Xenobiotics

Small chemical compounds
that enter an organism
unnaturally, such as drugs
or pollutants.
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REVIEWS I

Dysbiosis and the immune system

The incidence of many common multifactorial human
diseases, such as diabetes and obesity, allergy and
asthma, neurodegeneration and inflammatory bowel
disease (IBD), has substantially increased during the
past two centuries. The short duration of this period,
which encompasses only a limited number of human
generations, makes it unlikely that these disorders can
be explained by genetic factors alone'. Instead, changes
in lifestyle and environmental factors, which are broadly
adopted by post-industrial revolution societies, com-
pared with the conditions prevalent during the preceding
evolution of the human gene pool are probably associ-
ated with the increasing incidence of these autoimmune,
inflammatory and metabolic diseases?. These lifestyle and
environmental factors include alterations in diet, phys-
ical activity, hygiene, longevity, exposure to xenobiotics
and a newly acquired human ability to control light and
temperature. In the quest to better understand the ori-
gin of these pandemics, it has recently been recognized
that another gene pool needs to be considered when
evaluating the impact of such environmental factors on
human health, namely the metagenome of the entirety
of microorganisms that colonize the human body, which
is collectively termed the microbiome®. The microbiome
has co-evolved with the eukaryotic genome of its host
and colonizes the host’s interfaces with the outside world,
including the gastrointestinal tract, skin, respiratory
tract and urogenital tract. Both the human and micro-
bial genomes have been subject to dietary and environ-
mental pressures, including the rapid environmental
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Abstract | Throughout the past century, we have seen the emergence of a large number of
multifactorial diseases, including inflammatory, autoimmune, metabolic, neoplastic and
neurodegenerative diseases, many of which have been recently associated with intestinal
dysbiosis — that is, compositional and functional alterations of the gut microbiome. In linking the
pathogenesis of common diseases to dysbiosis, the microbiome field is challenged to decipher
the mechanisms involved in the de novo generation and the persistence of dysbiotic microbiome
configurations, and to differentiate causal host-microbiome associations from secondary
microbial changes that accompany disease course. In this Review, we categorize dysbiosis in
conceptual terms and provide an overview of immunological associations; the causes and
consequences of bacterial dysbiosis, and their involvement in the molecular aetiology of common
diseases; and implications for the rational design of new therapeutic approaches. A molecular-
level understanding of the origins of dysbiosis, its endogenous and environmental regulatory
processes, and its downstream effects may enable us to develop microbiome-targeting therapies
for a multitude of common immune-mediated diseases.

changes that characterized the industrial revolution that
has occurred in the past two centuries. The substantially
shorter generation times of commensal microorganisms,
relative to humans, make the microbiome amenable to
rapid evolutionary changes on a much shorter timescale
and may suggest that adaptation of the metagenome to
changes in environmental conditions is more rapid than
that of the host genome. In recent years, many of the
modern multifactorial diseases that show an increas-
ing incidence have been associated with an abnormal
microbiome structure, termed dysbiosis, which affects
the taxonomical composition as well as the metagenomic
function of the microbial community. The microbiome
consists of complex bacterial, archaeal, fungal, viral and
protozoan communities that colonize multiple body sites.
In this Review, we focus primarily on the bacterial part of
the gastrointestinal tract microbiome, and its effects on
immune homeostasis and the risk of immune-mediated
and immune-associated diseases.

The healthy intestinal microbial community can be
characterized in terms of diversity, stability and resist-
ance, and resilience’, which are defined, respectively, as
the richness of the ecosystem, its amenability to perturb-
ation and its ability to return to the pre-perturbation
state. Data from large human cohort studies suggest that
multiple stable states of the microbial ecosystem can col-
onize a host in the absence of overt signs of disease®”’
(FIG. 1). A common definition of dysbiosis describes it as a
compositional and functional alteration in the microbiota
that is driven by a set of environmental and host-related
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Figure 1| A schematic of a conceptual energy landscape harbouring multiple
possible stable states of symbiosis and dysbiosis. The transition between the healthy
state and the dysbiotic state requires stimuli such as diet, host genetics, infection or

inflammation.

Koch’s postulates

Alist of criteria that a
microorganism needs to fulfil
to be considered the causative
agent of a disease, including
its presence in all cases of the
disease, the ability to grow
the microorganism in pure
culture, transmissibility of

the disease by inoculation

of a healthy organism and
the re-isolation of the
microorganism from

the infected host.

factors that perturb the microbial ecosystem to an extent
that exceeds its resistance and resilience capabilities.
Once the microbiota configuration is shifted, dysbiosis
likewise persists as a stable state and can assume various
compositional manifestations depending on the trig-
ger®. Thus, the stability of the intestinal microbial com-
munity can be viewed on a conceptual energy landscape
(FIC. 1), in which both healthy and dysbiotic states can
exist in several different configurations, but the transition
between them requires external forces that are stronger
than the stability properties of the system’.

There are a number of limitations to the basic defi-
nition of dysbiosis as an altered state of the intestinal
bacterial community. First, the enormous interindivid-
ual variability in the taxonomic microbiota composition
between healthy individuals across geography, age and
dietary habits®*7? raises the question of what can be con-
sidered a reference population, and allows for almost
any given gut microbial configuration to be considered
‘dysbiotic’ when compared with a particular control.
Similarly, the microbiota of laboratory mice is dramat-
ically influenced by vivaria (rearing conditions) and
the rodent diet'’. It is therefore crucial that studies in
both humans and animal models are very carefully con-
trolled to avoid conclusions being drawn from ‘spurious’
dysbiosis caused by interindividual variability, vertical
transmission, housing effects, variations in pathogen
screening in animal facilities and other factors account-
ing for incidental deviations of microbiome composi-
tion from a given reference population’. By contrast,
in the case of true phenotype-associated dysbiosis, the
inflammatory, genetic or dietary causes are sufficient
to provoke the de novo manifestation of dysbiosis, and
the dysbiotic microbiota is sufficient to cause disease

in experimental models'. Second, adaptations of the
microbiome to altered environmental conditions or
changes in the state of the host — which result in abnor-
mal community composition and function — may gen-
erally have beneficial, neutral or harmful consequences
for the host. As with host tissue deviations from home-
ostasis, adaptive changes in the microbiome in response
to perturbations of the steady state might become detri-
mental in those cases in which the microbial community
does not return to the previous state after normalization
of the environmental conditions, but instead persists
chronically in a ‘maladaptive’ state that has detrimental
consequences for the host'*'2 In this Review, we there-
fore suggest the use of a narrow definition of dysbiosis,
namely a microbial community state that is not only stat-
istically associated with a disease, but also functionally
contributes to the aetiology, diagnosis or treatment of
the disease. Thereby, a dysbiotic microbiome configu-
ration should fulfil Koch's postulates for the definition of
a disease-causing microbial agent, with the exception
of the requirements for cultivability and absence from
a healthy host.

Types of dysbiosis
Dysbiosis typically features one or more of the following
non-mutually exclusive characteristics.

