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General Discussion

223

The bigger picture - Humans
The intestinal microbiota is currently a hot topic in biomedical research, with studies
investigating its role in a range of diseases quickly piling up. However, many assumptions
are based on associations between microbiota composition and clinical conditions or parameters. There is a need for mechanistic studies in order to investigate causality, and
subsequent clinical translation of results. The role of the microbiota in certain diseases
such as severe Clostridium difficile infection has by now been extensively studied in both
mice and humans. Research on the effect of the intestinal microbiota on the systemic
innate immune system however is only just getting started.
Our human intervention studies are an attempt to dissect the interplay between intestinal
microbiota and systemic innate immunity in healthy individuals. Ex vivo, we found that
antibiotic induced microbiota disruption was associated with decreased TNF-α production
by mononuclear cells upon stimulation with LPS. In vivo however, we did not find such an
effect. This apparent discrepancy could be due to many things, among which the
redundancy of the innate immune system. Even if monocytes are impaired in their cytokine
production, other cell types may compensate for this deficit. Still, a relatively small
decrease in TNF-α production may have more impact in for example immunocompromised
patients, or those with TNF-α related disease. Although these are intervention studies, no
causal relationship can be deduced from these data.
In our cohort of critically ill patients, no two cases are the same with regards to antibiotic
treatment, drug use, comorbidities and underlying pathology. Accordingly, interpersonal
diversity in microbiota composition was extremely large compared to healthy controls,
making it hard to imagine that this does not in some way affect physiological and
pathological processes. Opposed to classic theories, the absence rather than the presence
of certain microorganisms may be indicative of a pathologic condition, such as a defect in
systemic innate immune responses. We are dependent on experimental models to answer
such questions, as research in critically ill patients involves many confounding factors. The
high level of resilience we observed in the fecal microbiota of healthy subjects after an
antibiotic regimen eradicating both Gram positive and negative bacteria, including
anaerobes, does give hope that the intestinal microbiota of ICU patients can recover
quickly, even after strong disruptions.

The bigger picture - Mice
The consistency between the murine pneumonia-derived sepsis models in which we tested
the effect of antibiotic microbiota disruption on innate host defenses (S. pneumoniae, B.
pseudomallei and K. pneumoniae; the latter not in this thesis) was striking. In all models,
we observed an early increase in bacterial growth and dissemination in antibiotic
pretreated mice compared to controls upon intranasal infection. At later time points, no
differences in bacterial growth were detected and the effect on organ injury and survival
was modest. The mechanism appeared consistent as well, with impaired phagocytosis by
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alveolar macrophages of both S. pneumoniae and B. pseudomallei in antibiotic treated
mice. Decreased phagocytosis could in turn lead to decreased killing of pathogens.
Alveolar macrophages are known to have a high level of plasticity, as they constantly adapt
to their environment. In a healthy state, unwanted inflammatory reactions must be
prevented, while in a diseased state, an effective immune response must be mounted [7].
Their activation is therefore tightly controlled through several cell–cell and soluble
mediator interactions [7]. The transcriptome analysis, as described in chapter 7, pointed
towards altered cholesterol metabolism in alveolar macrophages from antibiotic
pretreated mice compared to controls. Cholesterol biosynthesis plays an important part in
antibacterial effector functions of alveolar macrophages as cholesterol-rich membrane
rafts are needed for phagocytosis [8, 9]. One could envision that the level of circulating
metabolites derived from the microbiota affects the metabolism of alveolar macrophages.
Apart from bacterial cell wall components such as peptidoglycan [2], short chain fatty acids
(SCFA) are possible mediators between microbiota and immune cells. These are produced
through microbial degradation of dietary fibers; neutrophils and monocytes are known to
have receptors that interact with acetate, one of the three most common SCFA. Fibers in
diet were shown to modulate immunity in both allergic airway disease and Pseudomonas
pneumonia [10, 11]. Further studies are needed to investigate the role of SCFA and other
possible mediators between microbiota and immune system in our model.

