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Abstract

The intestinal microbiome is emerging as a crucial
mediator between external insults and systemic
infections. New research suggests that our intestinal
microorganisms contribute to critical illness and the
development of non-gastrointestinal infectious diseases.
Common pathways include a loss of fecal intestinal
bacterial diversity and a disproportionate increase in
toxogenic bacterial species. Therapeutic interventions
targeting the microbiome - primarily probiotics - have
yielded limited results to date. However, knowledge in
this area is rapidly expanding and microbiome-based
therapy such as short-chain fatty acids may eventually
become a standard strategy for preventing systemic
infections in the context of critical illness.

Key words: Clostridium difficile; Gut; Microbiome;
Critical illness; Short-chain fatty acids; Probiotics
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Core tip: The role of the intestinal microbiome in the
development and treatment of Clostridium difficile (C.
difficile) infection is well established. However, the
intestinal microbiome is emerging as a crucial mediator
in the development of systemic disease and non-
gastrointestinal infection. If the pathways linking gut
bacteria to systemic infections can be elucidated, it may
become possible to intervene upon the microbiome
before disease occurs. This understanding would move
clinicians beyond fecal microbial transplant for C.
difficife infection to paradigm-changing treatments for
gut-derived systemic infections.
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INTRODUCTION

Infections are the leading cause of death in children, the
leading cause of death in adults admitted to intensive
care units (ICUs) and, in the United States and Europe,
the leading cause of iatrogenic death™. The relative
ease of obtaining fecal specimens and the declining cost
of high-throughput sequencing has led to newfound
interest in the fecal microbial flora as the source for
systemic infections'”. However, the concept of the gut
as a source for infection is not new: over two-thousand
years ago, Hippocrates affirmed that “all disease begins
in the gut”. Recent studies have demonstrated that
gut flora influence a vast array of functions including
immunity, energy utilization, and drug metabolism™.
Disruption to our intestinal microbiome has been
linked to systemic infections, including respiratory tract
infections, bacteremia and urinary tract infections™**®.
The gastrointestinal microbiome is emerging not as the
cause of disease, but as the crucial mediator between
external insults and systemic infections (Figure 1). Data
from animal and human studies show that targeted
manipulation of the fecal flora has the potential to
ameliorate systemic infections.

CLOSTRIDIUM DIFFICILE INFECTION

The quintessential disease of the microbiome remains
Clostridium difficile (C. difficile) infection (CDI), which
is both caused and cured by altering the intestinal
microbiome. Antibiotics are the most important risk
factor for the development of CDI, however host
microbiome factors have recently been identified that
additionally contribute to colonization and infection with
C. difficile”®. The associated changes include loss of
diversity in the intestinal flora, depletion of Bacteroides,
increased Enterococcaceae and Streptococcaceae,
reduced non-toxogenic Clostridial species and increased
fecal concentrations of C. difficile™°'*. The success of
fecal transplant as treatment for recurrent C. Difficile
whether by enema, colonoscopic transplant, duodenal
infusion, or pills, demonstrates that restoration of
a diverse flora is highly effective!®****, Even more
exciting is evidence that targeted restoration of the fecal
microbiome with just a handful of specific bacteria can
be equally effective!™®. Unfortunately, similar outcomes
have yet to be achieved for other systemic or infectious
conditions.

