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The emerging role of the microbiota in the
ICU
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Abstract

This article is one of ten reviews selected from the
Annual Update in Intensive Care and Emergency
Medicine 2018. Other selected articles can be found
online at https://www.biomedcentral.com/collections/
annualupdate2018. Further information about the Annual
Update in Intensive Care and Emergency Medicine is
available from http://www.springer.com/series/8901.
very recent randomized, placebo-controlled trial among
4556 healthy infants in India showed that the oral adminis-
Introduction
In recent years, the surge of culture-independent methods
to study bacterial populations has led to an increasing
body of evidence pointing towards the microbiome as an
important player in the pathophysiology of a whole
spectrum of diseases that affect the critically ill, including
trauma and sepsis [1–4]. Techniques such as 16S rRNA
and shotgun metagenomic sequencing have opened up a
new area of research, enabling detailed investigations of
complex populations of bacteria and their effects on
health and disease [5, 6]. Some have even called the
microbiome a separate organ given its numerous roles in
metabolism, development of the immune system and host
defense against pathogens [7].
Microbiota is an overarching term for all the microbes

in a population, consisting of bacteria, archaea and
eukarya [8]. Most studies that have been performed look
at the bacterial microbiota because of its high abundance
and high diversity. The collective of microbes in a popu-
lation is referred to as the microbiota and the genetic
content as the microbiome.
The real value of all this novel knowledge for the clinical

care of patients on the intensive care unit (ICU) still has to
be established. Nonetheless, data are accumulating that
underscore the potential importance of the microbiome for
* Correspondence: w.j.wiersinga@amc.uva.nl
1Center for Experimental and Molecular Medicine, Academic Medical Center,
Amsterdam, Netherlands
2Department of Medicine, Division of Infectious Diseases, Academic Medical
Center, University of Amsterdam, Amsterdam, Netherlands

© Wolff et al. 2018
intensive care medicine. On any given day, three-fourths of
all patients on the ICU are treated with antibiotics, which
are known to cause severe collateral damage to the micro-
biome [9]. Besides antibiotics, there are multiple external
modulators of the gut microbiota applied during the clinical
care of patients on the ICU, such as gastric acid inhibition,
the route of feeding, sedatives and opioids [3, 10]. Novel
strategies are being designed to intervene on the micro-
biome to prevent or treat trauma and sepsis. Excitingly, a

tration of Lactobacillus plantarum in combination with
fructooligosaccharide in the first week of life could reduce
the occurrence of sepsis in the first 60 days of life [4]. Other
evidence points towards the use of synbiotics as an adjunct-
ive therapy to prevent postoperative complications, such as
surgical site infections and sepsis among adult surgical pa-
tients [11]. Most research in this field has focused on
the intestinal microbiome; however, current research
is also starting to show the importance of the lung
microbiome for ICU patients [1]. For example, en-
richment of the lung microbiome with gut bacteria
seems to play a role in the pathogenesis of acute re-
spiratory distress syndrome (ARDS) [12].
In this chapter, we will discuss the emerging role of

the bacterial microbiotas in the gut and the lung in the
critically ill. First, we will discuss the techniques avail-
able to study the bacterial microbiome, then we will con-
tinue into the gut and lung microbiome and end with
some key questions for future research in the field of
microbiota-targeted therapies on the ICU.
Microbiota analyses
The composition of the microbiota in the gut has been
studied extensively using 16S ribosomal RNA (rRNA)
gene-targeted approaches. The use of this single genetic
marker has revolutionized microbial ecology [13, 14]. It has
become relatively easy to amplify the 16S rRNA encoding
genes from environmental DNA. Nowadays, with next-
generation sequencing techniques, many microbial
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environments can be studied in depth and at high reso-
lution in space and time, using relatively straightforward
procedures.
To address not only microbiota composition, but ra-

ther focus on the metabolic potential and actual activity
of the intestinal microbiota, “meta’omic” approaches
have emerged during the last decade and are now widely
used [15–17]. Each of the meta’omic approaches pro-
vides different information about the functional potential
or activity profiles of a microbial community.
Metagenomics is used to determine the collective ge-

