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Abstract

The human gastrointestinal tract is populated by a vast and diverse community of microbes. This
gut microbiota participates in host metabolism, protects from invading microbes, and facilitates
immune system development and function. In this review, we consider the contributions of
intestinal microbes to the pathogenesis of infectious diseases. Key concepts of colonization
resistance, host-commensal microbe interaction in immunity, antibiotics and gut bacterial
communities, viral-gut bacterial interactions, and evolving methods for studying commensal
microbes are explored.
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Introduction

The intestinal microbiota, the microbial communities colonizing the small and large bowel,
play an important role in a multitude of host functions. Intestinal bacteria function in energy
extraction from food, production of key metabolites for host physiology, immune system
development, and protection from and response to systemic and gastrointestinal infectious
diseases. These communities are in turn shaped by host genetics, diet, and environment and
thus exhibit substantial inter-individual variation [1es]. Advances in sequencing technology
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and the computational methodology to interpret these data have resulted in an increased
appreciation for the role of gut microbiomes in the pathogenesis of obesity [2],
inflammatory bowel disease [3], type 1 diabetes [4], and metabolic syndrome [5]. Herein we
consider how the intestinal microbiota contributes to susceptibility and response to
infectious diseases.

Up to 100 trillion bacteria colonize the human gut, representing an estimated 200 to 1000
distinct bacterial species. (See Table 1 for key terms for the study of the intestinal
microbiota.) The intestinal epithelium provides an essential barrier that ensures a separate
peace between host and microbe. However, there is constant cross-talk across this barrier
between the immune system and microbiota that is equally important for homeostasis in the
gut. The epithelium, innate and adaptive immune systems, and the intestinal mucus are all
active participants in host defense from infectious diseases that target the gastrointestinal
mucosa as their portal to invading their human hosts. Gut bacteria also provide an important
line of defense for their hosts against invading pathogens.

Colonization Resistance

Colonization resistance is the process by which the indigenous gut microbiota protects a host
from infectious microbes. Several mechanisms underpin colonization resistance, the
foremost of which is competition for space and nutrients along the mucus layer and within
the lumen. In addition, short-chain fatty acids, which are products of commensal bacterial
metabolism, are also bactericidal for some enteric pathogens. Certain Lactobacilli, in
particular members of the acidophilus subgroup, generate reactive oxygen species.
Numerous commensals produce bacteriocin and bacteriocin-like molecules as defensive
strategies. Bacteriocins fall into three general categories (I, l1a/b/c, and 111) and have distinct
activities: nucleases, DNAses, cell wall component (eg, peptidoglycan) production
inhibitors, and pore formers. Recent studies using mouse models suggest that the
composition of a host’s microbiota may influence susceptibility to enteropathogens [6¢].
Furthermore, particular members of gut microbial communities impact the ability of
pathogens to invade and beneficial microbes to colonize. Hosts with high Escherichia coli
densities are more susceptible to Salmonella enterica infection, whereas hosts with high
Lactobacilli counts are more easily colonized with probiotic strains of Lactobacilli [6¢]. The
relationship between disease susceptibility and features of microbial communities raises the
question of how knowledge of microbial communities can be leveraged into improving
colonization resistance to prevent and treat infectious diseases.

Commensal Bacteria and the Immune Response

Commensal enteric bacteria are required for immune cell development and function within
the gastrointestinal tract and systemically. Studies from gnotobiotic mice (mice lacking
endogenous microbes) demonstrate abnormal Peyer’s patches, lymph nodes, and spleen;
decreased numbers of mucosal and systemic innate and adaptive immune cells; and
markedly reduced levels of immunoglobulins and other host defense molecules [7].
Susceptibility to numerous bacterial, viral, and parasitic infections is also increased in germ-
free mice, resulting from loss of colonization resistance and impaired immune system
responses.

