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More and more studies indicate interactions between infectious diseases and
microbiota. Advances in molecular techniques have led to a greater appreciation of
the diversity of human microbiota, the extent of interactions with the human host,
and how that relates to inter-individual variation. Realization of the interaction
between infectious agents and the microbiota will definitely deepen our
understanding of infectious diseases.

23.1 Evolving View of Infectious Disease

Microbial ecology is the relationship of microorganisms with one another, and
with their environment . A microbial ecosystem is defined as a system that
consists of all the microorganisms that live in a certain area or niche, which
function together in the context of other biotic (plants and animals) and abiotic
(temperature, chemical composition, and structure of the surroundings) factors of
the niche ”. The human body is home to many indigenous microorganisms, with
distinct communities at different anatomical sites. Within the body of a healthy
adult, microbial cells are estimated to outnumber human cells by a factor of one or
two orders of magnitude. All the microbial cells constitute a small microecology,
which is the simplest ecology on the earth. The composition of this microbial
community is host specific, evolving throughout an individual’s lifetime and
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susceptible to both exogenous and endogenous modifications *!. One of the main
functions of this high density commensal microbiota that inhabits the intestine is
to shield from infection. Colonization resistance is the mechanism whereby the
host microflora protects itself against incursion by new and often harmful
microorganisms . An infectious disease is a clinically evident illness resulting
from the presence of pathogenic microbial agents, including pathogenic viruses,
pathogenic bacteria, fungi, protozoa, multicellular parasites, and aberrant proteins
known as prions. Infectious disease results from the interplay between those few
pathogens and the defenses of the hosts they infect. For a long time, much
attention has been focused on identifying the bacteria which cause disease. It is of
equal importance that bacteria associated with health also be researched, so that a
microbiological view of infectious disease should be established.

23.2 Advances in Molecular Ecological Techniques

Due to long neglect, the complexity of the indigenous microbiota itself and the
fact that many of its members resist cultivation, human microbiota is in fact new
to science. Several developments have recently converged to renew interest in
studying the normal human microbiota. Efforts to characterize microbial diversity
increasingly rely on cultivation-independent, molecular techniques, since the vast
majority of bacteria have yet to be cultivated. Advances in molecular techniques
have led to a greater appreciation of the diversity of human microbiota, the extent
of interactions with the human host, and how that relates to inter-individual
variation.

Many of the tools developed for environmental microecology studies have
recently been used on human samples, providing a more comprehensive view of
our microbial symbionts. New technologies, such as metagenomics and
metaproteomics, are shedding light on the wide diversity and function of the
microbial consortium. Cell and animal experiments point to the intimate
relationship between the immune system and the bacteria. Human microecology
science is making rapid progress.

Genomics or metagenomics approaches have a tremendous capability to
generate composition data and measure the metabolic potential encoded by the
combined genomes of the gut microbiota. Because of its universal presence in
cellular organisms, the presence of conserved regions, and its reliability, most
molecular studies are based on the small subunit 16S rRNA gene for phylogenetic
analysis. Several next-generation sequencing technologies, such as 454
pyrosequencing, have been introduced in recent years that dramatically outperform
the traditional Sanger technology in terms of throughput and cost. These
instruments, with the ability to produce millions of DNA sequence reads in a
single run, are making great progress in human microecology research. For
clinical diagnostic purposes, some simple and rapid methods for analysis of the
composition of the gut microbiota such as the phylogeny chip and function chip
have been developed .
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Another post-genomics approach, metabonomics, has the capacity to measure
the metabolic kinetics or flux of metabolites through an ecosystem at a particular
point in time or over a course of time. Metabonomics thus derives data on the
function of the gut microbiota in situ and how it responds to different
environmental stimuli, e.g. substrates like prebiotics, antibiotics and other drugs
and in response to disease.

Metagenomic sequencing has revealed information about the composition of
genes in the gut microbiota. A major limitation of DNA-based approaches is that
they predict potential functions, but it is not known whether the predicted genes
are expressed at all or, if so, under what conditions and to what extent. In addition,
it is not possible to determine whether the DNA is from cells that are active and
viable, dormant or even dead. Verberkmoes et al. developed a novel high-
throughput, non-targeted mass spectrometry (MS) approach, to determine the
identities of thousands of microbial proteins in the faeces. This is the first step to
developing an approach to obtain a first large-scale glimpse of the functional
activities of the microbial community residing in the human gut %),

Although in its infancy, the application of culture-independent tools has
dramatically improved our ability to interrogate the vast diversity of unculturable
microbial species. In the future, these three culture independent, high resolution
approaches will be combined into a single “trans-genomic” approach which allows
correlation of changes in metabolite profiles within human biofluids with
microbiota composition metagenomic data. Such approaches are providing novel

insight into the composition, function and evolution of our gut microbiota .

