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Abstract

Background The gut and lung microbiomes play crucial roles in host defense and mayserve as predictive markersfor
clinical outcomes in critically ill patients. Despite this, the simultaneous dynamics of lung and gut microbiomes during
critical illness remain unclear. This study aims to assess the longitudinal changes in lung and gut microbiota among
mechanically ventilated ICU patients with and without infection and to identify microbial features predictive of clinical
outcomes, including the development of ventilator associated pneumonia (VAP).

Methods In this prospective observational study, we analyzed 73 endotracheal aspirates (ETA) and 93 rectal swabs
collected from 38 ICU patients over multiple timepoints (intubation, infection onset, post-antibiotic, and extubation/
discharge). Patients were categorized into three groups: (1) VAP, (2) other infections, and (3) uninfected controls. Lung
and gut microbiota were characterized using 16S rRNA gene sequencing. Primary outcomes included microbial
diversity and community composition; secondary outcomes included ICU length of stay and ventilator-free days.

Results Alpha diversity declined more significantly in infected patients than in controls during the ICU stay, with
the most pronounced changes in lung microbiota. We found an enrichment of Enterobacteriaceae and other
Proteobacteria in the lung microbiome of pneumonia patients, while the gut microbiota remained relatively stable.
Relative abundances of key taxa such as Mogibacterium were associated with mechanical ventilation duration.

Conclusions This study reveals that distinct microbial patterns in both lung and gut microbiota are associated
with infection and clinical outcomes in critically ill patients. Understanding these dynamics is crucial for developing
targeted microbiota interventions, potentially improving outcomes such as VAP prevention and management.
Trial registration Ethics Committee of Canton Vaud, Switzerland (2017-01820).
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Background

Ventilator-associated pneumonia (VAP) is the most fre-
quent hospital-acquired infection in the intensive care
unit (ICU) with a reported incidence that can be as high
as 40% [1, 2]. VAP is associated with increased morbidity,
mortality and an important economic burden [3-5].

In the last decade, culture-independent microbiology
allowed the characterization of complex and dynamic
bacterial communities [4, 6] and thus rejected the very
long-standing misconception regarding the “sterility” of
human lungs. Understanding the lung microbiota gave
rise to a new concept on VAP physiopathology, in which
pathogens compete with endogenous microbiota and the
immune system to colonize the lung niche [7]. In this
scenario, VAP occurs because of a disruption of the lung
microbiota homeostasis, a situation known as “lung dys-
biosis” [7]. Recently published data show that lung micro-
biota profile on admission can predict outcome in ICU
patients [8] and that changes in the composition of the
lung microbiota have been associated with susceptibility
to viral infections or the development of acute respira-
tory distress syndrome (ARDS) [9, 10]. More specifically,
among patients with ARDS, the lung microbiome is
enriched with gut-associated bacteria such as Bacteroides
spp. and species of the Enterobacteriaceae family [10],
and early enrichment of the lung microbiome with such
gut-associated bacteria ) is associated with subsequent
development of ARDS [11]. While many observational
studies have reported associations between the lung
microbiota and alveolar inflammation [3, 10, 12, 13], the
causal relationship between the lung microbiota diversity
and composition with increased alveolar inflammation
has only been described recently [14].

On the same time, gut microbiota plays a key role in
the pathogenesis of sepsis and ARDS [15] as demon-
strated by germ-free or antibiotic suppressed animals in
experimental models of sepsis [16—18] and in numerous
clinical trials [15, 18, 19]. The gut microbiome is a main
enhancer of innate host immunity against infections by
the production of antimicrobial peptides (bacteriocins)
[20] and by the modulation of the adaptive response via
regulation and differentiation of Th17 cells [21].

Despite the increasing body of evidence linking lung
and gut microbiota to critical illness outcomes, a com-
prehensive understanding of the simultaneous dynamics
of these two microbiota during severe illness, particularly
in relation to infection, remains elusive. Previous stud-
ies have mainly focused on either lung or gut microbiota,
but few have evaluated both compartments concurrently,
especially over the course of a patient’s ICU stay [10, 22].
Furthermore, the relationship between microbiota altera-
tions and clinical outcomes, such as the development of
VAP or prolonged mechanical ventilation, is not thor-
oughly studied.
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The primary aim of this study is to investigate the lon-
gitudinal dynamics of both lung and gut microbiota in
critically ill patients, comparing microbiota profiles in
patients with VAP, those with other infections, and those
without infection. We hypothesize that: (i) lung and gut
microbiota diversity will differ between these groups; (ii)
the resilience of the lung microbiota will differ from that
of the gut microbiota during the ICU stay; and (iii) cer-
tain microbiota markers will be predictive of VAP and
other clinical outcomes, such as the duration of mechani-
cal ventilation.

