MICROBIOME

Community Health Care: Therapeutic
Opportunities in the Human Microbiome
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We are never alone. Humans coexist with diverse microbial species that live within and
upon us—our so-called microbiota. It is now clear that this microbial community is essentially another organ that plays a fundamental role in human physiology and disease.
Basic and translational research efforts have begun to focus on deciphering mechanisms
of microbiome function—and learning how to manipulate it to benefit human health. In
this Perspective, we discuss therapeutic opportunities in the human microbiome.

WHY FOCUS ON THE MICROBIOME?
Humans have coevolved with a vast number of microbes—our microbiota—that live
within and upon us. Recent discoveries make
clear that our microbiota is more like an organ than an accessory: These microbes are
not just key contributors to human health but
a fundamental component of human physiology. Several human ailments have been
closely linked to (such as the inflammatory
bowel diseases and obesity) or are thought to
be influenced by (such as asthma and type I
diabetes) the composition of the gut microbial community (1–6). Like a polymorphism
in the human genome, a change in the human
microbiome—the combined genomes of the
bacterial species in our microbiota—can lead
to a new phenotype that causes a disease or
contributes to its progression. Unlike the human genome, the microbiome is a “flow reactor” of genes: Its composition is dynamic,
and we can (in principle) exert control over
the content and architecture of our microbial
communities. In the coming years, the plasticity of the microbiome will be harnessed by
a new category of therapeutics that target the
microbiota and modulate microbe-microbe
and microbe-host interactions (Fig. 1).
Several early conclusions have emerged
from studies that enumerate intra- and interperson differences among microbiomes:
(i) Typical human-associated communities
harbor tens to hundreds of prominent species; (ii) communities from the same body
site on different people are more similar than
communities from different body sites on the
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same person; (iii) despite these similarities,
when it comes to gut communities the number of microbial species that are unique to an
individual far exceeds the number that are
shared from person to person; and (iv) monozygotic twins or members of the same household (related or unrelated) have more closely
related gut communities than people who are
not related by genetic or environmental factors (2, 7). Little is known about how these
patterns map to differences in the gene roster
and how differences in the gene roster influence community function. However, the plasticity, relevance to human health, and individualized nature of the human microbiome
ensure its incorporation into the coming era
of personalized medicine. This Perspective
focuses on three future goals of microbiomefocused therapeutics research: altering the
composition of the community, endowing it
with new functions, and using the microbiota
to diagnose disease.
TWEAKING THE COMMUNITY
COMPOSITION
Human-associated microbial communities
are nonrandom assemblages of microbes
adapted to specific body habitats. Microbiome-wide association studies (MWASs) in
humans or animal models have revealed that
substantial deviations from “normal” are
observed in several disease states. In some
cases, an etiological relationship between the
microbiota and disease state has been established by conferring the pathological phenotype via microbiota transfer from diseased
animals to healthy germ-free recipients (1,
8, 9). Alternatively, when microbiota alteration is a consequence rather than cause of a
disease, such dysbiosis—microbial imbalance—may potentiate the disease or promote
comorbidities. Several current research strategies directed at manipulating the microbiota