nomes of members present in a microbial community as
well as their functional capacity. Metagenomics was used
in the Meta HIT (Metagenomics of the Human Intes-
tinal Tract) project and provided a human microbiome-
derived gene catalogue with over 3 million genes, indi-
cating a community of over 150 species in an individual
and a 100-fold larger non-redundant gene set compared
to the human gene complement [16].
Metatranscriptomics and metaproteomics are able to

provide information about the functions expressed by the
members of the community. For example, metaproteo-
mics analysis in healthy humans revealed a difference in
the amount of proteins expressed and the proteins pre-
dicted by metagenomics. Moreover, metaproteomics in
fecal material not only gives information on the bacterial
proteins, but also on the major human proteins, giving in-
sights into the main host responses [18]. However, it is dif-
ficult and sometimes not possible to use conserved
proteins to distinguish between species or even higher
taxonomic levels (e.g., genus or family). Consequently, by
using this technique, you lose some of the taxonomic in-
formation otherwise gained by using metagenomics, meta-
transcriptomics or targeted 16S rRNA sequencing.
Metatranscriptome analysis of the gastrointestinal tract

microbiota enables elucidation of the specific functional
roles microbes have in this complex community. Although
initial studies on the human large intestine revealed that
different functions are expressed among individuals, core
functions of the microbiota appear to be consistently
expressed in different individuals [19, 20]. Moreover,
metatranscriptome analyses of the small intestinal micro-
biota underpinned the cross-feeding between two domin-
ant members of the small intestinal microbiota, i.e.,
Streptococcus spp. and Veilonella spp., in which the lactate
produced by Streptococcus spp. is used as a carbon and
energy source by the Veillonella spp. [17]. Metatranscrip-
tome analysis of the microbiota in humanized mice re-
vealed that mice colonized with the microbiota obtained
from a lean human donor had greater expression of genes
involved in polysaccharide breakdown and in propionate
and butyrate production as compared to those colonized
with the microbiota of an obese human donor [21]. These
findings imply that metatranscriptomics can provide
insight into the differential activity profiles in the intestinal
microbiota, and enables reconstruction of the metabolic
activity profile of microbial communities.
Metabolomic approaches are used to detect and quan-

tify the metabolites that are produced by the microbial
community. This approach has been suggested to be ap-
plicable as a diagnostic tool in diseases that involve aber-
rations of the intestinal microbiota composition and
activity [22]. However, as with metaproteomics, you also
lose information on the specific bacteria producing these
metabolites. To overcome the loss of taxonomic infor-
mation in metaproteomics and metabolomics, these
techniques are often combined with 16S rRNA sequen-
cing, metagenomics or metatranscriptomics.
These tools often generate very complex datasets with

many different measurements (e.g., species or function)
under various conditions. Therefore, these multivariate
meta’omics datasets need tools to simplify the datasets
and focus on correlations between points of interest,
such as dietary interventions and the bacterial commu-
nity or the bacterial community and host responses.
Multivariate statistics are used to handle these large
datasets and enable a relatively quick focus on data of
importance [23]. An overview of available techniques to
analyze the microbiome is provided in Fig. 1.

The gut microbiota
Human individuals can harbor over 150 different micro-
bial species in their gut, which collectively encode more
than 100-fold more non-redundant genes than there are
in the human genome [16, 24]. More recent data, how-
ever, has challenged this number, suggesting that the ra-
tio between bacteria and human cells is closer to 1:1
[25]. In healthy humans, the intestinal microbiota con-
sists of members of all three domains of life: bacteria, ar-
chaea and eukarya, of which the bacterial community is
the most abundant and diverse [8]. Nine different bac-
terial phyla have been recorded in humans so far, of
which the bacteroidetes and firmicutes dominate [8, 16,
24]. Many of these bacteria in the gut have not been cul-
tivated. Recent breakthroughs in the successful culture
of the previously ‘unculturable’ human microbiota have
revealed a whole spectrum of novel bacterial species and
taxa [26]. The application of novel sequencing tech-
niques provides an opportunity to understand this com-
plex ecosystem much better [8, 13].
The intestinal microbiota plays a critical role in prim-

ing the host’s immune system, gut maturation and gut
functions, such as nutrient uptake and metabolism, mu-
cosal barrier function, enteric nervous system and motil-
ity [27–29]. Numerous host genes seem to be specifically
altered in response to various members of the micro-
biota, showing the importance of the microbial compos-
ition to the body’s response [30, 31].



