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SUMMARY The human intestinal ecosystem is characterized by a complex interplay
between different microorganisms and the host. The high variation within the hu-
man population further complicates the quest toward an adequate understanding of
this complex system that is so relevant to human health and well-being. To study
host-microbe interactions, defined synthetic bacterial communities have been intro-
duced in gnotobiotic animals or in sophisticated in vitro cell models. This review re-
inforces that our limited understanding has often hampered the appropriate design
of defined communities that represent the human gut microbiota. On top of this,
some communities have been applied to in vivo models that differ appreciably from
the human host. In this review, the advantages and disadvantages of using defined
microbial communities are outlined, and suggestions for future improvement of
host-microbe interaction models are provided. With respect to the host, technologi-
cal advances, such as the development of a gut-on-a-chip system and intestinal or-
ganoids, may contribute to more-accurate in vitro models of the human host. With
respect to the microbiota, due to the increasing availability of representative cul-
tured isolates and their genomic sequences, our understanding and controllability of
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the human gut “core microbiota” are likely to increase. Taken together, these ad-
vancements could further unravel the molecular mechanisms underlying the human
gut microbiota superorganism. Such a gain of insight would provide a solid basis for
the improvement of pre-, pro-, and synbiotics as well as the development of new
therapeutic microbes.

KEYWORDS animal model, gut-on-a-chip, in vitro model, intestinal microbiota,
minimal microbiota

INTRODUCTION

iven its involvement in metabolic, nutritional, physiological, and immunological

processes, the human intestinal microbiome can be regarded as an essential organ
of the human body (1). Further strengthening its clinical relevance, the intestinal
microbiome has been linked to numerous disease conditions, including metabolic and
immune disorders, cancer, and neurodegenerative diseases (2). However, apart from a
remarkable increase in the amount of genome sequence data of the human gut
microbiota, progress in functional insight has been hampered by its complexity: the
existence of more than 1,000 prevalent species (3), combined with the high interper-
sonal variation within the human population in terms of genetics, environment, and
habits, results in a complex entity termed the human microbiome superorganism (4).
The number of known host-microbe interactions has grown rapidly over the past
decades, yet many aspects still remain obscure.

To solve this complexity, there is a need for a reductionist approach in which both
host and microbiome are simplified to the extent that experimental variables can be
tightly controlled and deliberately manipulated. Regarding the microbiota, synthetic or
defined communities have been proposed as useful models to study microbial ecology
(5). In recent years, the number of cultivable gastrointestinal microbial species has
rapidly expanded (3) by the use of sophisticated or brute-force culturomics approaches
(6, 7). These strategies have allowed for the design of defined communities that are
representative of the normal human intestinal microbiota. With respect to the human
host, laboratory animals, notably mice, have proven valuable models for developing
human medicine. The colonization of germfree (GF) animals with defined bacterial
communities, resulting in gnotobiotic animals, has already been applied for decades.
During the 1960s and 1970s, it was recognized that the intestines of GF animals display
aberrant histological, anatomical, and physiological characteristics compared to con-
ventional laboratory animals (8). The development of the Schaedler cocktail for colo-
nization of the murine gut (9) marked one of the first attempts to normalize GF mice.
An altered version has been widely adopted as a standardized gut microbiota by animal
breeders and biomedical researchers ever since. Over time, various other defined
communities have been designed to generate gnotobiotic animals for purposes be-
yond standardization; they have proven to be a valuable in vivo tool to study microbial
ecology (e.g., microbial invasion, microbe-microbe interactions, and metabolism) and
host-microbe interactions. However, mice and other animal models have various
limitations that hamper their use as models for the human microbiome, as was recently
reviewed (10, 11). Interesting alternatives concern the development of sophisticated in
vitro models, such as organ-on-a-chip systems and organoids.

This review summarizes existing models of host-microbe interactions in which
defined communities, as models of the (human) gut microbiota, were applied. We aim
to present all in vivo studies that used defined microbial communities representing the
intestinal microbiota of healthy individuals and in which host parameters were con-
sidered. The designs of these model communities, as well as the selection of their host,
are compared and critically evaluated. The potential uses of defined communities in in
vitro (cellular) models, as a surrogate host, are outlined as well. We conclude by
discussing the increased value, opportunities, and possible obstacles when applying
defined communities in to-be-developed in vitro host-microbe interaction models.
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DEFINED COMMUNITIES MIMICKING THE NORMAL INTESTINAL MICROBIOTA
IN VIVO

A number of recent studies addressed host-microbe interactions in vivo by using
defined communities representative of the healthy human gut microbiota (Tables 1 to 3).
These include various mouse studies with more- or less-defined intestinal microbiota,
which are summarized below. Studies in which animals were antibiotic treated before
bacterial colonization are excluded from our analysis, as their reproducibility and
gnotobiology cannot be ensured (12). The following section first discusses the specif-
ically named defined communities applied in rodents (Table 1) (n = 31), followed by
non-specifically-named communities in rodents (Table 2) (n = 16). Finally, the defined
communities administered to nonrodent models are discussed (Table 3) (n = 6).

(Altered) Schaedler Flora

In 1965, Russel W. Schaedler colonized GF mice with a defined microbial community
composed of strains isolated from normal mice, to study the fate of the bacteria in the
gastrointestinal tract (GIT) and their effect on cecum size. With respect to these
parameters, it turned out that the Schaedler flora (SF) was able to, at least partially,
normalize the cecum size of GF mice in comparison with animals raised under con-
ventional conditions (9). The defined microbial population was supplied to animal
vendors to serve as a community that could limit infection of ex-GF rodents with
opportunistic pathogens. Schaedler developed several different bacterial cocktails over
time. In 1978, Roger P. Orcutt set out to standardize and improve the SF flora, but in
view of the monitoring costs, the total number of bacterial species was limited to eight.
Orcutt made a selection of bacterial species (altered Schaedler flora [ASF]) based on
their representation and stable colonization in the murine gut, their ease of identifi-
cation (morphologically), and their presence in or interference with isolator contami-
nants. For instance, the cocci and spore-forming, blunt-ended rods were eliminated,
which represented the majority of isolator contaminants. Also, the amount of faculta-
tive anaerobes was limited, as they outgrew aerobic isolator contaminants and thus
impeded the ability to detect the latter (13). The ASF consists of six Firmicutes (Clos-
tridium species [ASF356], Lactobacillus intestinalis or Lactobacillus acidophilus [ASF360],
Lactobacillus murinus or Lactobacillus salivarius [ASF361], Eubacterium plexicaudatum
[ASF492], Pseudoflavonifractor sp. [ASF500], and Clostridium sp. [ASF502]), one Bacte-
roidetes species (Parabacteroides distasonis [ASF519]), and one Deferribacteres species
(Mucispirillum schaedleri [ASF457]).

The ASF has been used multiple times as a reference or minimal defined microbiota,
and its applications were extensively reviewed elsewhere (14). Several studies involving
ASF in mice (or other animals) reported its effect on host parameters (Tables 1 to 3). The
list is probably not exhaustive, given the wide application of ASF mice as a control or
minor population in studies, which makes these studies harder to identify.

The applications of ASF in rodents varied from wild-type strains (mostly C57BL/6 but
also C3H/HeN and Swiss Webster mice) to models prone to diseases, including irritable
bowel disease (IBD) (15-17), type | diabetes (18), or colorectal cancer (19). The ASF lacks
Proteobacteria, a phylum shared by mice and humans, whereas some researchers
introduced Proteobacteria to ASF mice, such as Oxalobacter formigenes (20) and Esch-
erichia coli (21). Other studies included only selected members of the ASF, because not
all members were found to successfully colonize the murine cecum (18) or to test the
levels of colonization resistance of different combinations of ASF members (22). Overall,
the application of ASF for the study host-microbe interactions has been quite diverse,
regarding host strain, gut region of interest, and host parameters studied.