Several recent studies have identified that select species or specific bacterial products play a
critical role in the proper functioning of the immune system. Although Bacteroides fragilis
is well known for its opportunistic role in intraperitoneal abscesses, it also bestows benefits
to the host regarding the development of adaptive immunity in the gut and system-wide. A
zwitterionic polysaccharide, polysaccharide A, expressed by B. fragilis is responsible for
these beneficial effects on host immune cell development and homeostasis [8¢¢]. In addition,
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polysaccharide A also appears to protect mice from experimentally induced inflammatory
bowel disease and central nervous system inflammation [9,10]. T helper 17 cells (Th17), a
subset of CD4* T cells named for its production of the proinflammatory cytokine 1L-17,
function in host defense against fungi and extracellular bacteria and have been implicated in
the pathogenesis of numerous autoimmune diseases [11]. In mice, the induction of intestinal
Th17 cells requires that the small intestine is colonized with segmented filamentous bacteria
(SFB), a group of anaerobic, spore-forming, gram-positive bacteria [12]. SFB stimulate the
expression of several genes involved in antimicrobial defenses and inflammation. The
bacterial molecules, host sensors, and signaling pathways involved in this SFB-mediated
Th17 development remain to be defined.

Both immune and non-immune system cells express a diverse repertoire of pattern
recognition receptors that bind molecular patterns shared among microbes. The toll-like
receptors (TLRs) are one family of pattern recognition receptors (select receptors and their
ligands are shown in Table 2). DNA from commensal bacteria, which can bind to TLR9,
plays an important role in host defenses against microsporidia, a parasite that causes
diarrhea in immuno-compromised hosts [13]. Engagement of multiple toll-like receptors by
the commensal gut microbiota contributes to the development of protective immune
responses against Toxoplasma gondii [14]. Flagellin, the TLRS5 ligand, recently was shown
to restore innate immune defenses against and decrease colonization levels of vancomycin-
resistant Enterococcus [15]. The nucleotide-binding domain, leucine rich repeat containing
proteins, are another family of microbial recognition receptors. Nucleotide-binding
oligomerization domain protein (NOD) 2 has a broad specificity for peptidoglycan and
NODL1 senses diaminopimelic acid-type peptidoglycan (DAP-PG). Intestinal commensal
bacterial-derived DAP-PG plays an important role in priming systemic innate immunity.
Specifically, studies of NOD1-deficient and WT mice demonstrated that importance of
NODL1 signaling for neutrophil killing of Streptococcus pneumoniae and Staphylococcus
aureus [16¢]. Thus, humans and our ancestors evolved a dual-purpose system for sensing
microbes—a system that not only senses endogenous microbes for the proper development
and functioning of the immune system, but also senses pathogenic invaders to initiate host
defense programs.

Antibiotics and the Commensal Microbiota

Infectious disease physicians commonly encounter the disruptive effects of antibiotics on the
endogenous flora, the most familiar of which are the antibiotic-associated diarrheas. Recent
genomic studies of the intestinal microbiota, both in human populations and mouse models,
have revealed that antibiotics have unexpectedly widespread and enduring effects on
endogenous gut microbes. Duration of treatment, type of antibiotic, and individual
differences all influence antibiotic-induced changes in the composition of the gut bacterial
community and the resiliency of gut community members to antibiotic treatment. 16S rDNA
enumerations from human stool before and 4 weeks after ciprofloxacin treatment revealed
that although the majority of gut microbes eventually returned to their pre-treatment relative
abundance levels, taxa belonging to the Clostridiales order did not recover during the
observation period [17]. A common theme illuminated by studies of the antibiotic effects on
gut microbial composition is a reduction in relative abundance of members of the Firmicutes
phylum and specifically several Lactobacillus species, many of which are considered
beneficial microbes [18,19]. Broad-spectrum antibiotic treatment of mice revealed large
proportional increases in the Bacteroidales order. After only 1 day of antibiotics,
representation of this order increased to 95%, from basal levels of 60% to 70% of the total
bacterial population [18]. These perturbations have the potential to be significant in light of
recent studies demonstrating a link between diabetes [20] and obesity [2] and decreased gut
microbial diversity and altered Bacteroidetes/Firmicutes ratios.
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Antibiotic-induced alterations of the composition or function of gut microbial communities
are key effectors in susceptibility to several gastrointestinal bacterial diseases. Antibiotic-
associated diarrhea (AAD) is a common complication of antibiotic use, and Clostridium
difficile is the most frequent cause of AAD, colitis, and pseudomembranous colitis [21].
Klebsiella oxytoca, Clostridium perfringens, Salmonella spp, Candida spp, and
Staphylococcus aureus are far less common causes of AAD. Both the incidence and death
rates of C. difficile—associated colitis have increased at an alarming rate over the past decade
(117% increase in incidence between 2000 and 2006 and a 35% increase in mortality rates)
[21]. Estimates of asymptomatic carriage of C. difficile range between 1% and 55.4%, based
on the population observed [22¢]. A few studies have begun to delve into how the
composition of the fecal microbiota affects susceptibility and risk of recurrence of C.
difficile—associated diarrhea (CDAD). A correlation between CDAD and the extent and
duration of decreased diversity in response to antibiotics is emerging [22¢]. A recent study
by Giel et al. [23¢] provides mechanistic insight into how antibiotic treatment may result in
C. difficile sporulation and subsequent AAD. Bile salt metabolism by the commensal
microbiota appears to be a key effector. A cholestyramine-sensitive factor in cecal or
intestinal extracts of antibiotic-treated mice stimulated C. difficile colony formation from
spores much more efficiently than samples from untreated mice [23¢].