Fig. 1 Overview of techniques to detect bacterial microbiota. To detect which bacterial species there are in a sample, there are three options: 1)
use quantitative polymerase chain reaction (qPCR) to detect total bacterial 16S rRNA gene and/or in combination with a specific qPCR for a
bacterial group or species; 2) use 16S rRNA gene for amplicon multiplex sequencing to get information on the taxonomic distribution in a
sample; 3) use total DNA of a sample for shot-gun sequencing of the metagenomics content to get information on taxonomic distribution and
functions, examples of which are indicated in the box, to show that you have functional information within a taxonomic group, in this case
butyrate kinase and glycoside hydrolase. The dollar sign below the different techniques is an indicator of the price: depending on the sample
type and information depth, prices are variable, but, roughly, a one-dollar sign is around 5–10 dollars per sample; the two-dollar sign is 50–150
dollars per sample, and the three-dollar sign is 300–1000 dollars per sample
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Modulators of the microbiota on the ICU
The healthy intestinal microbiota is affected primarily
by the host and the diet. In critically ill patients,
these two factors both play an important role. How-
ever, in the critically ill it is also important to note
that pathogens are able to outcompete other members
of the intestinal microbiota more easily than in
healthy humans, also changing the microbial compos-
ition. These pathogens benefit from a changed envir-
onment in critically ill patients, which are (though
not per se all at the same time) decreased transit
time, lack of ‘normal’ nutrition, oxygen levels and
antibiotic usage [1]. Most of these opportunistic path-
ogens, except for Clostridium difficile infections, are
Gram-negative aerobic species belonging to the pro-
teobacteria, which thrive under the changed environ-
ment in critically ill patients. The universal use of
antibiotics is probably the main cause of the severe
bacterial dysbiosis seen in patients admitted to the
ICU [32–36]. In addition, because of no or limited
nutritional intake by patients on the ICU, nutrition
for the microbiota in the intestine also decreases, af-
fecting the microbiota composition. For example, in
the large intestine, the microbiota ferments non-
digested dietary fibers and dietary and host-derived
proteins. The fermentation of fibers is necessary for
the production of butyrate by the microbiota, which
epithelial cells use as an energy source. The study of
the clinical relevance of these effects in critically ill
patients is, however, still in its infancy.

The potential clinical relevance of the gut
microbiota on the ICU
An imbalance in the homeostasis or ‘dysbiosis’ of the
gut microbiota has been associated with a range of dif-
ferent diseases, including diabetes, obesity, inflammatory
bowel disease and rheumatoid arthritis [5, 6]. This asso-
ciation with disease has led to investigations into the gut
microbiota’s involvement at the systemic level. In the
critically ill, the intestinal microbiota has been analyzed
in a couple of studies so far. In general, we can state that
critically ill patients admitted to the ICU have a state of
dysbiosis of the intestinal microbiota [32–34]. Figure 2
shows a schematic representation of the composition of
the intestinal microbiota in the critically ill in compari-
son to a healthy human. Overall, the intestinal micro-
biota of critically ill patients admitted to the ICU with
sepsis is characterized by lower diversity, lower



Fig. 2 Intestinal microbiota in health and critical illness. The microbiota in a healthy individual is a diverse ecosystem with beneficial and
commensal bacteria and low abundances of opportunistic pathogens, which are not harmful in small numbers. As a result of certain therapies,
such as antibiotics, the microbial composition can be disrupted. The intestinal microbiota of critically ill patients is less diverse and contains more
opportunistic pathogens and less beneficial and commensal bacteria
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abundance of key commensal genera (such as Faecali-
bacterium, Blautia, Ruminococcus), and in some cases
overgrowth (over 50% relative abundance) by one gen-
era, such as Escherichia/Shigella, Salmonella, Entero-
coccus, C. difficile or Staphylococcus [32–36].
A normal, healthy intestinal microbiota protects against

an invasion of pathogens like Enterococcus faecium,
Escherichia coli and C. difficile. It comes as no surprise
that severe infections caused by these pathogens often
occur in patients with a recent history of antibiotic use.
The microbiota of these patients is therefore probably dis-
rupted, which allows for the overgrowth of antibiotic-
resistant pathogenic and opportunistic bacteria that are
frequently encountered in hospital settings [37].
In sepsis, the focus often lies on the identification of a

