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Introduction

There is a tremendous history of capitalizing on the biodiversity of our natural environment
for molecules to treat diseases and regulate host physiology (e.g. penicillin, acetylsalicylic
acid). However, until recently we have failed to probe the therapeutic potential of our
microbial symbionts: a biodiverse population of bacteria, archaea, viruses, protists, and
fungi that reside on and within us. Recently there has been an increased realization that the
microbiota significantly impact many of our physiological and immunological processes
(Fig. 1), suggesting that there is great opportunity for therapeutic discoveries.

The potential of the microbiota to affect the host is vast, considering its impressive genetic
composition. The collective genomes of our resident microbes, referred to as the
metagenome, represent a gene set which is estimated to be 150-fold greater than the human
genetic complement [1]. Many of these genes are the product of co-evolution and have been
selected on the basis of improving host fitness rather than the fitness of the microbe itself.
As we begin to understand previously unidentified properties and molecules of the
microbiota, we will be able to “mine” these for potential therapeutic benefit. Here, we
discuss some of the avenues of discovery that present opportunities for further exploitation.
Possibilities discussed include strategies for excluding pathogens, manipulation of the
immune system and regulation of non-intestinal sites.

Modulating nutritional homeostasis

The resident microbiota of the human gastrointestinal (GlI) tract encode many biochemical
pathways that humans have not evolved, facilitating the break-down of proteins and
indigestible polysaccharides into essential amino acids, vitamins, and short chain fatty acids
[2]. The generation of some of these metabolites is a collaborative effort between distant
microbial community members. However, alliance is not always beneficial, as specific
mechanisms to exploit nutrients enable individual community members to thrive in this
competitive environment [1, 3, 4]. A recently described “minimal gut bacterial genome”
represents some of the genes that are key to survival in the gut [1]. Further characterization
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of these genes will facilitate the development of strategies to modify the microbiota for
therapeutic purposes.

Just as the resident members of the microbiota must compete, enteric pathogens must vie
with the microbiota for nutrients to join and dominate this highly dense yet dynamic
community. Enteric pathogens such as enterohemorrhagic Escherichia coli (EHEC),
Salmonella enterica serovar Typhimurium, Campylobacter jejuni, and Vibrio cholerae are
just some pathogens that have developed strategies to compete, utilize, and/or induce
virulence gene expression upon encountering unique metabolites found within the Gl tract
[5-8]. Some pathogens directly interact with the host to generate beneficial molecules for
their survival. For example, acute gut inflammation caused by S. Typhimurium infection
generates a respiratory electron acceptor (tetrathionate) that provides a competitive growth
advantage to the pathogen [9]. While the nutrient environment, which is modulated by the
resident microbiota, influences enteric pathogenicity, changes in the composition of the
microbiota could also lead to downstream changes in the nutrient environment and the
enteric colonization potential of the gut [10]. Therefore, strategies to manipulate the
composition of the intestinal microbiota to limit some of these pathogen-enhancing nutrients
within the GI tract could restrict growth and virulence of bacterial disease. Additionally,
more direct measures to modulate levels of specific nutrients could be employed, which
could involve chemical chelation or supplementation.

Just as some nutrients found within the Gl tract promote the growth and virulence of some
pathogens, other microbiota-generated metabolites are known to be protective against
enteric pathogen colonization. One example includes acetate produced by Bifidobacterium,
which inhibits translocation of EHEC toxins from the gut to the blood [11]. Future therapies
to restrict virulence by specific enteric pathogens could employ the use of targeted vitamin
pills designed to release their pathogen inhibiting metabolites in specific regions of the Gl
tract. It is important to note that the consequences of perturbing the nutrient and/or micro-
biota composition are unknown. Thorough studies will be required to ensure that
manipulating the intestinal nutrient environment is fully beneficial. As the nutrient
environment in the Gl tract is modulated by the host micro-biota, understanding how the
micro-biota composition controls metabolite sources that pathogens encounter will certainly
lead to unique strategies to control colonization and virulence.