23.3 Normal Human Microbiota

As an ever-increasing body of evidence implicates the microbiota in defining
states of health and disease, it is quite important to characterize the extent of
normal microbiota *), With advanced technologies, we are able to learn more
about the normal microbiota inside ourselves. Gut microbiota is the most
complicated microbiota inside our body. Gut microbiota is an assortment of
microorganisms inhabiting the length and width of the mammalian GI tract, which
closely co-evolved with the human genome and diet. The distal GI tract houses up
to 1,000 distinct bacterial species and an estimated excess of 1x10'* microorganisms.
The composition of the microbiota in healthy people is not only unique, but also
appears to be quite stable over time. There seems to be a vast “core” of
approximately 300 phylotypes that are likely to exist in all individuals. The human
oral microbiome is comprised of hundreds of microorganisms that mainly colonize
on tooth surfaces as a biofilm. Dental plaque is a dynamic and extremely complex
oral biofilm ecosystem. Oral bacterial researches have suggested that the oral
cavity and intestinal tract harbor distinct sets of bacteria ). Two recent 16S rRNA
gene tag pyrosequencing-based studies have suggested that there are
approximately 250 — 300 species-level phylotypes in the mouth of any given
individual, and that they segregate based on mucosal versus dental surfaces !'". The
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predominant taxa belongs to Firmicutes (genus Streptococcus, family
Veillonellaceae, genus Granulicatella), Proteobacteria (genus Neisseria,
Haemophilus), Actinobacteria (genus Corynebacterium, Rothia, Actinomyces),
Bacteroidetes (genus Prevotella, Capnocytophaga, Porphyromonas) and
Fusobacteria (genus Fusobacterium) ', The flora of the vagina and the urinary
tract consist of a well-balanced system of about 50 bacterial strains. Lacto bacilli
dominate the healthy flora of premenopausal women. The balance can be
disturbed by the overgrowth of indigenous bacteria of the vagina like Gardnerella,
Bacteroides, Peptostreptococcus, Prevotella spp. or aerobic cocci, or by the
invasion of foreign microorganisms, such as Escherichia coli, Enterococcus
faecalis, Enterobacteriaceae, Staphylococci or Candida.

Viral diversity and life cycles are poorly understood in the human gut and
other body habitats. Reyes et al. sequenced the viromes (metagenomes) of
virus-like particles isolated from faecal samples collected from healthy adult
female monozygotic twins and their mothers at three time points over a one-year
period and found that viromes are unique to individuals regardless of their degree
of genetic relatedness "%,

23.4 Interactions between Infectious Diseases and Microbiota

For a long time, much attention has been focused on identifying the bacteria which
cause infectious disease. Nowadays, more and more studies indicate interactions
between infectious diseases and microbiota. Antibiotics, often used to cure
infections, are causing more and more problems to the normal balance of
microbiota. Not only bacterial infection but also virus infections are relevant to
microbiota dysbiosis.

23.4.1 Disturbance of Normal Microbiota by Therapy

The human microbiota helps to protect the GI tract from enteric infections. A
healthy microbiota is important in the host response to intestinal pathogens.
Perturbations in the intestinal microbiota significantly impact the clinical
incidence and severity of enteric infections. Disruption of the gut microbiome,
termed dysbiosis, is frequently accompanied by overgrowth of pathogenic bacteria
or fungi, in conjunction with significant loss of microbial diversity or key
functional groups and an inflammatory response by the host, which contributes to
disease development.

Mucositis, also referred to as mucosal barrier injury, is one of the most
debilitating side effects of radiotherapy and chemotherapy treatment. Clinically,
mucositis is associated with pain, bacteremia and malnutrition. Gut microbiota
was found to participate in the development and severity of chemotherapy-induced
mucositis. Recently, it has been shown that chemotherapy treatment is associated
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with a decrease in the number of anaerobic bacteria and a decrease in microbial
diversity !"*). The disappearance of commensal intestinal microbiota will minimize
their protection of enterocytes against potential pathogens. Different initial
microbial colonization may protect and predispose the pathophysiology of acute
postradiotherapy diarrhea '*). Stecher ef al. have found that the presence of closely
related species can increase the chance of invasion of newly incoming species into
the gut ecosystem, and this principle might be of general validity for invasion of
bacteria in preformed gut ecosystems !'’. However, research concerning the
relationship between intestinal bacteria and chemotherapy-induced mucositis is
still rare. Further research is needed to verify the mechanism of gut microbiota in
chemotherapy-induced mucositis.