in specific, predictable ways likely will spawn
new interventions for rebalancing maladaptive communities.
Probiotics and prebiotics. To date, efforts
to alter the composition of the gut community have been dominated by two therapeutic modalities that have not yet gained wide
traction in the medical community: probiotics and prebiotics. Probiotics are defined
as live microbes that confer a health benefit when consumed in adequate quantities.
Many dietary supplements and foods that
contain live microbes have been studied for
their effects on diverse aspects of human
health, ranging from colonic motility to skin
allergy. Although the potential for probiotics
to have diverse biological impact is great, the
one widely substantiated benefit in humans
is the improvement of symptoms associated
with acute or chronic diarrhea (10, 11). Two
related challenges stand in the way of the
widespread adoption of probiotic therapies
in the clinic: (i) Little is known about the effects these agents have on the gut community
and host physiology. Less is known of the
molecular mechanisms by which probiotics
exert their effects, although there are some
exceptions. The demonstration that Lactobacillus salivarius secretes a Listeria-killing
bacteriocin—a toxin produced by one strain
of bacteria to block the proliferation of a second competitor strain—that can protect mice
from infection by this food-borne pathogen
provides an example of how mechanisms that
underlie probiotic activity can be elucidated
and lends credibility to biological potential
(12). More recently, probiotic Bifidobacterium species have been shown to protect the
host from Escherichia coli infection by producing acetate (13). (ii) Probiotics, which are
often classified as food or a dietary supplement, do not typically undergo a rigorous
and unbiased evaluation, which can result in
variable product quality and unsubstantiated
claims. Establishing a regulatory framework
in which probiotics are held to a set of appropriate standards may provide incentive for
industry and academic researchers to explore
the therapeutic mechanisms and potential
of these agents, encourage understandably
skeptical physicians to adopt probiotic therapies, and cull ineffective products. Thus, in
the future, probiotics—like biologics and
small-molecule drugs today—may be developed by pharmaceutical and biotechnology
companies, approved by the FDA, and prescribed by physicians.
Another opportunity for the field is to
expand the limited range of microbial gen-
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Fig. 1. Tipping the balance. Many factors can cause a shift in the microbiota from (A) a healthy state to (B) a dysbiotic or diseased state. Detection of
small molecules that serve as reporters of community membership and function can be used to diagnose the perturbed community and to determine
the appropriate treatment (C). In the healthy state (A), a dense population of microbes inhabits the intestine. Resident microbes (shown in blue) compete for nutrients (such as dietary polysaccharides) (shown in yellow), and an ecologically stable state is maintained through a complex and poorly understood network of microbe-microbe and host-microbe interactions. As shown in (B), in the dysbiotic or diseased state, diverse factors contribute to
community disruption and disease, such as pathogen emergence (shown in red), other alterations in the microbiota composition, and changes in microbiota function and interaction with the mucosa (shown in blue). Treatment of dysbiosis (C) can be accomplished with probiotics (shown in purple),
prebiotics (shown in blue), engineered microbes that confer gain-of-function (shown in green), and microbiota-targeted drugs (shown in orange).

era currently included in probiotic preparations. Most probiotic organisms are adapted
to live within fermented foods (such as yogurt) and are temporary or low-abundance
members of the gut community. Strains of
the two dominant intestinal phyla, Bacteroidetes and Firmicutes, may prove to be
more effective as probiotics at conferring
health benefits than the currently popular
Lactobacillus species. Likewise, strains chosen for carrying out a specific function may
be useful as agents for personalized therapy. For example, Oxalobacter formigines, a
resident gut species that degrades dietary
oxalates, is associated with protection from

hyperoxaluria and its often accompanying
calcium oxalate kidney stones (Fig. 2) (14).
Prebiotics are compounds administered to
a microbial community to selectively stimulate growth of a specific subset of microbes.
The study of prebiotic compounds has largely
been confined to purified plant polysaccharides (for example, inulin) that resist host digestion and reach the distal gut. Enrichment
of a specific prebiotic polysaccharide in one’s
diet may permit preferential expansion of a
microbial group that is well adapted to its use,
but because patterns of prebiotic metabolism
by resident gut microbiota are not well understood the outcomes of prebiotic administra-