Bloom of pathobionts. Members of the commensal
microbiota that have the potential to cause pathol-
ogy have been termed pathobionts'. Such bacteria
are typically present at low relative abundances but
proliferate when aberrations occur in the intestinal
ecosystem. A prototypical example of such popula-
tion expansion is the outgrowth of the bacterial fam-
ily Enterobacteriaceae, which is frequently observed in
enteric infection and inflammation'*. Importantly, this
bloom of Enterobacteriaceae is consistently observed in
both patients with IBD'> and mouse models of IBD',
which suggests that conserved and robust mechanisms
underlie this phenomenon. However, the bloom of
Enterobacteriaceae may represent a consequence rather
than a cause of the inflammation-induced remodelling
of the intestinal ecosystem.

Loss of commensals. Conversely to the outgrowth of
pathobionts, dysbiosis frequently features the reduction
or complete loss of normally residing members of the
microbiota, which can be the consequence of microbial
killing or diminished bacterial proliferation'”. Such a loss
of commensals can be functionally important, and restor-
ation of the abolished bacteria or their metabolites has
the potential to reverse dysbiosis-associated phenotypes.
This has been demonstrated, for instance, in two mouse
models of autism spectrum disorder in which reconstitu-
tion of Lactobacillus reuteri in a diet-induced model*® and
of Bacteroides fragilis in a maternally transmitted model"
reduced disease severity. Replenishment of diminished
commensal bacteria has also proved effective against
enteric infection, as in the case of Clostridium difficile-
induced inflammation, which was ameliorated by colo-
nization with Clostridium scindens®. Such studies suggest
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Alpha diversity

Alpha diversity describes
species richness within a site,
in contrast to beta diversity,
which refers to differences in
species composition between
sites.

Antimicrobial peptides
Host-derived peptides that
are part of the innate
immune system and function
in host defence against
microorganisms.

that targeted microbiota reconstitution could be an effec-
tive way to harness our understanding of the functional
importance of disease-associated dysbiosis*'. Knowledge
about particular microbiome-derived metabolites can
further enhance the power of this approach, as has
been demonstrated, for instance, for the impact of the
microbiota on microglia function®, intestinal cytokine
production® and neurodegeneration®.

Loss of diversity. A recurrent characteristic of disease-
associated dysbiosis is a reduction in alpha diversity. The
richness of the intestinal microbiota increases during the
first years of life’, can be influenced by dietary patterns>
and is associated with metabolic health®. By contrast,
low bacterial diversity has been documented in the con-
text of dysbiosis induced by abnormal dietary composi-
tion*, IBD¥, AIDS* and type 1 diabetes (T1D)*, among
many other conditions™.

Origins of dysbiosis

Given the above definition of dysbiosis as a distinct
microbial ecological state that is causally linked to the
manifestation, diagnosis or treatment of a particular
disease, it is crucial to consider the mechanisms that
contribute to the development and maintenance of a dys-
biotic state. In this section, we focus on the most prevail-
ing categories of factors that influence the composition
of the intestinal microbial community (FIG. 1).

Infection and inflammation. Dysbiosis caused by
enteric infection was first observed in mouse models of
infection with Citrobacter rodentium?®' and Salmonella
enterica subsp. enterica serovar Typhimurium®, in which
inflammation compromises the microbiota’s ability to
provide colonization resistance against invading micro-
organisms. Inflammation induced by dextran sodium
sulfate or genetic deficiency of interleukin-10 (1/10) in
mice led to similar changes in the microbial community
and favoured the growth of enteric pathogens®-*2. In
addition to intestinal infection, inflammation-induced
outgrowth of members of the Enterobacteriaceae fam-
ily can promote the development of colorectal cancer®
and sepsis*. The molecular mechanisms leading to the
establishment of Enterobacteriaceae in the inflamed gut
are manifold, and include the release of nutrients®, the
use of metal ions®, intermicrobial competition and hori-
zontal gene transfer”, the exploitation of antimicrobial
peptides®, as well as the harnessing of aerobic and
anaerobic cellular respiration®*.

Diet and xenobiotics. Diet has a considerable short-
term* and long-term® influence on the composition of
the intestinal microbiota. In mice fed a low-fibre diet,
microbial diversity is progressively reduced across con-
secutive generations®'. Similarly, a high-fat diet reduces
microbial diversity in mice*”. In addition to the nutri-
tional content of food, dietary xenobiotics have the
potential to alter homeostatic commensal coloniza-
tion. This is most intuitive in the case of antibiotics®,
but has also been described for non-caloric artificial
sweeteners* and dietary emulsifiers®, although the
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mechanisms by which the latter two examples shape the
microbiome remain to be determined. Diet-induced
and xenobiotic-induced dysbiosis may be strong drivers
of disease manifestations, as has been documented in
mice*® and, in certain cases, even in humans®.

Genetics. In addition to the above-mentioned environ-
mental factors, host genetics are involved in shaping
the composition of the intestinal microbiota®. A twin
study identified the abundance of multiple taxa of the
intestinal microbiota influenced by host genetics®, such
as the association of the Bifidobacterium genus and the
human gene locus that encodes lactase. This association,
among several others, was also found by genome-wide
association studies that linked genetic loci with micro-
bial taxa and functional pathways®'. In addition, the
locus encoding the human vitamin D receptor, and
several other human loci involved in immune and met-
abolic functions, were highlighted as potential drivers
of microbial control through host genetics®. In mice,
genomic studies have likewise identified an impact of
host genetics on colonization with particular taxa®. In
certain cases, the genetic influence on microbial com-
position may be involved in the manifestation of certain
phenotypes, as demonstrated for Christensenellaceae
and low body mass index®', thereby meeting the nar-
row definition of dysbiosis. The relative contributions
of diet versus host genetics in humans await further elu-
cidation. However, the impact of diet seems to outweigh
the genetic background of the host in mouse models*,
which suggests that a particular diet may compensate
for the genetic predisposition of the host for intestinal
colonization with a particular microorganism.

Familial transmission. The early succession of intes-
tinal colonization after birth is determined by the
maternal microbiota® and, in particular, by the mode
of delivery®. Thus, transmission across generations is
an important contributor that shapes individual micro-
biomes, although studies in both germ-free mice and
human neonates have demonstrated that maternal
factors alone do not suffice to explain an individual’s
microbiota assembly®>*’. Environmental transmission
seems to be of additional importance, as households
feature characteristic microbiome signatures, and the
microbiomes of members of a particular household are
more similar to one another than to the microbiomes
of members of other households®. In laboratory mice,
the effects of coprophagy and isolated housing condi-
tions potentiate this effect, leading to the establishment
of mouse line-specific or even vivarium-specific micro-
biomes®. Both familial and environmental microbiome
transmission may be of phenotypic importance in some
disorders, by introducing a transmissible microbiota
component to non-infectious diseases, but they can also
result in incidental ‘spurious’ dysbiosis'.

Other causes. Several other factors have been suggested
as potential instigators of dysbiosis that is causally
involved in the manifestation of host phenotypes, includ-
ing circadian disruption®*®', maternal high-fat diet',
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Metabolic syndrome

A syndrome of co-occurring
conditions, including elevated
levels of plasma glucose, high
blood pressure, abdominal
obesity, elevated serum
triglyceride levels and low
serum high-density lipoprotein
levels, that collectively increase
the risk of diabetes, stroke and
heart disease.