Although the ASF has been used multiple times as a reference microbiota and has
aided in the establishment of other defined microbiota, such as Oligo-MM and the
Bristol microbiota, its representability of the normal gut microbiota has been criticized
(23), as discussed below.
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Oligo-MM

Another defined community of murine microbiota, Oligo-MM'2, was constructed in
an attempt to provide full colonization resistance against Salmonella enterica serovar
Typhimurium (22). Twelve strains were selected to represent the five most prevalent
and abundant phyla of the laboratory mouse intestine, i.e., the Firmicutes members
Acutalibacter muris, Flavonifractor plautii, Clostridium clostridioforme, Blautia coccoides,
Clostridium innocuum, Lactobacillus reuteri, and Enterococcus faecalis; the Bacteroidetes
members Bacteroides caecimuris, and Muribaculum intestinale; the Actinobacteria mem-
ber Bifidobacterium longum subsp. animalis; the Proteobacteria member Turicimonas
muris; and the Verrucomicrobia member Akkermansia muciniphila. Colonization resis-
tance of ASF mice or mice colonized with Oligo-MM'2 and/or (a subset of) ASF strains
was compared to that of conventional mice. ASF was used as a reference because of its
wide usage in gnotobiotic mouse research. Oligo-MM'2 mice conferred increased, but
not full, resistance compared to mice colonized with a subset of ASF strains with and
without Oligo-MM. Functional genomic analysis of Oligo-MM and whole ASF revealed
that both consortia together cover 66.6% of the KEGG modules of a conventional
mouse microbiota. The addition of three facultative anaerobes (E. coli, Streptococcus
danieliae, and Staphylococcus xylosus), underrepresented in Oligo-MM'2, increased
coverage and furthermore conferred full colonization resistance (22). C57BL/6 mice
stably colonized with Oligo-MM'2 have been designated stable defined moderately
diverse microbiota mice (sDMDMm2). The designers of Oligo-MM'2 stressed the im-
portance of expanding the amount of available mouse-derived strains, as initiated
recently (24), in favor of the design of functionally defined and simplified microbial
consortia for application in gnotobiotic animals (22). Because Oligo-MM'2 was found to
lack the enzymatic pathway to carry out 7a-dehydroxylation, an important bile acid
transformation step, the addition of Clostridium scindens (a 7«a-dehydroxylating bacte-
rium) was tested in another study. This modification normalized large intestinal bile
acid composition in mice, which was accompanied by colonization resistance against
Clostridium difficile and decreased intestinal pathology (25). Finally, Oligo-MM'2 served
as a defined reference microbiota to verify the significant difference between the
bacterial compositions in the large intestinal outer mucus layer and the lumen (26), but
host parameters were not assessed. Note that the latter two studies that applied
Oligo-MM'2 left out the three additional facultative anaerobes that were found to be
crucial for full colonization resistance.

SIHUMI(x)

Because the ASF was found to poorly represent the dominant intestinal bacteria and
ASF mice hardly differed from GF mice in a key set of microbial biochemical activities
(23) (Midtvedt criteria [see below]), a simplified human intestinal microbiota (SIHUMI)
was established in rats to provide a highly standardized animal model to study
host-microbe interactions. Species were selected according to their prevalence in
humans, their fermentative capacity, the availability of their genomic sequence, and
their ability to stably colonize the rodent gut. SIHUMI(x) includes four Firmicutes
(Anaerostipes caccae, Lactobacillus plantarum, Blautia producta, and Clostridium ramo-
sum), one Bacteroidetes species (Bacteroides thetaiotaomicron), one actinobacterium (B.
longum), and one proteobacterium (E. coli). All seven members successfully colonized
the rat intestinal tract, and total bacterial numbers in fecal samples did not differ from
those in human feces. The amount of short-chain fatty acids (SCFAs) produced, how-
ever, was dramatically smaller than that in humans, probably owing to the smaller
number of species. An eighth species was added to the consortium (SIHUMIx), Clos-
tridium butyricum, which led to increased butyrate production. All members of the
SIHUMIx consortium were successfully transferred to offspring. Dietary interventions
varying in fiber and fat contents resulted in responses (partially) reflecting those
observed in mice and humans (27).

In other studies, SIHUMIx served as a resident community to study the effect of the
addition or removal of species. For instance, the inclusion of A. muciniphila, a mucin-
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degrading commensal, was found to worsen intestinal inflammation induced by S.
Typhimurium in mice (28). The same researchers recently showed, however, that in a
colitis-prone mouse model colonized with SIHUMI, A. muciniphila did not induce or
exacerbate intestinal inflammation (29). In two other studies, the polyamine-producing
organism Fusobacterium varium was added to the low-polyamine-producing SIHUMIx
in mice, which disclosed that gut morphology was not affected by either increased
putrescine concentrations (30) or higher levels of other polyamines and SCFAs (31).
Additionally, the mechanism underlying the obesogenic potential of C. ramosum in a
SIHUMIx-associated animal model was further investigated by including or excluding
this bacterium in SIHUMIx-associated mice fed a high- or a low-fat diet. The increased
body fat deposition in the presence of C. ramosum was suggested to be due to the
upregulation of small intestinal glucose and fat transporters (32). It should be noted
that although SIHUMI was originally established in rats, all other studies applied the
community in mice.

Toward a Normal Model Gut Microbiota

Since the generation of the Schaedler flora in the 1960s, other defined gut micro-
biotas have been developed in an attempt to normalize GF animals or generate animal
models harboring a bacterial community representative of the human gut microbiome.
During the 1970s, Syed et al. aimed to normalize GF mice with respect to cecum size,
cecal numbers of E. coli cells, histology of the intestinal tract, and the development of
a mucosa-associated microbiota in the stomach and large intestine (33). A mixture of
50 strictly anaerobic organisms (later designated “N-strains” [34]) and 70 facultative
anaerobes (“F-strains”) was found to generate a normal mouse phenotype, whereas
less-complex bacterial communities led to intermediate phenotypes with respect to the
parameters studied, including cecum size, cecal E. coli levels, GIT histology, and the
development of a mucosa-associated microbiota in the stomach and large intestine
(33). The exact taxonomic classification of the species within the F- and N-strains was
limited by a lack of characterization at that time (33). It was considered likely that a
number of the isolates used were identical. Based on morphology and fatty acid
production, the total numbers of different strains were estimated to be rather on the
order of 35 (N-strains) and 60 (F-strains) (34). The N-strains alone could not control the
E. coli population and cecum size when associated with mice fed a crude instead of
refined diet, but this could be restored by additional association with the F-strains (34).
The F-strains were exploited as an indigenous gut microbiota to investigate E. coli
plasmid transfer in vivo (35), but other studies using the N- or F-strains could not be
identified.

At the end of the 1970s, the use of the UW-GL (University of Wisconsin Gnotobiote
Laboratory flora) was reported, which was used as the intestinal microbiota of heterozy-
gous athymic mice (36). This defined bacteriome consisted of nine Gram-positive
species from the genera Lactobacillus, Bacillus, Clostridium, and Corynebacterium (37)
and additionally two Gram-negative species that were not further specified (36). It was
used to study colonization resistance against Candida albicans (37) and Clostridium
botulinum (36). The latter study compared UW-GL with other defined microbiotas,
including ASF and a partial UW-GL. Whereas death rates significantly dropped com-
pared to those of GF mice, only the complete UW-GL fully prevented C. botulinum
infection (36). The use of the UW-GL microbiota has not been reported since.