More and more evidence has shown that there is a new conceptual framework
of the microbiota-gut-brain axis. Stressor exposure disrupts commensal microbial
populations in the intestines, and leads to increased colonization by Citrobacter
rodentium ',

Antibiotics are the main, and often only, clinical intervention for prophylactic
and active treatment of bacterial infections in humans. However, these drugs also
shift the composition of commensal bacteria inside our bodies, especially those
within the gut microbial community. More and more evidence show that antibiotic
use can increase host susceptibility to pathogen infection. A number of opportunistic
pathogens can cause disease during antibiotic therapy, including Salmonella spp.,
Clostridium perfringens, Klebsiella oxytoca, S. aureus, Candida albicans, and C.
difficile. Of these, C. difficile is the most common cause of pathogen-associated
antibiotic-associated diarrhea (15% — 25%), the most common cause of severe
disease, and it causes nearly all cases of nosocomial pseudomembranous colitis ',
Animal (hamster and mouse) and in vitro models show antagonism between
conventional microbiota and C. difficile population growth !'*],

Antibiotic-associated diarrhea (AAD) and Clostridium difficile infections
(CDI) are associated with altered intestinal microflora and other symptoms that
may possibly lead to death. The association between AAD or CDI and
perturbations of the gut microbiota is well established but poorly understood.

Chemotherapy treatment in pediatric patients with acute myeloid leukemia
receiving antimicrobial prophylaxis leads to a relative increase in colonization
with potentially pathogenic bacteria in the gut ' This disturbance in the balance
between anaerobic and aerobic bacteria will further increase the risk of
gram-positive aerobic infections.

23.4.2 Microbiota and Viral Infection

Infectious diseases caused by a virus may also have relationships with the
bacterial community of the host. Structural responses of gut microbiota were
found on children with rotavirus infection .

Alteration in gut microbiota was also found in patients with HIV infection, and
was supposed to be a key factor in HIV pathogenesis ',
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Indigenous microbiota was found to play a crucial role in the expansion and
maintenance of viral-specific CD8 memory T cells in mice infected with murine
cytomegalovirus %1,

23.4.3 Microbiota and Autoimmunity Disease

Dental caries, once thought to be a simple disease caused by S. mutans, is now
unraveling as an extremely complex disease, which reflects the response of the
tooth to a microbial challenge. Normally, low populations of acido-genic and
aciduric bacterial species will increase following high-frequency carbohydrate
exposure. The metabolism of carbohydrate by these microbiota results in the
acidification of plaque (pH < 5), and acid-induced demineralization of the enamel
and dentin occurs, eventually resulting in cavitation. Cariogenic plaques are
comprised of numerous different microbial species, including S. mutans and other
low-pH streptococci (Streptococcus oralis, Streptococcus mitis, Streptococcus
anginosus), Rothia, Actinomyces, Lactobacilli and Bifidobacterium spp., and
Candida albicans .

Studies of bacterial infections in developed countries suggest 75% of adults
fully recover. However, around 25% have long lasting changes in bowel habits
and a smaller number develop the irritable bowel syndrome (IBS). Post-infectious
IBS (PI-IBS) usually follows bacterial infection with Salmonella spp., C. jejuni
and Shigella spp. **!. Why this inflammation persists in some, but not others still
needs further research.

23.5 Therapy

Improved understanding of the normal gut microbiota has made the therapeutic
manipulation of the gut ecosystem a valid and realistic future prospect.

It is well known that antibiotic use can cause short-term ecological disturbance
in the microbiota, while another disturbing consequence of antibiotic treatment is
long-term persistence of antibiotic resistance genes. Prudence in the
administration of antibiotics could partially alleviate the emergence of antibiotic
resistant pathogenic strains. Emphasis should be placed on alternative therapeutic
options such as probiotics, immunotherapy, etc.

23.5.1 Probiotics or Prebiotics

In response to problems caused by antibiotic use, new biological treatment for
infectious disease is needed. The use of probiotics, prebiotics and synbiotics is
increasing in popularity for both the prevention and treatment of a variety of
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diseases. Prebiotics are a group of non-digestible food ingredients including inulin,
oligosaccharides, lactulose and resistant starch that are fermented by colonic
commensal microbiota to potentially improve the health of the host by selectively
stimulating the growth of certain gut bacteria. Lactic acid bacteria are thought to
provide positive health effects for the host, and are usually referred to as probiotic
bacteria. Bohle et al. found that the mucus adhesion promoting protein of
Lactobacillus reuteri can be specially degraded to an antimicrobial peptide .
This finding gives some new perspectives on how probiotic bacteria may
successfully contribute to a healthy microbiota. Escherichia coli O157:H7 is a
food-borne pathogen causing hemorrhagic colitis and hemolytic-uremic syndrome,
especially in children. The probiotic bacterium Lactobacillus acidophilus strain
La-5 can secrete molecules, which is effective against enterohemorrhagic
Escherichia coli (EHEC) O157:H7 infection **. Meta-analysis of probiotics trials
for the prevention of AAD showed an overall reduction in the risk of AAD when
probiotics were co-administered with antibiotics ",