Figure 2 | Innate and adaptive immunity in the regulation of microbial homeostasis. Innate mechanisms of regulation
include nucleotide-binding oligomerization domain-containing protein 2 (NOD2)-mediated recognition of microbial
peptidoglycan, which contributes to intestinal homeostasis by signalling through the kinase receptor-interacting

protein 2 (RIP2; also known as RIPK2) and nuclear factor-kB (NF-xB), and by inducing the production of antimicrobial
peptides (AMPs) and mucin. Other microbial products such as flagellin and lipoproteins stimulate Toll-like receptor 5
(TLR5) in dendritic cells (DCs) and epithelial cells to enhance the epithelial expression of AMPs. The NOD-, LRR- and pyrin
domain-containing 6 (NLRP6) inflammasome is activated by microbial metabolites, resulting in the secretion of
interleukin-18 (IL-18) and AMPs. Adaptive mechanisms of microbial regulation include the production of secretory IgA

(slgA)

— which is mediated by T follicular helper (T;,)) cells —as well as CD1d-mediated activation of invariant natural

killer T (iNKT) cells and secretion of anti-inflammatory cytokines. Likewise, the microbiota modulates the activity of y§
intraepithelial lymphocytes (IELs). IL, interleukin; ILC, innate lymphoid cell; PD1, programmed cell death protein 1;

PDL1,PD1ligand 1; TCR, T cell receptor.

pregnancy® and physical injury®. Given the importance
of the microbiome in influencing host physiology and
the microbiome’s high degree of amenability to change
by environmental conditions, it is likely that this list will
be further expanded by future studies.

Immune control of microbial homeostasis

The immune system is considered to be one of the most
important forces by which the host shapes the configur-
ation of the normal and dysbiotic microbiome. As such,
understanding immune system-microbiome crosstalk is
crucial in defining the direct and indirect effects of host
immunity on dysbiosis-driven diseases (FIC. 2).

The innate immune system in the regulation of
microbial composition. Microbial sensing through
germline-encoded pattern recognition receptors (PRRs)
was suggested to influence microbial colonization in

mice®. For instance, mice deficient in the Toll-like recep-
tor (TLR) signalling adaptor myeloid differentiation pri-
mary response protein 88 (MYD88) harbour a distinct
intestinal microbiota®. Furthermore, loss of MYD88 sig-
nalling specifically in epithelial cells results in increased
numbers of mucosa-associated bacteria and increased
translocation of bacteria to the mesenteric lymph nodes,
as well as altered bacterial composition®. One particular
TLR that was suggested to be involved in the prevention
of dysbiosis is the flagellin sensor TLR5. TIr5”~ mice
develop altered intestinal microbiota compared with
littermate wild-type controls, and this alteration leads
to the manifestation of hyperphagia (excessive eating)
and metabolic syndrome, whereas microbiota deple-
tion using antibiotics corrected the metabolic pheno-
type®. Furthermore, TIr5”" mice feature high levels of
Enterobacteriaceae in close proximity to the intestinal
epithelium®. By contrast, Myd88~~ mice did not develop
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Inflammasomes
Multiprotein complexes
composed of a NOD-like
receptor protein, the adaptor
protein ASC and caspase 1.
Inflammasomes contribute to
the secretion of interleukin-14
(IL-1B) and IL-18 by activating
caspase 1.

Innate lymphoid cells

(ILCs). Cells of the lymphoid
lineage that do not express
antigen-specific receptors, but
orchestrate tissue homeostasis
and immunity through cytokine
secretion.

metabolic syndrome, which suggests the existence of
additional compensatory mechanisms®. Despite the
reported differences in microbial composition, the role
of TLR signalling in the control of intestinal micro-
bial ecology remains unresolved, as follow-up studies
have suggested that maternal transmission, rather
than genetic deficiency, might explain the microbial
differences observed in TLR-deficient mice®.
Additional PRRs with a suggested link to micro-
bial dysbiosis are the NOD-like receptors (NLRs). In
the absence of nucleotide-binding oligomerization
domain-containing protein 1 (NOD1), which recog-
nizes peptidoglycan from Gram-negative bacteria, the
bacterial population is expanded, and this includes
an increase in commensal Clostridiales, Bacteroides
spp., segmented filamentous bacteria (SFB) and
Enterobacteriaceae®. Similarly, Nod2~~ mice have an
altered microbiota composition that is characterized
by an increased burden of commensals as well as an
increased proportion of mucosa-associated bacteria,
thereby predisposing the mice to intestinal inflamma-
tion and colorectal cancer’®"2. Similarly to these obser-
vations made in mice, human NOD2 polymorphisms
are also associated with dysbiosis in Crohn disease”.
Interestingly, NOD2 expression is dependent on the
presence of commensal bacteria, therefore suggesting a
negative-feedback relationship between commensal bac-
teria and NOD2. Consequently, NOD2 deficiency breaks
this homeostatic interaction, leading to dysbiosis devel-
opment”. However, as in the case of TLRs, a study using
littermate breeding failed to observe gross alterations in
the structure of the intestinal microbiota of mice lacking
Nodl or Nod2, and this raised the possibility that these
divergent observations could be explained by different
experimental designs and environmental sources of
variation”. These examples highlight the importance
of well-designed experimental controls in the study of
dysbiosis in mice that have innate immune defects.
Aside from NOD1 and NOD2, some NLR pro-
teins assemble into multiprotein complexes known as
inflammasomes, leading to the activation of caspase 1,
which then processes the cytokines interleukin-1p
(IL-1pB) and IL-18 (REF. 75). NOD-, LRR- and pyrin
domain-containing 6 (NLRP6) is one such protein
that induces or affects intestinal epithelial inflamma-
some formation. NLRP6 inflammasome formation was
shown in vitro, and its deficiency in vivo led to impaired
caspase 1 activation and IL-18 secretion; however, it
has yet to be associated with ASC speck formation?®.
NLRP6 was shown to have a role in the maintenance
of a stable microbial community in the intestine. Mice
deficient in NLRP6 feature a dysbiotic microbiota that
confers transmissible susceptibility to colitis, features of
metabolic syndrome, pathogenic infection, and colitis-
associated colorectal cancer®’¢7°. Mechanistically,
commensal microbiota-derived metabolites activate the
NLRP6-associated inflammasome, thereby maintaining
a homeostatic environment of mucus and antimicrobial
peptides that act to control the microbiota composi-
tion*”*%, Similarly, deficiencies in other inflammasome
components — namely, ASC and caspase 1 — have been
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associated with a dysbiotic microbiota and increased
susceptibility to the development of dextran sodium
sulfate-induced colitis™.

