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Abstract

The development of new technologies to isolate and identify
microbial genomes has markedly increased our understanding of
the role ofmicrobiomes inhealth anddisease. The idea,first proposed
as part of the hygiene hypothesis, that environmental microbes
influence the developmental trajectories of the immune system in
early life, has now been considerably extended and refined. The
abundantmicrobiota present inmucosal surfaces, especially the gut, is
actively selected by the host through complex receptor systems that
respond differentially depending on the molecular patterns presented
to mucosal cells. Germ-free mice are more likely to develop allergic
airway inflammation and show alterations in normal motor control

and anxiety. These effects can be reversed by neonatal microbial
recolonization but remain unchanged if recolonization occurs in
adults. What emerges from these recent studies is the discovery of
a complex, major early environmental determinant of lifetime
human phenotypes. To change the natural course of asthma, obesity,
and other chronic inflammatory conditions, active manipulation of
the extensive bacterial, phage, and fungal metagenomes present in
mucosal surfaces may be required, specifically during the developing
years. Domesticating the human microbiome and adapting it to our
health needs may be a challenge akin to, but far more complex than,
the one faced by humanity when a few dozen species of plants and
animals were domesticated during the transition between hunter-
gatherer and sedentary societies after the end of the Pleistocene era.
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In 1903, in a far-reaching book entitled The
Nature of Man, Élie Metchnikoff, one of
Pasteur’s most distinguished disciples,
defined what would be the slant of most
scientists and of the lay public toward
our guest microbes for the next 9 decades
(1). He noted that the “human intestine
contains an enormous quantity of bacteria,
which.increase at the rate of
128,000,000,000,000 each day.” This flora,
he rightfully asserted, “is very varied, and
contains an immense number of different
species, among which are bacilli, cocci, and
many kinds of other bacteria, about which
little is known.” But he also argued that “it
contributes nothing to the well-being of
man.The useless bacterial flora may give
rise to serious or fatal maladies. Wounds of
the abdomen are really serious only when
they penetrate the large intestines and so

allow the entrance of bacteria from that
region to the peritoneal cavity. In such an
event, the microbes rapidly multiply in
the organism and produce a grave and
frequently mortal illness.” He reasoned that
the large intestine in mammals had
developed because, “by storing the products
of digestion, it allowed them to run long
distances without stopping, and so was an
advantage in the struggle for existence,” an
unnecessary function for modern humans.
Best would be to get rid of the large
intestine and its woeful inhabitants, which
were to be blamed even for the aging
process, but he lamented that “in spite of
the progress of surgery, I do not expect to
find in our time that the large intestine will
be removed by operation.”

This utterly antagonistic approach
towardmicrobes dominated humanmedical

sciences during the most of the twentieth
century, and it was not wholly unjustified.
Metchnikoff and his mentor and colleagues
were pioneers in the discovery that
pathogenic bacteria and viruses caused the
great majority of premature deaths,
including those of more than 10% of infants
in the first year of life. This discovery was
a major accomplishment in human history,
and the beneficial role of antibiotics and
hygiene in reversing this tragic heritage
cannot be overstated. It is thus not
surprising that most human microbiology
since Pasteur and Koch has been the study
of disease-causing bacteria and other
microorganisms. Metchnikoff himself
believed that bacteria contained in kefir
could have positive health effects, but only
because they could inhibit the growth of
“bacteria of putrefaction.” He also knew of
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the prescient studies performed by several
of his most accomplished colleagues
showing that animals raised in aseptic
conditions from birth failed to thrive and
rapidly died, but he overlooked their
importance and dismissed them as
methodologically flawed.

As often occurs in the history of
science, a major change in the attitude of
mainstream life scientists toward the role
of the microbes in human biology only
occurred when a series of seminal and rather
unexpected observations regarding the
epidemiology of asthma and allergies was
explained by way of a radically new
paradigm, the so-called hygiene hypothesis
(2, 3). It is my contention that, because
of its role in modifying the conceptual
framework on which most microbiology
was built, the hygiene hypothesis opened
the way to a new understanding of
the role of microbes in health and
disease.