tion can be unpredictable. As prebiotics have
considerable therapeutic potential—and the
human diet is, in essence, a mix of poorly understood prebiotics—the molecular effects of
these molecules on the gut community should
be explored in a way that promotes predictability by connecting prebiotic molecules to
the microbiotal gene products that metabolize them. In certain instances, it will be necessary to also understand the bioactive small
molecules that are produced as a function of
prebiotic-stimulated secondary metabolism.
Prebiotics may benefit from the co-administration of probiotics, and both prebiotic and
probiotic therapies would benefit from know-
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Fig. 2. Transformers. Shown are three examples of chemical transformations catalyzed by human-associatdiseases (24). Similarly, host factors
ed bacteria. (A) Human microbiota use dietary metabolites as raw material for the synthesis of a variety of
small molecules, including short-chain fatty acids, lactic acid, vitamin K2, and tyrvalin. (B) Oxalobacter formigi- that respond to microbial mutualnes, a resident gut species that degrades dietary oxalates, is associated with protection from hyperoxaluria ists—bugs that enhance the health
and calcium oxalate kidney stones. (C) Gut bacteria chemically convert drugs and dietary molecules such as of the host—may also become
digoxin and secoisolariciresinol (an antioxidant found in a variety of seeds), respectively, into metabolites bona fide drug targets that when
with important diﬀerences in biological activity.
modulated could help shape the
composition or function of humanassociated microbial communities.
ing the incident microbial community (that for determining drug-like properties, has For example, such a drug could target a host
is, the host “microbiotype”; see below).
influenced lead compound selection and factor involved in a host-microbe interaction;
Lastly, although the microbiota manipu- development for the past decade (17). Lead modulation of this host factor could result in
lation properties of probiotics and prebiot- compound structural requirements will likely either the killing of undesirable microbes or
ics have been studied largely in the context be less stringent for compounds that target the growth stimulation of desirable microbes.
of the intestinal microbiota, the concepts are unique cell surface proteins of the microbiota
Ecological challenges and opportunities.
applicable to other human-resident micro- and do not need to be absorbed by the host; Treatments that alter community composibial communities. The skin creams and tooth- however, compounds that target cytoplasmic tion in a negative way are quite common;
pastes of the future may contain live cultures proteins in the microbiota will have the same high-dose, broad-spectrum antibiotics can
or prebiotics that help treat atopic dermatitis permeability challenges as antibiotics. Micro- kill protective gut mutualists (25), leading to
(15) and prevent dental caries (16).
biota-targeted compounds engineered to be secondary infection by nefarious actors such
Small-molecule and biological drugs. A metabolized by bacteria or to avoid absorp- as Clostridium difficile. Altering community
third strategy for altering community compo- tion by the host could have the advantage of composition in a positive way may not be
sition is to develop more conventional small- reduced toxicity.
quite as straightforward. Stable microbial
molecule or biological drugs targeted either
Second, the microbial biotransformation ecosystems are often stubbornly resistant to
to the microbiota or to microbiota-responsive of certain drugs can change their function. changes in their composition (26), requirhost factors. Because the microbiota reside For example, gut bacteria convert the prodrug ing robust interventions such as fecal bacteon exposed surfaces of the human body, they digoxin to the active product digoxigenin by riotherapy to eliminate Clostridium difficile
provide a wealth of previously unidentified glycoside hydrolysis (18). In ~10% of patients, from the gut community (27). After milder
drug targets that are easily accessed; indeed, digoxigenin is reduced by a gut species, Eu- perturbations, microbial communities can
gut bacteria routinely encounter orally ad- bacterium, to dihydrodigoxigenin, an inac- exhibit resilience—the property of returning
ministered drugs prior to absorption. This tive molecule, leading to as much as a twofold to the preexisting stable state—or they may
phenomenon is important for two reasons. reduction in the serum concentrations of di- settle in a distinct stable state (28). When such
First, promising lead compounds that target goxigenin (Fig. 2). Co-administration of the a state is reinforced through feedback from
the microbiota are less likely to suffer from antibiotic erythromycin decreases or elimi- the environment (for example, chronic inproblems with absorption, metabolism, dis- nates the production of dihydrodigoxigenin flammation), the recalcitrance of the system
tribution, and excretion. Lipinski’s Rule of in these subjects (19). Gut bacterial glycoside may be formidable. Can principles of evoluFive, which establishes chemical guidelines hydrolysis is responsible for converting the tionary dynamics be exploited to target key
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ENDOWING THE COMMUNITY WITH
NEW FUNCTIONS
As the focus of human microbiome research
shifts from “Who’s there?” to “What are
they doing?” the molecular details of hostmicrobe and microbe-microbe interactions
are beginning to emerge. These basic science
efforts pave the way for translational research
into mechanisms that will enable genetic engineering of the human microbiota to endow
its members with new desirable functions
that treat disease or promote health. For example, imagine taking a daily probiotic pill
that contains four bacterial strains: The first
one synthesizes and excretes a cholesterollowering drug and a cocktail of vitamins;
the second one neutralizes carcinogenic free
radicals and consumes dietary cholesterol
and fat; the third one modulates your immune system to ward off infection and hold
autoimmune disease in check; and the fourth
one produces an appetite-suppressing compound, an antidepressant, and a cognitive
enhancer. The field of microbiome research
currently is dominated by microbiologists
and immunologists. By embracing concepts
and approaches from synthetic biology and
systems biology, microbiome engineers will
eventually be able to use microbial cells as a
new platform to modulate human biology.
Microbial carting of therapeutic cargos. The
delivery of drugs, therapeutic peptides, or
vaccine antigens by microbes at mucosal surfaces holds tremendous promise for the treatment of diverse diseases. This concept was
demonstrated presciently 10 years ago, when
IL-10 delivery by an engineered strain of Lactococcus lactis prevented inflammatory bowel
disease in a mouse model predisposed to develop this malady (29). Of particular interest
is the production and delivery of peptides by
microbes, because their access to the intestinal or nasal mucosa could potentially enable
the delivery of biological drugs using a pill,
cream, or spray rather than intravenous or intramuscular injection. In addition to heterologous expression of bioactive molecules and
proteins, there are many examples of bacterial