Although in vivo NLRP6 inflammasome formation
has not been structurally proved to date, a similarly
altered microbiota composition and metagenomic
function has been found across animal facilities in mice
deficient in NLRP6 and downstream inflammasome
components; however, the local wild-type mice differed
considerably between vivaria®. The greater functional
than compositional congruency of the microbiomes
associated with NLRP6 deficiency across facilities is
in line with findings in humans, in which core meta-
genomic functions are shared across a wide variability
of taxonomic assortments®. This finding also illustrates
the importance of careful interpretation of dysbiosis,
as this crucially depends on the nature of the reference
population, which in the case of both laboratory mice
and human populations underlies global variability”*'.
This has recently been exemplified by the discovery that
a commensal protist, Tritrichomonas musculis, elicits
inflammasome activation in epithelial cells that results
in the secretion of IL-18 and the downstream activation
of the intestinal immune system, including changes in
myeloid cells and innate lymphoid cells (ILCs), and the
expansion of T helper 1 (T};1) and T;17 cells®. Thus,
protozoan colonization markedly alters epithelial inflam-
masome signalling and the activation state of the immune
system, and is a potential source of inter-facility variation.

A further example of the centrality of microbial con-
trol through epithelial cell secretion of antimicrobial
peptides is provided by a-defensins, which are expressed
by Paneth cells and are essential regulators of intestinal
ecology. Mice that lack a-defensins display an altered
microbial composition compared with wild-type con-
trols, albeit with normal bacterial numbers®. Likewise,
Paneth cells secrete the antimicrobial lectin REGIIIy,
which targets Gram-positive bacteria, is expressed in
response to bacterial colonization and is important for
the maintenance of separation between the microbiota
and the epithelial surface®.

In addition to epithelial cells, ILCs were recently sug-
gested to have a role in the regulation of homeostatic
microbial colonization®*. For example, RORyt* ILCs
are the dominant source of IL-22, which was shown to
be important for epithelial production of antimicrobial
peptides such as REGIIIy, REGIIIB, SI00A8 and S100A9
(REF. 87). Reduction of IL-22 levels results in the expan-
sion of SFB populations® and systemic colonization with
commensals®. In addition, T-bet* ILCs are a source of
interferon-y (IFNy) and tumour necrosis factor (TNF),
and may have an important role in regulating the com-
position of the microbiota, as mice deficient in T-bet
in the innate immune system develop transmissible
colitis and dysbiosis characterized by the outgrowth of
Helicobacter typhlonius's*.

The adaptive immune system in the regulation of
microbial composition. Similarly to the role of the
innate immune system in the regulation of a healthy
microbiota, accumulating evidence suggests a role for
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the adaptive immune system in microbiome control
(FIC. 2). In particular, B cells are crucial players in the
maintenance of intestinal homeostasis through the pro-
duction of secretory IgA. Secretory IgA antibodies can
be targeted to specific bacteria’ and even specific bacte-
rial functions such as flagella production®. Interestingly,
the bacteria most preferentially targeted by secretory IgA
are those that are associated with mucosal-proximal col-
onization and colitogenic potential®. In germ-free mice,
the number of IgA-secreting B cells is reduced, although
the total number of B cells is comparable to the num-
ber of B cells found in colonized mice*. In the absence
of secretory IgA, the total amount of luminal micro-
bial DNA is normal; however, serum lipopolysaccha-
ride (LPS) concentrations are higher than they are in
the presence of secretory IgA, and moderate changes
in bacterial composition are observed®. In the case of
activation-induced cytidine deaminase deficiency, the
absence of somatic hypermutation results in increased
SFB colonization in the small intestine and the expan-
sion of anaerobes, whereas reconstitution of IgA reverses
these microbial abnormalities®®.

Furthermore, a subset of CD4" T cells known as
T follicular helper (T,) cells, which promote IgA
selection, is associated with microbiome control in
the intestine. Ty, cells express high levels of the inhibi-
tory receptor programmed cell death protein 1 (PD1).
Bacterial communities and IgA production are regu-
lated by PD1 signalling, and PD1 deficiency results in
a reduced frequency of faecal bacteria coated with IgA,
and in an altered microbial composition characterized
by a reduced frequency of Bifidobacterium species and
an increased frequency of Enterobacteriaceae, although
the total number of bacteria is comparable®.

Invariant natural killer T (iNKT) cells comprise an
additional class of immune cells involved in the regula-
tion of bacterial composition. These cells respond to a
wide range of microbial glycolipids. Mice deficient in the
MHC class I-like molecule CD1d have an altered faecal
microbiota composition characterized by an increased
frequency of adherent bacteria, SFB localization in close
proximity to epithelial cells and enhanced colonization
by pathogens®. Furthermore, intraepithelial lymphocytes
that express yO T cell receptors prevent mucosal dissemi-
nation of bacteria through the secretion of cytokines and
antimicrobial molecules following mucosal injury. In the
absence of y§ intraepithelial lymphocytes, the control of
invasive bacteria is compromised and invasive bacteria
populations are expanded'®.

Impact of dysbiosis on the host immune system

Although the above mechanisms are involved in prevent-
ing the development of dysbiosis, a dysbiotic microbial
community, once established, substantially affects both
the local mucosal and systemic landscape of immune
cells, thereby creating a feedback loop in which the host
immune system and its microbiota cross-regulate each
other!®". The microbiota features a large repertoire of
signals and mechanisms by which it can affect immune
activation, including epigenetic remodelling and altered
gene expression (summarized in BOX 1). Intriguingly,

in the context of dysbiosis, microbial signalling to the
immune system can be important for the maintenance
of the dysbiotic state, which is achieved by at least two
phenomena. First, pathobionts arising under inflamma-
tory conditions contribute to the perpetuation of inflam-
mation, thereby preserving the conditions that favour
their own growth. Second, a dysbiotic microbiota can in
some cases be dominantly transferred to a new host, in
which immune system hijacking alters the microbial
colonization niche (FIG. 3).

Signalling to innate immunity. A healthy or dysbiotic
microbiota can influence the host innate immune sys-
tem via two types of signal: microbial cell components
and metabolites. In a dysbiotic state, alterations in the
signature of microbial molecules sensed by the host
can lead to a different activation state of the immune
system. This is exemplified by a recent study of three
infant cohorts whose microbiomes differed in terms of
the immunogenicity of LPS, and thereby in their ability
to stimulate TLR4, activate nuclear factor-«xB and tol-
erate endotoxin'® Importantly, the less immunogenic
LPS was found to be produced by bacterial species in
children from countries in which there is a high preva-
lence of autoimmune disease, which suggests a direct
link between microbiota structure, immune activation
and susceptibility to disease.

An additional TLR that is modulated by bacte-
ria is TLR2 (REF. 103). The oral anaerobic bacterium
Porphyromonas gingivalis transforms the oral microbiota
into a dysbiotic community and contributes to inflam-
mation'*. P. gingivalis has the capacity to manipulate
the host immune response by promoting the degrada-
tion of MYD88, and thereby inhibiting the antimicro-
bial response while maintaining inflammation through
crosstalk between TLR2 and the complement receptor
C5aR'”. The uncoupling of bacterial eradication from
tissue inflammation is an example in which a single
commensal can disrupt host-microbiota homeostasis to
cause inflammation and maintain persistent dysbiosis.
Similarly, the microbiota perpetuates abnormal tissue
immunity after infection with Yersinia pseudotubercu-
losis, inducing lymphatic leakage into the mesenteric
adipose tissue'>.