Many probiotic strains have been tested for CDI. Saccharomyces boulardii is the
best studied one among these strains. In a phase 3 trail, adult patients with CDI were
randomized in a combination treatment of oral vancomycin and S. boulardii or
vancomycin and placebo. Patients treated with vancomycin and the probiotic had
significantly decreased recurrence rates compared with vancomycin with placebo **.

Probiotics have shown effects on HIV-infected patients. In a randomized,
placebo-controlled study of 24 subjects with HIV infection or AIDS, daily
ingestion of probiotic Lactobacillus rhamnosus GR-1 and Lactobacillus reuteri
RC-14, supplemented in yogurt, led to rapid resolution of diarrhea, flatulence and
nausea, as well as a small increase in CD4 cell counts /.

Oral or local application of yogurt in bacteria vaginosis or candida-vaginitis
has shown promising results for decades. In a human study with 49 subjects, the
local application of L. rhamnosus reduced the rate of urinary tract infections by
73% 5% The strain showed tight adhesion to epithelial surfaces, hydrogen
peroxide production, or the release of biosurfactants.

Probiotics also exert effects against viral infection such as rotavirus infection
or viruses whose target organ is not the intestine. The mechanism is considered to
be by immunostimulation and not by direct competition with the infectious agent.

In vitro models with complex and complete gut microbiota are required to
accurately assess the potential and efficacy of probiotics on pathogen colonisation
in the gut.

23.5.2 Other Bacteriologic Therapy

Most of the drugs used in clinics today were derived from living matter in the
external environment. It’s time to mine new drugs from microbial-derived
signaling molecules in the inner environment of the gut. Bacteriocins are a family
of anti-microbial peptides by which the producer organism can inhibit the growth
of other organisms. The broad-spectrum bacteriocin, lacticin 3147, has been
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shown to have resistance to C. difficile !, Some narrow-spectrum bacteriocins
with relative specificity against specific organisms are being searched for now.

The gut microbiota is a source of immunomodulatory signals, and the
microbiota composition has a profound impact on immunological differentiation.
Some microbial-derived molecules with immunomodulatory potential have been
well researched, which include bacterial nucleic acids or oligonucleotides
containing hypomethylated CpG dinucloetides and cytoprotective or
anti-inflammatory peptides °*\. The therapeutic potential of these molecules on
infectious diseases is still under research. The exploration of the inner world of
human microbiota for drug discovery or other bioactive development is in its
infancy, but is very promising.

An alternative approach for shaping overall microbiota composition by
probiotics or prebiotics aimed at reducing detrimental and potentially pathogenic
bacteria is by means of specific bacteriophages. Bacteriophages are viruses that
attach to their specific bacterial hosts and kill them by sequential internal
replication and lysis. Bacteriophages administration is safe and can reduce the
concentration of Listeria monocytogenes in the GI tract. It can also translocate to
the spleen and liver in experimentally infected mice 1**!.

23.5.3 The Role of Microbiota in Drug Metabolism

Nowadays, it is clear that the complex microbial ecosystem in our intestines should
be considered as a separate organ within the body, with a metabolic capacity
which exceeds the liver, with a factor of 100. The intestinal microbiome is
therefore closely involved in the first-pass metabolism of dietary compounds %,

23.6 Summary and Prospects

This field is very much in its infancy, and considerable work still needs to be done
to better understand the relationship between the microbiota and infectious
diseases. Realization of the interaction between infectious agents and commensals
in disease will require greater understanding of the normal microbiota, and the
mechanisms of microbiota-host interactions. Technological advances in molecular
analysis will definitely speed up the exploration.

There are still many concerns about the safety of probiotics use. Future work
should define the possibly related molecular factors that promote probiotic
functions, fitness, and facultative pathogenicity. Then we can give a definite
answer as to when and how to use probiotic strains against infections.

Although many probiotic strains have been tested, the quality of evidence is
still poor. Much of the mechanism remains unproven, e.g., how probiotics work,
which strains are effective, what can be expected to be achieved, and what dosage
is required for effectiveness.
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