The Hygiene Hypothesis:
Environmental Microbes
as Protectors

In 1989, Strachan (4) noticed an inverse
relation between hay fever and number of
older siblings in the household and
proposed that allergies could be prevented
by early life infections. Subsequent studies
of the relation of asthma and allergies and
early life infection provided contradictory
results, and this seemed to disprove the
hypothesis (5). However, several new lines
of evidence emerged suggesting that, more
than any single infection or infections, what
could be more important in determining
protection against asthma and allergies was
the global “microbial burden” to which the
child was exposed in early life (6). Studies
in rural communities in German-speaking
Europe consistently showed lower
prevalence of these conditions among
children living on farms, and protection
was strongly associated with increased
diversity of microbial communities present
in dust obtained from the homes of these
children as compared with those of children
of nonfarmers (7). Similarly, exposure to
pets and enrollment in day care in early life
both appeared to have a protective effect
against asthma and allergies (8, 9). As
was true for farming/nonfarming
comparisons, significantly different
microbial communities were identified in

dust obtained from homes with pets or with
young children enrolled in day care as
compared with those without pets or day
care enrollees, respectively (10).

These studies suggested for the first
time that different sets of microbial
communities present in the environments of
infants and young children could influence
the developmental trajectories of the
immune system and perhaps the lungs and
airways and, by this mechanism, could
influence the risk for chronic diseases such
as asthma and allergies. In support of this
contention, genetic variations in innate
immunity genes such as CD14 and toll-like
receptor 2 (TLR2), which are known to
encode for pattern recognition receptors
directly involved in responses to microbial
products, were found to modulate the
protective effects of both farming
environments (11) and exposure to day
care (12). Moreover, animal models
confirmed that exposure to bacterial
products and bacteria isolated from farms
could indeed inhibit allergic airway
inflammation (13).

Although these studies indicated
a potential role of environmental microbes
in modulating immune responses associated
with asthma and allergies, they did not
establish a connection between these
exposures and the microbial communities
in the gut and respiratory tract.

Mucosal Microbiome
in Health and Disease

More recently, marked differences were
observed in the microbial communities
present in samples obtained from airway
brushings and bronchoalveolar lavage (14,
15) or sputum (16) of subjects with asthma
as compared with those of subjects without
asthma. Other reports suggested that
pathogenic bacteria were more likely to be
present in infants who would subsequently
develop asthma symptoms as toddlers than
in those who would not (17). These
findings emerged together with those of
several other studies showing alterations in
gut microbial communities in subjects
affected by other chronic conditions, such
as eczema, diabetes, and obesity, as
compared with unaffected individuals
(18–20). What remained unclear were the
causal pathways and connections involved
in these associations and, specifically, the
role of the human microbiome in mediating

the effects of environmental microbial
communities on human health. In one
scenario, environmental microbes
(i.e., those present in the external
surroundings) could directly influence
developmental immune pathways, which in
turn determine disease risk or protection
and, concomitantly, make mucosal surfaces
more or less permissive for the subsistence
of certain microbial communities. In this
scenario, it is still possible for these
communities to play a role in determining
severity of the underlying disease, but the
commensal microbiome is more a passive
spectator or secondary byproduct than
a causal factor. In a second scenario,
colonization of mucosal surfaces by certain
microbial communities present in the
environment in susceptible individuals is the
primal event. These local communities, in
turn, establish a long-term, active interaction
with the mucosal immune system.

Recent studies have convincingly
shown that what is really at play is the
development, probably early in life, of
a complex, functional interaction between
microbes and mucosa and that at least some
components of the microbiome are not
passive inhabitants of mucosal surfaces
but active participants in host biology.
Round and colleagues (21) reported that
Bacteroides fragilis, a regular component of
the gut microbiome, has a symbiosis factor,
polysaccharide A (PSA), which signals
on FoxP31 T-regulatory cells through
TLR2 to induce immunologic tolerance.
T-regulatory cells suppress IL-17A
responses in the mucosa, thus allowing
for B. fragilis to occupy specific niches
within the intestinal mucosal crypts, an
actively permissive process that gives rise to
a microbial population that is in intimate
contact with the mucosal immune system.
Animals colonized with B. fragilis lacking
PSA displayed profoundly reduced
numbers of tissue-associated (but not
lumen-associated) bacteria when compared
with animals colonized with wild-type
B. fragilis. These studies thus suggested that
the mucosal immune system of the gut
recognizes and tolerates commensal
bacteria using the same TLR2 receptor
system with which it can also activate
inflammatory responses against pathogens.
This new concept blurs the distinction
between commensalism and parasitism as
an intrinsic characteristic of any single
microbe; commensals can be treated as
pathogens if they do not carry what has

