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Abstract

Recent studies have
revealed that normal microbiota
interacts with the host through
four mechanisms: the normal
microbiome acts as a barrier
against pathogens; second, as
modulators of the permeability of
host mucosa; third, as modulators
of energy extraction from, and
metabolic utilization of ingested
food; and lastly, as modulators of
the immune system. An alteration
of the normal microbiota
increases predisposition of the
host to diseases through these
four mechanisms.

Introduction

The discovery of the human
microbiota has broadened our
understanding of germs. Infections
by microbes, collectively termed
germs (i.e. bacteria, fungi, viruses and
helminthes), have been a persistent
cause of morbidity and mortality
in humans for thousands of years.
Pasteur and others developed the
Germ Theory over 150 years ago,
which posits that eliminating germs
eliminates disease. Germ Theory
has contributed immensely to human
health. For a thousand years prior
to the construction of Germ Theory
the average life expectancy had been
20 years or less. As a consequence
of improved sanitation, hygiene and

public health efforts to minimize
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the transmission of germs, life span
doubled." New culturing techniques
were established to grow and identify
pathogens. Development of methods
to culture pathogens led to the
development of new antibiotics and
tests for sensitivity to antibiotics. In
addition to culturing, development
of staining and structural techniques
identified a number of virulence
factors, products made by a microbe
that determines the degree of
pathogenicity to the host.

More recently, organisms could be
identified without culturing because
of the advent of polymerase chain
reaction (PCR) amplification and
decreased cost of DNA sequencing.
Culture independent identification
has revealed communities of
microbes colonize many anatomical
surfaces, such as skin and mucosa
(oral, respiratory, urogenital and
gastrointestinal) of healthy individuals.?
These results show that very few germs
are harmful (i.e. pathogens), while
the majority of microbes are neutral
(commensals) and some are beneficial
to the host (symbionts).

One shortcoming of Germ
Theory is the inability to explain
the variance of host response to
infections. Typically, the risk of, and
ability to survive, an infection has
been attributed to host genetics.
Surprisingly, recent research shows
that the configuration and constituents

of a host’s normal germ flora
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influences the risk for disease.

An abnormal flora, called 0

Bvil 2 | v» | w

dysbiosis, can increase the risk |
of obesity and inflammatory
diseases. Additionally, recent
studies make a compelling
argument for dysbiosis
increasing risk of autoimmune
and cognitive diseases. Thus,
the unexpected finding that

the normal flora plays a crucial

role in maintaining health
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Figure 1: Structure of 16S ribosomal RNA gene in kingdom Bacteria. Primers in the conserved
(green) regions are used to amplify segments of the gene and are subject to DNA sequencing.
The sequence of the variable regions (V1 through 9) varies between species, but is nearly
identical within species (and similar between related species, e.g. Staphylococcus aureus and S.
epidermis). The sequence of the variable region is thus used to identify the organism present in
the sample. Although, any variable region can be sequenced for identification, sequencing of V4
segment provides robust results.

(homeostasis) has emerged. In

this review, we analyze recent

studies where an abnormal microbial flora promotes disease
by four different mechanisms. We argue that an abnormal
microbial flora appears to be a risk factor for disease.
Moreover, the spectrum between a normal and abnormal
microbial flora may contribute to disease risk as much as the

genetics (allelic differences) in the population.

Definitions, Nomenclature, and Methods for
Measuring the Microbiota

Microbial communities exist within any given
environment. The collection of microbes is referred to as
the microbiota. The collective genomes of the microbiota
are referred to as the microbiome. Such communities
could not be identified previously because less than 1%
(but 40 to 50% of pathogens) bacteria can be currently
cultured. Shotgun sequencing of the microbiome is termed
metagenomics. In some instances, it is desirable to simply
identify the bacterial and fungal species (i.e. “who is
present?”), rather than sequencing entire genomes. This is
accomplished by amplification of the 16S ribosomal RNA
(16S rRNA) gene. The 16S rRNA is an essential component
of the small subunit of the ribosome that performs protein
translation in bacteria. The 16S rRNA gene can be readily
amplified because there are invariant blocks (See green
segments in Figure 1) of sequences surrounding variable
regions. Primers for PCR amplification designed for the
invariant regions can amplify (nearly) all species in the
kingdom Bacteria. The variable regions (See gray segments
in Figure 1) vary between species but are conserved within
a species, and thus the sequence can be used to identify the
organism. Massively parallel sequencing (also called next
generation sequencing) of the PCR amplicons is used to
identify bacterial species and the number of times a sequence
is observed is used to quantitate the amount of bacteria