Logically, the conception of a healthy or “normal” microbiota is dependent on the
available knowledge on conventional animals and/or healthy human subjects, and
thus, the composition varies per study. While testing the effect of bacterial species on
intestinal IgA immune system development, Moreau et al. paid specific attention to
communities of Clostridium species, which were considered a dominant microbiota of
the digestive tract of adult conventional mice (38). In studies using defined commu-
nities with human-derived gut bacteria, species were selected based on their preva-
lence in (healthy) human feces (39, 40) and/or their representation of the major three
or four dominant phyla of the human gut microbiota (40-42). Next to the designers of
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Oligo-MM'2, only a few studies acknowledged the presence of five phyla (including
Verrucomicrobia) of the human gut microbiota. A recently designed 14-membered
synthetic microbiota that collectively possessed important core metabolic capabilities
was applied to study in vivo foraging of host-derived mucus glycoproteins during fiber
deprivation (43). Similarly, other studies took into account the functional capabilities of
species. For instance, one study included species that are able to break down complex
dietary polysaccharides not accessible to the host (B. thetaiotaomicron, Bacteroides
ovatus, and Bacteroides caccae), to consume oligosaccharides and simple sugars (Eu-
bacterium rectale, Marvinbryantia formatexigens, Collinsella aerofaciens, and E. coli), to
ferment amino acids (Clostridium symbiosum and E. coli), or to remove the end products
of fermentation by reducing sulfate (Desulfovibrio piger) or generating acetate (Blautia
hydrogenotrophica) (41). This community has been frequently exploited to study host-
microbe interactions or microbe-microbe interactions by the same research group or
adopted by others albeit in different combinations ranging from 8 to 15 species (40, 42,
44-50). Recently, a more diverse, complex defined community comprising no fewer
than 92 species was developed (51). The consortium consisted of phylogenetically
diverse, human-derived bacterial strains, which had previously been cultured and
sequenced. It also included strains representing species that were demonstrated to be
age and/or growth discriminatory in models of microbiota development during the first
years of life. Of all strains, 44 comprised a core group that could be detected in fecal
samples of all colonized mice, independent of dietary intervention (51). No host
parameters, however, were assessed in this study.

Remaining inclusion criteria for defined communities are the availability of the
genomic sequence and the cultivability of the species. Obviously, both criteria make
each individual species more easily traceable. If the entire genetic repertoire of the
defined community is known, gene expression of the whole community as well as its
individual members can easily be assessed (28, 40), and their function can be more
precisely predicted. Interestingly, although the ASF has been used for over 50 years,
publications on the replication of the four extremely-oxygen-sensitive ASF members on
a defined medium are still lacking (14).

Defined Communities in Nonrodents

The above-discussed defined microbiotas were either isolated from rodents or
applied to them. Laycock et al. stressed the need for a well-established intestinal
colonization microbiota for pigs, given the high representability of these animal models
in early immune development studies (52): in pigs, there is no transfer of maternal
immunoglobulin G in utero (53, 54) and a poorly developed mucosal system in
neonates (55). Furthermore, pigs are genetically more similar to humans than mice (56),
and their digestive physiology is comparable to ours (57). Colonization of germfree
piglets with ASF members turned out to be largely unsuccessful, and only the most
consistently colonizing ASF member (Parabacteroides sp.) was incorporated into the
novel “Bristol” microbiota. Additional strains were selected based on their representa-
tion of the major phylogenetic groups in gut sections of 12- to 18-week-old pigs and
either their ability to grow on a wide range of metabolic carbohydrate structures
(Roseburia intestinalis) or their presence in unweaned pigs (Clostridium glycolicum and
Lactobacillus amylovorus). Except for R. intestinalis, the novel microbiota successfully
colonized the GIT after administration to germfree piglets, with high clinical safety and
an expected increase in serum immunoglobulin levels (52). The Bristol microbiota was
exploited by other researchers as a simplified starter microbiota to study additional
effects of a complex microbiota on early-life microbiota development (58), the intestinal
expression of a butyrate-sensing olfactory receptor (59), and the gastric transcriptome
(60). Note that in the latter three studies, the piglets were not maintained in a sterile
environment, hampering comparison of the effects of the Bristol microbiota on host
parameters between studies. A different 10-membered porcine gut microbiota, origi-
nally designed as a competitive-exclusion culture for pigs, was used to investigate
antibody repertoire development in ex-germfree newborn piglets (61). Another “de-
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fined commensal microflora” (DMF) included seven porcine bacterial species and had
a composition similar to that of the ASF. Species were originally isolated from the cecal
contents of 6-week-old healthy pigs and administered to germfree pigs to evaluate the
interactions between intestinal commensals, antibiotics, probiotics, and human rotavi-
rus. This model was primarily applied as a model commensal gut microbiota of
neonates (62, 63).

OTHER DEFINED COMMUNITIES IN VIVO

Apart from the defined communities as models for the normal (human) gut micro-
biome to study host-microbe interactions, other kinds of communities have been
composed for application in gnotobiotic animals. These communities, however, are not
listed in Tables 1 to 3, and their application goes beyond the scope of this review, as
they did not aim to represent the normal microbiota. For instance, these communities
include disease-specific consortia, e.g., IBD related (15, 64-67). Others are age-specific,
such as the human baby microbiota (68-70), the DMF (62, 63), and a recently developed
Bifidum-dominated model consortium (71). Finally, some communities were developed
for therapeutic or probiotic purposes. A well-studied and globally marketed multispe-
cies probiotic is the bacterial cocktail VSL#3, which was recently characterized at the
genomic level and has been used to treat various gastrointestinal disorders (72-74).
Other communities were designed to treat infections (among others, C. difficile infec-
tion [CDI] [75-77] and colitis [78]) or to facilitate recovery from cholera (79). Two
remarkable applications of defined communities, which were not per se meant to
model the normal human gut microbiota, are discussed in more detail below.

Therapeutic Communities

Although the concept is not new and was pioneered 30 years ago (75), the interest
in fecal transplantations has recently increased, and the avenue of synthetic microb-
iotas as stool substitutes has been suggested (80). A particular example of such a stool
substitute is microbial ecosystem therapeutic 1 (MET-1), designed as a synthetic stool
mixture to treat recurrent CDI. Sixty-two species were recovered from the stool of a
healthy 41-year-old female donor, of which 33 species were selected that were sensitive
to a range of antimicrobials and were easy to culture. Two CDI patients that were
“rePOOPulated” with MET-1 returned to their normal bowel pattern within a few days
and remained symptom-free for at least 6 months. The use of a synthetic stool mixture
has several advantages over conventional stool transplants: (i) the bacterial composi-
tion is known, controllable, and reproducible; (ii) a pure consortium is more stable than
stool; (i) the formulation is safe, owing to the lack of viruses and pathogens; and (iv)
the administered organisms can be selected based on their sensitivity to antimicrobials,
which further enhances safety (77). Some of these benefits also strengthen the use of
defined communities in host-microbe interaction research. Notably, the application of
MET-1 as a defined community in GF animals, instead of antibiotic-treated animals, was
limited to one study, in which it was used as a healthy, Firmicutes-rich microbiota to
study colitis susceptibility and host immune responses (81).

