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Figure 2 The gut microbiota protects
against organ failure during
Streptococcus pneumoniae-induced
sepsis. (A—C) Representative lung
slides of untreated (left) and
microbiota-depleted (right) mice
infected with 1x10° colony forming
units (CFU) of S. pneumoniae via the
intranasal route and euthanised at
indicated time points (6, 24 and 48 h)
thereafter to assess pulmonary
inflammation and total lung
histopathology scores (see Materials
and methods). H&E staining; original
magnification, x100. (D and E) Liver
and spleen histology shown 48 h after
infection. H&E staining; original
magnification, x200 for liver, x100 for
spleen. (F) Systemic blood urea
nitrogen (BUN), (G) aspartate
aminotransferase (AST), (H) alanine
aminotransferase (ALT) and (I) lactate
dehydrogenase (LDH) levels assessed
48 h after infection in untreated (black)
and gut microbiota-depleted (white)
mice. Group size is 8 per group; results
are shown as means+SEM; n.s.
denotes not significant; *p<0.05 and

**p<0.01.

with controls, which may explain the in vivo phenotype showed an equal defect in their phagocytosis capacity compared
observed in the gut microbiota-depleted mice (figure 4A). Gut with controls. Responsiveness of alveolar macrophages derived
microbiota-dependent phagocytosis was compartment depend- from gut microbiota-depleted mice towards lipoteichoic acid
ent: whole-blood neutrophils (figure 4B), but not peritoneal (LTA; figure 4D, E) or lipopolysaccharide (LPS; figure 4F, G)
macrophages (figure 4C) derived from microbiota-depleted mice was also markedly diminished compared with controls in terms
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Figure 3 Effect of intestinal microbiota depletion on the alveolar macrophage transcriptome. (A) Unsupervised hierarchical clustering heatmap of
the significant (multiple comparison adjusted p<0.05) differentially expressed genes between untreated control and gut microbiota-depleted lung
alveolar macrophages. Red denotes increased expression; blue denotes decreased expression. (B) Stacked bar plot depicting the significantly
enriched canonical signalling pathways (ingenuity pathway analysis) and expression patterns. —log(B—H)p, negative log-transformed Benjamini—
Hochberg-adjusted Fisher test p value. Ratio, ratio of input genes to pathway genes. Red denotes increased expression in gut microbiota-depleted
alveolar macrophages; green denotes decreased expression in gut microbiota-depleted alveolar macrophages.

of cytokine release. The observed effect of the gut microbiota
was compartment dependent; whole blood (figure 4H), but not
peritoneal macrophages derived from gut microbiota-depleted
mice showed a diminished responsiveness towards I'TA or LPS
when compared with controls (figure 4I-L). Taken together,
these data confirm that the gut microbiota enhances primary
alveolar macrophage function and that an unperturbed gut
microbiota enhances responsiveness to bacterial virulence
factors and increases phagocytosis capacity.

DISCUSSION

Each year, 3.5 million deaths are attributed to pneumonia,
although this number is probably an underestimation, since deaths
from sepsis and deaths attributed to other conditions (eg, cancer
and Alzheimer’s disease) for which pneumonia is the terminal
event are coded separately.’ 2° Pneumonia is the most common

cause of sepsis and S. pneumoniae is the most frequently isolated
pathogen in pneumonia resulting in sepsis. Recent breakthroughs
in our understanding of the role of the gut microbiome in both
health and disease can therefore have considerable implications for
respiratory and critical care medicine.” ''"'* Here, we show that
the gut microbiota plays a protective role during S. prneumoniae
pneumonia as evidenced by the increased bacterial dissemination,
inflammation, organ failure and mortality in microbiota-depleted
mice compared with controls. FMT to gut microbiota-depleted
mice led to a normalisation of pulmonary bacterial counts and
TNF-o and IL-10 levels 6 h after pneumococcal infection. The gut
microbiota enhances primary alveolar macrophage function both
in terms of cellular responsiveness to L'TA and LPS and the capacity
to phagocytose S. prneumoniae.