To do this, we categorized patients into three distinct
groups, those with VAP, those with other infections,
and uninfected controls, to capture a broad spectrum
of infection-related changes in microbiota composi-
tion. Patients with VAP were included to explore the
relationship between lung dysbiosis and pneumonia,
while those with non-pulmonary infections provided
insight into how systemic infections may impact micro-
biota at distant sites. Uninfected control patients were
included to serve as a baseline for comparison, ensuring
that observed microbiota changes could be attributed to
infection rather than other ICU-related factors.

Methods
Study population
This is a prospective single-center study of mechanically
ventilated adult patients. The study was conducted in the
35-bed ICU of Lausanne University Hospital (CHUV)
between August 2018 and November 2019. Hospitalized
ICU patients were eligible for participation in our study
provided they were (i) antibiotic-naive on admission and
(ii) intubated for less than 36 h but with an anticipated
length of stay of more than 48 h. Exclusion criteria were:
(1) age<18 years old, (2) antibiotic treatment in the last
30 days, (3) immunosuppression (i.e., solid organ or stem
cell transplantation, HIV positive status with detectable
viral load, prednisone>0.5 mg/kg, immunomodulatory
treatment or recent chemotherapy) or (4) participation
in another ongoing clinical study in the ICU. Patients
who died within the first 24 h from inclusion were also
excluded as well as those for whom we were not able to
obtain a written informed consent. Informed consent
was obtained from patients’ next of kin and confirmed by
the patients themselves when possible after extubation.
The included patients were categorized into three
groups according to the occurrence of infections dur-
ing their ICU stay: (1) Pneumonia group: Patients who
developed ventilator-associated pneumonia (VAP),
(2) Other infection group: Patients who developed
infections other than VAP, and (3) Control group:
Patients with no documented infections and no antibi-
otic treatment administered during their hospital stay.
VAP was defined as a clinical suspicion of pneumonia
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developing >48 h after endotracheal intubation as advo-
cated by the presence of new or progressive pulmonary
infiltrates on chest radiograph plus at least one of the fol-
lowing: (1) fever, (2) peripheral leukocytosis, (3) purulent
tracheal secretions or (4) decline in oxygenation [23]. The
“Other infection” group refers to patients who developed
primary bacteremia or catheter-related bacteremia, uri-
nary tract infection or nosocomial fever of unknown ori-
gin (table S1). Patients were allocated to the three groups
based on the diagnosis retained by the ICU physicians.
An infectious diseases specialist reviewed patients’ charts
and medical records to verify allocation based on the
afore-mentioned definitions.

Clinical, laboratory and radiological data were col-
lected from the electronic health record. We entered all
data in an electronic clinical report form (eCRF) using
the REDCap platform (Research Electronic Data Capture
v8.5.24, Vanderbilt University, Tennessee, USA) [24].

This project was conducted in accordance with the
Declaration of Helsinki, the principles of Good Clinical
Practice and the Swiss Human Research Act (HRO). The
project received approval from the Ethics Committee of
Canton Vaud, Switzerland (2017-01820).

Study design and specimen collection
The ICU nurses in charge of each included patient col-
lected ETA and rectal swabs for microbiota analysis. Ini-
tial samples were collected within 48 h of intubation and
subsequent sampling was performed on the day of anti-
biotic introduction (for clinically-suspected or clinically-
documented infection), 5 days after, and upon extubation
and ICU discharge. ETA were collected using a stan-
dardized clinical protocol for VAP diagnosis. In short,
a 50-cm, 14-French tracheal suction catheter was intro-
duced through the orotracheal tube until resistance was
encountered. The catheter was then pulled back 1-2 cm,
the vacuum was released and the probe was delicately
removed using turning movements from which the secre-
tion was aspirated into a sterile polypropylene collector
tube. The ETA sample was then transferred using a sterile
procedure to the dedicated collection tube. Rectal swabs
were inserted into the anal canal, beyond the anal verge
(+3 cm). Swabs were rotated gently and then removed.
ETA were stored in DNA/RNA Shield™ collection and
lysis tubes (Zymo Research, Irvine, CA, USA) and rectal
swabs were collected in DNA/RNA Shield™ collection
tubes with swab (Zymo Research, Irvine, CA, USA) and
stored immediately at -80 °C for further batched metage-
nomics analysis. Part of the ETA samples were sent to
the microbiology laboratory for routine microbiological
workup.
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Microbial DNA extraction, library preparation and
sequencing