In contrast to the use of a defined synthetic community, the anaerobically cultivated
human intestinal microflora (ACHIM) was derived from a fecal sample from a healthy
Western donor that has been maintained in anaerobic culture for more than 20 years
now and has been applied in fecal microbiota transplantation (82). Although the
microbiota is regularly checked for the absence of pathogenic organisms and multiple
CDI patients have been treated successfully with this cultured microbiota transplant
from a single donor (82), its composition is not controllable.

Instead of starting with a certain disease or phenotype and generating a defined
community to treat this condition, as is true for MET-1 and ACHIM, researchers recently
tested different defined bacterial communities to generate various phenotypes in
mice and to identify the strains responsible for the observed phenotypic variation. By
administering GF mice one of 94 different, defined bacterial consortia of species
randomly drawn from the culture collection, strains that modulated adiposity, intestinal
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metabolite composition, and the immune system were identified. According to those
authors, a similar approach could be applied to identify and characterize next-
generation probiotics or combinations of pre- and probiotics (83).

Minimal Communities

Another category of defined communities is formed by minimal communities.
Essentially, all defined microbial communities are minimal in the sense that they are not
as complex as microbiota in vivo. Nonetheless, some studies exploited even-more-
simplified defined consortia, i.e, with a limited amount of species or clearly lacking
certain functions, to study host-microbe interactions in general. This is exemplified by
biassociation studies involving single members of (dominant) phyla. In a recent study,
GF mice were colonized with B. thetaiotaomicron, as a prominent member of the adult
human gut microbiota, plus one of three probiotic strains (B. longum, Bifidobacterium
animalis, or Lactobacillus casei) to study microbe-microbe and host-microbe interac-
tions (84). In the same laboratory, gnotobiotic mice were colonized with bacteria from
the two dominant phyla in the adult human distal gut microbiota: Firmicutes and
Bacteroidetes. Based on their prominence in culture-independent surveys in the distal
human gut, the pattern of representation of carbohydrate-active enzymes in their
glycobiomes, and E. rectale’s ability to generate butyrate as a major end product of
fermentation, a “marriage was arranged” between E. rectale and B. thetaiotaomicron.
This reductionist approach provided information on microbe-microbe interactions, the
microbial response to host diet, and the microbial effects on host physiology (e.g., the
upregulation of the production of [mucin] glycans by the host) (85).

Despite the value of minimal communities for studying microbe-microbe and
host-microbe interactions, a study of mice colonized with another simplified microbiota
(B. thetaiotaomicron and B. longum) clearly demonstrated that the simple microbiota
could not reconstitute the metabolomic complexity of a humanized microbiota, i.e.,
derived from human donors (86). Nevertheless, Tables 2 and 3 include some minimal
communities, because of their representation of major phyla of the human gut micro-
biota or relevant application to the study of host parameters.

CRITICAL EVALUATION OF DEFINED COMMUNITIES IN VIVO: THE MICROBIOTA

In the sections above, we provide an objective description of defined microbial
communities that have been applied in in vivo models to study host-microbe interac-
tions. The next section discusses the representability of these communities, focusing on
their design criteria and sources (murine versus human). Additionally, comparisons are
made between simple versus complex and bottom-up- versus top-down-constructed
communities. Suggestions for the future design of defined communities representing
the normal intestinal microbiota are provided as well.

How Representative Are Defined Microbiota Models of a Normal Microbiota?
The development of defined communities representative of the human gut micro-
biota raises the issue, “What defines a normal microbiota?” Among the included studies
that aimed to design a representative gut microbiota, different selection criteria were
used. The representation of the major phyla and various metabolic capacities have
been frequently put forward. A meta-analysis was performed to compare the compo-
sition of the core mouse gut microbiome (based on five different mouse models, i.e.,
varying in age, phenotype, and sampling site) with that of the human gut microbiome
(based on 16 individuals) (87). Apart from the differences within the mouse microbiota,
Bacteroidetes and Firmicutes were clearly the most dominant phyla in all samples
(together 87% to 97%). (87) The same is true for the compositions of the well-
established defined communities ASF, SIHUMI(x), and Oligo-MM'2 (75% to 87.5%).
Similar to most murine microbiotas included in the meta-analysis, however, the ASF
and SIHUMI(x) lack Verrucomicrobia, which were found among the five most abundant
phyla in human and some murine samples (87). In that sense, Oligo-MM'2, originally
designed to represent the murine microbiota, is compositionally more complete than
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SIHUMI(x), which was meant to represent the human microbiota. The frequently used
ASF also lacks Actinobacteria and Proteobacteria, which are abundant in both murine
and human samples (87-89). Similarly, a large part of the other defined communities
discussed here (Tables 1 to 3) did not include representatives of all five major phyla of
the human microbiota, with some not including even one of the two most prominent
phyla. Note that species selection has been based mostly on the microbiota composi-
tion of Western individuals.

Furthermore, community design has been limited by the availability of genomes
and cultivability of strains. In the case of the ASF, the number of species was limited for
financial reasons, i.e., taking into account the monitoring costs. Nevertheless, this
community has been frequently used in gnotobiotic animal models. The assumption
that ASF mice can be regarded as conventional mice with respect to their gut
microbiota has been criticized (23). Several functional activities in fecal materials from
ASF mice were analyzed and compared to those in samples from GF and conventional
rodents and other mammalian species, including humans. The five biomarkers inves-
tigated, the so-called Midtvedt criteria (i.e., conversion of cholesterol to coprostanol,
conversion of bilirubin to urobilinogens, degradation of B-aspartylglycine, degradation
of mucin, and absence of fecal tryptic activity [23]), are claimed to reflect host-
bacterium interactions, independent of the intestinal localization of the bacteria in-
volved and the kind of species. With regard to these criteria, fecal samples from ASF
mice showed patterns more resembling GF rather than conventional mice (23), which
complemented previous results demonstrating an abnormal microbiota in specific-
pathogen-free (SPF) mice (90). Although this could be due to one of the limitations of
the ASF, i.e., its low diversity, ASF mice were shown to be immunologically, reproduc-
tively, and metabolically similar to conventional mice (23). The Midtvedt criteria were
also used to assess the suitability of SIHUMI(x) as a model microbiome. SIHUMI(x)-
associated rats shared four criteria with conventional rats, three of which, however,
were less pronounced (27).

A major difference between the ASF and a consortium such as SIHUMI(x) is the fact
that the latter involves human-derived bacterial strains. Most members of recently
developed communities, except for Oligo-MM, are of human origin as well. This may be
obvious, given the fact that although their microbiotas are similar at the division
(superkingdom) level, 85% of the microbial genera and species detected in mice are not
found in humans (91). Although, qualitatively, humans and mice share a largely similar
core, their intestinal microbiotas are quantitatively very different (87). On the other
hand, the development of small intestinal immune maturation was found to be host
specific, with humanized mice more closely resembling GF mice than mice associated
with a murine microbiota (92). This host specificity might also, at least partially, explain
the unsuccessful colonization of piglets with ASF (52). Additionally, humanized rodent
models were claimed to have been utilized mainly for short-term biomedical research
studies (14). Questions remain regarding how human-derived bacteria would adapt
during long-term colonization and vertical transmission in murine hosts (14, 93, 94)
and, thus, which kind of microbiota would be most reliable to study host-microbe
interactions using murine hosts. The maximum colonization time reported in the
studies discussed here (Tables 1 to 3) was less than 1 year. With respect to vertical
transmission, stability after transfer to offspring has been addressed mainly for murine
microbiotas only (ASF [95] and Oligo-MM [22]). Within the humanized defined com-
munities, SIHUMI(x) is an exception, of which bacterial concentrations in the cecum
were verified between founder rats as well as their offspring. At the age of 8 weeks,
SIHUMIx-treated rats harbored similar bacterial levels as their founders but not at 2
weeks (except for E. coli) (27).

