
https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A52f8a0d2-0678-4700-ab28-f9110545e122&url=https%3A%2F%2Fgo.cytekbio.com%2Fimmunology&viewOrigin=offlinePdf


C
lin

ical

326 Gillian Fitzgibbon and Kingston H. G. Mills Eur. J. Immunol. 2020. 50: 326–337DOI: 10.1002/eji.201948322

HIGHLIGHTS

REVIEW

The microbiota and immune-mediated diseases:
Opportunities for therapeutic intervention

Gillian Fitzgibbon and Kingston H. G. Mills

School of Biochemistry and Immunology, Trinity Biomedical Sciences Institute, Trinity College
Dublin, Dublin 2, Ireland

A multitude of diverse microorganisms, termed the microbiota, reside in the gut, respi-
ratory tract, skin, and genital tract of humans and other animals. Recent advances in
metagenomic sequencing and bioinformatics have enabled detailed characterization of
these vital microbial communities. Studies in animal models have uncovered vital previ-
ously unrecognized roles for the microbiota in normal function of the immune responses,
and when perturbed, in the pathogenesis of diseases of the gastrointestinal tract and
lungs, but also at distant sites in the body including the brain. The composition of gut
and respiratory microbiota can influence systemic inflammatory responses that medi-
ate asthma, allergy, inflammatory bowel disease, obesity-related diseases, and neurode-
velopmental or neurodegenerative conditions. Experiments in mouse models as well
as emerging clinical studies have revealed that therapeutic manipulation of the micro-
biota, using fecal microbiota transplantation, probiotics, or engineered probiotics repre-
sent effective nontoxic approaches for the treatment or prevention of Clostridium difficile
infection, allergy, and autoimmune diseases and may enhance the efficacy of certain
cancer immunotherapeutics. This review discusses how commensal bacteria can influ-
ence immune responses that mediate a range of human diseases and how the microbiota
are being targeted to treat these diseases, especially those resistant to pharmacological
therapies.
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Introduction

The human microbiota comprise the microorganisms that live in
or are associated with a variety of human tissues including the
gut, lungs, skin, nasal cavity, and genital tract [1, 2]. It has been
estimated that there are 3.8 × 1013 bacteria in an average 70 kg
man, roughly equivalent to the total number of human cells in the
body [3]. Although bacteria of the phyla Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria are the main constituents of the
gut microbiota, it also includes archaea, viruses, and eukaryotic
microbes [4, 5]. The microbial community includes both commen-
sal and symbiotic microbes, reflecting the coevolution of the host
and its microbiome.
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The gut microbiome resembles an endocrine organ, exerting
its effects on sites remote from the origin such as the lung and the
brain. These microbes harbored along the length of the intestinal
tract interact with a myriad of host systems and cells resulting in a
symbiosis between microbiota and the host [6–10]. This relation-
ship is mutually beneficial, with the microbiota contributing to
important host processes, such as vitamin synthesis, food process-
ing, and maintenance of immunity, while the host in turn provides
an environment that allows for microbial survival and prolifera-
tion [11, 12]. Advances in high-throughput DNA/RNA sequenc-
ing technologies have enabled significant advances in microbiome
analysis and have helped in elucidating a role of these microbes
in disease processes.

The National Institutes of Health Human Microbiome Project
was established in 2008 with the aim of generating a data base that
would provide a comprehensive characterization of the human
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microbiome to help investigate its role in human health and dis-
ease [13]. The metagenomic approach analyzed the genomes from
microbial communities that were sampled in its natural environ-
ment rather than from isolated strains cultivated in vitro [14, 15].
The main body of data initially obtained came from 242 screened
and phenotyped “healthy” male and female adults who were sam-
pled at 15 and 18 body habitats three times to gain a total of 4788
specimens. This project focused on the upper respiratory tract (oral
cavity and nasal passage), the skin, the gastrointestinal (GI) tract,
and the urogenital tract, sites in the body that are each known to
harbor many distinct microbial communities [15]. Emerging data
have demonstrated that bacterial colonization of these sites is vital
to human health but can also contribute to disease processes.

The microbiota of the respiratory tract, especially the lower
respiratory tract, because it is more difficult to sample, have
received much less attention than the gut and the lower respi-
ratory microbiome was thus excluded from the human micro-
biome project [16]. Humans take in a multitude of nonnative
microbes with each inhalation, and these pass through the nasal
cavity and oropharynx and colonize the nasal tissue and lungs
[17]. Bronchoalveolar lavage techniques have allowed character-
ization of the lung microbiota [18] and showed that it contains
approximately 2000 bacterial genomes per cm2 surface [19]. Pre-
votella, anaerobic Gram-negative bacterial species of the phylum
Bacteroidetes, are common commensal microbes of the healthy
respiratory microbiome, found in oral cavity and upper and lower
respiratory tract [20, 21]. The composition of the lung micro-
biota is determined by microbial immigration, acquired through
microaspiration and inhalation, their elimination and transient
growth, which is dependent on local nutrients [22]. The nutri-
ent sources in the lungs include mucins, high molecular weight
glycoproteins that provide bioavailable carbohydrates. It has been
suggested that humans have coevolved with Prevotella [20], or
may evade protective immunity by inhibiting the function of neu-
trophils [23]. However, an abundance of Prevotella has also been
linked with inflammatory disorders; it appears that some strains
may exhibit pathobiontic properties [20].