The cellular mechanism behind the diminished effectivity of innate immune effector cells
after gut microbiota disruption does need further attention. Chapter 7, 8 and 9 contain
seemingly inconsistent results. In chapter 7, ex vivo stimulation of alveolar macrophages
from antibiotic treated mice with LPS resulted in decreased cytokine production compared
to control mice, in accordance with data from another research group [16]. In chapter 9, we
did not find any differences between alveolar macrophages from control- and antibiotic
pretreated mice in a similar experiment. This may for example be due to variations in
microbiota in different batches of mice. In chapter 8, we found that upon intranasal
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Two previous murine studies reported an effect of the intestinal microbiota on alveolar
macrophage polarization, in asthma and an influenza model [3, 12]. In the first study,
antibiotic treatment increased Candida species in the gut microbiota, which led to higher
prostaglandin E₂ (PGE₂) levels in plasma. These proposedly shifted alveolar macrophages
into an anti-inflammatory M2 phenotype, thereby promoting allergic airway inflammation
[3]. In the second study, Staphylococcus aureus (pre-)infection recruited monocytes into
the lung which polarized alveolar macrophages into the M2 phenotype [12]. Consequently,
inflammation during a secondary influenza infection was decreased. The traditional
distinction between pro-inflammatory, classically activated M1 and anti-inflammatory,
alternatively activated M2 alveolar macrophages that these studies use was suggested to
be abandoned, as alveolar macrophages in healthy individuals do not neatly fit into either
a strict M1 or M2 classification [7]. We did not investigate markers for an alveolar M1 or M2
phenotype. Other types of tissue macrophages - Kuppfer cells in the liver and microglia in
the brain - were previously reported to be affected by the host microbiota in mice as well
[13-15].

inoculation with LPS the in vivo cytokine- and chemokine production was even increased in
lungs of antibiotic pretreated mice compared to controls. This indicates that even though
effector functions of primary alveolar macrophages appear to be enhanced by a healthy,
undisrupted microbiota, in vivo a healthy microbiota seems to dampen pulmonary
inflammatory responses as a whole.
Little has been published on the effect of antibiotic microbiota disruption on pneumoniaderived sepsis in mice. One study with a design very similar to ours found increased growth
of K. pneumoniae in antibiotic pretreated mice and also pinpointed this to decreased
bacterial killing by alveolar macrophages [1]. Several other studies have been published on
the role of the intestinal microbiota during (other than pneumonia-derived) bacterial sepsis
[4, 5, 17]. Strikingly, these all find differences in neutrophil production or –functioning
related to the intestinal microbiota. Important differences with our studies include the use
of germ-free mice or neonatal mice, both of which could give very different results from
specific pathogen free adult mice, as will be discussed below.

Limitations
We performed these studies in mice and healthy young men to keep the models as free
from confounders as possible. Age may however be an important influential factor: the
immune system of neonates receiving antibiotics may very well be affected by the absence
of signals derived from the gut microbiota, whereas that of young adults is not. Elderly
people may also be more prone to disturbances in microbiota derived signals, with less
compensatory mechanisms present due to comorbidities and medications.
Diversity in microbiota composition between individuals and batches of mice may also be a
confounding variable. In healthy humans, variation in bacterial microbiota composition is
substantial [18], as is confirmed by our findings. On the other hand, it was reported that
most healthy people have equal numbers of bacterial metabolic genes in important
pathways such as carbohydrate metabolism and vitamin biosynthesis, even if these are
coming from different kinds of bacteria [19]. As for the mice, it was previously shown that
diet and supplier can be of large influence on the phenotype in malaria [20] and metabolic
syndrome [21]. Our data from locally bred TLR-5 knockout mice and commercially bought
wildtypes suggest that differences in intestinal microbiota may also influence observed
phenotypes during bacterial pneumonia-induced sepsis. Presence of different resistant
bacteria in the microbiota of a batch of mice could have a considerable influence on the
observed phenotype when using antibiotics as an intervention.
In all experiments, we opted for broad-spectrum antibiotic regimens to achieve maximal
changes in gut microbiota and to mimic the spectrum of antibiotics used in clinical practice
in the ICU. We administered antibiotics prior to challenge with bacteria or LPS, while in a
clinical setting, infectious processes will be already ongoing when antibiotic treatment is
started. An important note to both the human and murine studies is that antibiotics may
have direct immunomodulatory effects, as was shown for macrolides in chronic obstructive
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pulmonary disease [22, 23]. We tried to obviate this through an antibiotic wash-out period
before challenge, partly using non-absorbable antibiotics and by demonstrating
microbiota-dependency through fecal transplantation in the murine studies. Furthermore,
we cannot exclude that the airway microbiota plays a role in the murine studies, although
we investigated the pulmonary microbiota by 16S sequencing in one experiment and did
not find any differences in the composition of the lung microbiota between control and
antibiotic treated mice (data not in this thesis). The lower airway microbiota is difficult to
investigate: bacteria are not abundant and samples are easily contaminated by upper
respiratory tract - or environmental bacteria. The first papers on the role of the lung
microbiota during critical illness are underway: it was recently reported that intestinal tract
bacteria can migrate to the airways during murine sepsis and in humans with acute
respiratory distress syndrome (ARDS) [24]. Further experiments will be necessary to prove
that our observations are indeed intestinal microbiota-dependent. Still, we think that our
model in which we use antibiotics to disrupt the microbiota is a clinically more relevant
model than germ-free mice, which develop in sterile conditions and thus have a very
different immune system. For example, germ-free mice are known to have altered
populations of NK-, NKT- and IFN-γ-producing T cells [25].
Fecal sampling in critically ill patients is challenging, as many patients do not defecate.
Rectal swabs could serve as an alternative. One should keep in mind that fecal or rectal
samples do not provide information about the microbiota in the higher parts of the
gastrointestinal tract. Lastly, even though bacteria comprise the vast majority of microbes
in the intestinal tract, viruses, fungi and archaea are important players as well - especially
when bacteria are wiped out by antibiotics. However, sequencing techniques for
investigating the viral or fungal microbiome are not yet as easily available as those for
bacteria.