Simplified versus Complex Communities

The distinction between minimal communities, with two or three members, and
larger defined communities is not black-and-white. For instance, the ASF, initially used
as a microbiota to standardize mouse models, slowly adopted the role of a minimal
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community instead of one representing the normal microbiota of mice. Nonetheless,
the simplicity of a defined community also has some advantages over more-complex
communities. The limited nature of the ASF should, as proposed by Brand et al., allow
investigators to evaluate the in vivo effect of the removal or addition of bacterial
species on mucosal homeostasis and colonization dynamics or, potentially, factorial
interactions of the community (14). Indeed, some of the studies discussed here (Tables
1 to 3) used only a subset of the ASF species or added species to already established
defined communities, including the ASF and SIHUMI(x). Additionally, one- and two-
member communities could be applied to model aspects of a more complete micro-
biota, such as depletion of certain dietary compounds or metabolites (86). Finally, as
discussed above, a simplified consortium makes each species traceable, as opposed to
a very complex community (28, 40).

On the other hand, complex communities might more closely resemble the normal
human gut microbiota and are more likely to confer colonization resistance to oppor-
tunistic pathogens, which has been a frequently mentioned criterion in the studies
described above. In the 1980s, Freter and coworkers formulated the nutrient niche
theory, which states that a certain bacterium can successfully colonize a host only if it
is able to use a specific limiting nutrient more efficiently than its competitors (96). This
implies that colonization resistance correlates with community complexity, as sup-
ported by several studies (22, 36, 97). Freter et al.'s theory was corroborated in a recent
study in which the relative abundances of each species of a 10-membered community
were correctly predicted based on the concentrations of individual dietary ingredients
(41). The theory assumes, however, an environment in which bacterial growth is
balanced and nutrients are perfectly mixed, whereas in reality, bacteria are metaboli-
cally flexible (i.e., they have the ability to switch nutrient sources), and nutrient levels
in the gut are spatiotemporally heterogeneous (reviewed in references 98 and 99).

Metabolic flexibility was hardly addressed in the studies discussed in this review.
Some researchers ensured the inclusion of species in a defined community that, as a
whole, was able to thrive on a wide range of nutrients. Once established in vivo,
however, the behavior of the community was addressed seldomly or only for a single
species. This could be due to the fact that most of the included studies focused
primarily on the effects of the whole microbiota or a subset of species on the host
(host-microbe interactions) rather than the exact nutrient niche occupation by its
separate species (microbe-microbe interactions). Exceptional is a recent study that
quantified the in vivo responses of both mucin specialists (A. muciniphila and Barnesiella
intestinihominis) and mucin generalists (B. caccae and B. thetaiotaomicron) upon fiber
deprivation (43). A fiber-deficient diet stimulated the expansion and activity of the
mucus-degrading bacteria, promoting epithelial access and pathogen-induced colitis
(43).

With respect to spatiotemporal heterogeneity, Oligo-MM'2 was used to verify that
the bacterial compositions in the large intestinal outer mucus layer and the intestinal
lumen are significantly different (26). Due to extensive mucus shedding and mixing in
the lumen, however, the differences may be relatively small (98). Indeed, it was recently
shown that, on a microscale level, the proximal colon should be viewed as a partially
mixed bioreactor rather than a clearly compartmentalized gut section with spatially
segregated communities. A next step would be to quantify the distribution of nutrients
and metabolites and the role of host factors such as diet, gut motility, and mucus
composition (48). Vice versa, it would be interesting to study the effects of spatial
organization on relevant host parameters, which unfortunately were not addressed in
the latter study. Those authors admitted that the 15-membered community used may
not be complex enough to demonstrate stronger spatial associations with food parti-
cles, host cells, and mucus (48), reinforcing, all in all, the need for more-complex
communities.

Both metabolic flexibility and spatiotemporal heterogeneity allow for increased
community diversity, which is thought to be crucial for ecosystem robustness (98).
Defined communities enable the precise investigation of both concepts, but on the
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other hand, the question remains regarding whether they can be made sufficiently
complex to properly address these issues.

Bottom-Up versus Top-Down Approaches

One way to obtain a more complex model community is to start with a complex
sample, e.g., human stool, and narrow the number of species down via one or more
enrichment steps, e.g., by culturing on selective media (top-down approach [100]) or
using fermentation models. Tables 1 to 3 include only a few examples with regard to
normal microbiota (Oligo-MM?2 [22, 40]). The majority of the studies listed in Tables 1
to 3 used a bottom-up approach, in which single previously cultured and characterized
strains are combined into a synthetic bacterial community, e.g., based on selection
criteria mentioned above, and administered to germfree animals. An advantage of the
latter method is the known composition of the microbiota, as emphasized above. A
drawback, however, is formed by the risk that the desired phenotype (in this case a
normalized host) cannot be entirely recapitulated (100).

Future Design

Probably a more important question is whether a normal microbiota actually exists.
In the 1970s, Freter and Abrams concluded that significant fluctuations occur in the
normal microbiota and that there is “no such a thing as a reproducible and precisely
definable ‘normal enteric flora’.” Instead, they considered the F-strain collection most
optimal for use as a microbiota representing a “state which is sometimes found in
‘normal’ individuals” (34). Clearly, the concept of the normal microbiota has changed
over time and has evolved with the development of techniques to sequence the human
gut microbiome, with increased insight into its composition, dynamics, and function.
Recently, researchers aimed to draw the compositional functional core of the human
gut microbiota, or the core microbiome. They emphasized that the gut microbiome
should be considered a complex landscape, with both common and individual char-
acteristics and alternative stable states with respect to composition, structure, and
function (101). They listed a top set of 50 bacterial genus-like taxa that are part of the
phylogenetic core, a common core of bacterial taxa shared by the majority of (adult
Western) human individuals, based on data from previous studies (101-103). This core
may include keystone species, whose roles are crucial for ecosystem structure and
function, for instance, the breakdown of carbon sources to support the growth of other
core members (104, 105). Mapping this core, including its keystone species, and
comparing it with diseased microbiota could increase our understanding of a normal
microbiota and facilitate the design of a defined community representative of a healthy
human gut microbiota. Next to the phylogenetic core, increased insight into the
minimal intestinal metagenome (106) and the active functional core (107) within the
human gut ecosystem might provide new criteria for assessing the “normality” of a
designed defined community. The paradigm seems to shift from rather black-box-like
measures, such as the Midtvedt criteria, to actually understanding the function of the
gut microbiota and the contribution of its individual species. Subsequently, this ap-
proach could allow a more thorough comprehension and more accurate design of age-,
region-, and disease-specific defined communities.

Although this review primarily focuses on bacterial communities, it should be
mentioned that the human (gut) microbiome also includes fungi, archaea, microeu-
karyotes, and many viruses, mainly bacteriophages. A study from 1980 included a
“yeast fungus” in a defined hexaflora, but the specific role of this microbe was not
addressed (108). One of the few studies in this area addressed the interaction between
the murine host, an archaeon (Methanobrevibacter smithii), and a bacterium (B.
thetaiotaomicron) (109). In addition, the same research group designed a gnotobiotic
animal model with a simplified defined gut community to study phage-bacterial host
dynamics (45). In parallel with the healthy gut microbiome, researchers recently
mapped the healthy gut phageome (110), but this field is still in its infancy. It is
reasonable to assume that with increasing insight into the role of nonbacterial gut
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microbes in host-microbe interactions, the design of defined microbial communities
becomes more representative of the whole human gut microbiome.