Frozen native tracheal aspirates were thawed and a 10%
solution of the reducing agent dithiothreitol (DTT)
(AppliChem, Darmstad, Germany) was added (final con-
centration 1.7% DTT) in order to homogenise mucus.
DNA was then extracted using the DNeasy UltraClean
microbial kit (Qiagen, Valencia, CA, USA). DNA was
extracted from thawed rectal swabs using the MagNA
Pure automated platform (Roche, Basel, Switzerland).

Amplification of tracheal aspirates was performed
using the AccuPrime Taqg DNA Polymerase High Fidel-
ity kit (Invitrogen, Carlsbad, CA, USA), using barcoded
primers targeting the V1-V2 region. Amplicons were
quantified using a LabChip GX instrument with the
DNA 1 K kit (Perkin Elmer, Waltham, MA, USA), pooled
in equimolar amounts and purified using the AMPure
XP bead cleaning system (Beckman Coulter, Brea, CA,
USA). For rectal swabs, the V3-V4 hypervariable region
of the 16 S rRNA gene was amplified and libraries were
prepared according to the 16 S Metagenomic Sequenc-
ing Library Preparation protocol (Part. # 15044223 Rev.
B). Both ETA and rectal swabs samples were sequenced
using the Illumina MiSeq platform (Illumina, San Diego,
CA, USA). Positive controls (ATCC-2002 mock com-
munity) and negative controls for DNA extraction and
library preparation (DNA free water) were included in
each extraction run and each sequencing run for faecal
samples. The DADA2-based pipeline zAMP (v.0.9.11)
was used for our bioinformatics analyses as previously
described [25, 26]. In brief, sequences were attributed to
Amplicon Sequence Variants (ASVs) based on DADA2
(1.12.1) [27] and taxonomically assigned using the Ribo-
somal Database Project classifier [28] in Qiime 1.9.1 [29]
against the EzBioCloud reference database (05.2018) [30].
Genera and species identified in our dataset that were
described with spaceholders in the 05.2018 release were
manually checked for updated taxonomical classification
in the database of EzBioCloud, as available online in Jan-
uary 2025.

Rarefaction was done by random subsampling with
10,000 and 100,000 reads set as threshold for lung and
faecal samples respectively, after manual examination
of rarefactions curves to ensure sufficient sampling of
relatively rare taxa for each sample type. Faecal samples
with less than 100,000 reads after processing were rese-
quenced once and samples sequenced twice were even-
tually pooled. Samples with less than 100,000 reads were
excluded from further analyses. For ETA samples, we
discarded samples with less than 10,000 reads. Sequenc-
ing yields for each sample type and rarefaction curves are
shown on supplementary material (Figure S1).
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Statistical analysis

All statistical analysis were performed in R (v.4.1.1)
(https://www.r-project.org/).  Shannon and Chaol
indexes were calculated with the Phyloseq R package.
NMDS plots were generated using the “vegan” (http://w
ww.cran.r-project.org/package-vegan/) and “phyloseqC
ompanion”  (http://www.cran.r-project.org/package-ph
yloseqCompanion/) packages, and data separation was
tested by a permutation test with pseudo-F ratio (func-
tion “Adonis” in “vegan”). For each NMDS plot, ellipses
including 95% confidence area based on the standard
error of the weighted average of sample coordinates were
overlaid. Betadisper function was used to assess multi-
variate homogeneity of group dispersion analysis in beta-
diversity analysis. Group differences in alpha diversity
and taxon relative abundance were assessed by Wilcoxon
or Kruskal-Wallis tests where appropriate. Venn dia-
grams were generated using the “VennDiagram” package
(https://CRAN.R-project.org/package=VennDiagram). D
ifferential abundance analysis was performed using nega-
tive binomial and zero-inflated mixed model (“nyiuab/
NBZIMM” package) [31]. Correlation was assessed by
linear regression and calculated by Spearman’s coefficient
(R). The correlation plot was produced using the “cor-
rplot” and “PerformanceAnalytics” packages. Receiver
operating characteristic (ROC) curves were assessed for
microbiota features and the optimal cutoffs were calcu-
lated based on the best sensitivity and specificity ratios.
Sensitivity, specificity, positive and negative predictive
values were calculated for the optimal selected cutoff.
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As for clinical data, categorical variables are presented
as absolute numbers and relative frequencies whereas
continuous variables are presented as mean and standard
deviation if normally distributed or as median and IQR if
non-normally distributed.