single pathogen as the causative agent. However, there is
an increasing realization that most pathogens do not act
in isolation and that infections have ‘polymicrobial’ pheno-
types and are thus linked to the status of the microbiota in
the patient. The initial state of the microbiota can influ-
ence susceptibility to infection [38] and severity of infec-
tion [39]. Recent preclinical data derived from animal
models suggest that the gut microbiome plays a protective
role in the host defense against sepsis [39–41]. As an ex-
ample, antibiotic induced disruption of the gut micro-
biome leads to increased inflammation and bacterial
dissemination in murine models of both Gram-positive
and Gram-negative pneumosepsis [39, 40]. ICU patient
data have suggested that the loss of microbiome diversity
could predict the length of stay of patients on the ICU fur-
ther underscoring the potential clinical relevance of the
gut microbiome for intensive care medicine [33].
The evolving role of the lung microbiota in critical
illness
Healthy lungs were long thought to be sterile, until recent
studies showed that bacteria can be cultured from healthy
lungs [42]. The lung environment is less advantageous for
bacteria to grow and flourish when compared to the intes-
tine, leading to a less dense bacterial community com-
pared to the gut. A lack of nutrients, the bidirectional
movement of the lung, the aerobic environment, and the
coating of alveoli with a lipid-rich surfactant that has bac-
teriostatic effects all contribute to this harsh environment
for bacteria [42, 43]. Furthermore, obtaining a sample
from the lung is far more invasive than obtaining a stool
sample to study the microbiome. Contamination from the
sampling device or from the upper respiratory tract is an-
other point to take into consideration.
In a healthy lung, the microbiota is delicately balanced

by the reproduction rate of present bacteria and the im-
migration and elimination rate of bacteria. Under nor-
mal circumstances, the reproduction rate of bacteria
remains low and the immigration and elimination high.
However, in critical illness, sedatives and endotracheal
intubation can decrease the mucociliary clearance and
cough reflex, leading to decreased microbial elimination.
Furthermore, mechanical ventilation can cause an in-
crease in alveolar edema, which can lead to an increase
in available nutrients in the lung and areas where the
oxygen levels are lower, allowing bacteria to thrive [1].
In healthy lungs, it is thought that most of the bacteria

come from the oral microbiota. The lung microbiota most
closely resembles the microbiota of the oropharynx, more
so than that of the nasopharynx, gastrointestinal tract or
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inhaled air [42]. The healthy oropharynx contains benign
Veillonella spp. and Prevotella spp., and, therefore, these
are also found in healthy lungs. During critical illness, the
oropharynx can become overpopulated with pathogenic
proteobacteria, such as Pseudomonas aeruginosa and
Klebsiella pneumoniae. Furthermore, in critical illness the
stomach and small intestine can become the primary
source of bacterial migration to the lung [1, 42].
ARDS and pneumonia are thought to cause alveolar in-

jury and as a consequence induce changes in the micro-
biome. The alveoli become covered with protein-rich
fluids and the bactericidal surfactant from the alveoli be-
comes inactivated, making the alveoli a more hospitable
environment for bacteria [1]. Furthermore, Dickson et al.
[44] proposed a theory regarding the existence of a posi-
tive feedback loop between the growth of certain bacterial
species in the lung and the local inflammatory response;
as the bacterial population grows, it starts to limit itself
due to nutrient shortage while it also provokes an in-
creased inflammatory response. This inflammatory re-
sponse can consequently lead to endothelial and epithelial
injury, releasing fluids that are rich in proteins and nutri-
ents, thus stimulating bacterial growth. Further bacterial
growth will increase the local inflammation, thus creating
a positive feedback loop. This suggests that in some cases
the body’s inflammatory response may be making the in-
fection worse.