molecules that trigger host signaling pathways
(for example, quorum-sensing molecules and
ligands for Toll-like receptors, which function
in innate immunity). Undoubtedly, humanassociated microbes produce a wealth of yetto-be-discovered molecules for the specific
purpose of manipulating host biology. Coopting such highly adapted signals to tune local or systemic immune responses could lead
to a variety of applications, including decreasing susceptibility to pathogens, improving the
efficacy of oral vaccination campaigns, and
altering the trajectory of autoimmune conditions. Similarly, the gut microbiota may be a
unique lever by which host energy balance
can be tuned, either by exerting a direct influence on host metabolism or by changing
the efficiency of microbiota-facilitated caloric
harvest from the diet.
It may even be possible to engineer our
microbiota to produce diffusible small molecules that enter our bloodstream, cross the
blood-brain barrier, and exert neurological
activities. One day, our microbiota may be
engineered to produce stimulants, antidepressants, and satiety-inducing drugs, and if
designed thoughtfully, microbial production
could be modulated by dietary inputs dictated by the host or by microbial sensing of host
biochemistry. Indeed, the intriguing possibility exists that some of our resident microbiota
produce these compounds naturally and that
their perception by the enteric and central
nervous systems represents a fundamental
form of microbe-host communication.
Other potential functions of the microbiota. In addition to engineering the microbiota
to interact directly with the host in new ways,
it may be possible to optimize microbiome
functions with indirect effects on the host.
Catabolism of cholesterol in the gut, production of ultraviolet light–absorbing molecules
on the skin, and secretion of pathogen-killing
antimicrobials in the urogenital or respiratory tracts all are plausible.
Two threshold questions await: First, will
it be necessary to “reprogram” the community to stably embed a new member, or will it be
simpler and safer to use a strain engineered
to have a finite and defined residence time as
a chassis for probiosis? Synthetic ecology will
undoubtedly be a lively area of research in the
coming years, and its pioneers will benefit
from the tools and strategies of synthetic biology and the accumulated knowledge about
microbial ecology.
Second, when and how will regulatory
agencies and the general public come to accept the prospect of using genetically modified