The influence of the microbiota on immune responses

There is growing evidence that the gut microbiota can influence
many of the vital homeostatic processes that maintain a healthy
human immune system. Evidence from zebrafish and germ-free
mouse models has demonstrated that the gut microbiota have a
major influence on the development of immune responses. Studies
with the larvae of zebrafish have demonstrated that the microbiota
can enhance protective innate immune responses before adaptive
immunity has developed. Colonization of newborn zebrafish by
commensal bacteria was found to prime neutrophils and induce
expression of antiviral and proinflammatory molecules including
IL-1β [6]. It has also been reported that the gut microbes of
zebrafish can induce expression of intestinal alkaline phosphatase
at the gut lumen brush border, which dephosphorylates the toxic
Lipid A component of lipopolysaccharide (LPS). Detoxification of

this proinflammatory mediator promotes immune tolerance to gut
microbes and regulates the numbers of neutrophils present in the
gut in the steady state. Young zebrafish that lack intestinal alkaline
phosphatase, and cannot therefore detoxify LPS, have an exces-
sively large influx of neutrophils into the intestine [9, 10]. Further
evidence of the crucial role of gut microbiota in the development
of the immune system has come from studies in germ-free mice.
These mice have abnormal intestinal epithelial cells, reduced num-
bers of Peyer’s patches, and lack mesenteric lymph nodes [7, 8].

Studies on germ-free mice and antibiotic-treated mice have
generated complementary information on the role of the micro-
biota in shaping the immune response and when deregulated in
the development of inflammatory diseases [24]. Antibiotics, even
broad-spectrum cocktails, are unlikely to completely eliminate
bacteria from all surfaces in the body, whereas germ-free mice
should in theory be free of all living microorganisms. Therefore,
germ-free mice are more useful for reconstitution experiments to
examine the effect of mono-colonization with specific bacteria on
modulation of immune responses or disease progression. On the
other hand, antibiotic treatment will allow transient reduction in
microbiota levels at specific time points and may be more trans-
latable to studies in humans.

Dysbiosis or disruption of the microbial balance in the gut can
increase susceptibility to a range of immune-mediated diseases
including inflammatory bowel diseases (IBDs), asthma/allergy,
and obesity-related diseases. Specific gut microbiota can have
pro- or anti-inflammatory properties (Fig. 1). Littman and col-
leagues found that the balance between Th17 cells and Treg cells
in the lamina propria in mice was influenced by the intestinal
microbiota [25]. Furthermore, they demonstrated that a single
commensal microbe, segmented filamentous bacteria (SFB), could
drive the development of Th17 cells [26]. These SFB-induced Th17
cells can promote development of autoimmune diseases including
arthritis [27]. Although SFB colonization of the ileum is associ-
ated with activation of Th17 cells in mice, the levels of SFB are
low in human gut microbiota [28]. However, bacteria that bind
to epithelial cells in the gut, including SFB, but also Citrobac-
ter rodentium and Escherichia coli O157, promote Th17-inducing
gene-expression program [29]. Furthermore, a diversity of bac-
terial strains in fecal samples of a patient with ulcerative colitis
(UC) that had epithelial cell adhesive characteristics were capable
of inducing Th17 cells in mouse colon. [29]. Therefore, SFB may
not be the major bacterial strain that influences the development
of Th17 cells in gut-associated lymphoid tissue in humans.

Manipulating the intestinal microbiota, with for example
broad-spectrum antibiotics, may be an effective approach for
inhibiting innate immune responses that drive pathogenic T cells
in autoimmune diseases. However, microbiota-driven Th17 cells,
which produced IL-17 and IL-22, protected against the intesti-
nal pathogen C. rodentium [26]. Furthermore, specific gut
commensal can also mediate immunosuppressive effects, damp-
ening inflammation [30], (Fig. 1). Resident intestinal microbes
can mediate anti-inflammatory effects through production of
metabolites, including short chain fatty acids (SCFAs), from indi-
gestible fibers, which can suppress immune responses [31]. The
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Figure 1. The microbiota influence a range of human disease by modulating innate and adaptive immune responses. Certain commensal bacteria
of the gut and airways (bacterial species named are examples only) influence innate immune responses, including dendritic cells (DC), which
promote differentiation of naı̈ve T (Tn) cells into Th17 cells that mediate pathology in certain autoimmune disease (e.g. psoriasis, multiple sclerosis
and rheumatoid arthritis) and neurological disorder (e.g. autism spectrum disorder) or Th2 cells that mediate pathology in asthma and allergy. For
example, segmented filamentous bacteria (SFB), Citrobacter rodentium, and E. coli O157 promote Th17 responses by binding to epithelial cells and by
enhancing innate IL-1 and IL-23 production. Th17 responses are protective against C. difficile infection. Other commensal bacteria activate innate
IL-12 production, which drives Th1 cells and cytotoxic T lymphocytes and in the context of anti-PD1 treatment, promote anti-tumor immunity.
Finally, distinct commensal bacteria that produce polysaccharide A or short chain fatty acids, such as butyrate, promote regulatory T (Treg) cells
that help to maintain immune homeostasis and regulate Th2 and Th17 cells that mediate allergy/asthma and autoimmune diseases, respectively.
Fetal microbiota transplantation (FMT) or probiotic treatment with anti-inflammatory bacteria can enhance Treg responses and are therefore
protective against Th2- and Th17-mediated diseases.

receptors for SCFA, GPR43, or GPR41 are expressed on epithe-
lial cells, macrophages, and dendritic cells (DCs). Mice deficient
in GPR43 were unable to suppress commensal bacterial invasion
into colonic tissue and develop chronic Th17-driven inflammation
and intestinal carcinogenesis [32]. Butyrate a SCFA produced by
commensal bacteria has anti-inflammatory properties, stimu-
lating DCs to induce tolerogenic responses in näıve T cells.
Human monocyte derived DCs stimulated with butyrate pro-
moted induction of IL-10-producing type 1 regulatory T (Tr1)
cells from näıve T cells [33, 34]. Another metabolite, polysac-
charide A, produced by the ubiquitous gut microbe Bacteroides
fragilis can trigger TLR2 signaling and expansion of Treg cells
that produce the anti-inflammatory cytokine IL-10 [35]. Further-
more, in an inflammatory state, Ly6Chi inflammatory monocytes
respond to gut microbiota derived metabolites, such as SCFAs and
polysaccharide A, to produce prostaglandin E2, which inhibits

neutrophil activation thus controlling inflammation and
neutrophil-induced tissue damage [36].