PARKER B. FRANCIS LECTURE

S8 AnnalsATS Volume 11 Supplement 1| January 2014



been dubbed commensal-associated
molecular patterns (CAMPs), such as PSA,
as opposed to pathogen associated
molecular patterns (PAMPs), which do
activate inflammatory responses (22). It is
thus the CAMP–PAMP–mucosal receptor
system interplay, modulated by the genetic
background of the individual and the
microbiota, which in final analysis
determines if certain bacteria are tolerated
or repelled. The final result of this process
(Figure 1) is the establishment of
a microbial-mucosal unit, which could give
rise, at one end of the continuum, to
a balanced interface and immunological
quiescence and, at the other end, to an
interface permissive of aberrant microbiota,
which would allow the activation of the
heterogeneous inflammatory responses that
are characteristic of asthma and other
chronic mucosal diseases.

Critical Role of Early Life
Exposure to Commensal
Microbiome

Timing of exposure to environmental
microbiota is likely to play a critical role in
determining both lung and also more global
health outcomes. Olszak and colleagues (23)
showed increased airway resistance and
increased inflammatory responses in germ-
free (GF) mice sensitized and challenged
with ovalbumin, as compared with specific
pathogen-free (SPF) mice. When GF mice
were recolonized with a conventional
microbiota starting at birth, responses to
ovalbumin were very similar to those

observed in SPF mice. However, airway
responses in mice that were recolonized in
adult life were not different from those
observed in GF mice. These same GF mice
also showed greater intestinal inflammation
and lethality than SPF mice in a model of
ulcerative colitis (23); once again, enhanced
responses could be reversed when
recolonization occurred in the neonatal
period but not in adult life. A limitation of
these studies is the highly artificial nature of
experiments performed in GF mice, which
are not representative of the microbiome,
dysfunctional as it may be, that is still
present in asthma and ulcerative colitis.
These limitations notwithstanding, the
results support the contention, first
proposed in the framework of the hygiene
hypothesis, that microbial exposure in early
life can modify immune developmental
trajectories, which in turn can influence
the risk for asthma and other chronic
inflammatory conditions.

Interestingly, experiments performed
in GF mice have also suggested that early
microbial exposures can affect not only
the mucosal response systems that the
microbiota come directly in contact with
but also distant organs with no mucosal
surfaces. Diaz Heijtz and colleagues (24)
showed that GF mice exhibited increased
motor activity and reduced anxiety when
compared with SPF mice. They reported
that GF mice showed altered expression
profiles of four canonical signaling
pathways, neurotransmitter turnover, and
synaptic-related proteins. When GF mice
were exposed to normal gut microbiota
early in life, both behavior and gene

expression profiles reverted to those of SPF
mice, whereas colonization in adult life
yielded similar results to those observed for
SPF mice. These results corroborate the
conclusion proposed earlier that the
microbiome may have profound effects on
developmental pathways of both local and
distant organs (25, 26). The mechanisms
through which the microbiota can
determine these long-range effects remain
speculative.