Antibiotics also increase susceptibility to invading microbes of the gastrointestinal tract.
Treatment of mice with streptomycin or vancomycin lowered the inoculum dose required to
cause morbidity with Salmonella enterica Serovar Typhimurium [24]. The doses of
antibiotics used in this study did not reduce total bacteria numbers in the gut, a finding
which emphasizes that composition and function of the community are important factors in
mediating host resistance to invading pathogens. Beyond shifting relative abundances of gut
bacteria, antibiotics also have the ability to influence the genomic potential and expression
of the gut microbial community. Treatment with high doses of antibiotics selects for bacteria
with antibiotic resistance genes on mobile genetic elements. Even though the typical
members of the gut microbial community may recolonize the gut over time, horizontal gene
transfer of antibiotic resistance may irrevocably alter the intestinal microbiota.

Gut Microbiota as Reservoirs of Resistance

The existence of lag times between when widespread clinical use of an antibiotic begins and
when resistance becomes a problem—a few years for penicillin and more than 30 years for
vancomycin [25]—suggests that gut bacteria living without exposure to antibiotics do not
typically harbor resistance genes. However, bacteria in the soil, an ancient antibiotic
resistance reservoir, have spent millions of years evolving in the presence of natural
antimicrobials, resulting in the expression and spread of many resistance genes via
horizontal gene transfer (HGT) [26¢]. The gut represents an environment that, like soil, is
highly conducive for HGT—a dense population of bacterial cells, often found organized
similar to a biofilm [25]. Once in the gut, antibiotic resistance genes can disseminate
throughout the bacterial population, especially under selection pressure from clinically
administered antibiotics, and these effects of HGT can endure after selection is removed.
After combined antibiotic treatment for Helicobacter pylori gastritis (with a clarithromycin
and metronidazole regimen), gut enterococci exhibited high macrolide resistance for 1 year
after treatment; for one patient, resistance remained even after 3 years [27]. A study of the
gut microbiotas of two healthy individuals with no antibiotic exposure in the preceding year
found antibiotic resistance genes in both commensal and opportunistic fecal bacteria [28e¢].
Almost half of the antibiotic resistance genes identified from the sub-cultured fecal isolates
were genetically identical to antibiotic resistance genes found in known human pathogens
[28e¢]. Thus, the commensal gut microbiome represents a reservoir of antibiotic-resistance
genes. Through HGT, otherwise harmless commensals have the potential to transfer
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antibiotic resistance determinants to pathogens, which may lead to the emergence of
clinically problematic strains.

Viruses and Gut Bacterial Communities

Viral Gastroenteritis

Viruses are frequently the causative agent of gastroenteritis, one of the most common
infectious diseases worldwide [29]. Specifically, noroviruses were found to be responsible
for 93% of viral gastroenteritis outbreaks in the United States during a 3-year study period
between 1997 and 2000 [30]. Although viral gastroenteritis in adults is most commonly
linked to noroviruses, gastroenteritis in children is caused by a broader group of viruses that,
along with noroviruses, includes rotaviruses, astroviruses, and sapoviruses [31]. Both
astroviruses and rotaviruses have been shown to directly increase gut mucosal permeability
[32]. Loss of gut barrier integrity alters the delicate balance between the immune system and
commensal microbiota, and thus compromises defenses against a broad range of
gastrointestinal pathogens.