The majority of bacteria in the GI tract are in the large intestine,
but studies in mice [37] and pigs [38] have shown that the diver-
sity of the microbiota are greater in the stomach and duodenum
compared with the jejunum and ileum. Furthermore, treatment
with antibiotic early in life induced dramatic changes in bacterial
diversity, especially in the foregut, with an increase in abundances
of potential pathogens and a reduction in bacterial strains known
to play a beneficial regulatory role in control of Crohn’s disease
(CD) in humans. [38]. Therefore, frequent antibiotics treatment,
especially early in life when the immune system is developing, may
have a negative impact on the immune homeostasis in the gut and
may increase susceptibility to immune-mediated diseases of the GI
tract and at other sites in the body. A better understanding of the
mechanisms involved in this dysbiosis is allowing the emergence
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of new treatment approaches for inflammatory and other diseases
based on approaches for manipulating the microbiome including
fecal microbiota transplantation (FMT).

Clostridium difficile infection and fecal microbiota
transplantation

Clostridium difficile is an anaerobic Gram-positive bacterium
that produces two harmful toxins that cause colitis and severe
diarrhea [39]. C. difficile infection is usually treated using a
standard course of antibiotics, such as vancomycin or metronida-
zole, which is successful in controlling the initial infection, but
fails to prevent its recurrence. Indeed antibiotic use can deplete
the healthy gut microbial community, leading to dysbiosis and
enable further outgrowth of C. difficile [40]. In contrast, FMT
was reported to be more effective in the treatment of recurrent
C. difficile infections than antibiotic treatment [41]. FMT is a
process by which microbes are retrieved from the stool of a
healthy individual and then transplanted into the gut of the
recipient in an attempt to restore symbiosis in the intestine of
that individual [42]. Patients who receive FMT were found to
have an increased fecal bacterial diversity, with an increase
in the abundance of Bacteroidetes species and a decrease in
Proteobacteria [41]. Recent meta-analysis of clinical studies has
demonstrated that FMT is a highly effective treatment for C.
difficile [43]. However, a recent safety alert issued by the US Food
and Drug Administration reported that two immunocompromised
C. difficile infected patients contracted multidrug-resistant E. coli
infections and one died after receiving an FMT from the same
donor. (https://www.fda.gov/vaccines-blood-biologics/safety-
availability-biologics/important-safety-alert-regarding-use-fecal-
microbiota-transplantation-and-risk-serious-adverse). Therefore,
while FMT has considerable promise in the treatment of C. difficile
infection, donor microbiota need to be stringently screened for
potentially pathogenic bacteria.

Inflammatory bowel diseases

IBDs, an umbrella term for UC and CD, are chronic inflamma-
tory disease of the gut, where symptoms include recurrent diar-
rhea, vomiting, and abdominal pain [44]. The development of
IBD is thought to involve complex interactions between genetics,
the host immune system, and environmental factors, including
the gut microbiome [45]. Defects in immune regulation, includ-
ing reduced Treg cells, and enhanced Th1/Th17 cells and innate
immune cells that produce IFN-γ, IL-17, or IL-22 have been impli-
cated in the pathogenesis of IBD [46]. Studies in the näıve effector
T-cell transfer to RAG−/− mouse model of colitis have demon-
strated that microbiota-induced T-cell activation appears to be
a key pathway in the development of intestinal inflammation
[47]. Th1 and Th17 and IL-23-driven IL-17+IFN-γ+ T cells play a
pathogenic role in this model [48] and the role of T-bet and Th1
cells is influenced by the composition of the intestinal microbiota
[49].

There is growing evidence of an imbalance in the gut micro-
biota in IBD patients [50, 51]. A comprehensive longitudinal study
of microbial species using 16S RNA gene sequencing involving
49 patients with CD, 60 with UC, and 9 healthy controls showed
significant differences in the diversity of the gut microbes of IBD
patients versus controls [52]. Enterobacteriaceae were consistently
associated with IBD patients compared with the abundant pres-
ence of Ruminococcaceae in control subjects [52]. Consistent with
other studies, Prevotella copri and Faecalibacterium prauznnitzii
were much less ubiquitous in IBD patients. Interestingly, F. prauzn-
nitzii produces the anti-inflammatory metabolite butyrate [51]. A
study on multiple molecular features of the gut microbiome in
IBD patients performed as part of Human Microbiome Project 2
project revealed that patients with IBD have an increase in faculta-
tive anaerobes and a reduction of obligate anaerobes [53]. Inter-
estingly, the severity of disease reflected a variability in the gut
microbiota, with a high disease activity associated with a reduction
in species that typically produce butyrate [53, 54].

On the basis that dysbiosis is a key characteristic of IBD, FMT
has been explored as an alternative to conventional treatment
approaches [55–57]. A rigorous meta-analysis of 18 studies in total
amounting to 122 IBD patients showed a 45% remission rate [30].
A separate analysis of cohort studies revealed a success rate of 36%
[58]. In a study by Moayyedi et al. where 25% of 75 UC patients
treated with FMT went into remission, fecal microbiota from a
particular donor induced remission in 39% of patients, while fecal
microbiota from another five donors only induced remission in
10% of the subjects [59]. This effective donor was found to be
colonized with high levels of Ruminococcus [59], highlighting the
need for stringent screening of the microbiota from FMT donors.