Results
Patients’ characteristics
Among all prospectively screened patients, forty-four
patients fulfilled the inclusion criteria. Six patients were
secondarily excluded as shown in the study flowchart
(Fig. 1). Among the remaining 38 patients, 9 did not
develop any infection nor received any antibiotic treat-
ment (control group), 17 developed VAP (pneumonia
group) and 12 developed infections other than VAP
(other infection group). In total, 73 ETA and 93 rectal
swabs were collected for microbiome evaluation.
Baseline characteristics, summarized in Table 1, did
not significantly differ between the three groups of
patients besides the length of ICU stay, which was lon-
ger for infected patients (p=0.003), and the length of
intubation, longer in the pneumonia group (p<0.001).
Overall, comorbidities were observed in 58% of the
patients. The global mortality at 28 and 90 days were
16% and 19% respectively with no differences between
the groups. Table 2 shows the clinical characteristics and
laboratory values of patients on admission. The mean
APACHE 1I score was 22, 74% of the patients required
an aminergic support, there was no difference between
the 3 groups. Pneumonia patients were ventilated with
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Fig. 1 Flowchart of study participants and taken samples. * Lung samples refer to endotracheal aspirates and gut samples refer to rectal swabs
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Table 1 Patients'demographics
Variable Overall Study group p-value

N=38 Control Pneumonia Other Infection

N=9 N=17 N=12

Sex 0.65
Male 21 (55%) 4 (44%) 9 (53%) 8 (67%)
Female 17 (45%) 5 (56%) 8 (47%) 4 (33%)
Age (years) 63 (51,69) 68 (51,76) 60 (49, 65) 65 (52, 68) 037
Ethnicity 0.75
Caucasian 28 (74%) 8 (89%) 11 (65%) 9 (75%)
African 3(7.9%) 1(11%) 1 (5.9%) 1(8.3%)
Asian 1(2.6%) 0 (0%) 1(5.9%) 0 (0%)
Hispanic 6 (16%) 0 (0%) 4 (24%) 2 (17%)
Weight (kg) 71 (62,81) 70 (55, 80) 72 (65, 80) 72 (70, 83) 0.68
Body Mass Index 24 (22,28) 26 (24, 28) 24 (23,27) 24 (22, 28) 0.80
Smoker 6 (16%) 1(11%) 3(18%) 2(17%) 0.83
Presence of comorbidities 22 (58%) 5 (56%) 9 (53%) 8 (67%) 0.84
Myocardial infarction 6 (16%) 1(11%) 4 (24%) 1 (8%) 0.53
Congestive heart failure 5(13%) 1(11%) 2 (12%) 2 (17%) 0.99
Peripheral vascular disease 10 (26%) 2 (22%) 4 (24%) 4 (33%) 0.8
Cerebrovascular accident 7 (18%) 1(11%) 2 (12%) 4 (33%) 032
Asthma/COPD 5(13%) 2 (22%) 1 (6%) 2(17%) 049
Diabetes 5(13%) 0 2 (12%) 3(25%) 034
Moderate/Severe renal disease 2(53% 1(11%) 1 (6%) 0 0.71
Length of ICU stay (days) 10(7,17) 6(5,7) 119,22 12(7,16) 0.003
Length of intubation (days) 7(5,12) 4(2,6) 10(7,16) 6(6,12) <0.001
28 days mortality 6 (16%) 2 (22%) 3(18%) 1(8.3%) 0.63
90 days mortality 7 (19%) 3(33%) 3(18%) 1(8.3%) 041

Categorical variables are expressed in absolute numbers (%) and continuous variables with median (IQR) values.Comparison among groups were performed with

Fisher's exact test or Kruskal-Wallis rank sum test where appropriate

higher positive airway pressure compared to the two
other groups (p=0.01). In the pneumonia group, H. influ-
enzae was the first pathogen isolated (35%). The clinical
characteristics of infectious episodes are shown on table
S1. There is no statistically significant difference among
both infected groups in terms of total number of received
antibiotics or duration of antibiotic treatment. Figure S2
shows the administered antibiotic treatment and reports
critical events related to sampling for microbiome evalu-
ation. A monotherapy was proposed in most of the cases
initially. The most frequently prescribed molecules were
amoxicillin-clavulanate and piperacillin-tazobactam.
Only 4 patients received penems.

