human cell lines (host compartment), to allow long-
term studies and reciprocal host-microbiota adaptation.
This could be achieved, for instance, by means of separate
compartmentalization of bacteria and cell lines, to avoid
direct contact but allowing exchange of metabolites and
signals between the two compartments. This appears to be a
feasible approach as it is based on the typical structure of a
microbial fuel cell (Pham et al. 2009), with the presence of
a permeable membrane, as shown by Laube et al. (2000),
who developed an in vitro system for studying the
interaction of xenobiotic metabolism of liver and intestinal
microbiota.
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