Antibiotic discovery

Besides nutrients, microbes in the Gl tract encounter thousands of small molecules that are
not readily used as carbon and energy sources. This includes molecules produced by the host
as well as the micro-biota and, in many cases, these molecules are important players in the
maintenance of homeostasis in the intestinal environment (e.g. hormones). They can act as
signals that carry messages from microbial or host cells to specific targets and act in
competition and cooperation. Microbial signals are structurally diverse, and many classes of
important chemical mediators have been described in both prokaryotes and eukaryotes.
Some signals come from unexpected sources: antibiotics are known to act as microbial
signals to regulate gene expression at subinhibitory concentrations [12]. Small signaling
molecules are active at very low concentrations (picomolar to nanomolar ranges). This raises
the possibility that many signaling molecules discovered to date have distinct activities at
higher concentrations. Indeed, some signaling molecules have been shown to possess
antibiotic activity when used at higher concentrations [13]. In the complex environment of
the Gl tract, it is likely that many of the small molecules used for signaling will show
antibiotic activity. In fact, a Bacillus thuringiensis strain isolated from a human fecal sample
has recently been shown to produce a potent antimicrobial peptide (thuricin) with a narrow
spectrum of activity against Clostridium difficile [14]. In light of the current scarcity of new
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antibiotics and the development of microbial drug resistance, the gut may represent an
underappreciated source of new molecules that could be used to fight infectious agents.

Harvesting immune regulators

Microbial signals are also required for proper immune development and throughout life to
maintain immunity, as microbial depletion quickly results in immune deficits [15]. Bacteria
have been shown to regulate immune function via bacterial components, metabolic products,
and secreted proteins [11, 16, 17]. The effects of microbiota on the immune system can be
both inductive and inhibitory; therefore, they could provide a means to exogenously control
the immune system in multiple directions.

Many diseases, such as allergy and inflammatory bowel diseases (IBDs), are associated with
an imbalanced or uncontrolled immune response. Can we define the microbial signals that
direct the immune system so as to treat disease? Therapies that block the over expression of
inflammatory cytokines that are seen in IBD are effective. An unidentified secreted signal,
produced by a member of the microbiota that is depleted in IBD patients, has shown promise
in maintaining this balance in animal models of the disease [17]. Additionally, several other
microbial peptides and proteins have been shown to have anti-inflammatory properties.
Therapeutic potential for treating neutrophil-associated inflammatory diseases may already
exist with Saccharomyces boulardii, as it produces and secretes a heat-stable, water-soluble
factor that blocks the neutrophil recruiting signal, 1L-8 [18].

Microbes can also provide immuno-stimulatory signals to help prevent pathogen
colonization. For example, segmented filamentous bacteria (SFB) induce a Ty17 response,
which protects the host from pathogen infection [19]. The signal or mechanism involved has
yet to be defined, but could certainly be a useful preventative therapy. Another signal that
induces protection is a quorum-sensing molecule produced by Bacillus subtilis that activates
cytoprotective heat shock proteins, preventing oxidant-induced epithelial injury and loss of
barrier function [20]. It has also been shown that a bacterial cell surface polysaccharide
(Polysaccharide A from Bacteroides fragilis) is sufficient to correct the T-helper cell
imbalance in germ-free mice [16].

Treating and preventing diseases outside of the Gl tract

Alterations in the intestinal microbiota have been shown to have an impact on organs
outside of the GI tract. Complex diseases such as obesity, autism, diabetes, and allergies
have been linked to imbalances in the intestinal microbiota composition [21]. The increasing
knowledge in this field has unveiled a new resource that could be mined for compounds to
help counter these diseases.

The microbiome plays an essential role in energy balance. The Firmicutes-Bacteroidetes
ratio in the gut has been shown to correlate with obesity in mice [22]. The obesity-associated
microbiome harbors a substantially greater number of genes encoding for polysaccharide-
degrading enzymes [22]. In this example, identifying specific members of the Bacteroidetes
phylum that are related to a leaner phenotype would be of great potential to control obesity,
perhaps through the administration of probiotics. Alternatively, polysaccharide-degrading
enzymes linked to a better absorption of nutrients in obese mice could be helpful for
treatment of mal-nourishment in developing countries or metabolic diseases. In the quest for
treatment of hyperglycemia, oral administration of a specific probiotics strain (Lactobacillus
johnsonii Lal) was shown to improve glucose tolerance affecting blood glucose regulation
via alteration of the autonomic nervous system [23].
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There is also a correlation between the microorganisms living in the gut and the
development of atopic diseases in children. Differences in gut colonization with
Lactobacillus spp., Bifidobacterium spp., and C. difficile were shown to correlate with
predisposition to the development of allergies [21]. Probiotic strains (L. reuteri and L.
fermentum) were shown to have a positive impact on the control of atopic diseases, such as
eczema and atopic dermatitis in children [24, 25]. Treatments against these diseases could be
considered by defining the bacterial structures necessary for protection.