The variable attack rates of enteric viruses bring into question the role of the gut microbiota
in shaping susceptibility. Undertaking prospective studies of the gut microbiota that follow
populations over time may illuminate characteristics of microbial communities associated
with resistance to viral gastroenteritis. Although it is not well understood if or how gut
microbial populations affect infection with enteric viruses, rehydration therapy in
conjunction with supplementation with multiple Lactobacilli spp (reuteri, acidophilus,
delbrueckii bulgaricus, and casei) and Saccharomyces boulardii reduced the duration of
rotavirus-associated diarrhea and significantly reduced viral shedding [33,34]. Further
research into how certain bacteria are able to aid the host in clearance of viral infections
could be beneficial not only in understanding viral pathogenesis, but also in understanding
relationships between viruses and bacteria in the gut.

Noroviruses and Inflammatory Bowel Disease Susceptibility

Commensal gut bacteria are important contributors to the pathophysiology of inflammatory
bowel disease (IBD), and evidence suggests that the gastrointestinal microbiotas of IBD
patients differ from healthy controls [3], with reduced relative abundances of members of
the Bacteroidales and Lachnospiraceae families [35]. Recent evidence suggests that the
contribution of microbes to IBD extends beyond commensal bacteria to include enteric
viruses. About 50% of individuals of European descent carry a mutant allele of the
autophagy gene Atgl16L1, which is a Crohn’s disease (CD) susceptibility allele [36]. A
recent study using a mouse model with reduced Atg16L1 function begins to explain the
contributions of both viruses and bacteria to CD susceptibility. Infection with a specific
norovirus along with a full complement of gut bacteria was required for eliciting CD-like
pathology after intestinal injury was triggered in mice with reduced Atg16L1 [37e¢]. In the
absence of viral exposure or if the commensal bacteria were depleted with antibiotics, CD-
like inflammation did not develop, thus demonstrating that a complex web of microbial
(viral and bacterial) and host factors underlie CD. Although enteric viruses may not cause
IBD single-handedly, they have the potential to shape the host immune response and
intestinal environment in a manner that promotes dysfunctional host-commensal
interactions.

Gut Bacterial Viruses

Studies of human gut microbiota have revealed that coliphages (enteric bacterial viruses)
infect many Enterobacteriaceae (E. coli, Salmonella spp, Klebsiella spp) and other
Bacteroidetes and Firmicutes [38]. Despite overwhelming evidence of viral-bacterial
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interactions in the human gut, the consequences of such interactions in the context of
gastrointestinal disease have not been fully explored. Classical phage-bacterial host
interactions are characterized by an evolutionary struggle for and against viral invasion.
However, in the fecal microbial community of healthy humans, viral life cycles tend to be
temperate (non-lytic) with low variation over time, and with little genomic evidence of
bacteria evolving mechanisms to prevent phage attachment and invasion [39¢¢]. Enteric
phages that are in constant contact with commensal bacteria in the gut have the potential to
act in a commensal manner of their own and may confer growth advantages to their hosts
[38]. Several viral-like particles found in healthy human feces encode proteins involved in
peptidoglycan synthesis, pyruvate and folate metabolism, and oxidative stress response
[39+¢]. By introducing new genes and associated functions, viruses have the ability to
change the microbiome of the gut. In light of recent findings that recognize associations
between bacteria and human diseases, and between bacteria and viruses in the gut, future
attention should be focused on the ways in which coliphages are able to shape the
composition and function of commensal bacterial communities in the gastrointestinal tract.

Gut Microbes and HIV

HIV is a viral infection that illustrates the importance of gut microbes for the pathogenesis
of infectious disease. Mucosal memory CD4* T cells, the bulk of which reside in the
gastrointestinal tract, are an early target of HIV during acute infection [40]. Although the
exact mechanisms remain unclear, HIV-infected individuals can exhibit numerous
gastrointestinal tract pathologies. These immunological and epithelial barrier abnormalities
contribute to the enteropathies, malabsorption syndromes, and gastrointestinal infections
observed in this population [41]. In chronic phases of human HIV infection and nonhuman
primate SIV infection, impaired gut epithelial barrier integrity results in high levels of serum
lipopolysaccharide (LPS) due to translocation of commensal bacteria across the intestinal
mucosa [42]. In mouse models, LPS serum levels observed in HIV infection are comparable
to levels observed during acute colitis [43]. Gut microbes and aberrant responses to them by
the HIV-altered mucosal system may play a role in the systemic inflammation/immune
activation implicated in HIV disease progression [44]. Studies of the respiratory and distal
gut microbiomes of HIV-infected individuals are an active area of investigation that
hopefully will help identify both commensal microbe-based predictive biomarkers of disease
progression and strategies to promote health.