Similarly to TLR signalling, NLR signalling is
controlled by signals derived from the microbiota.
NLRP6-associated inflammasome activation in the gut
leads to the secretion of IL-18, thereby regulating intes-
tinal inflammation, epithelial repair and host defence
against infections. As briefly described above, NLRP6
signalling is suggested to be involved in constructing
the intestinal colonization niche through the secretion
of mucus and antimicrobial peptides, and the absence of
these mechanisms facilitates dysbiosis development?®.
Notably, the dysbiotic configuration can be stably
transferred to wild-type mice and promotes disease
manifestations in the new host**”*”. NLRP6 activity is
influenced by the concentrations of microbe-modulated
metabolites, including the bile acid conjugate taurine,
the amino acid histamine and the polyamine spermine®.
In the absence of NLRP6, the metabolite profile changes
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into one that has an inflammasome-suppressing capa-
bility, such that on transfer to a new host, the dysbiotic
configuration modulates the antimicrobial peptide
landscape in a way that favours its preferential coloni-
zation over that of the invaded wild-type microbiome
configuration.

A similar phenomenon can be observed in the
case of IL-22. The absence of IL-22 leads to an altered
and transmissible disease-promoting microbiota, and
cohousing of wild-type mice with IL-22-deficient mice
reduced their expression of IL-22-induced antimicrobial
proteins to the levels found in IL-22-deficient mice'®.
These examples represent strategies by which an altered
microbiota composition may contribute to its own main-
tenance by regulating specific factors involved in the
orchestration of mucosal immunity.

REVIEWS

Signalling to adaptive immune cells. Similarly sophis-
ticated mechanisms of microbial modulation have been
suggested to involve the adaptive arm of the immune
system. One remarkable mechanism by which the
microbiota can affect the colonization niche is through
the degradation of secretory IgA'%. Sutterella species
are associated with low secretory IgA levels, as they
can degrade both IgA and the associated stabilizing
peptide'®. Transfer of microbiota from mice that have
low faecal secretory IgA levels by cohousing or faecal
transplantation can change the intestinal environment
in the new host from high to low secretory IgA levels,
thereby also transferring the susceptibility to chemically
induced intestinal inflammation'®. Collectively, these
observations in both innate and adaptive immunity pro-
vide evidence for the intriguing notion that intestinal

Box 1| The microbiome shapes the immune system

The past decade of research on the interactions between the microbiome and host immunity has elucidated a large number
of mechanisms by which the microbiota affects both innate and adaptive immune cells'® (see the figure).

The microbiota strongly influences the transcriptional programming of innate immune cells. This has been described,
for instance, in the case of innate lymphoid cells (ILCs), in which ablation of the microbiota has a genome-wide epigenetic
and transcriptional effect®. In addition, the gene expression landscape of myeloid cells can be directly affected by the
microbiota, and this has primarily been studied in the context of pro-inflammatory gene expression'*?. Mechanistically,
the communication between the microbiota and the innate immune system seems to particularly rely on metabolites, such
as tryptophan metabolites in the case of ILCs'** and short-chain fatty acids (SCFAs) in the case of myeloid cells'*2. Of note,
this metabolite-innate immunity crosstalk originates before birth and involves the antibody-mediated transfer of microbial
molecules to the offspring during pregnancy and in milk**.

In the case of adaptive immune cells, specific bacterial species have been shown to directly influence immune system
development and differentiation. The attachment of segmented filamentous bacteria (SFB) to the intestinal epithelium
induces the function of antigen-specific T helper 17 (T,,17) cells through interleukin-23 (IL-23), IL-22 and serum amyloid A
(SAA) proteins"1>>1% and promotes IgA synthesis'*’. The commensal Bacteroides fragilis influences the balance between
Tyl cellsand T,2 cells, and directs regulatory T (T, ) cell development through polysaccharide A (PSA)**%. T _ cells are
induced by a range of bacterial species’*’, including selected strains of Clostridia spp.'®. Bacteria-derived SCFAs are
powerful mediators of this effect of the microbiota on T, cell induction'"'%. In addition, the microbiota induces the
secretion of IgA (secretory IgA (sIgA))®*. The microbiome affects the accumulation of intestinal plasma cells that produce
slgA as well as the diversity of sIgA specificities, whereas some members of the microbiome can degrade slgA'®. For
instance, the slgA-coated bacteria SFB and Mucispirillum spp. are located in close proximity to the intestinal epithelium,

where they elicit a T cell-dependent sigA-mediated response®!%.
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Figure 3 | The impact of dysbiosis on the host immune system. A dysbiotic microbiota
can hijack the host immune system through various mechanisms that collectively
contribute to the stabilization of the dysbiotic configuration. These mechanisms include
the modulation of inflammasome signalling through microbial metabolites, the
modulation of Toll-like receptor (TLR) signalling and the degradation of secretory IgA
(slgA). AMPs, antimicrobial peptides; IL, interleukin; MYD88, myeloid differentiation
primary response protein 88; NF-kB, nuclear factor-kB; NLRP6, NOD-, LRR- and pyrin

domain-containing 6.

microorganisms shape the very same mechanisms that
organize their colonization conditions — namely, the
production of antimicrobial peptides, mucus and secre-
tory IgA. As such, commensals are not mere bystanders
but are active participants in intestinal niche construc-
tion. In the case of dysbiosis, these microbe-controlled
mechanisms contribute to the perpetuation of a stably
altered community (FIC. 3).

Dysbiosis and immunological diseases

Despite the recent surge in associations of immune-
mediated diseases with dysbiosis, it remains unclear for
many associations whether dysbiosis is a direct cause
of the disease manifestation or whether changes in the
microbial communities in individuals with disease are a
result of a change in the host’s immune system, diet or
metabolism. A causal contribution of a dysbiotic micro-
biome to disease pathogenesis can be demonstrated in
a number of ways, ranging from prospective cohort
studies to interventional trials in humans and preclinical
studies involving microbiome transfers from gnotobiotic
mice to germ-free mice. Through the manifold impact of
the microbiota on host immunity, dysbiosis may directly
influence immune-mediated diseases, as discussed in
this section and summarized in FIC. 4.

IBD. IBD is a group of multifactorial disorders that
are characterized by chronic relapsing inflammation of
the intestinal mucosa and extra-intestinal organs. The
microbiota is central in the pathogenesis of IBD, and
IBD is associated with decreased microbial richness'>'?".

Several attempts have been made to identify a single bac-
terium that could be a mono-associated cause of IBD,
among them pathogenic Escherichia coli, C. difficile and
Fusobacterium nucleatum'®. However, inconsistent obser-
vations regarding the microbial compositions of patients
with IBD have hindered efforts to assess the aetiological
role of specific bacterial species in the pathophysiology
of IBD, and a causal relationship has yet to be estab-
lished. Moreover, it is possible that functional analysis of
the microbiome is more relevant to the pathogenesis of
IBD than is compositional analysis. For instance, it has
been suggested that dysbiosis in IBD involves a decrease
in the frequency of butyrate-producing bacteria along
with an increase in sulfate reduction, which results in
reduced butyrate levels and increased epithelial perme-
ability and bacterial translocation'”. Multiple additional
mechanisms have been suggested to contribute to the
pathogenesis of IBD, such as microbial sensing, antigen
processing and oxygen levels''’. Nonetheless, it is still
unclear whether dysbiosis is one of the causes of inflam-
mation in patients with IBD or is merely the result of a
disturbed intestinal environment.