Not All Microbiota
Are Protective

In most of the previous descriptions, the
accent has been placed on the potential
favorable role of the microbiota in
determining health outcomes. Evidence is
emerging, however, suggesting the
microbiome may also play a role in
predisposing for human disease. Urinary
and circulating levels of a proatherosclerotic
metabolite of dietary phosphatidylcholine
and L-carnitine, trimethylamine-N-oxide
(TMAO), are strongly associated with
the risk for subsequent major adverse
cardiovascular events in humans (27).
Koeth and colleagues (28) showed that,
in mice, chronic dietary supplementation
with L-carnitine altered cecal microbial
composition, markedly enhanced
synthesis of TMAO, and increased
atherosclerosis, but this did not occur if
the intestinal microbiota was concurrently
suppressed. Similarly in humans, Tang
and colleagues (27) reported that an oral
phosphatidylcholine challenge significantly
increased plasma TMAO levels, but these
effects were blocked by the previous
administration of an antibiotic, which
presumably suppressed gut microbiota.
Thus, it appears that the gut microbiota
plays a critical role in the synthesis of
TMAO, which, in turn, increases the risk of
atherosclerosis and adverse cardiovascular
outcomes.

The Microbiome: Potential
Therapeutic Approaches

The evidence outlined in the succinct
discussion above clearly suggests that a new
level of intricacy needs to be added to the
study of the pathogenesis of complex
diseases. The environmental microbiota that
humans are exposed to, especially during

Figure 1. Schematic of the interaction between genetic background and exposure to environmental
microbiota as determinant of the mucosal responses–resident microbiome status. The final result is
the establishment of a microbial-mucosal unit, whose “set-point” may range from a balanced,
quiescent state to predominance of inflammatory signals and an aberrant local microbiome.
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early life, may exert strong influence on
long-term health and disease outcomes of
many organs and systems. It seems clear that
this influence does not depend on a single
set or even a few microbial communities but
is the result of interactions between the
genetic background of the host, the timing of
the initial contact, and the distribution of the
different components of the microbiota to
which the host is exposed. It also seems
plausible to surmise that extended and
successful strategies to increase hygiene and
treat serious acute bacterial infections
may have drastically decreased human
morbidity and mortality, especially in
infancy, but may also have radically changed
the microbiota to which humans are
exposed and the guest microbiomes of our
mucosal surfaces. It is impossible to envision
a situation in which these putative
changes could be reversed and humans
return to the spontaneous ecological balances
of centuries past, which were the result of
long-term evolutionary coadaptations
between microbiota and hosts. It could
certainly be possible to encourage parents
to subject their children to more social
interactions during the early years, such as
those occurring in day care centers, or to
foster increased pet ownership in households
with young children, but these types of
strategies, even if eventually proven to be
efficacious, face serious feasibility obstacles.
They may not be beneficial or may even be
harmful for subgroups of young children
who may be susceptible to infections or who
may be genetically unresponsive to an
increase microbial burden. The opposite
strategy, that is, to further decrease exposure
to unfavorable elements in the microbiome,
as is implicit in the antibiotic trial
attempted by Tang and colleagues (27)
to block TMAO synthesis, could decrease
cardiovascular risk but could also, and
even more radically, alter the favorable
commensal microbiome. In other words:
crude, blind attempts to reestablish the lost
balance are unlikely to be successful and
could result in more harm than benefit.

Two alternative strategies that could
attempt to reproduce therapeutically the
overall effects of the microbiome on human
health seem theoretically possible. First, it is
conceivable that a better understanding
of the specific microbial components
associated with positive or negative health
outcomes may allow us to synthesize
pharmaceutical products that reproduce or
block the effects of the microbiota, much

like streptomycin was derived from the
actinobacterium Streptomyces griseus.
Interestingly, extracts from different
combinations of killed pathogenic bacteria
have been used as oral naturopathic
products to prevent infections in Europe
and elsewhere (29). Recently, these
products have been tested in animal models
of airway inflammation with encouraging
results (30, 31). Their mechanism of action
appears to be loosely analogous to that
described for B. fragilis PSA: these products
interact with dendritic cells in the gut
mucosa, which in turn induced an increase
in the frequency and number of FoxP31
T-regulatory cells in the intestinal lamina
propria, the airway mucosa, and to
a smaller extent in the vagina, but not in
secondary lymphoid organs (30). Whether
these same products can prevent the
development of asthma in young children
is still unknown (32, 33). A different
approach could be administration of live
microorganisms, as has been attempted
with probiotic and synbiotic preparations
containing a small number of allegedly
beneficial bacteria. Although these
preparations are currently widely used,
their benefit for allergic diseases (34) or for
infant health in general (35) has not been
clearly established. Moreover, a recent,
large, placebo-controlled, randomized trial
of the use of lactobacilli and bifidobacteria
in the prevention of antibiotic-associated
diarrhea due to Clostridium difficile
showed no benefit (36). It is thus unlikely
that empirically manufactured products
derived from a few putatively beneficial
microorganisms could act as surrogates for
the multiplicity of favorable responses (or
could reverse the negative outcomes) that
appear to be associated with the human
microbiome. Moreover, stimulation of
certain immune pathways that have
favorable effects on certain outcomes may
have unfavorable pleiotropic effects on
others.