Evolving Methods for Studying the Commensal Microbiota

The majority of our intestinal microbes are not easily identified using standard culturing
techniques, and high-throughput sequencing technologies generate vast datasets describing
these diverse microbial communities. Bioinformatics are thus an essential part of any study
that investigates the intestinal microbiota [45+¢]. Because high-throughput sequencing is
typically used to quantify taxonomic markers such as the 16S ribosomal subunit gene [46] or
metagenomic fragments [47], standard data processing steps have been developed to filter
technical artifacts and remove chimeric sequences [48]. As with any modern sequencing
project, the size of metagenomic data for more than a few samples can be immense, and
plans should be made up front for bioinformatic processing and analysis time. Several
computational pipelines are emerging for subsequently viewing this sequence data in terms
of community diversity [48], the specific organisms present in a sample [49], or functional
and metabolic activity [50]. Once determined, any of these features can be used to better
understand the biomolecular mechanisms linking a community with its host environment, or
they can be used as high-dimensional biomarkers in a manner similar to gene expression
microarrays or genome-wide association studies.

Curr Infect Dis Rep. Author manuscript; available in PMC 2012 February 1.
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Conclusions

We live in symbiosis with an immense microbial world that inhabits the gastrointestinal tract
and other surfaces of the human body. Although there has been a long-standing appreciation
for the benefits microbes may confer on their human hosts, only recently have details of
these complex relationships begun to emerge. Several families of receptors that mediate
host-microbial interactions have been characterized, and undoubtedly more will be
discovered. Specific bacterial species and the bacterial molecules that direct the
development of immunity and regulate immune cell homeostasis are coming to light.
Sequencing technologies and the bioinformatic techniques to interpret these data are
facilitating a conceptual shift in thinking of microbes not as single species, but as complex
communities with interdigitating and diverse functions. The collective metagenome of the
gut microbiota is prodigious and constitutes an environmental force that influences the
function of cells and tissues within and beyond the gastrointestinal tract. Inter-individual
differences in the clinical spectrum of response to acute and chronic infectious diseases are
beginning to be linked to the gastrointestinal microbiota. However, a nuanced understanding
of the association between the intestinal microbiota and the pathogenesis of infectious
diseases is far from complete. The tools for such studies are evolving at a rapid rate, and
knowledge of microbial communities is likely to be actualized into preventing and treating
infectious diseases in the near future.
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Table 1

Key terms for study of the intestinal microbiota

16S rRNA gene

A gene expressed by both Bacteria and Archaea that encodes a subunit of the 30S ribosome. Sequencing of 16S
rRNA gene is frequently used in phylogenetic studies of the microbiota. Hypervariable regions of this gene facilitate
taxonomic assignment.

Operational taxonomic
unit (OTU)

Microbiome
Microbiota
Metagenome
Bacteroidetes

Firmicutes

A term used in taxonomic assignments. A group of like microbial sequences. OTUs with >97% identity are
considered to be of the species.

A specific community of microbes and their environment (eg, a particular body site).

The microbes living within a given environment (eg, the gut).

The total collection of genomes from a community (eg, from microbes from human fecal samples).
One of the two most abundant bacterial phyla in the human intestinal contents

One of the two most abundant bacterial phyla in the human intestinal contents
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Select pattern recognition receptors and their microbial ligands

Table 2

Receptor

Ligand

Toll-like receptor 1
Toll-like receptor 2
Toll-like receptor 3

Toll-like receptor 4
Toll-like receptor 5
Toll-like receptor 6
Toll-like receptor 7
Toll-like receptor 8
Toll-like receptor 9
Toll-like receptor 10
Toll-like receptor 11
Toll-like receptor 12, 13, 15
NOD1

NOD2

Triacyl lipoproteins

Glycolipids, lipoproteins, lipoteichoic acid, hsp70, B-glucan

Double-stranded RNA

Poly I:C

Lipopolysaccharide

Flagellin

Diacyl lipoproteins

Single-stranded RNA
Single-stranded RNA

Unmethylated CpG oligonucleotides
Unknown

Profilin

Unknown

Diaminopimelic acid-type peptidoglycan

Peptidoglycan

NOD nucleotide-binding oligomerization domain protein
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