The emerging data from analysis of microbiome in IBD patients
together with the positive results from treatment with FMT provide
convincing evidence that the gut microbiota may be key environ-
mental factors in the development of chronic inflammatory pathol-
ogy in the gut and/or triggering of disease flares in IBD patients.
While the mechanism has not been established in humans, it is
likely to involve microbial activation of innate immune responses
through pattern recognition receptors on macrophages and DCs,
leading to activation of pathogenic Th1/Th17 cells. Studies in
the DSS-induced murine colitis model have shown that therapeu-
tic FMT promotes IL-10-dependent suppression of APC and CD4
T cells that mediate colon inflammation [60]. Therefore, FMT in
humans may also function through introduction of bacteria to the
gut that promote regulatory immune responses, which suppress
colon inflammation mediated by innate immune cells and T cells.

Obesity and associated diseases

Obesity is a major contributing factor in cardiovascular disease
and type 2 diabetes (T2D). Long-term nutrient excess in obese
individuals promotes chronic low-grade inflammation mediated
by M1-type adipose tissue macrophages, Th1 cells, and CD8 T cells,
leading to decreased insulin sensitivity and development of T2D
[61]. Obesity has also been impacted in a range of other diseases,
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including cancer, through modulation of immune cell function.
For example, the anti-tumor function of NK cells is suppressed in
obese individuals by modulation of cellular metabolism following
lipid accumulation [62]. Evidence is emerging that the increased
disease susceptibility, at least in part, reflects dysbiosis of the gut
microbiota [63, 64] and as a consequence, modulated immune
responses in obese individuals.

There is an imbalance in the composition of the microbiota
in the gut of obese individuals, with a higher ratio of Firmicutes
than Bacteroidetes compared with nonobese subjects [65]. There is
also significantly fewer Methanobrevibacter smithii in an obese gut
compared with the lean gut [66]. However, sampling of the upper
GI tract in numerous studies failed to show an association among
the microbial community with obesity, suggesting that the lower
GI tract could play a role in obesity-related diseases [67, 68].

The microbiota can affect adaptive thermogenesis, which is
regulated by brown adipose tissue, but is reduced in obesity
[69]. Depletion of the microbiota with a cocktail of antibiotics
suppressed the thermogenic capacity of brown adipose tissue
by inhibiting expression of uncoupling protein 1 and reduc-
ing the browning of white adipose tissue [69]. This defect was
reversed by oral administration of butyrate, suggesting that this
anti-inflammatory metabolite of certain gut bacteria can help to
maintain thermogenesis. Another microbiota product, indole, a
metabolite of tryptophan metabolism, controls expression of white
adipocytes mir-181, which protects against high fat diet (HFD)
induced insulin resistance [70]. It has also been demonstrated
that gut microbes can protect against HFD-induced inflamma-
tion and insulin resistance by metabolizing omega-6 polyunsat-
urated PUFAs that are abundant in Western diets and have been
linked with obesity-related metabolic diseases [71]. Furthermore,
administration of the gut-microbial metabolite, 10-hydroxy-cis-
12-octadecenoic acid (HYA), reversed HFD-induced obesity and
insulin resistance in mice. This was also achieved by colonization
with HYA-expressing Lactobacillus.

The observation of altered gut microbiota in obesity suggested
that FMT could have therapeutic effect in individuals suffering
from associated metabolic disorders such as insulin resistance.
Studies in mice have shown that antibiotic treatment alters genes
involved with SCFA production, resulting in increased levels of
tissue fat [72]. Furthermore, colonization of germ-free mice with
gut microbes from obese, but not lean, mice resulted in an increase
in body fat [73]. A human-mouse FMT study showed that trans-
fer of fecal microbes from an obese twin led to a high level of
body fat in the germ-free mouse, whereas the FMT from the
lean twin did not [74]. Furthermore, when the obese FMT recip-
ient mice were housed with the lean FMT recipient mice, they
were found to be resistant to further weight gain. A study in
T2D patients found improved insulin sensitivity, increased bac-
terial diversity in the intestine, and increased levels of SCFA-
producing bacteria in obese subjects who received an FMT from
lean donors [75]. Currently, there are a number of clinical trials
evaluating the efficacy of FMT in obesity and metabolic disorders
(https://clinicaltrials.gov). FMT is unlikely to be the treatment
of choice for obesity-related metabolic disorders including T2D.

However, long-term caloric restriction and exercise coupled with
dietary interventions that promote diversity of the microbiota,
especially an increase in “anti-inflammatory” species, may help to
prevent or reverse the development of obesity-induced inflamma-
tion and associated metabolic disorders.

Influence of microbiome on neurodevelopmental and
neurodegenerative disorders

Studies in mice have shown that viral infection during pregnancy
can result in offspring displaying abnormal behavioral phenotypes
that are associated with defects arising during neural develop-
ment [76–78] and characteristic of those displayed in humans
with autism spectrum disorder [79]. Furthermore, offspring from
pregnant mice injected with poly(I:C), a TLR3 agonist and a mimic
of viral infection, exhibit behavioral symptoms that were mediated
by IL-17 cells and reversed by treatment of the mothers with anti-
IL-17 [80]. Treatment of mice with broad-spectrum antibiotics
before injection of poly(I:C) suppressed Th17 responses and IL-
17A production and prevented development of behavioral abnor-
malities in the offspring [81]. SFB, which are highly susceptible
to the broad-spectrum antibiotic vancomycin and stimulate Th17
cell production in the small intestine, were found to have a signif-
icant role in producing offspring with autism spectrum disorder
like disorder [81]. Mice from Taconic Biosciences that had abun-
dant SFB in their gut and thus a high level of Th17 cells displayed
maternal immune activation associated behavior, whereas mice
from Jackson Laboratories that lacked SFB and had fewer intesti-
nal Th17 cells did not. This highlights the proinflammatory effect
of the maternal intestinal SFB on the behavioral abnormalities of
the offspring. Furthermore, it was shown that poly(I:C) stimu-
lates intestinal CD11c+ DCs in the pregnant mice to secrete IL-1β,
IL-6, and IL-23, which promoted IL-17A production from intesti-
nal Th17 cells, which mediated the maternal immune activation
associated behavioral phenotypes [81].