Coeliac disease. Coeliac disease is an autoimmune intes-
tinal disease that is triggered by an immune response to
peptides found in dietary gluten, and it is accompanied
by dysbiotic changes. However, no consistent microbial
signature has been determined in patients with coeliac
disease to date'". The pathogenesis of coeliac disease
involves the induction of a gluten-specific inflammatory
T, 1 and T;;17 cell response, as well as the targeted killing
of intestinal epithelial cells by T cells''%. Several studies
have suggested that the composition and function of the
intestinal microbiota may contribute to the development
of coeliac disease in several ways'", yet no studies have
been performed to elucidate the mechanisms by which
dysbiosis could drive disease susceptibility. The levels of
short-chain fatty acids (SCFAs) are modified in patients
with coeliac disease'", which potentially indicates a
mechanism by which the microbiota modulates oral
tolerance. Establishing whether dysbiosis is a cause or
consequence of coeliac disease remains a challenge for
the future.

Rheumatoid arthritis. Rheumatoid arthritis is a
systemic inflammatory disease that results in joint
destruction. Germ-free mice are protected from the
development of experimental arthritis'*, which indi-
cates a fundamental role of intestinal commensal bacte-
ria in the development and progression of the disease. In
humans, the presence of Prevotella copri correlated with
disease in a cohort of patients with new-onset rheuma-
toid arthritis'®. A recent metagenome-wide associ-
ation study also highlighted Lactobacillus salivarius
as a marker of rheumatoid arthritis''®. The intestinal
community in patients with rheumatoid arthritis fea-
tured deviations in several metagenomic functions,
including metal ion metabolism, redox functions and
arginine metabolism''%; however, the contribution of the
microbiome to the pathogenesis of human rheumatoid
arthritis merits further study.

8| ADVANCE ONLINE PUBLICATION

www.nature.com/nri

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Infection or Diet Xenobiotics Hygiene

inflammation @
® .
i @ i
AN

Sl @é)

Healthy microbiota Dysbiosis

NF PN AN

Bacterial metabolites and toxins
(TMAO, 4-EPS, SCFASs, bile acids
and AHR ligands)

Brain Lung Liver Adipose tissue Intestine  Systemic diseases

o Stress e Asthma ¢ NAFLD * Obesity * IBD * Type 1 diabetes

e Autism * NASH * Metabolic e Coeliac e Atherosclerosis

* Multiple disease disease  ® Rheumatoid
sclerosis arthritis

Figure 4 | The intestinal microbiota and disease development. Various factors can
contribute to the development and maintenance of a dysbiotic state. The dysbiotic
microbiota, through metabolites and toxins, can influence disease development in the
intestine as well as in distal organs. 4-EPS, 4-ethylphenylsulfate; AHR, aryl hydrocarbon
receptor; IBD, inflammatory bowel disease; NAFLD, nonalcoholic fatty liver disease;
NASH, nonalcoholic steatohepatitis; SCFAs, short-chain fatty acids; TMAO,
trimethylamine-N-oxide.

T1D. T1D is an autoimmune disease that originates from
the T cell-mediated destruction of insulin-producing
cells in the pancreas. Although approximately two-thirds
of all patients with T1D have been found to have HLA
risk alleles, less than 10% of all individuals carrying these
alleles actually develop the disease, which suggests an
important contribution of non-genetic factors in deter-
mining the proportion of individuals that ultimately
develop this type of autoimmunity'"”. In a mouse model
of T1D, the microbiota has been implicated as an impor-
tant contributor to disease pathogenesis®. A recent study
in humans concluded that intestinal community alter-
ations, including loss of bacterial diversity, occur after
the seroconversion of patients with T1D but precede
the onset of diabetes symptoms?, which raises the pos-
sibility that the microbiota causally contributes to the
instigation of autoimmunity.

Asthma. Early microbial colonization of mucosal tissues
during infancy has long-lasting influences, among them
the development of disease later in life. Germ-free con-
ditions and early-life antibiotic exposure are associated
with increased susceptibility to allergy and asthma'*®.
Studies in animal models of asthma suggest that neonatal
colonization influences the education of the immune sys-
tem. For instance, the frequency of intestinal regulatory
T (T, cells is reduced in vancomycin-treated mice, and
IgE levels are concomitantly elevated'. In an additional
study, antibiotic treatment elevated lung inflammation,

REVIEWS

IgE titres and circulating basophil numbers. It was pos-
tulated that the microbiota, through B cell-intrinsic
MYD8S8 signalling, limits serum IgE levels and basophil
abundance'®, and that in the absence of microbiota,
B cells preferentially undergo isotype switching to IgE
(rather than IgA), which supports allergic inflamma-
tion'!. INKT cells represent an additional cell type that
has a role in microbiota-driven asthma. Germ-free mice
have elevated numbers of iNKT cells in the colonic lam-
ina propria and in the lungs, which leads to a higher sus-
ceptibility of these mice to the development of asthma'*.
Early exposure to intestinal microbiota reduces iNKT
cell abundance, partly through epigenetic modification
of the gene that encodes CXC-chemokine ligand 16
(REF. 122). In human studies, intestinal and lung dysbiosis
characterized by reduced bacterial diversity correlated
with asthma'?. The intestinal microbiota of infants at
risk of asthma exhibited microbial dysbiosis accompa-
nied by reduced levels of faecal acetate, and restoration
of four bacterial genera that have a decreased abundance
in children at risk of asthma ameliorated airway inflam-
mation in germ-free mice'**. However, additional studies
are needed to provide a causal link between dysbiosis
and the inflammatory response that includes increased
numbers of iNKT cells, elevated IgE levels and reduced
T, cell numbers in asthma.

Multiple sclerosis. Multiple sclerosis is an immune-
mediated disease that affects the central nervous system,
and both genetic and environmental factors contribute
to its pathogenesis. The intestinal microbiome profile of
human patients with multiple sclerosis is distinct from
that of healthy controls, with decreased species rich-
ness in patients who have active disease'®. In a mouse
model of relapsing-remitting multiple sclerosis, spon-
taneous experimental autoimmune encephalomyelitis
(EAE) in TCR-transgenic mice, it was suggested that
the commensal microbiota, in addition to self-antigen
recognition, is required for the induction of an auto-
immune response'*. Germ-free mice did not develop
disease symptoms, whereas microbial colonization
was sufficient to induce EAE development through the
activation of autoreactive CD4* T cells'. Further elu-
cidation of microbial contributions to the pathogenesis
of multiple sclerosis will constitute an exciting area of
future research.

Thus, through the alteration of normal immune sys-
tem reactivity, states of dysbiosis may directly influence
immunological disease. In addition, dysbiosis can con-
tribute to the large range of modern human diseases that
are not classically considered as immune mediated, but
feature an inflammatory component that often contrib-
utes to disease development, progression and clinical
manifestations (see BOX 2).