CRITICAL ILLNESS

Can the knowledge gained in the treatment of CDI be
translated into effective treatments in other situations?
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Perhaps the most promising area is in the relationship
between critical illness and the intestinal microbiome.
Analysis of stool samples from critically ill patients
through Gram staining, culture and 16S rRNA gene
amplification has revealed evidence of microbial
dysbiosis during critical illness™**”), In a study performed
by Shimizu et al'?}, fecal specimens from patients with
severe systemic inflammatory response syndrome
(SIRS) were Gram stained and cultured to evaluate
bacterial diversity. Patients with fewer bacteria on Gram
stain also had fewer obligate and facultative anaerobes
upon culture, and patients with stool that was depleted
on Gram stain had a significantly increased incidence of
enteritis, pneumonia and mortality due to multi-organ
dysfunction compared to patients with diverse stool
patterns. Zaborin et al''”’ achieved similar results using
16S sequencing to evaluate the fecal composition of
14 patients in the ICU, 10 of which had been admitted
for a period of over 20 d. In 5 patients, they observed
the emergence of ultra-low-diversity communities
containing just 1 to 4 bacterial taxa. Decreased intestinal
diversity in critically ill patients facilitates colonization by
health-care associated pathogens and the development
of multi-drug resistant organisms!”*®!, These findings
are consistent with the role of intestinal microorganisms
in the maintenance of immunity, proliferation of
colonic epithelial cells, and energy production®'®!,
During periods of critical illness selective pressure
from ischemia, inflammation and altered immunity,
decreased intestinal motility and reduced oxygen
tension likely contribute to the development of intestinal
dysbiosis. Medical therapies, namely antibiotics, also
deplete host microbial diversity in critically ill patients
through changes in the physiology, structure and gene
expression of intestinal bacteria®*”’. The ability to use
fecal microbial characteristics to identify ICU patients at
high risk for subsequent systemic infections is a crucial
first step towards successful therapeutic interventions
through manipulation of the microbiome.

HOST IMMUNITY AND THE MICROBIOME
DURING CRITICAL ILLNESS

In healthy hosts, the gut epithelium plays a number
of important immunological roles including acting
as a barrier against invading pathogens, producing
hormones and cytokines, producing antimicrobial
peptides, and continuously communicating with both
the gut-associated lymphoid tissue and with intraluminal
bacteria®'!. Critically ill hosts have alterations in gut
immune function related to the intestinal microbiome
that facilitate systemic infections. On a cellular level,
crypt proliferation is markedly decreased and both
crypt and villus apoptosis are simultaneously increased
following sepsis®. Critical illness slows the migration
of epithelial cells in a manner dependent on Toll-like
receptor-4 (TLR-4) and also induces global altera-
tions in the mucus layer and gut barrier function®?*,
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Figure 1 Schematic of the pathways connecting critical illness to gut-derived systemic infections.

Patients who are in intensive care invariably receive
broad-spectrum antibiotics which affect luminal bacteria
even when these antibiotics are given intravenously
and secreted into the lumen in exceedingly small
amounts®!, Antibiotics cause loss of bacterial ligands
that would normally trigger TLRs and other receptors
through microorganism-associated molecular patterns
(MAMPs)®®!, Antibiotic-induced loss of specific microbial
signals, such as signaling from segmented filamentous
bacteria, impairs normal maintenance of T-helper cells
and other T-cell subsets™”.

In addition to the direct effects of antibiotics, critical
iliness itself may alter adaptive immunity including
changes in gut secretion of IgA. Intestinal bacterial
colonization is a potent inducer of secretory IgA, and
IgA is especially important at mucosal surfaces. A
functional role for IgA in mucosal infections has been
demonstrated in certain infections such as rotavirus,
influenza, and cholera toxin™®. In addition, it has been
demonstrated that bacterial specific IgA is induced
following bacterial colonization and that the IgA
repertoire decreases when there is reduced intestinal
microbial diversity, as is the case during critical
illness'!. Another established immune adaptation
is the induction of different mucosal CD4" T cell
subsets following intestinal colonization. A variety
of functionally distinct CD4"* T cells exists, including
regulatory Foxp3* cells, Th1, Th2, Th17 and T follicular
helper cells. Several studies have demonstrated that
normal intestinal colonization either with different
bacterial communities or individual species such as
Bacteroides fragilis also can induce Treg cells®**?, The
importance of a robust adaptive immune response to
colonic bacteria is demonstrated by CDI; compared
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to patients with a normal serum IgG response after
infection, those with a low serum IgG response to C.
difficile toxin A are nearly fifty times more likely to
experience recurrence™,