Evidence is also emerging that neurological disorders in adult
humans, including Parkinson’s disease (PD) [82] and Alzheimer’s
disease (AD) [83], may be associated with changes in the gut
microbiota. PD patients have altered colonic microbiota and micro-
biota metabolism [84] and this can influence the efficacy of L-
Dopa, a drug commonly used to treat PD [85]. Recent evidence
suggests that L-Dopa can be metabolized by gut bacteria and this
can be inhibited by a drug that prevented L-Dopa decarboxylation
[85]. Mouse studies with transgenic models of AD showed that
perturbation of the gut microbiota with antibiotic led to a reduc-
tion in Aβ deposition in the brains of APPSWE/PS1�E9 mice and this
was associated with enhanced brain-resident Treg cells. [86]. Gut
microbiota dysbiosis has been reported in patients with AD or mild
cognitive impairment [87] and this may reflect reduced microbial
diversity leading to enhanced inflammation in the elderly. One
study found less diverse microbiota in older people in long-stay
care and that this was associated with increased markers of inflam-
mation and increased frailty and poorer health [88]. It is tempting
to speculate that the proinflammatory effects of certain bacteria
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in the gut or other mucosal surfaces may be an important environ-
mental influence on the development of a range of neurological
diseases. Therefore, dietary interventions that enhance gut micro-
bial diversity, especially species that induce regulatory immune
response, may help to delay the onset of certain age-related neu-
rogenerative conditions in humans.

Asthma and allergic diseases

Asthma and a number of allergic diseases, including food aller-
gies, anaphylaxis, rhinoconjunctivitis and eczema, are becoming
increasingly prevalent, especially in developed countries where
the incidence of allergy has more than doubled in the last 20 years
[89]. Atopic individuals with a predisposition to becoming IgE
sensitized now represent a quarter of the population in the
developed world [90]. Dysbiosis of the gut microbiota [91, 92] as
well as an absence of helminth infections [93] has been implicated
in these diseases. A study of gut microbiome on infants’ stool
samples showed that low intestinal microbial diversity during the
first month of life was associated with the development of atopic
eczema at 2 years of age. [94]. A high level of Clostridium species
and a lack of Bifidobacterium colonization have been found in the
intestine of infants that would go on to develop allergies including
food allergy [95–97]. Furthermore, the development of asthma,
food allergy, or allergic rhinitis in 3-6-year-old children was asso-
ciated with production of high levels of butyrate in the gut early
in life [98]. Corresponding studies in mice showed that oral treat-
ment with SCFAs attenuated allergic airway inflammation [98].

Recent findings have suggested that a mother’s exposure to
microbes during her pregnancy can prove to be more important
in training the child’s immune system to prevent the develop-
ment of allergy than the child’s own exposure later in life. In
accordance with the ever-changing “hygiene hypothesis,” investi-
gations have focused on discrepancies between pregnancies that
occur in agricultural settings versus nonfarmland environments.
A study by Ege et al. showed that the development of allergies,
including asthma, eczema, and rhinoconjunctivitis, was strongly
influenced by prenatal exposure to farmland, whereas exposure
to the agricultural environment postnatally had minimal effects
[99]. An animal study where mice were exposed to dust from
households with or without dogs found that mice exposed to dust
from household with pets had reduced airway Th2 responses and
inflammation in response to airway challenge with a cockroach
allergen [100]. Analysis of the gut microbiomes revealed that the
pet-exposed mice had high levels of Lachnospiraceae, Bacillaceae,
Peptococcaceae, and Lactobacillaceae bacterial taxa, whereas Lacto-
bacillus johnsonii were dominant in the control mice. Administra-
tion of L. johnsonii conferred protection against airway allergens
in the susceptible mice [100]. The link between the microbiome
and allergy is clear especially with reference to prenatal microbial
exposure and suggests that prenatal manipulation of the micro-
biome could hold significant promise in the prevention of allergic
disease.

Attempts to treat or prevent allergic diseases by manipulat-
ing the microbiota have largely though not exclusively focused

on probiotics, live organisms that when administered in adequate
amounts confer a health benefit to the host [101]. A study in a
murine model of asthma showed that oral administration of the
probiotic Lactobacillus rhamnosus GG prevented inflammation of
the airways induced with a model allergen, ovalbumin (OVA);
probiotic treatment reduced OVA-specific IgE in the serum [102].
The results of a double-blind, randomized placebo-controlled trial
showed that administration of Lactobacillus GG prenatally to moth-
ers who had a close relative or partner with atopic eczema, allergic
rhinitis, or asthma, and postnatally for 6 months to their infants
significantly reduced recurring atopic eczema in the first year of
life [103]. However, a meta-analysis of literature in this area
showed that prenatal or postnatal administration of probiotics
alone had no effect on atopic diseases such as eczema. [104].
Indeed, there are conflicting data and concerns around the effi-
cacy, mode of action, and methods for testing the effectiveness
of probiotic in preventing or treating allergic and other diseases.
One study showed that self-administration of probiotics during
breastfeeding and directly to the infants enhanced the abundance
of Bifidobacterium in the infant gut microbiota for 1 week only,
but did not alter SCFA production or immune markers in breast
milk, and surprisingly was associated with a higher incidence of
mucosal infections in toddlers [105]. Further rigorous, controlled
follow-up studies are required to determine the safety and effi-
cacy of probiotic supplementation, in particular more stringent
protocols and documentation are necessary to generate valid and
conclusive data on their efficacy.