Alterations in the gut microbiota have also been linked to late-onset autism, particularly
related to the presence of Clostridium spp. [26]. Several hypotheses for how these bacteria
might cause such a complex disease have been made, including the production of
neurotoxins and self-recognizing antibodies that attack neuron-associated proteins [26].
Unraveling the mechanisms that cause neurological diseases will be fundamental in moving
toward a treatment.

A probiotic bacterium (L. helveticus) has been shown to produce specific tri-peptides
(isoleucyl-prolyl-proline and valyl-prolyl-proline) with hypotensive effects through
proteolytic activity on milk-based proteins [27]. These bacteria possess strong proteinase
activity that produce peptides that inhibit angiotensin-converting enzyme, thus reducing
blood pressure [27]. An example of how this information might be translated to treatment is
the administration of these peptides to lower blood pressure in hypertensive patients.

Above are some examples of how the microbiota and its products might affect diseases of
organs distant from the gut and how we might capitalize on this knowledge to identify new
strategies for treatment of these multifactorial disorders. Understanding the mechanisms
behind these interactions is an essential step in this search. Although significant challenges
arise from studying such a complex community, identification of bacterial species, and their
genes and products would open new avenues of treatment and prevention for many diseases.

Exploratory studies to unveil new therapeutic avenues

As mentioned above, there are many examples of host-microbe interactions that display
potential for manipulation for human benefit. In most cases, crossing the barrier between
basic research and drug discovery will rely on identification of microbial species involved in
health or disease states or microbial molecules that mediate these interactions. ldentification
of components of the mammalian intestinal micro-biome has come a long way with the
development of culture-independent techniques for community analysis. Using untargeted
sequencing of rRNA genes isolated from whole communities, one can compare significant
changes in microbial composition between healthy and disturbed communities. Individual
microbial species associated with health can then be used as probiotics (assuming they can
be cultured), whereas species associated with disease can be targeted for elimination.

Besides the administration of whole organisms that function as probiotics, isolated microbial
components may also be used and, as mentioned above, promising results have been
obtained to treat IBD. Identifying molecules in the human intestine that could be used as
therapeutics will also require high-throughput studies of the intestinal ecosystem. However,
in this case the focus will be on the molecules themselves and not the microbes. Although
this type of analysis can still be technically challenging and cumbersome, new techniques of
small molecule mass spectrometry have been developed to allow the detection and
identification of thousands of compounds in complex biological samples in a short period of
time [28]. For example, Jansson et al. [29] used mass-spectrometry-based metabolomics to
identify chemicals in the Gl tract of healthy subjects and IBD patients and showed that many
metabolites strongly correlated with health status (e.g. fatty acid, bile acid, and amino acid
metabolites). Also, our group has recently used high-throughput metabolomics to identify
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changes in the intestinal metabolome caused by microbiota disturbance due to antibiotics
and enteric infection [30, 31]. Such studies can be used to identify small molecules
associated with health and disease. This can be done with a view of developing therapeutics
that target not only intestinal ailments but also diseases of remote organs. Wikoff et al. [32]
have recently shown that the intestinal microbiota has a significant impact on the metabolic
composition of blood. For instance, plasma levels of sulfate and glycine-conjugated
metabolites, tryptophan and other indole-containing molecules as well as the hormone
serotonin were significantly different between germ-free and conventional mice. This
suggests that some molecules whose synthesis can be affected by the intestinal microbiota
may be promising targets for the development of therapeutics that could act in other organs
or even at a systemic level. Although the studies mentioned above show great promise in
this field, more concrete associations still need to be made to demonstrate the potential of
microbial molecules as new therapeutics. This will require a concerted effort for the
definitive identification of the microbial species and the small molecules involved.
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Some of the many mechanisms through which gut microbes and their signals can affect host
health. SFB, segmented filamentous bacteria.
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