Taming the Microbiome: The
Second Big Domestication

A second approach to the potential use of
the microbiota for therapeutic purposes
could entail the development of
a comprehensive understanding of the
different components, favorable or
unfavorable, of the human microbiome,
with the final goal of exposing very young

children to cocktails of microbiota that
foster developmental pathways associated
with health and block those associated with
disease. This process of controlling the
microbiota already started with unspecific
strategies, such as the availability of clean
water supplies, refrigeration, and cooking,
but would now require actively raising and
administering the appropriate microbial
mixture during the correct developmental
window. It is intriguing to acknowledge how
similar, but at the same time how much
more daunting, this challenge would be to
the one humanity faced in the transition
between hunter-gatherer and agricultural
societies (reviewed by Diamond [37]).
The transition from controlling predators
and passively collecting food (which, in
this scenario, I see analogous to providing
clean water and refrigerating food) to
domestication of animals and plants
occurred during a relatively short period of
time starting around 8500 B.C. Why it
happened then, and not before or after, is
the matter of speculation, but available data
suggest that domestication was humanity’s
active response to a dramatic change in
its circumstances. Confronted with marked
population growth, climate changes,
dwindling wild species, and unpredictable
variations in food supplies, humans had no
other alternative to survive but to tame and
actively control a new source of food.
Similarly, we have lived as the behaviorally
modern Homo sapiens for the last 50,000 to
80,000 years, but the need to not only
control microorganisms but also actively
control our microbial environment has only
emerged in the last 100 years. The initial
adversarial approach toward microbes
is now being slowly replaced by an
understanding that the symbiotic relation
that humans evolved to develop with our
microbiota has been disrupted by our own
successes in controlling pathogens. Instead
of providing ourselves with new sources
of food, humans need now to artificially
colonize our mucosa with beneficial
microbiota. However, there is a major
difference between the challenges we face
today and those faced by humans after the
end of the Pleistocene era, especially in
Eurasia. Domestication of only a few
hundred species of plants and no more than
a handful of animals was enough to provide
sufficient food to support the transition to
sedentary societies. The study of specific
cases of domestication provides important
clues as to what the process, undertaken by
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Holocene humans without any knowledge
of the mechanisms involved, entailed.
Diamond (37) points out that oak trees, for
example, are the most important wild food
plant in Eurasia and North America, but
were never domesticated. As oaks, almonds,
which are a major source of food today,
carry bitter poisons in the wild state, but
determination of bitterness is polygenic in
oak and monogenic dominant in almonds.
As expected, controlling a polygenic trait
has proven vastly more difficult than simply
amplifying carriers of a dominant mutation;
oak trees remain undomesticated to this
day. In this framework, domesticating the
microbiome may mean taming a polygenic
community that is several dimensions

larger than that of any single animal or
plant species. If we add to that the
polygenic nature of human responses to
environmental stimuli and the potential
role of the phageome as a genetic reservoir
for bacterial adaptation (38), the challenge
to adapt cocktails of human microbiota to
the competing needs of different biological
response systems appears daunting to say
the least.

Conclusions

The whole range of interactions that
microbiomes develop with their human
hosts is in no way exclusive to or most

advanced in our species compared with
other animals and plants. The fact that
essential metabolic and developmental
human functions and disorders, including
alterations in mood and other superior
brain functions, may be potentially
influenced by the guests we carry in our
mucosae underlies the importance of better
understanding of our interactions with
our microbiota. Eventually, manipulation
of the microbiota and its products may
offer a challenging but fruitful new avenue
for the prevention and treatment of human
disease. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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