The link between the microbiota and the gut-lung
Axis
The intestinal microbiota has emerged as a key compo-
nent of both local and systemic immunity. Epithelial and
immune cells gain information directly from bacteria
and local cytokine responses and subsequently adjust in-
flammatory responses. Microbiome research combining
the gut and lung has started to show an association be-
tween the composition of the intestinal microbiota and
lung health [45, 46]. Experimental germ-free and anti-
biotic murine models have shown that the body’s micro-
biota is important in the defense against influenza and
several types of bacterial pneumonia [46]. Moreover,
probiotics containing Lactobacillus spp. and Bifidobac-
terium spp. have been shown to improve incidence and
outcome of respiratory infections. Additionally, exposure
to Toll-like receptor (TLR) agonists and nucleotide-
binding oligomerization domain (NOD)-like receptors in
the intestine, by substances such as lipopolysaccharide
(LPS), peptidoglycan and lipoteichoic acid, has been
shown to increase the lungs’ ability to clear bacteria [45].
These studies suggest that the intestinal microbiota is
important for airway defenses. Moreover, human and
murine studies have shown that the lungs can contain
gut-associated bacteria during sepsis and ARDS. How-
ever, this gut-lung axis does not seem to be a one-way
street. Pulmonary infection with tuberculosis, influenza
and Burkholderia pseudomallei have all been shown to
have a significant effect on the composition of the gut
microbiome in murine models [40, 47, 48]. Figure 3
shows a schematic overview of the potential conse-
quences of microbial dysbiosis in the critically ill in both
the lung and intestine.

The road ahead
Hospital-acquired infections are a huge problem in pa-
tients on the ICU. Antibiotic administration is the usual
form of treatment or prevention of these infections and is
lifesaving. However, as a side-effect, it severely affects the
microbiota, risks induction of antibiotic resistant patho-
gens and potentially even the new onset of severe infec-
tion. Restoring the microbiota after antibiotic treatment
has the potential to reduce infections [10, 23]. Different
approaches can be utilized: probiotics, prebiotics (a dietary
ingredient that promotes beneficial microbiota) and syn-
biotics (a combination of a probiotic with a prebiotic) have
all been tested in various patient groups on the ICU with
mixed results [4, 49]. Probiotics will not reestablish a
complete microbiota. This can be achieved to a larger ex-
tent by performing a fecal microbiota transfer (FMT).
FMT has been used successfully to restore re-occurring C.
difficile infections in patients on the ICU. The first case
reports on the successful use of FMT in patients with
therapy-refractory sepsis have been published [10]. A key
factor, however, will be establishing the exact mechanism
by which certain components of the gut and/or lung
microbiome play their presumed protective effects on the
health of patients admitted to the ICU. This could enable
us to develop targeted therapies to restore the microbiome
in this very vulnerable patient population.
At the present time, we lack information on the dynam-

ics of the microbiota in the critically ill in order to develop
targeted therapies to restore the microbiome. There is a
need for information on how the microbiota restores with
and without interference or therapies in the critically ill.
Moreover, these patients should be followed for long-term
periods to monitor re-occurring infections. This informa-
tion will aid in developing targeted approaches, such as
the use of probiotics or FMT, to restore the microbiota
and prevent infections during a patient’s recovery.

Conclusion
The importance of the intestinal and lung microbiotas is
often overlooked on the ICU. Currently, we can explore
the microbiome using a vast array of techniques, giving us
‘meta’ libraries of data, which has allowed researchers to
show the potential crucial role of the microbiota for ICU
patients. During a patient’s stay on the ICU, their micro-
biota is influenced by both their illness and the care pro-
vided. For example, the gut microbiota of critically ill



Fig. 3 The gut and lung microbiota in critical illness. A healthy gut microbiome plays a protective role in host defense against local and
pulmonary pathogen invasion. In the critically ill, there is often dysbiosis in the lung and intestinal microbiotas, which can contribute to diseases
like pneumonia and acute respiratory distress syndrome (ARDS)
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patients admitted to the ICU with sepsis is characterized
by lower diversity, lower abundance of key commensal
genera and, in some cases, an overgrowth by one genera.
These changes in the microbiota can, in turn, affect pa-
tient outcome and susceptibility to infection. Furthermore,
the lung microbiota has only recently been shown to be
important in the critically ill. Intriguingly, recent evidence
also points to a bi-directional microbiota-mediated role
between the gut and the lung, the so called gut-lung axis.
The importance of these microbiotas is pushing us to-
wards new types of treatments, in which we also start to
treat the microbiota.
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