An alternative approach to probiotics for treating allergic dis-
ease has involved interventions with high-fiber diets that alter
the microbiota of the gut and the lungs leading to reduced lung
inflammation [106]. Ingested dietary fermentable fibers that are
metabolized by bacteria like Bifidobacteriaceae in the gut of mice
produced a higher concentration of SCFAs in circulation, which
in turn inhibit Th2-mediated allergic airway inflammation [106].
Studies in mice have shown that probiotics can adapt in vivo,
with more bacterial evolution occurring in mice fed a Western-
type high-fat human diet, and less adaption in mice with a diverse
microbiome following feeding a diet supplemented with the pre-
biotics inulin [107]. Therefore, the efficacy and safety of pro-
biotics or engineered probiotics in treating asthma/allergy and
other human diseases is likely to be influenced by the diversity of
the gut microbiota in the individual patient, which in turn can be
influenced by diet and antibiotic treatment.

The respiratory microbiome—asthma and respiratory
diseases

The symbiosis of the lung microbial community is disturbed in cer-
tain respiratory diseases, such as asthma, where the abundance
of Prevotella spp. is lower while the prevalence of Proteobac-
teria is higher [19]. When compared with the Prevotella bacte-
ria, the Proteobacteria, Hemophilus influenzae B and Moraxella
catarrhalis produce higher IL-23 and IL-12 from human DCs.
Co-culture experiments revealed that the Prevotella spp. had
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anti-inflammatory effects, down regulating IL-12 production in
response to H. influenzae [108]. Complementary studies in a
murine model revealed that H. influenzae induced severe chronic
obstructive pulmonary disease like inflammation, with airway
neutrophilia and inflammatory cytokine production in the lungs,
whereas colonization with Prevotella, suppressed IL-8 and TNF-α
production in the lung [109]. The difference in stimulatory capac-
ity is may be due to differences in expression of microbe-associated
molecular patterns, with Prevotella expressing penta-acylated LPS,
whereas proteobacteria producing both hexa-acylated and hepta-
acylated LPS; the stimulatory capacity of the hexa-acylated LPS via
TLR4 was 100 times that of the penta-acylated LPS [110]. The out-
growth of pathogenic bacteria is a common marker for dysbiosis
in respiratory disease. However, these studies illustrate that res-
piratory diseases may be influenced by a local gain of pathogenic
species as well as a loss of commensal bacteria.

The emerging evidence of a relationship between lung micro-
biome dysbiosis and respiratory diseases suggests that manipulat-
ing the respiratory microbiome may have therapeutic promise in
these diseases. However, it has been questioned whether a reduced
abundance of Prevotella is a risk factor for disease onset or a prod-
uct of an inhospitable environment caused by disease [20]. This
ambiguity as well as more limited research on the respiratory
microbiome in general has constrained attempts to treat asthma
and related diseases such as chronic obstructive pulmonary disease
by manipulation of the local microbiota. There is also growing evi-
dence that gut-lung axis and gut microbiota induced inflammation
may lead to the development of chronic inflammatory disorders of
the respiratory as well as GI tract [111]. It has been demonstrated
that autoimmunity of the lungs can be driven by Th17 cells that
are induced by SFB in the gut by promoting inducible bronchus
associated lymphoid tissues, a type of ectopic lymphoid tissues in
the lung of rheumatoid arthritis patients [112]. Therefore, manip-
ulating the gut microbiota may also be useful in the treatment
of respiratory diseases. Furthermore, in acute respiratory distress
syndrome, as well as in sepsis, the lung microbiome is enriched
with gut-associated bacteria [113]. Not only does this provide evi-
dence of shared mechanism of pathogenesis of these diseases, it
suggests that their treatment could be enhanced by manipulating
the microbiota at all mucosal surfaces.

Gut microbiome influences efficacy of cancer
immunotherapy

Immune checkpoint inhibitors that target programmed cell death
protein 1 (PD-1) and CTLA-4 are successful immunotherapeu-
tics against melanoma and other cancers [114]. It has been
reported that the composition of the gut microbiota may influ-
ence patient responses to these immune checkpoint inhibitors
[115]. Administration of broad-spectrum antibiotics to patients
with either advanced nonsmall cell lung cancer, renal cell carci-
noma, or urothelial carcinoma, before or 1 month after receiv-
ing PD-1 blockade treatment, reduced progression-free survival
and overall survival [116]. Quantitative shotgun metagenomic

sequencing of intestinal microbiota from patients undergoing PD-1
treatment showed the presence of the commensal bacteria Akker-
mansia muciniphila was consistently found to be indicative of a
more positive clinical outcome. Studies in mice involving FMT
from the stools of responsive patient to antibiotic-treated mice
with MCA-205 tumors conferred responsiveness treatment with
anti-PD-1 [116]. Mice that received FMT from nonresponding
patients did not respond to anti-PD1, suggesting that the intesti-
nal microbiota of a patient can affect their responsiveness to
immune checkpoint inhibitor immunotherapies. Moreover, admin-
istration of A. muciniphila into germ-free or antibiotic-treated
mice with established melanoma that received FMT from non-
responding patients restored the responsiveness PD-1 blockade
(Fig. 1). The reduction in tumor growth in mice that received
FMT from response patients was associated with increases in
tumor-infiltrating CCR9+CXCR3+CD4+ T cells and was mediated
by induction of IL-12 [116].

However, other studies in mice and humans have demon-
strated that a range of microbial species in the gut, including
Bacteroidetes and Bifidobacteria, can enhance the effectiveness of
immune checkpoint inhibitors [117]. Furthermore, there does not
appear to be as a single mechanism involved, although stimula-
tion of DCs through pathogen recognition receptors, including the
cGAS-STING [118] or TLR pathways, may explain the immune-
enhancing function of certain gut microbiota.