Implications for clinical practice

The gut microbiota is a very promising therapeutic target for patients with sepsis, but a lot
of work has to be done to determine which patients could benefit from manipulation of the
intestinal microbiota and how this should be accomplished. Diet changes, probiotics and
prebiotics are all possible interventions but may not be enough to accomplish changes
within the extreme imbalance in microbiota we observed in critically ill patients. The
positive results from fecal transplantation for recurrent Clostridium difficile infection raise
hope for simple and effective new therapies that will improve the course of disease in
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Results obtained from mice and healthy young adults cannot be directly extrapolated to
patients on the ward or ICU. The experiments described in this thesis are models in which
the conditions are as controlled as possible. The human endotoxemia model is the best
available approximation of sepsis, but unfortunately, in vivo responses to LPS do not
directly translate to the combat against pathogens during pneumonia and sepsis. As
mentioned before, the interplay between pathogen(s), antibiotics and other therapies,
microbiota, immune system and comorbidities in patients is complex.

critically ill patients. At the moment, microbiota-based therapies that re-establish
colonization resistance to fight multi-drug resistant bacteria are possibly the next big
breakthrough [26, 27]. Fecal microbiota transplantation has a number of drawbacks, such
as the risk of transplanting viruses and risk of metabolic- and autoimmune diseases, as well
as lack of knowledge on how to select the optimal donor. In the future, fecal
transplantation may be replaced by more refined therapies. As an example, an attempt was
recently made to use bacterial spores instead of fecal transplantation as a therapy for C.
difficile [28].
The ultimate goal would be to narrow causal effects down to a couple of metabolites or
bacteria, which could then be used as therapy in septic patients. Any detrimental effects
that antibiotic microbiota disruption may have on innate immune responses could thus be
restored. Using mouse models, different approaches can be taken [29]. Phylogenetic
sequencing and metabolomics can be used to characterize microbial communities and metabolites in different diseases and following different microbial disturbances. Colonizing
germ-free mice with single or multiple bacteria of interest allows for investigating microbehost interactions and assessing potential for therapeutic use. In this way, a synthetic
microbiota could be developed that can be cultured and transplanted easily [30]. Already in
1989, five patients with C. difficile infection were cured using ten selected strains that
showed inhibitory effects against C. difficile [30, 31]. More recently, two C. difficile infected
patients were treated with a microbiota transplantation of 33 cultured bacterial species,
isolated from healthy donor feces – both successfull [32]. These results encourage further
exploration of microbiota modulation as therapy for many diseases, including pneumonia
and sepsis.
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