Changes in CD4" T-cell compartments are likely to
impact risk for systemic infections, yet much about the
microbiome during critical illness remains uncertain.
The most established method of assessing the role of
the microbiome in critical illness or other situations is
through germ-free mouse models, which completely
lack endogenous flora. Germ-free mice have widely
varying responses in preclinical models of critical
illness. In Pseudomonas aeruginosa pneumonia,
for example, germ-free mice have higher mortality
and altered intestinal epithelial apoptosis compared
to conventional mice; similar results are seen in
germ-free mice infected with Klebsiella pneumonia
pneumonia, with severity of illness mediated by
IL-10P***!, In contrast, germ-free mice have 100%
survival in a model of ischemia/reperfusion that is
lethal in conventional animals, which is associated with
abrogation of the systemic inflammatory response!®!.
These disparate responses highlight the importance of
disease and even pathogen specificity when evaluating
host-microbial interactions.

SITES OF EXTRA-INTESTINAL
INFECTIONS

The gastrointestinal microbiome has been implicated
in the development of non-gastrointestinal infections in
the lungs, blood and urine. Rosen et al¥ evaluated the
effect of acid suppression therapy on the abundance
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and diversity of gastric and lung microflora in children
presenting with chronic cough. Acid suppression was
associated with gastric bacterial overgrowth of which
the predominant species were Streptococcus and
Staphylococcus, both known lung pathogens. Although
the gastric and pulmonary environments did not
correlate with the prevalence and diversity of bacterial
species, these results indicate that medications may
affect the interaction between the microorganisms
of the mouth, upper gastrointestinal tract and the
respiratory system.

Taur et al® demonstrated an association between
the intestinal microbiome and the development
of bacteremia in patients undergoing allogeneic
hematopoetic stem cell transplant (allo-HSCT). Stool
specimens were collected from 94 patients undergoing
allo-HSCT from before transplant until 35 d after
transplant. After transplant, patients consistently
developed reduced bacterial diversity with shifts
in the dominating bacterial populations inhabiting
the gut to Enterococcus, Streptococcus and various
Proteobacteria. Increased Enterococcus domination in
gut flora correlated to a nine-fold increase in the risk
of Vancomycin-resistant Enterococcus bacteremia.
Proteobacterial domination correlated with a five-fold
increase in Gram-negative rod bacteremia.

Although the urinary tract was once thought to
be sterile, intestinal bacterial composition has now
been linked to the development of urinary tract
infections and disease. In a study of patients with new
urinary catheters, Tambyah et al'® found that two-
thirds of patients developed urinary tract infections
from non-urinary sources and, of those, nearly fifty
percent had infections that developed after 48 h,
suggesting migration of microbes from the perineum.
These infections were most commonly caused by
Enterococcus, Streptococcus, and Gram-negative
rods, which implicates the intestinal microbiome in the
development of infection. Small studies investigating
the urinary microbiome through the use of 16S rRNA
sequencing have demonstrated the presence of bacteria
in healthy subjects. Fouts et al*”’ showed that in patients
at risk of asymptomatic bacteriuria due to spinal cord
injury, urinary microbiomes differed from healthy control
patients, instead paralleling the fecal microbiome with a
predominance of gut microbes including Clostridia and
Bacteroidetes™®. Patients with interstitial cystitis, an
inflammatory condition of the bladder, have decreased
diversity and a prominence of Lactobacillus compared
to healthy controls, again suggesting transmission
through the intestinal microbiome®™. These studies
remind us that our intestinal microorganisms have the
potential to explain infectious diseases far beyond the
gastrointestinal tract.