As well as the influence of gut microbiota on the response
to immune checkpoint inhibitors, the local microbiota in the
tumor can influence progression of cancer as well as the patient
responses to therapies. Bacterial colonization of the pancreas is
enhanced in patients with pancreatic cancer [119]. A high pro-
portion of patients with pancreatic ductal adenocarcinoma had
intratumor bacteria, predominantly Gammaproteobacteria [120].
These intratumor bacteria can metabolize the chemotherapeu-
tic drug gemcitabine, thereby contributing to drug resistance.
Studies in mouse model of colon cancer showed that gemc-
itabine resistance mediated by intratumor Gammaproteobacte-
ria could be reversed by antibiotic treatment [120]. It has also
been demonstrated that the composition of intratumor micro-
biota may determine the immune response to the tumor and
thereby influence patient survival. Long-term survivors of resected
pancreatic adenocarcinoma had high alpha diversity within the
intratumoral microbiome signature, including Pseudoxan-
thomonas, Streptomyces, Saccharopolyspora and Bacillus clausii,
and these bacteria may enhance the recruitment and activation
of anti-tumor CD8+ T cells. [121]. Human to mouse FMT from
long-term, but not short-term, human survivors of pancreatic can-
cer reduced tumor growth in mice. These findings suggest that
antibiotic treatment combined with FMT may be a viable approach
for enhancing the efficacy of chemotherapy or immunotherapies
against pancreatic and other cancers.

Future Perspectives

Probiotic therapy has had rather limited success in treating
immune-mediated diseases. As consequence researchers have
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turned to other approaches for altering the gut microbiota, includ-
ing FMT, but also commensal bacteria that have been geneti-
cally engineered to express anti-inflammatory molecules includ-
ing IL-10. Treatment of mice with a genetically engineered strain
of Lactococcus lactis capable of secreting IL-10 resulted in a
50% reduction in intestinal inflammation. [122]. The results of
a phase 1 clinical trial with IL-10-secreting L. lactis in human
CD patients revealed a clinical benefit in 8 of 10 patients,
with 5 patients going into complete remission without induc-
ing serious side effects [123]. In contrast, the results of a larger
phase 2 trials failed to show any clinical benefit in UC patients
(https://clinicaltrials.gov/ct2/show/NCT00729872)

IL-2 also has a protective role in murine colitis [124], and
expression of IL-2 in the commensal bacteria Bacteroides ova-
tus has been assessed as a potential treatment for IBD. B. ova-
tus has a putative xylan promoter and insertion of the IL-2
gene into the xylanase operon allowed control of IL-2 produc-
tion by dietary xylan [125]. The same bacterium was engineered
to secrete human keratinocyte growth factor-2, which helps to
maintain epithelial cell homeostasis in the gut and aids its repair
[126]. Therapeutic studies in mice with colitis showed the recom-
binant bacteria reduced inflammation, accelerated repair of the
gut epithelium, and improved stool consistency [126]. However,
the translation of these to the treatment of human IBD will not
be straightforward. There are safety concerns around the possible
spread of the transgenic bacteria in vivo and horizontal transfer
of the transgenes to WT bacteria in the GI tract [127].

Bacteriophages have also been explored as a therapeutic
approach for manipulating the gut microbiome in order to remove
pathogenic bacteria that promote inflammation in IBD. A cocktail
of three virulent bacteriophages administered to mice expressing
human carcinoembryonic antigen-related cell adhesion molecule
6 (CEACAM6), a host receptor for E. coli, significantly reduced the
adherent invasive E. coli, which are prevalent in the mucosal lining
of the ileum of CD patients [128]. Bacteriophages have also been
assessed for their effect on multidrug-resistant strains of the oppor-
tunistic pathogen Enterococcus faecalis; treatment of mice with
the lytic phage EF-P29 prevented infection with a vancomycin-
resistant E. faecalis strain [129]. These studies suggest that phage
therapy is a feasible approach for manipulating microbiota to
restore symbiosis. For example, phages could be engineered to
selectively eliminate the pathogenic proteobacteria implicated in
asthma, enabling the outgrowth of the anti-inflammatory com-
mensal Prevotella species. Although bacteria lysis may stimulate
innate immune responses in the GI tract, phages have potential as
a nontoxic therapeutic approach for diseases caused by dysbiosis
of the intestinal microbiota [130].

Concluding remarks

There is a clear association between the composition of gut and
respiratory microbiota and asthma, allergy, IBD, and obesity-
related diseases and evidence is emerging of a link with neu-
rodegenerative diseases. Although the mechanisms are not fully

understood, evidence from mouse models has suggested that com-
mensal and pathogenic bacteria in the gut and other mucosal sur-
faces can promote or regulate systemic inflammatory responses
that mediate these diseases. FMT, engineered probiotics, and
phage therapy have emerged as viable approaches for success-
ful manipulation of the microbiome in the prevention as well as
treatment of immune-mediated diseases.
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L. G., Gratadoux, J.-J., Blugeon, S. et al., Faecalibacterium praus-

nitzii is an anti-inflammatory commensal bacterium identified by gut

C© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



Eur. J. Immunol. 2020. 50: 326–337 HIGHLIGHTS 335

microbiota analysis of Crohn’s disease patients. Proc. Natl. Acad. Sci. U S

A 2008. 105: 16731–16736.

51 Rajca, S., Grondin, V., Louis, E., Vernier-Massouille, G., Grimaud, J.-

C., Bouhnik, Y., Laharie, D. et al., Alterations in the intestinal micro-

biome (dysbiosis) as a predictor of relapse after infliximab withdrawal

in Crohn’s disease. Inflamm. Bowel Dis. 2014. 20: 978–986.