microorganisms to treat and prevent disease?
Early efforts will likely involve engineered
probiotics for treating serious diseases with
poor standard-of-care treatments. In addition, the risk of unintended colonization may
need to be mitigated by engineering strains
that undergo a finite number of cell divisions
or are auxotrophic for a co-administered metabolite. General acceptance is likely to take a
long time; in the meantime, a key challenge
will be to profile natural gut residents and
probiotics to find strains that already perform
some of these functions.
DIAGNOSING DISEASE AND
DISEASE RISK
Exploiting new knowledge about connections
between the microbiota and human health
will be important not just to treat disease but
also to diagnose it. The microbial components
of feces, urine, sputum, and mucus have the
two key features of a diagnostic sample: They
are easily obtained, and they hold a trove of
molecular information relevant to disease.
Genes versus metabolites. Recent studies
reveal that gut bacterial gene rosters are highly individualized; thus, rapid biological interpretation represents a substantial challenge.
Given that small molecules—not genes—are
the primary agents that mediate host-microbe
and microbe-microbe interactions, smallmolecule profiles from mass spectrometry
or nuclear magnetic resonance spectroscopy
may provide a more easily interpreted readout
of collective community function. Metabolomic studies have revealed that the microbiotaderived metabolite p-cresol competes with acetaminophen for a sulfonation detoxification
pathway (30). Differences among individuals
in p-cresol abundance suggest that changes in
community composition and function have
implications for myriad processes of biological importance. Other important microbial
metabolites such as short-chain fatty acids
and hydrogen sulfide are likely harbingers of
a new universe of small molecules that can be
used to infer community function and predict
biological effects on the host.
The microbiome in the era of personalized
genomic medicine. The Human Microbiome
Project of the U.S. National Institutes of
Health and related international efforts are
defining the varieties of a “normal” microbiome, studying how changes in the microbiota
relate to disease, and developing new technologies to enable community characterization. As new technologies allow the comprehensive evaluation of transcript, protein, and
metabolite amounts in unpurified clinical
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nodes in the population network? Will the
landscape of host biology need to be simultaneously manipulated? Will therapies need
to be tailored to an individual’s genotype and
microbiotype? Careful ecological study of
how natural and unnatural perturbations affect community composition may be the best
guide to discovering successful approaches
for predictable alteration of the human microbiota composition.

samples such as fecal matter or skin swabs,
the bottleneck will be in the data analysis:
Can we identify how the abundances of key
microbial gene products and metabolites correlate with disease state and disease risk? The
torrent of high-dimensional data is creating
important challenges and opportunities for
bioinformaticians, statisticians, and computational biologists.
AN EVOLUTIONARY CONTEXT
Although human biology is largely the
product of mutation and natural selection
in the ancient past, the contemporary microbiome may deviate substantially from
that of its ancestors as a result of “unnatural”
modern influences. For example, antibiotic
treatment can radically influence the human
microbiota. And although the duration of
antibiotic impact on the microbiota remains
an open question, the loss of co-evolved
commensal species that are targets of antibiotics in developed regions of the world,
such as Helicobacter pylori, may have large
health consequences such as altering predisposition to autoimmune disease (31). In
addition, some bacterial-directed vaccines
appear to alter the composition of microbiota (32–34). Combined with sharp changes
in diet and the increasingly sanitary conditions in which many humans live, our current state of colonization may be dysbiotic
or at least perturbed. The marked differences of the fecal microbiota of children from
a rural village in Burkina Faso compared
with Westernized children of northern Italy
may provide a glimpse into the problems
of defining a healthy baseline for the microbiota (35). Human-associated microbial
communities thus are a moving target; the
evolutionary plasticity that makes them so
attractive therapeutically may translate into
a considerable challenge in defining what is
“normal” or “healthy.”
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