present, in any collected sample requiring no culturing.
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Using these culture-independent techniques,
investigators have shown that the skin, upper airway
mucosal surfaces, the mouth, gums, tongue, the entire
digestive and urogenital tract have a unique community of
microbes at each anatomical site. The communities are
dynamic and respond to non-physiological (e.g. infections,
trauma and antibiotics) and physiological (e.g. pregnancy)
changes in the host. For instance, the gut microbes change
with age, fiber intake,” and the vaginal microbiome changes
during pregnancy and with the gestational age of the
fetus.*® There are now several examples where changes in
the microbiota lead to disease states. We review a few of
these studies because they document that the microbiota
plays an important role in nutrient uptake and utilization
(conversion of food to usable calories for the host), in
altering permeability of barriers that exist within the host
and in altering the immune system.

The Microbiota Influences Energy Extraction and
Utilization Leading to Obesity

The relationship between the gut microbiota and diet
has been an area of interest for many years. For instance,
it was noted in the 1960s that germ-free mice (referred
to as Gnotobiotic mice, these mice are born by Cesarean
section, then maintained under a sterile environment,
including being fed autoclaved sterile food and water)
require 30% more calories to maintain the same weight
as their conventionally raised siblings.” Theses studies
with mice suggested that efficient energy extraction from
food requires a gut microflora. In the last decade, the role
of gut microbiota in modulation of energy extraction in
humans has been clucidated in the context of obesity and is
described next.

Obesity is a multifactorial process that includes, but is
not limited to, host genetics, environment, socioeconomic

and dietary variables.®” It is associated with a number of




comorbidities including fatty liver disease, cardiovascular
disease, insulin resistance and diabetes. Within this complex
set of interactions lies the microbiota. A number of
recent reviews have discussed the role of the microbiota
in obesity. '*'* The hypothesis that the microbiota and
obesity are correlated is supported by observations

by Turnbaugh et al. which demonstrated that the
microbiomes of lean and obese monozygotic twins were
different.'>"* Further, the obesity—associated microbiota
could be transferred from human host to individual germ-
free mice as well. Observations such as these have lead

to studies that have uncovered potential pathways for the
microbiota to support obesity. Such pathways include the
breakdown of food to usable nutrients (e.g. plant starch to
sugars), the release of metabolic products by bacteria that
aid absorption of nutrients and the production of cofactors
(e.g. vitamins B and K) that are needed by the host.

In addition to the bacterial metabolic products
directly affecting the host metabolism, increased immune
activity has been recognized in obesity and associated with
the microbiota. Lipopolysaccharides (LPS) from gram-
negative bacteria in the microbiota are found to increase
in obesity. LPS activates host’s immune system through
Toll-like receptors on monocytes. Lean individuals have
lower concentrations of LPS in the blood compared to

1516 Furthermore, there is an association

15,16

obese individuals
between elevated LPS and decreased insulin sensitivity.
These studies establish a fundamental link between obesity
and insulin sensitivity through inflammation.

Endocrine functions have also been identified as a
mechanism by which the gut microbiota can lead to obesity.
Bacterial fermentation products can induce the secretion
of hormone peptide YY and leptin, by signaling through
G protein—coupled receptors (GPCR) which are present
in the small intestine, colon and adipocytes. Changes in
these hormones can affect caloric intake. As an example,
genetically obese mice have distinct differences in the
microbiota resulting in different leptin levels."” Together,
these studies have established a number of mechanisms
by which dysbiosis (directly or indirectly) leads to risk of
obesity. These mechanisms include short chain fatty acid
(SCFA) byproducts, inflammation, endocrine functions,
endo-cannabinoid tone and bile acid production.

The Host Microbiota Acts as a Barrier or Deterrent
for Pathogens

Clostridium difficile infection (CDI) is an example of
how the intestinal microbiota acts as a barrier. Loss of a
healthy microbiota leads to conditions that allow C. difficile

to infect and to cause disease. In 1977, it was noted
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that CDI required previous antibiotic exposure of the
patient.'"” Multiple studies in humans and mice have
subsequently shown that antibiotics can have a profound
and sometimes long standing effect on the gastrointestinal
(GI) microbiota. These changes are produced by alterations
in the metabolites from both GI enterocytes and the

microbiota,?**!

as well as by the overall structure of the
microbiota.”” The mechanisms by which antibiotics cause
dysbiosis (abnormal microbiota) and subsequent CDI have
been shown to include toll-like receptor (TLR) signaling,
changes in T-helper 17 T-cells (T, 17), and changes in
epithelial permeability** Supporting the idea that changes
in the microbiota lead to CDI is the compelling evidence
that restoring the diversity of the microbiota by fecal
transplantation can lead to resolution and resistance to
CDI. Patients with CDI can eliminate C. difficile after
transplantation of healthy microbiota*. Studies are
currently evolving to define how healthy microbiota from
different individuals with considerable variability can have
the same result of resolution of CDI. It is possible that
fecal transplant may support the growth of suppressed
indigenous microbiota leading to CDI resolution and

resistance?”.