52 Halfvarson, J., Brislawn, C. J., Lamendella, R., Vázquez-Baeza, Y., Wal-

ters, W. A., Bramer, L. M., D’Amato, M. et al., Dynamics of the human

gut microbiome in inflammatory bowel disease. Nat. Microbiol. 2017. 2:

17004-17004.

53 Lloyd-Price, J., Arze, C., Ananthakrishnan, A. N., Schirmer, M., Avila-

Pacheco, J., Poon, T. W., Andrews, E. et al., Multi-omics of the gut micro-

bial ecosystem in inflammatory bowel diseases. Nature 2019. 569: 655–

662.

54 Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward,

D. V., Reyes, J. A. et al., Dysfunction of the intestinal microbiome

in inflammatory bowel disease and treatment. Genome Biol. 2012. 13:

R79.

55 Kunde, S., Pham, A., Bonczyk, S., Crumb, T., Duba, M., Conrad, H., Jr.,

Cloney, D. et al., Safety, tolerability, and clinical response after fecal

transplantation in children and young adults with ulcerative colitis. J.

Pediatr. Gastroenterol. Nutr. 2013. 56: 597–601.

56 Suskind, D. L., Singh, N., Nielson, H. and Wahbeh, G., Fecal microbial

transplant via nasogastric tube for active pediatric ulcerative colitis. J.

Pediatr. Gastroenterol. Nutr. 2015. 60: 27–29.

57 Cui, B., Feng, Q., Wang, H., Wang, M., Peng, Z., Li, P., Huang, G. et al.,

Fecal microbiota transplantation through mid-gut for refractory Crohn’s

disease: safety, feasibility, and efficacy trial results. J. Gastroenterol. Hep-

atol. 2015. 30: 51–58.

58 Colman, R. J. and Rubin, D. T., Fecal microbiota transplantation as ther-

apy for inflammatory bowel disease: a systematic review and meta-

analysis. J. Crohn’s Colitis 2014. 8: 1569–1581.

59 Moayyedi, P., Surette, M. G., Kim, P. T., Libertucci, J., Wolfe, M., Onischi,

C., Armstrong, D. et al., Fecal microbiota transplantation induces remis-

sion in patients with active ulcerative colitis in a randomized controlled

trial. Gastroenterology 2015. 149: 102–109.e106.

60 Burrello, C., Garavaglia, F., Cribiu, F. M., Ercoli, G., Lopez, G., Troisi, J.,

Colucci, A. et al., Therapeutic faecal microbiota transplantation controls

intestinal inflammation through IL10 secretion by immune cells. Nat.

Commun. 2018. 9: 5184.

61 Shu, C. J., Benoist, C. and Mathis, D., The immune system’s involvement

in obesity-driven type 2 diabetes. Semin. Immunol. 2012. 24: 436–442.

62 Michelet, X., Dyck, L., Hogan, A., Loftus, R. M., Duquette, D., Wei, K.,

Beyaz, S. et al., Metabolic reprogramming of natural killer cells in obe-

sity limits antitumor responses. Nat. Immunol. 2018. 19: 1330–1340.

63 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C.,

Nielsen, T. et al., A human gut microbial gene catalogue established by

metagenomic sequencing. Nature 2010. 464: 59–65.

64 Ley, R. E., Turnbaugh, P. J., Klein, S. and Gordon, J. I., Human gut

microbes associated with obesity. Nature 2006. 444: 1022.

65 Kasai, C., Sugimoto, K., Moritani, I., Tanaka, J., Oya, Y., Inoue, H.,

Tameda, M. et al., Comparison of the gut microbiota composition

between obese and non-obese individuals in a Japanese population,

as analyzed by terminal restriction fragment length polymorphism and

next-generation sequencing. BMC Gastroenterol. 2015. 15: 100.

66 Million, M., Maraninchi, M., Henry, M., Armougom, F., Richet, H., Car-

rieri, P., Valero, R. et al., Obesity-associated gut microbiota is enriched

in Lactobacillus reuteri and depleted in Bifidobacterium animalis and

Methanobrevibacter smithii. Int. J. Obesity 2012. 36: 817–825.

67 Lin, S.-W., Freedman, N. D., Shi, J., Gail, M. H., Vogtmann, E., Yu, G.,

Klepac-Ceraj, V. et al., Beta-diversity metrics of the upper digestive tract

microbiome are associated with body mass index. Obesity 2015. 23: 862–

869.

68 Angelakis, E., Armougom, F., Carrière, F., Bachar, D., Laugier, R., Lagier,

J.-C., Robert, C. et al., A metagenomic investigation of the duodenal

microbiota reveals links with obesity. PloS One 2015. 10: e0137784.

69 Li, B., Li, L., Li, M., Lam, S. M., Wang, G., Wu, Y., Zhang, H. et al., Micro-

biota depletion impairs thermogenesis of brown adipose tissue and

browning of white adipose tissue. Cell Rep. 2019. 26: 2720–2737.e2725.

70 Virtue, A. T., McCright, S. J., Wright, J. M., Jimenez, M. T., Mowel, W.

K., Kotzin, J. J., Joannas, L. et al., The gut microbiota regulates white

adipose tissue inflammation and obesity via a family of microRNAs. Sci.

Transl. Med. 2019. 11: https://doi.org/10.1126/scitranslmed.aav1892.

71 Miyamoto, J., Igarashi, M., Watanabe, K., Karaki, S. I., Mukouyama, H.,

Kishino, S., Li, X. et al., Gut microbiota confers host resistance to obesity

by metabolizing dietary polyunsaturated fatty acids. Nat. Commun. 2019.

10: 4007.

72 Cho, I., Yamanishi, S., Cox, L., Methé, B. A., Zavadil, J., Li, K., Gao, Z.
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