USE OF PROBIOTICS

Despite advances in understanding the role of the
intestinal microbiome in the pathogenesis of disease,
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the use of probiotics as treatment has yielded limited
success. Even for treatment and prevention of CDI,
probiotics have been disappointing. A 2008 Cochrane
review evaluating the use of probiotics for the treat-
ment of CDI in adults found insufficient evidence to
support the use of probiotics alone or in conjunction
with antibiotics'*!. An updated review evaluating the
use of probiotics for the prevention of C. difficile-
associated diarrhea (CDAD) in adults and children
found moderate quality evidence to suggest that
probiotics were both safe and effective for preventing
CDAD, but the very modest effect size has deterred
use of probiotics for this purpose in clinical practice™”.
To date, there is minimal evidence that probiotics are
effective in other gastrointestinal diseases such as
ulcerative colitis and Crohn'’s disease'*" .

Probiotics may have the greatest potential for
therapeutic benefit in targeted populations such as
critically ill patients if key microbial taxa and pathways
can be identified. This would allow for possible inter-
vention on the gastrointestinal flora after it has been
damaged but before the onset of disease. However,
there are barriers to the use of microbiome-based
therapeutics in the setting of critical illness given
difficulty tolerating oral intake, concerns over the
possibility of precipitating infection through the
introduction of bacterial species, and incomplete
understanding of the correct composition and dosage of
probiotic compounds. But several studies now suggest
that targeted microbiome-based therapies have the
capacity to overcome these hurdles. Among these
budding treatments, short-chain fatty acids (SCFAs)
may be the best.

SCFAS IN CRITICAL ILLNESS

SCFAs play a unique role in colonic microbial ecology,
especially in the critically ill, where they serve as a
direct fuel substrate for colonic epithelial cells and
maintain the normal gut barrier. Yamada et a/**!
measured fecal SCFAs in critically ill patients with SIRS
at the time of ICU admission and for the following
6 wk. Compared to healthy volunteers, patients in
the ICU had four-times lower levels of butyrate,
the dominant human colonic SCFA, and other
SCFAs'™. Mice models prove that manipulation of the
microbiome using SCFAs has the potential to alter
bacterial translocation across the gut wall in the setting
of critical illness***!. Using a mouse model and an
Escherichia coli (E. coli) O157:H7 challenge, Fukuda
et al*¥ found that Bifidobacterium longum, but not
Bifidobacterium adolescentic, was protective against
death. This effect was attributed in part to increased
production of acetate which resulted in inhibition of
translocation of the E. coli 0157:H7 from the gut to
blood. SCFAs are the main end product of complex
carbohydrate metabolism and the authors showed that
carbohydrate utilization, as determined by metabolic
profiling, was proportional to the degree of protection
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conferred by the different Bifidobacterium species.
Microbiota-derived butyrate was recently shown
to stabilize hypoxia-inducible factor, a transcription
factor that strengthens the gut barrier in the setting
of ischemic colitis or other injuries. This protective
mechanism is likely to be of particular importance in
critically ill patients™®.

One way to mitigate the potential loss of SCFAs
during critical illness is through the administration of
fiber-containing feeds. In a study by O’Keefe et a/*’]
of critically ill patients with necrotizing pancreatitis,
administration of fiber-containing enteral feeds increased
fecal content of SCFAs. Despite these encouraging
findings, few studies have evaluated the use of SCFAs
during critical iliness. A study performed in rats that had
sepsis induced by cecal perforation showed that animals
receiving infusion of sodium butyrate had reduced
mortality and end organ dysfunction™®*!. Similarly, a
study of 55 critically ill patients receiving enteral feeding
with an experimental supplement containing SCFAs
resulted in improved organ function as measured by
the Sequential Organ Failure Assessment score over a
10-d period™®. These studies suggest the potential of
SCFAs and fiber as adjunctive therapy in the treatment
of critical illness.

FUTURE CONSIDERATIONS

The intestinal microbiome is emerging as a crucial
mediator between external insults and systemic
infection. This new perspective on the microbiome
provides a novel platform for describing how pneu-
monia, bacteremia, urinary tract infections and other
systemic conditions are acquired. With this newfound
understanding, it may one day be possible to move
beyond fecal microbial transplant for C. difficile
infection to paradigm-changing treatments for gut-
derived systemic infections.
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