The Gut Microbiota Can Influence
Mucosal Barrier Permeability

All biological systems are organized into smaller
subsystems. For example, the human body anatomically
consists of five critical subsystems or organs, viz. heart,
lungs, liver, kidneys and brain. Indeed, there are over 60
organs. Each of these anatomical subsystems are separated
or compartmentalized by a barrier, connected by lymphatic
and circulatory subsystem. Flow of materials across the
barrier is highly regulated. For instance, ingested food is
broken down and digested in the stomach and some of
the resulting nutrients are absorbed in the stomach and
intestines to be used by the rest of the body. It has become
evident that species within the gut microbiota not only
play an important role in metabolizing the ingested food
but some of the resident bacteria, directly or through the
immune system, regulate the permeability of the gut mucosa
to determine the absorption of the nutrients. Additionally,
species within the microbiota encode for a number of
enzymes, whose products alter gut permeability. For
example, production of histamine via microbial encoded
histidine decarboxylase increases mucosal permeability.*
Altering the permeability not only affects that transfer of
nutrients and bacterial metabolites, but also affects the

immune system. A rather spectacular example of how gut
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dysbiosis can affect the central nervous system,
across several barriers, is in autism spectrum
disorders (ASD).

ASD is a disease of unknown origin but
it has been linked to several triggers including
pre- or post natal exposure to chemicals and
drugs, air pollutants, maternal infection, stress
and dietary factors.* Several comorbidities
have also been associated with ASD including
gastrointestinal distress.” Studies in both
murine and human systems have defined
potential pathways that connect ASD to changes
in the microbiota of the gut. Mouse strains
that have symptoms of ASD behavior have been
shown to have gut barrier functional defects
and dysbiosis.” In one study the authors
showed that providing Bacteriodes fragillis to
the microbiota of these same mice early in
development reduced autism behavior. This
same study implicated microbiota produced
metabolic products such as 4-ethylphenylsulfate
were directly linked to symptoms of ASD in
mice.” Pregnant mice treated with valproic
acid, a compound shown to change the murine
gut microbiota, resulted in ASD phenotypes in
offspring.**  Gnotobiotic mice have reduced
sociability, social cognition deficits and repetitive
grooming, similar to behaviors observed in
ASD. These symptoms can be at least partially
reversed by colonization of the germ free mice.’!
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Figure 2: The relationship between germs, immune response and disease:
Germs (viruses, bacteria, fungi, helminthes) are shown as a spectrum of
mutualism: on one end of the spectrum are the symbionts (in blue) and one the
other extreme, the pathogens (red). Pathogens can be more or less pathogenic.
Between the two extremes (in yellow) of the spectrum are commensals, which
are neither beneficial nor harmful. The other axis depicted at the bottom is
the host immune response, which maintains the normal flora and responds

to pathogens. The vertical axis depicts the disease states, which can vary

from healthy (no disease) to death of host. A healthy immune response to a
moderate pathogen (shown by dashed lines) can eliminate the pathogen or lead
to subclinical disease (shown as blue dot). This representation also shows that
an aberrant immune response to commensals (or self antigens) can also lead to
chronic inflammation and disease.

In human studies, children with ASD have a distinct and
less diverse gut microbiota and gut community structure.” In
one study, children with ASD were found to have lower levels
of the species Bifidobacterium and higher levels of Lactobacillus
leading to change in the metabolites acetate, propionate and
valerate.” Another set of studies have shown changes in
metabolites, LPS and potential neuromodulating compounds
such as IL-6 in ASD patients.” IL-6 has been shown to
increase permeability of the blood brain barrier and LPS has
been linked to an increase in GI permeability. Interestingly,
children with ASD treated with antibiotics directed against
bacteria that produce LPS resulted in improvement of
some of their cognitive skills.” Taken together the above
examples indicate that the gut microbiota contributes to the
development of ASD by affecting the barrier permeability of
the gut and possibly the blood-brain barrier.