Dysbiosis in diagnostics and therapy

Given the association of dysbiosis with the aetiology
of numerous diseases, the possibility of using informa-
tion on the state and function of the microbiota for the
diagnosis and therapy of human immune-mediated or
immune-associated diseases is enthralling. Indeed, we
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Metabolome
The entirety of small-molecule
metabolites at a particular site.

have recently witnessed a revolution in analysis tools for
surveying the microbiome, including DNA sequencing
for the identification of strains and their genomes, RNA
sequencing for the determination of microbial gene
activity, and metabolome analysis. Several diseases are
associated with the early development of dysbiosis, such
that it occurs before the development of overt clinical
manifestations. In a large cohort of untreated patients
with newly diagnosed Crohn disease, a ‘dysbiosis index’
was proposed and shown to be associated with clinical
parameters'”. Inflammatory conditions strongly cor-
related with an overall decrease in microbiota species
richness and an alteration in the abundance of several
taxa, with mucosal samples correlating better with dis-
ease severity than did luminal faecal samples, while anti-
biotic use exacerbated microbial dysbiosis associated
with disease.

This demonstrates the potential of shotgun meta-
genomic sequencing and non-targeted metabolom-
ics to characterize microbial community function in
IBD, which may enable the identification of microbial
biomarkers'”. It remains possible that the difficulty in
identifying a clear disease-associated dysbiotic profile
in IBD has its origin in the complexity of the disease,
and in the fact that several different manifestations of
intestinal inflammation and extra-intestinal involve-
ment are jointly classified as IBD. A more individualized
approach that links microbial community structure and

Box 2 | Dysbiosis and inflammatory disease

disease phenotype might therefore prove more effective
with regard to diagnosing early disease progression on
the basis of microbial biomarkers. As such, the diagnos-
tic value of the microbiome may lie in differentiating
subtypes of IBD that share common clinical symptoms,
and microbiome signatures that differentiate between
IBD and other intestinal inflammatory diseases might
be more valuable than those that merely distinguish
between individuals with disease and individuals who
are healthy'*.

The potential for the microbiome as a diagnostic tool
for immune-mediated diseases reaches far beyond the
intestine. For example, in Parkinson disease, chronic
constipation and changes in microbiota composition
precede motor symptoms by years, and might be prom-
ising biomarkers for screening tests to aid early disease
detection among individuals at risk of developing this
disorder'®. Similarly, the microbiota has been impli-
cated in the development of Alzheimer disease', which
emphasizes the notion that microbiome-based diagnosis
might provide opportunities for the early detection of
neurodegenerative diseases. Further well-powered and
appropriately analysed studies should take into consid-
eration all layers of microbiome complexity, including
profiling of the metagenome, metatranscriptome and
metabolome signatures of the microbiota, to maximize
the repertoire of microbial biomarkers that is available
for early disease detection. Furthermore, as medications

The microbiome has been implicated in the regulation of inflammatory processes that underlie numerous chronic

diseases. For example, patients with nonalcoholic fatty liver disease and those with nonalcoholic steatohepatitis (NASH),
two common metabolic inflammatory conditions of the liver, have distinct microbial communities that are suggested to
have a role in the pathogenesis of the disease'®. Furthermore, as apparent in dysbiotic inflammasome-deficient mice,
enhanced hepatic influx of Toll-like receptor microbial ligands through the intestinal barrier and the portal vein promote
an enhanced severity of NASH through the induction of tumour necrosis factor signalling in the liver”’. Furthermore, in
the case of obesity-associated metabolic syndrome, evidence for a causal role of dysbiosis in disease development exists
in both mice and humans®®% although a recent study on antibiotic use in obese individuals has cast doubt on the
effectiveness of microbiota modulation as a tool to ameliorate obesity-associated metabolic complications!®®. Adipose
tissue inflammation is a hallmark of progressive metabolic disease. The recent observation in mice that the microbiota
drives the diet-induced recruitment of inflammatory cells to adipose tissue'® raises the possibility that microbial signals
may contribute to obesity and glucose intolerance through the perpetuation of adipose tissue inflammation.

Similarly, an increasing amount of evidence suggests a key role for the microbiota in the development of cancer that
is partially mediated through its effect on tumour-associated inflammation. The commensal Fusobacterium nucleatum is
enriched in human colorectal carcinoma (CRC)"*'"! and promotes cancer development in mouse models of CRC*7047%,
Intestinal inflammation promotes the expansion of colibactin-producing Escherichia coli, which enhances CRC through
the induction of DNA damage?. In addition to these effects of particular microorganisms, cancer development may also
be attributed to the inflammatory effects of global changes in the microbiota, including signalling through interleukin-23
(IL-23) and IL-17, the production of which is induced by microbial translocation at the site of neoplasm. The
tumour-promoting effect of the microbiome was further corroborated by studies using germ-free mice as well as mice
treated with antibiotics, which featured reduced cancer development in various organs*®'’2,

Dysbiosis may even affect neurodegenerative disorders, some of which are modified by inflammatory components.
One example is autism spectrum disorder; viral infection during pregnancy in an animal model of the condition has been
suggested to modify disease manifestations in the offspring through an IL-17-dependent mechanism'”. In studies that
compared the abundance of specific bacteria in children with late-onset autism with that in controls, the number and
type of microbial species in children with autism was altered'’. Furthermore, antibiotic treatment was suggested to
temporarily improve behavioural parameters'”®. In a mouse model of maternal immune activation mimicking viral
infection, which models some autism-like behaviours, the offspring developed microbial alterations associated with
autism-like behavioural symptoms and neuropathology®. In addition, levels of the microbial metabolite
4-ethylphenylsulfate were increased in the serum of offspring that displayed autism-like behaviour and induced
behavioural symptoms in control mice, suggesting a role for microbial metabolites in autism®®. These observations merit
further prospective human studies.
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Probiotics

Microorganisms that are
administered to an organism
to benefit the host.

Prebiotics

Ingredients of food that
promote the growth and
metabolism of beneficial
microorganisms in the host.

Human microbiome project
A consortium project with the
goal of comprehensively
describing the commensal
microorganisms associated
with health and disease in
humans.

can affect and are metabolized by the microbiome, the
identification of disease-associated signature micro-
biomes is most informative before patients undergo any
treatment. When patients are sampled during medical
therapy, potential medication-induced dysbiosis should
be taken into consideration''.

Targeting of dysbiosis for therapy. Owing to our increas-
ing understanding of the drivers and consequences of
dysbiosis, an intensifying effort is being made to engi-
neer or reconstitute the microbiota to prevent or treat
disease. The most dramatic reconstitution is achieved by
faecal microbiota transplantation (FMT), in which the
entire intestinal community of a patient is replaced by
the microbiota of a healthy donor. FMT achieved spec-
tacular results in patients with pseudomembranous coli-
tis caused by recurrent infection with antibiotic-resistant
C. difficile'”. Understanding the specific mechanisms
of intermicrobial competition and the host-stimulatory
activity of particular microorganisms may allow the
development of more targeted interventions against
pseudomembranous colitis in the future®.