CRITICAL EVALUATION OF DEFINED COMMUNITIES IN VIVO: THE HOST

Next to the discussion of the exact composition of the defined microbial commu-
nity, the selection of the host animal to study host-microbe interactions is critical.
Rodents are the most commonly used mammalian models in which defined commu-
nities have been applied. The suitability of rodents as models for the human host was
extensively reviewed elsewhere (10) and goes beyond the scope of this review. In
summary, murine intestines are anatomically, histologically, and physiologically very
similar to human intestines, but sizes, metabolic rates, and dietary habits differ largely,
leading to qualitative and quantitative differences in microbial composition (10). With
respect to the gnotobiotic models discussed in this review, there are some additional
discrepancies to be mentioned. The high value of using gnotobiotic animals as models
of humans, i.e,, their known composition and controllability, seems to be weakened by
poor control of host parameters known to influence the human gut microbiome, such
as diet, genotype, sex, part of the gut studied, age, and immune system.

Host Parameters Influencing the Microbiota

Diet is a complex and strong determinant of gut microbiota composition (reviewed
in references 111 and 112). The individual species levels of a 10-membered defined
community in mice fed diets systematically varying in protein, fat, polysaccharide, and
simple sugar contents were assessed in order to develop a model to predict the
variation in species abundance. Next, the model was validated with 48 random com-
binations and concentrations of four ingredients selected from a set of eight human
baby foods. Approximately 60% of the variation in species abundance could be
explained by the known concentrations of pureed foods (41). This study exemplified
the application of defined communities to systematically assess the response of indi-
vidual gut members to various food components, which are, moreover, typical of the
human diet. Clearly, a standardized diet of a laboratory animal is different from that of
humans, which varies per region, season, individual taste, and even day. Some studies
listed in Tables 1 to 3 incorporated a previously developed prototypic “Western-style”
diet (27, 32, 39, 42, 46, 85), containing large amounts of saturated and unsaturated fats
and carbohydrates commonly used as human food additives (i.e. sucrose, maltodextrin,
and/or cornstarch). A lack of standardization in laboratory animal feeding protocols,
however, was emphasized previously, for instance, with respect to diet composition
and texture (113), and indeed, diets used by studies discussed here are highly variable
(Tables 1 to 3). Moreover, in ~40% of the studies, the diet was not clearly defined or
was not even reported, which is alarming given the large impact of diet on the gut
microbiome.

The choice of mouse genotype also varied per study (Tables 1 to 3), although an
effect of host genotype on microbiota composition was established within species
(114-118). These results were corroborated by studies with defined communities such
as ASF (119) and SIHUMI(x) (64). Additionally, colonization of different mouse strains
with SIHUMI(x) demonstrated host-specific cecal levels of polyamines and SCFAs (31).
In mice associated with B. longum and B. thetaiotaomicron, host genetic background
was found to affect the overall transcriptome of the latter bacterium but not the
expansion of the bacterial substrate range of this bacterium (84). Obviously, defined
communities allow the careful investigation of such host-dependent effects, but vali-
dation of host-microbe interactions in a wide range of host strains seems crucial before
drawing of conclusions and extrapolation to humans.

Although reports on the effect of gender have been contradictive (106, 117,
120-124), it might be a crucial determinant in gut microbiota composition and/or
behavior. In turn, the commensal microbiota was shown to affect sex hormone levels
(125, 126). Sex differences in gut microbiota composition were recently comprehen-
sively investigated in 89 common inbred mouse strains. After excluding confounding

June 2019 Volume 83 Issue 2 e00054-18

Microbiology and Molecular Biology Reviews

mmbr.asm.org 28


https://mmbr.asm.org

Defined Intestinal Microbial Communities

by host genetics, diet, age, or cage effects, the researchers detected gender-specific
differences in taxon abundances and diet responses. These differences could be
partially explained by sex hormones (127). Among the studies discussed here (Tables 1
to 3), one reported differences in metabolic profiles in urine and plasma between both
sexes, but no explanation was put forward (39). In an older study, male mice were
found to be more susceptible to death after C. botulinum infection, which could be
explained by their coprophagic behavior or a more general higher susceptibility to
disease (36). In contrast, other studies reported an absence of gender-specific effects
on, for instance, levels of Oxalobacter formigenes colonizing ASF mice (20) or the
assembly of a synthetic microbiota (43). Whereas some studies discussed here (Tables
1 to 3) reported the use of a mixed-gender population, others included only one gender
(n =12 of 53 studies), in which male animals were more often used than female
animals (nine versus three). Remarkably, the establishment of SIHUMI(x) was verified in
both genders, whereas the effect of dietary fiber was tested in male rats, and the effect
of a high-fat diet was investigated in female rats (27). A similar discrepancy was found
in a study that assessed the effects of five fermented milk product strains on human
female twins but male gnotobiotic animals. Although microbiota responses were more
or less similar in both species (40), such a gender mismatch may complicate translation.
Finally, not all studies clearly reported the gender used per experiment, and approxi-
mately half of the studies did not report animal gender at all. This too may hinder data
reproduction and, more importantly, translation.

Defined communities allow the quantitative comparison of microbial compositions
along the GIT, within and between models. ASF-associated mice were used to quan-
titatively demonstrate that the microbiota of the colon is poorly reflected in fecal
samples (95). Relative abundances of species were also different between feces (rectal
swabs) and colon in pigs colonized with a defined microbiota (63). In rats colonized
with SIHUMI(x), however, bacterial concentrations in the cecum, colon, and feces were
similar (27). Additionally, increases in relative abundances of mucin-degrading bacteria
in the cecum and colon upon switching to a fiber-free diet were reflected in feces (43).
In @ mouse model associated with a 12-membered community, individual bacterial
levels were also similar between feces and cecum (46). These conflicting results could
be explained by various factors, including host, community composition, and sampling
time. Irrespective of the actual difference between GIT sites, it is disappointing that
some other studies relied solely on fecal bacterial content. In a study applying a
92-membered community, for instance, not even half of the members could be
detected in feces. Other species may have established themselves in different regions
of the gut, but this was beyond the scope of that paper (51). Nevertheless, due the
invasiveness of sampling, systematic studies comparing colonic and fecal bacterial
contents are lacking in humans as well (99, 112). The variation in GIT sites looked at by
the studies included in Tables 1 to 3 makes it difficult to compare the colonization
pattern of the defined communities to that of natural colonization. Apart from differ-
ences along the GIT, capturing the transversal heterogeneity within one compartment
may be crucial for properly modeling and understanding host-microbe interactions, as
discussed above.