Our work underscores the concept that the large community
of intestinal microbes not only contributes to the local host
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Figure 4 The gut microbiota enhances primary alveolar macrophage function. (A) Capacity of alveolar macrophages derived from gut
microbiota-depleted (white) mice and control (black) mice to phagocytose Streptococcus pneumoniae ex vivo for 30 min. (B) Capacity of
whole-blood neutrophils derived from gut microbiota-depleted (white) mice and control (black) mice to phagocytose S. pneumoniae ex vivo for

30 min. (C) Capacity of peritoneal macrophages derived from gut microbiota-depleted (white) mice and control (black) mice to phagocytose S.
pneumoniae ex vivo for 10 and 30 min. (D and E) Responsiveness of alveolar macrophages derived from gut microbiota-depleted (white) mice and
control (black) mice towards lipoteichoic acid (LTA) and (F and G) lipopolysaccharide (LPS) in terms of interleukin (IL)-6 and tumour necrosis factor
(TNF)-a production. (H) TNF-o production of whole blood derived from gut microbiota-depleted (white) mice and control (black) mice upon
stimulated with LPS. (I and J) LTA-stimulated peritoneal macrophages derived from gut microbiota-depleted mice (white) and controls (black). (K and
L) LPS-stimulated peritoneal macrophages derived from gut microbiota-depleted mice (white) and controls (black). Group size is 8 per group; results
are shown as means=SEM; n.s. denotes not significant; *p<0.05, **p<0.01 and ***p<0.001.

defences against infections, but also modulates immune
responses at systemic sites.” ° 11713 2! Clarke et al were among
the first to demonstrate that systemic innate immune responses
can be enhanced by translocation of microbiota-derived pro-
ducts from the intestine. Bone marrow-derived neutrophils
obtained from gut microbiota-depleted mice are less capable of
killing S. preumoniae and Staphylococcus aureus in vitro.”
Similarly, intestinal microbiota-primed alveolar macrophages
show increased reactive oxygen species-mediated killing of
Klebsiella pneumoniae.** In this line, the microbiota has been
shown to regulate immune defences against respiratory tract
influenza A virus infection.”®> ** Trompette et al'! established
the existence of a gut-lung axis in allergic airway disease by
showing that gut microbiota metabolism of dietary fibres influ-
ences the severity of allergic inflammation. Alveolar macro-
phages, which are resident pulmonary macrophages, are
thought to form the first line of defence in the event of patho-
gen invasion towards the lung.* ' We studied the effect of

intestinal microbiota depletion on the alveolar macrophage tran-
scriptome. This enabled us to demonstrate that the gut micro-
biota has a marked influence on metabolic pathways within
alveolar macrophages, which correlated with an altered cellular
responsiveness—as reflected by a diminished capacity to phago-
cytose S. pneumoniae and a reduced cellular responsiveness
towards I'TA and LPS. It remains to be established, however,
which gut microbiota-derived factors are responsible for this
effect. In addition, we did not investigate whether faecal trans-
plantation could reverse the specific transcriptomic changes,
impaired immune effector functions of alveolar macrophages
and neutrophil influx in our model. Lastly, it remains to be
determined whether the observed effects of gut microbiota
depletion during infection with S. pneumoniae also apply to
infections with other important causative agents of pneumonia.
Clearly, independent experiments are required to establish this.
Of potential clinical importance is our finding that the gut micro-
biota protects against organ failure during S. prneumoniae-induced
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sepsis. This is illustrated by enhanced liver and hepatic injury in
mice in which the gut microbiota was depleted before intranasal
infection with S. pneumoniae when compared with controls.
Interventions to modulate the microbiota composition in the intes-
tine by replacing the microbiota or by treating patients with
selected microbial products are promising new treatment strategies
for the critically ill.” Avery recent report described the first success-
ful use of FMT in the treatment of a critically ill patient with
therapy-resistant sepsis.”> The finding that Lactobacillus rhamnosus
administration is safe in critically ill patients and efficacious for the
prevention of ventilator-associated pneumonia further underscores
the therapeutic potential of targeting the gut microbiota in
pneumonia-derived sepsis.>®