The success of FMT in C. difficile infection has given
rise to the hope that this procedure might have the
potential to be similarly effective in treating other dis-
eases that involve dysbiosis, such as IBD and colorectal
cancer. Nevertheless, the chronic stability of the trans-
ferred microbiome in FMT remains elusive, as does
the long-term efficacy of FMT when repeatedly per-
formed'”. As such, whether FMT can be an efficient
alternative to current treatment protocols awaits the
generation of robust data in future studies. Likewise,
the application of antibiotics has been widely practised
in IBD, as several randomized controlled studies sug-
gested this approach to be of benefit. However, further
studies have deemed these results inconsistent, thereby
precluding clear conclusions about the effectiveness of
antibiotic treatment in IBD".

Another form of microbiome engineering consists
of the administration of probiotics, such as Lactobacillus
and Bifidobacterium species, to support the expansion
of a healthy microbiota. Nevertheless, there is very lim-
ited evidence that supports the efficacy of probiotics in
microbiome-associated disorders'*. For example, a large
number of studies have been performed on the use of
probiotics in Crohn disease, but there is currently no
overall evidence to support their widespread use. The
reason for inconsistencies between studies with regard
to antibiotics and probiotics for the treatment of dys-
biosis in IBD might lie in the strong interindividual vari-
ability in the susceptibility of the intestinal microbial
community to biotic intervention. For instance, a recent
study examining the kinetics of effective Bifidobacterium
longum engraftment in humans found that low pretreat-
ment levels of both B. longum and microbial carbohydrate
utilization gene expression are a requirement for efficient
probiotic colonization'*. Improved knowledge regarding
the prerequisites for effective probiotic engraftment and
the range of interindividual variability in the susceptibil-
ity of the microbiota to probiotic intervention may thus
be pivotal for efficient and personalized approaches.
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In contrast to the probiotic administration of spe-
cific strains, dietary prebiotics aim to modify the com-
position of the intestinal ecosystem through nutritional
changes. Given the rapid and reproducible responsive-
ness of the microbiota to dietary intervention*, a prom-
ising microbiome-modulating approach consists of
the rational design of personalized diets'”’. In the case
of metabolic disease, knowledge about the microbiota
composition aids in predicting individual responses to
dietary intervention'*. Deciphering the amenability of
an individual patient’s microbiome to change through
dietary or biotic intervention may similarly offer the
chance to better tailor a therapeutic intervention to the
specific characteristics of a particular microbial ecosys-
tem. A prime example of how a mechanistic understand-
ing of the contribution of diet and the microbiome to
immune-mediated disease can facilitate the design of
new treatment options relates to atherosclerosis. The
metabolism of the dietary lipid phosphatidylcholine,
as well as that of L-carnitine, a red meat component, by
commensal bacteria results in the accumulation of tri-
methylamine-N-oxide (TMAO), which promotes ather-
osclerosis and thrombosis*”'**!*, Targeted inhibition of
this reaction can reverse TMAO accumulation and ameli-
orate disease development'*!. Further understanding of
which bacteria lead to the production of high amounts
of TMAO will allow the identification of groups of indi-
viduals who are at higher risk of developing disease, and
these individuals could potentially undergo microbiome
correction before disease develops.

Intriguingly, in certain clinical contexts, inducing
a shift in the composition of the intestinal microbiota
may have positive effects on the host. The administra-
tion of the anticancer drug cyclophosphamide alters the
intestinal microbial community, in particular inducing
the outgrowth of Gram-positive bacteria and their trans-
location to secondary lymphoid organs. This drives T}, 1
and T17 cell responses, which help to potentiate the
anticancer effect of the drug'*. Similarly, cancer treat-
ment with antibodies against cytotoxic T lymphocyte
antigen 4 (CTLA4) was associated with the outgrowth of
B. fragilis, which in turn promoted immunostimulatory
anticancer effects'®’. Furthermore, colonization with
bifidobacteria was found to contribute to PD1 ligand 1
(PDL1)-targeted cancer immunotherapy through effects
on CD8" T cells™.

Challenges and future avenues

Although the primary goal of the human microbiome
project was to establish the normality of intestinal micro-
bial composition and function'*, subsequent efforts have
aimed to define and understand dysbiotic states associ-
ated with human disease'*. This has resulted in a surge
of recent associations of aberrant microbial composition
with host phenotypic manifestations in both mice and
humans. Although several of these new associations have
brought about promising implications for future diagnos-
tic and therapeutic approaches, various challenges need
to be overcome by the field to harness the new wealth of
information on different states of the microbial ecosystem
and their role in disease development.
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First, given the wide range of composition that the
intestinal microbiota can assume in the absence of overt
disease, the importance of appropriate controls for defin-
ing a microbial ecosystem as dysbiotic is imminent'.
Thus, for studies of human disease-associated microbi-
omes, it might not be sufficient to compare individuals
with a disease-free control cohort, but it may rather neces-
sitate the analysis of control samples from the same living
environment, ideally corrected for dietary habits’, sam-
pling time® and localization®. Furthermore, rather than
simply comparing healthy individuals with those with
disease, it might be more insightful to compare the micro-
biomes of patients across different diseases, and particu-
larly across different manifestations of the same disease,
to use the information provided by the microbiome to
better define and stratify patients according to disease sub-
types. A similar approach applies to studies in mice. The
microbiota of wild-type mice varies considerably between
vivaria and between commercial vendors**'¥’, thus dimin-
ishing the universality of local compositional comparisons
of the microbial taxa present in different mice.

Second, as host-microbiome co-evolution probably
selected for microbial function rather than microbial
composition®, the concept of dysbiosis likewise deserves
a functional rather than a taxonomic interpretation.
Relative to microbial composition, microbial function-
alities and metabolite profiles associated with a particular
condition or genotype might be not only more consistent
across populations, geography and animal facilities®, but
also of much higher causative relevance for the associated
disease manifestation. As such, the field should strive
to achieve an understanding of dysbiosis, its triggers,
and the maintenance of its different stable states at the
level of metagenomic gene expression and metabolite
abundance (FIG. 1).

Third, the extent and manifestation of dysbiosis
seem to be highly context dependent. The evolution
of the microbiota has occurred on the background of
several thousands of host genes, and the roles of com-
plementarity and redundancy need to be taken into
consideration when evaluating phenome-biome inter-
actions. For instance, the effect of a particular genomic
mutation on disease susceptibility might only become
apparent in the context of a particular microbial config-
uration'*. Similarly, susceptibility to dysbiosis develop-
ment might only become relevant in the combinatorial
context of host genotype and environmental microbial
‘repertoire, including diet and household (or animal
vivarium).

Finally, an improved understanding of the precise
microbiota-derived or microbiota-modulated mol-
ecules that mediate the impact of dysbiosis on disease
development may allow the design of metabolite-based
interventions that act directly on the physiology of the
host, thereby bypassing the vast complexity of inter-
individual variability in microbiota composition and
disease associations. Such interventions, aptly termed
‘postbiotics] have proved efficacious in mouse models
of IBD*'* and allergic inflammation'*’, among other
models of microbiome-associated conditions''. The
potential superiority of the postbiotic approach lies in
its ease of application and its reduced complexity com-
pared with interventions that aim to modulate the entire
microbial ecosystem that resides in the gut. As such, the
advancement of insights into the molecular mechanisms
that drive dysbiosis-associated pathologies may enable
the development of individualized dietary, probiotic
and postbiotic interventions that could control the
development, progression and variable manifestations
of immune-mediated and immune-associated diseases.
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