The age at which animals are colonized was quite variable among the studies,
including animals bred with the desired defined community as opposed to GF animals
colonized with the community of interest to create a gnotobiotic animal model. In the
latter case, animals are inoculated at various time points among studies, whereas the
timing of microbial colonization was demonstrated to impact, among others, immune
maturation (128, 129), mucosal homeostasis (130), and gut-brain axis communication in
mice (131). Moreover, as discussed above, colonization times of animals in studies
discussed here (Tables 1 to 3) were limited. Nevertheless, some studies confirmed the
stability of their defined community of interest over time and even over generations,
which should be sufficient to draw conclusions within a specific colonization time
window. This, however, does not allow one to infer any information on the long-term
effects of colonization.
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TABLE 4 Advantages and pitfalls of gnotobiotic animal models in comparison with human research, with respect to the factors
influencing intestinal microbiota composition or behavior@

Factor Advantage(s) (vs human research) Pitfalls in practice
Inoculum (defined community) Controllable composition (healthy vs diseased microbiota Animal microbiome # human microbiome;
[e.g., missing keystone species], human vs animal difficulties in defining a healthy or normal
derived) microbiota; host-specific selection of microbiota
Diet Controllable composition, timing, amt (tailored to human Lack of standardization in laboratory animal feeding
diet [region, age, and season, etc.]) protocols; not always reported®
Host genotype Controllable; genetic changes possible (ability to Validation of host-microbe interactions in multiple
introduce disease) strains needed before extrapolation to humans;
animal genotype # human genotype
Sex Controllable Only one gender investigated®; not always reported®
Part of the gut Ability to measure bacterial levels in virtually all Anatomy and physiology different from humans;
intestinal parts; ability to capture transversal variations in relative abundances per gut region
heterogeneity different per model®; focus on specific gut regions
or feces only®
Colonization time Controllable Long-term effects not studied®; animals not always

colonized starting at birth?; stability over
generations not always confirmed®

Immune system Controllable at start/birth Uncontrollable in long-term studies, especially
locally; complex, determined by internal and
external factors; not quantified or quantifiable®

9Based on studies listed in Tables 1 to 3 and the literature.
bSee Tables 1 to 3.

A last factor determining gut microbiota composition and behavior is the immune
system, which in turn is influenced by, among others, the above-mentioned factors and
the gut microbiota itself. Looking at the studies discussed here (Tables 1 to 3), several
researchers investigated immunological parameters such as serum immunoglobulin
levels and the presence of (subsets of) immunological cells in the gut. Nevertheless, due
to the complexity of the immune system, it is difficult to quantify and compare the
model hosts used with respect to immunological parameters. The key findings on the
interactions of gut microbiota members and their products with the immune system
have recently been reviewed elsewhere (100). Those authors emphasized the value of
minimal microbiomes and subsequent standardized (animal) models. Determining the
effects of a specific gut microbiota on the host could help to identify host-microbe
interactions that shape the immune system (100). Most studies discussed in this review
did not make a distinction between the contributions of each specific microbe to
immunological effects observed.

The advantages and the levels of controllability of gnotobiotic research, as well as
its pitfalls in practice, as outlined above, are summarized in Table 4.

Validation of In Vivo Models

As emphasized above, differences exist between humans and animals, not only
limited to their intestinal microbiota. In line with the question of what defines a normal
or healthy intestinal microbiota, one could ask, “When is the animal model sufficiently
representative of the human situation?” With regard to the studies discussed here
(Tables 1 to 3), diverse host criteria are applied. For the models exploiting a murine
microbiota, validation is relatively easy. Most researchers aimed to normalize GF hosts
to conventionally raised animals, thereby focusing on host parameters such as cecal
size or weight (9, 22, 33, 34). With respect to humanized mice, validation is more
complicated, but some studies made an effort. For instance, total bacterial numbers in
feces and fecal SCFA levels between humans and SIHUMI(x)-associated rats were
evaluated, and a previously reported increase in the abundance of Erysipelotrichaceae
upon a high-fat diet in humans was mirrored in SIHUMI(x)-associated animals (27).
Other host parameters (e.g., immune system or other systemic parameters), however,
were not taken into account. Similarly, validation was lacking in other studies applying
SIHUMI(x), in which, moreover, mice were used instead of rats (28, 30-32).
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FIG 1 In vitro models of the human gut and gut microbiota. Models are organized from bottom to top, with the most representative and complex at the top
and the most controllable and traceable, with respect to host parameters or microbial species, at the bottom.

A better example was recently described in a study in which the effect of a
fermented milk product on both humans and gnotobiotic mice humanized with a
15-membered microbiota was tested. The proportional representation of the intestinal
bacterial species and genes and metabolic changes upon the introduction of the
probiotic strains were hardly different between mice and humans, but the researchers
also acknowledged the limitations of their gnotobiotic animal model with respect to
translatability (40). In most other studies (Tables 1 to 3), control groups were limited to
conventionally raised and GF animals or animals with a control treatment, for which
translatability of the results to the human situation remains speculation.

DEFINED COMMUNITIES IN VITRO

As opposed to in vivo models, the use of defined communities to study host-
microbe interactions in vitro has been limited so far, although the development of
sophisticated in vitro model systems is advancing rapidly. In this section, we discuss in
vitro models in which defined communities have been applied or could be applied to
study host-microbe interactions. A distinction is made between models focused on the
microbiota (e.g., composition and characteristics) and those that were designed to
realistically represent the human host in vitro. Figure 1 summarizes all existing in vitro
models of the human host and microbiota, illustrating how their interactions can be
studied by combining advanced in vitro cell-based systems with defined communities.
Ultimately, the goal is to combine the best of both worlds.

Modeling the Intestinal Microbiota In Vitro

The use of fermentation models has proven successful in modeling the intestinal
microbiota in vitro, ranging from short-term batch incubations to multicompartmental
continuous systems. As discussed above, most defined communities applied in vivo
(Tables 1 to 3) were constructed bottom-up, by selecting species based on their
function, prevalence, or other criteria. Alternatively, communities can be composed
top-down by inoculating GIT-mimicking chemostats with human feces. Well-known
examples of these chemostats, such as the MacFarlane-Gibson three-stage continuous-
culture system, (M-)SHIME [(mucosal) Simulator of the Human Intestinal Microbial
Ecosystem], EnteroMix, the Lacroix model, and TIM-2 (TNO Intestinal Model 2) have
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been extensively reviewed elsewhere (132-134). The high reproducibility, stability, and
complexity of bacterial communities cultured in chemostats (135, 136) have allowed
the development and application of representative communities of the human intes-
tinal microbiota in vitro. Most of these models, however, did not include a host
component. The host-microbiota interaction (HMI) module comprised a promising
exception in which feces from a healthy volunteer were first fed into an adapted SHIME
system, with fluid compartments mimicking the stomach, small intestine, and ascend-
ing colon. Subsequently, the SHIME effluent was exposed to an artificial mucus layer,
separated by a semipermeable membrane from a compartment containing Caco-2
cells. This module allowed the coculture of bacteria with enterocytes for up to 48 h
(137), which is discussed in more detail below.

Modeling the Host In Vitro

With respect to well-established defined communities, the probiotic cocktail VSL#3
and the fecal transplant substitute MET-1 have been tested on various human or animal
intestinal cell lines (Caco-2, T84, and HT-29) (e.g., see references 138-140). In most
studies, however, the use of bacterial lysates or conditioned media was preferred over
live bacteria (e.g., see references 72 and 141-144), because the (mainly anaerobic) gut
bacteria cannot survive under the aerobic conditions needed for intestinal cell culture.
In these two-dimensional (2D) models, the interaction with the immune system or other
tissues cannot be studied. Although the direct effect of VSL#3 was tested on spleen and
dendritic cells (145, 146), tissue-tissue interactions were lacking in these models. This
problem can be (partially) solved in transwell coculture models, in which bacteria,
mucosal immune cells, and intestinal epithelial cells can be studied together (147). A
transwell model with an apical anaerobic compartment enabled the coculture of an
anaerobe bacterium with an intestinal cell line to study host-microbe interactions (148).
Still, these cell lines lacked their tissue-specific context, including all major types of
epithelial cells (e.g., goblet cells, enterocytes, enteroendocrine cells, and Paneth cells)
organized in crypts and villi. Moreover, as cell lines are tumor-derived, their epithelial
characteristics are affected. These issues have been overcome by the development of
gut organoids, self-organizing three-dimensional (3D) epithelial structures derived from
intestinal stem cells (149) or human pluripotent stem cells (150). The use of organoids
to study host-microbe interactions was reviewed elsewhere (151). The closed structure
of organoids, in which the lumen is sealed with epithelial cells and a mucus layer, may
facilitate the establishment of hypoxia in the core lumen (151). The anaerobic pathogen
C. difficile survived for up to 12 h within organoids, but luminal oxygen levels still
ranged from 5% to 15%, which may be tolerated by specific strains of C. difficile only
(152). More recently, researchers developed an organ culture system for the mouse
intestine, in which the stromal and hematopoietic components of the normal intestine
were preserved ex vivo. The device supported the survival and growth of both anaer-
obic and aerobic microbiotas, allowing the investigation of their effects on neuronal
parameters (153).