Direct Link Between Microbiota
and the Host Immune System
The host immune system regulates the constituents

and the abundance of the microbiota through a number of
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mechanisms. First, epithelial cells produce a number of
anti-microbial proteins (AMP). These peptides belong in
three families: the defensins, cathelicidins, and histamins*°.
Second, IgA secreted by B-cells or plasma cells shapes the
abundance of the microbes.”"** T-cells, like B-cells are part
of the adaptive immune system, are educated during early
development to recognize self-antigens. Similarly, exposure
to bacterial and viral antigens during early development
leads to education of the adaptive immune system. Asa
consequence, the immune system does not respond to these
organisms. Moreover, these bacterial antigens are needed
for the development of a normal immune system as is

evident in germ-free mice.*®

The commensal gut microbes
produce low-level activation of both the innate and
adaptive immune system.”” This low-level activation sets the
threshold that must be exceeded to produce an appropriate
immune response to pathogens. Perhaps simplistically,

in the absence of a normal microbiome the activation

of the immune system is set to a too low threshold, and

consequently the immune system is hyper-responsive.
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Figure 3: Interactions between the microbiome and amongst the host subsystems that may
account for variability in response to pathogens. The response of different individuals to
pathogens can vary from being resistant, to asymptomatic carriers, to completely sensitive.

Host genetics only partially account for this variability. Additional non-heritable influences

such as prior exposure to related pathogens and nutritional status of the host could also factor
into the response. We argue that the microbiota, because it influences the host health status,
also influences the health of the host. Thus, dysbioses is a host risk factor that determines
susceptibility to pathogens such as C. difficile infections, and to obesity and autism. The crosstalk
between the subsystems provides robustness and maintains health. The crosstalk provides
robustness because other subsystems can compensate for the transient loss of one subsystem.
The contribution of genetics is shown by blue lines, physiological interactions are shown in green

the system in the sense that
we must understand each
subsystem (e.g. how an immune
response is regulated; See
Figure 2), but also in the sense
that risk or benefit cannot be
assigned to any one factor or
component (e.g. how effective
the immune response is). This
crosstalk evolved to increase
the overall robustness of the
system because transient loss
or decrease in function in one
subsystem can be compensated

for by the other subsystems.

Conclusion

We began this review by
pointing out the strengths and
shortcomings of Germ Theory.
The strength of Germ Theory
is that it produced an increased
awareness of pathogens that
led to some relatively simple
solutions like sewers, clean

water sources, and improved

and the influence of microbiota is shown in red.

hygiene to prevent the spread

Correspondingly, epidemiological evidence over the last
three decades indicates that changes in the microbiota

can alter the risk factors for allergies, autoimmune and
other inflammatory diseases.” These epidemiological
studies parallel the so-called hygiene hypothesis™*' further
supports the important role of the normal microbiome in

maintaining homeostasis of the immune system.

Interactions Between These “Host-Factors”

As we have documented above, the normal microbiome
affects the host through a number of mechanisms. The
main four mechanisms are: first, by modulating calorie
extraction from the diet and nutrient utilization; second,
by acting as a deterrent to pathogen colonization; third,
by modulating the immune response; and finally, and by
modulating barrier permeability directly through secretion
of chemical mediators and indirectly through the immune
system. Moreover, there is considerable crosstalk between
the immune system and barriers and metabolism, which
are in turn influenced by genetics and the environment

(See Figure 3). The crosstalk increases the complexity of

of these pathogens. The
primary shortcoming of Germ Theory has been that it
cannot readily explain the variation in host response (e.g.
why some individuals are asymptomatic carriers and others
succumb to the infections). Conventionally, it has been
argued that host genetics (heritable alleles) are in large part
responsible for this variation. However, emerging data
indicates that epigenetics and environmental factors that are
non-heritable contribute significantly. The variation occurs
through both heritable and non-heritable factors. We
propose that the normal (healthy) microbiota composition,
although influenced by genetic factors is a non-heritable
component that contributes critically to preventing disease
in three significant ways: first, it contributes to setting
thresholds of the immune response. As we note above,

a weak or overly strong response is harmful to the host
because it causes damage. Second, the microbiota forms

a barrier by competing for nutrients and space in the host,
and further by altering the permeability of mucosa, which
prevents pathogens from colonizing, crossing the mucosa
and dissemination. Third, the microbiota modulates the

extraction and utilization of energy and nutrients from
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food consumed. As undernourished and overnourished
hosts have hypo- or hyper-responsive immune activation
respectively, the healthy microbiota contributes to response
to a pathogen. Together, these factors contribute to

the ability of the host to fight pathogens and to recover
from pathogens. Thus, the microbiota is a non-heritable
host factor that contributes to maintaining and restoring
health by maintaining homeostasis (balance). Given that
different populations of patients could have different and
unique microbiota, it is interesting to consider how the
measurements of microbiota will be incorporated into the

practice of precision medicine in the future.
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