Caution is needed when extrapolating data from mouse
experiments to human disease. Murine models like the one used
here make use of a homogenous group of experimental animals
with identical genotype, sex and (relatively young) age which
are exposed to a well-controlled bacterial challenge, whereas
patients form a heterogeneous group in which multiple factors
modify disease outcome, including the extent of pathogen
exposure, older age, comorbidities, comedications and genetic
composition. In addition, it should be noted that FMT in gut
microbiota-depleted mice did not reverse all endpoint para-
meters in our model of bacterial pneumonia. Despite these
caveats, the present study now describes a possible role of the
gut microbiota in modulating both local and systemic host
responses to a clinically relevant model of pneumonia. Our
work demonstrates that the intestinal microbiota plays a protect-
ive role in the host defence against S. pneumonia-induced pneu-
monia through priming of alveolar macrophages. These results
highlight the possibility that broad-spectrum antibiotics and dis-
ruption of the intestinal microbiota may diminish innate
immune defences to infection. Our data identify a gut-lung axis
during infection and establish a mechanism for pulmonary
immunomodulation by the intestinal microbiota.

MATERIALS AND METHODS

Mice

Specific pathogen-free C57Bl/6 mice were purchased from
Harlan Laboratories. The known variation in intestinal micro-
biota composition between inbred C57BL/6 mice derived from
one commercial vendor is known to be highly limited.?”
Offspring and diet are major determinants of gut microbiota
composition.*® Experimental groups were age and sex
matched, and housed in the Animal Research Institute
Amsterdam (ARIA) facility of the Academic Medical Center
facility under standard care. All experiments were conducted
with mice between 10 and 12 weeks of age.

Experimental study design

Pneumonia was induced by intranasal inoculation with 1x10°
CFU S. pneumoniae D39 as previously described.>*=* For sur-
vival experiments, mice were checked every 6 h until death
occurred. Sample harvesting, determination of bacterial growth
and analysis (including pathology and immunohistochemistry)
are described in the online supplementary file. In order to
deplete the gut microbiota, mice were treated with broad-
spectrum antibiotics (ampicillin 1 g/L, Sigma; neomycin sulfate
1 g/L, Sigma; metronidazole 1 g/L, Sanofi-Aventis and vanco-
mycin 0.5 g/L, Sandoz) in drinking water for 3 weeks as
described.” Two days after cessation of antibiotic drinking water,
mice were inoculated with S. preumoniae. RNA preparation
from alveolar macrophages and microarray profiling are
described in the online supplementary file.

Faecal transplantation

Faecal pellets from untreated mice were resuspended in PBS (1
faecal pellet/1 mL of PBS). For each experiment, several faecal
pellets from different untreated mice were resuspended together
in PBS. A total of 200 uL of the resuspended pool faecal mater-
ial was given by oral gavage to gut microbiota-depleted mice
over 4 consecutive days after antibiotic treatment was stopped;
control mice were given water alone during this period.*?

Microbiota analyses

Fresh stool pellets were obtained before mice were euthanised.
The samples were immediately frozen and stored at —80°C. DNA
isolation was performed using a modified repeated beating
method.** *° 16S rRNA gene amplification, in vitro transcription
and labelling and hybridisation were carried out as described pre-
viously."” Data analyses were performed using the microbiome
R-script package as described in the online supplementary file.

Ex vivo experiments

Murine alveolar macrophages and neutrophils were isolated,
washed and incubated as described.*® 37 Details on the phago-
cytosis and cell stimulation experiments are provided in the
online supplementary file.

Ethics statement

The Institutional Animal Care and Use Committee of the
Academic Medical Center, University of Amsterdam, reviewed
and approved all experiments (identification number:
DIX100121AE). The animal care and use protocol adhered to
European Directive of 22 September 2010 (Directive 2010/63/
EU) in addition to the Directive of 6 May 2009 (Directive
2009/41/EC).

Statistical analysis

Comparisons between groups were first performed using
Kruskal-Wallis one-way analysis of variance (ANOVA) test; in
case of significant differences, differences between groups were
tested using the Mann—-Whitney U test (GraphPad Prism 5). We
used the Kaplan—-Meier log-rank test to compare survival
between groups. Statistically significant differences are indicated
as follows: *p<0.05; **p<0.01; ***p<0.001. Linear model
ANOVA was employed to define alveolar macrophage transcripts
influenced by broad-spectrum antibiotic treatment. Unless other-
wise stated, a false discovery rate-corrected p value (g-value)
was used to define genome-wide significance.
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