Coculture of defined microbial communities with human cells in transwells, or-
ganoids, or organ culture systems has been limited, probably owing to the static nature
of these models. More-advanced in vitro models to study host-microbe interactions
have been developed (as recently reviewed in reference 133), only a few of which have
hitherto allowed the coculture of multiple bacteria with intestinal cells or cell lines.

Organ-on-a-chip technology is an emerging concept within biomedical research, to
replace conventional cell culture and animal testing. Organ-on-a-chip devices are
microfluidic devices in which cells are cultured with organ-relevant spatiotemporal
chemical gradients and dynamic mechanical cues, thereby aiming to reconstitute the
structural tissue arrangements and functional complexity of living organs in vitro (154).
Several gut-on-a-chip devices have already been developed (155-158), only one in
which multiple intestinal bacteria were successfully cultured (158). In this device, two
channels simulating the gut lumen and a blood vessel are separated by a membrane
coated with extracellular matrix and Caco-2 cells (158). As opposed to cell monolayers
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and organoids, the gut-on-a-chip is a dynamic model: shear stress and gut peristalsis
are mimicked by continuous medium flow and stretching/relaxing of the membrane,
respectively. Interestingly, these environmental cues stimulated Caco-2 cells to un-
dergo differentiation into four types of intestinal epithelial cells, organized in 3D
villus-like structures (159). Also, the successful incorporation of endothelial cells and
peripheral blood mononuclear cells was demonstrated (160). The authors of that study
claimed the successful cultivation of a single bacterium “on chip” (Lactobacillus rham-
nosus) for more than 1 week (158) and the eight-membered VSL#3 for at least 96 h
(160). However, the viability of the probiotic bacteria was based solely on imaging, and
which species exactly succeeded in “colonizing” the crypts was not exactly determined.
The growth of anaerobic bacteria in this device has not yet been reported.

In contrast, another recent study reported the successful coculture of the strictly
anaerobic bacterium B. caccae with L. rhamnosus and Caco-2 cells. In this microfluidic-
based model mimicking the human gut, HuMiX, bacteria were grown in a separate,
anoxic compartment (161). Similarly, the HMI module allowed the investigation of
bacteria for up to 48 h under microaerophilic conditions. Fluorescence in situ hybrid-
ization (FISH) analysis revealed the presence of strictly anaerobic bifidobacteria in the
upper part of the mucus layer and the positioning of Faecalibacterium prausnitzii at the
oxic-anoxic interphase (137). In both the HuMiX and HMI modules, however, a mucin-
coated attachment membrane prevented direct or natural contact between host and
microbe. Moreover, as opposed to the gut-on-a-chip, gut peristalsis was not mimicked,
and the formation of the main epithelial cell types or crypts was not reported in these
models (137, 161).

A promising development in gut-on-a-chip technology is the incorporation of 2D
organoids, which grow in a plane rather than in clumps, in the chip device (156),
combining the advantages of organoids (tissue differentiation) with those of gut-on-
a-chip technology (controllable flow, mechanical cues, and tissue-tissue interaction). To
date, the cultivation of a defined intestinal microbiota in this device has not yet been
reported.

Validation of In Vitro Models

In comparison with animal models, validation of in vitro models is even more
challenging. The cellular processes studied in transwells, organoids, or gut-on-a-chip
devices cannot be readily validated in human subjects. On the other hand, however,
such sophisticated in vitro models enable the investigation of processes that cannot be
readily studied in humans, increasing our understanding of the molecular mechanisms
of certain bacterial compounds or products. Furthermore, they allow the elimination of
potentially confounding factors present in in vivo models, such as the immune system.
At the same time, this is also one of the major drawbacks of the above-mentioned in
vitro models: as opposed to in vivo models, they lack a systemic component, whereas
the impact of the gut microbiota on human health extends beyond the GIT. The
emergence of organ-on-a-chip technologies has led to the concept of a “human-on-
a-chip” (162), but its implementation in research is still at an early stage. Nevertheless,
the road to such a human-on-a-chip may be just as interesting. “Rebuilding” the human
body through assembly of its separate parts (lung-on-a-chip, gut-on-a-chip, and kidney-
on-a-chip, etc.) might increase our understanding of these building blocks and their
contribution to the whole.

CONCLUSIONS AND FUTURE OUTLOOK

Our understanding of the human gut microbiome has rapidly grown over the past
decades, which has definitely supported the design of defined communities represen-
tative of the human gut microbiome. Whereas defined communities were initially
aimed at normalizing germfree hosts to conventionalized mice, they could be a
valuable tool to study host-microbe interactions, because of their controllability and
traceability. For the same reasons, defined communities have a high potential for
therapeutic application. In this review, however, we show that these rationally designed
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consortia have been applied in in vivo models that are not entirely representative of the
human host environment. Next to the obvious and frequently discussed differences
between mice and humans, we also discuss that the power of gnotobiotic animals has
been further undermined by poor control of the host parameters known to affect gut
microbiota composition and behavior.

Simultaneously with the increasing knowledge on the human gut microbiota, the

implementation of more-advanced in vitro models of the human gut is accelerating,
with the development of stem-cell-derived organoids and gut-on-a-chip approaches.
Although the research is still in its infancy, these systems might partially replace the use
of animal models. This development is beneficial not only for ethical and, in the long
term, financial reasons but also from a scientific perspective. Human-inspired in vitro
systems allow us to model and capture host-microbe interactions at a more funda-
mental and controlled level.

Both the design of defined communities and in vitro models of the gut have not yet

reached their plateau. The former can be improved, via either bottom-up or top-down
approaches. Key is further expanding our knowledge about the intestinal microbiome
in health and disease, in which the NIH Human Microbiome Project and the European
MetaHit project have played a crucial role (106, 163) (bottom-up). The characterization
of the gut microbiota and genome sequences facilitates the in silico prediction of
host-microbe interactions through constraint-based genome-scale metabolic modeling
(164) or other types of mathematical modeling (165) and, subsequently, the in silico
design of representative defined communities (bottom-up). Further exploring our
whole microbiome, including phages, fungi, and archaea, will revolutionize the design
of microbial communities as well (bottom-up). Finally, the increased ability to repro-
ducibly culture the microorganisms in human feces in vitro using well-established
fermentation technologies (135, 166) may open the avenue to study human feces-
derived, functionally enriched defined communities at a more personalized level
(top-down). In this way, both health- and disease-related microbiotas can be easily
reproduced. The same level of personalization can be obtained on the host side. For
instance, the implementation of 2D organoids from patient-derived induced pluripo-
tent stem cells in in vitro systems, such as the gut-on-a-chip, can lead to highly
personalized screening devices.

All in all, these models will provide a basis for the rational development and

screening of novel therapies targeting intestinal diseases, ranging from anti-, pre-, and
probiotics to manipulate existing gut microbiota to therapeutic microbes (167), fecal
microbiota transplantation (168), and stool substitutes (77).
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