Lung and gut microbiome alpha-diversity evolution over
time

To evaluate alpha-diversity within lung and gut microbial
communities among infected and non-infected patients,
we first compared the three groups on inclusion. Alpha-
diversity did not differ among the three groups on inclu-
sion as expressed by Shannon or Chaol diversity index
for the lung (p=0.55 and p=0.89 for Shannon and
Chaol, respectively) and gut microbiome (p=0.92 and
p=0.88, respectively) (figure S3). Next, we examined if

longitudinal alpha-diversity measurements differed over
time within the three groups (Fig. 2). Alpha-diversity
decreased over time in all faecal samples, except the
control group. Noteworthy, microbial communities in
the lung decreased significantly in terms of richness and
evenness up to the 5th day of infection in both pneumo-
nia (p=0.05) and patients with other infections (p =0.02)
(Fig. 2).

Lung and gut microbiota stability and resilience over time

Beta-diversity analysis on inclusion revealed a rather
homogenous microbial profile for the three groups
(Fig. 3A and C). The three groups differed however sig-
nificantly in the gut at discharge with Bray-Curtis dis-
similarity index (Fig. 3C). Changes in beta-diversity were
mainly driven by the “other infection” group (betadisper
ns, adonis p<0.001) that was dominated by the Bacte-
roides genus (Fig. 3D) and other taxa belonging to Chris-
tensenellaceae, Lachnospiraceae, Ruminococcaceae and
Veillonellaceae families (depicted as “Other” genera in
the graph). A constrained ordination method was subse-
quently performed to investigate whether the observed
microbial variation could be explained by selected con-
straint variables (sex, body mass index (BMI), number
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Table 2 Patients'clinical characteristics upon ICU admission
Variable Overall Study group p-value

N=38 Control Pneumonia Other Infection

N=9 N=17 N=12

APACHE Il score 22(18,28) 24 (23, 25) 20(18,25) 19 (17, 30) 0.17
Reason for ICU admission
Non septic shock 13 (34%) 1(11%) 7 (41%) 5 (42%) 0.08
Acute respiratory failure 2 (5.5%) 0 2 (12%) 0 0.49
Neurological failure 18 (47%) 6 (67%) 7 (41%) 5 (42%) 0.50
Multiorgan failure 2 (5.5%) 2 (22%) 0 0 0.05
Other 3(8%) 0 1 (6%) 2 (16%) 044
Glascow Coma Scale 4(3,4) 4(3,4) 4(3,4) 4(3,4) 083
Temperature (°C) 36.4(35.8,36.8) 36.7 (36.1,37.4) 36.5(35.5,37.1) 36 (35.8,36.4) 0.12
Cardiac frequency (bpm) 81 (64, 98) 83 (78,108) 80 (65, 99) 82 (63, 90) 0.74
Systolic blood pressure (mm Hg) 115 (101, 130) 119 (99, 143) 115 (107, 124) 116 (106, 136) 0.72
Diastolic blood pressure (mm Hg) 67 (53 77) 67 (54, 75) 65 (52, 76) 73 (60, 80) 0.46
Aminergic support (74%) 7 (78%) 2(71%) 9 (75%) >0.99
Respiratory frequency (per minute) 6(15,18) 16 (15,17) 6 (15, 20) 15(14,17) 0.21
FiO2 (%) (31 58) 35 (30, 40) 40 (40, 60) 50 (34, 60) 0.16
Partial O2 pressure (mm Hg) 5(76,138) 92 (81, 135) 83 (70, 144) 84 (73, 96) 0.64
C-reactive protein (mg/L) 24 (7, 69) 13 (6, 46) 26 (8,70) 31(7,76) 0.67
Procalcitonin (mcg/L) 0(0,7) 0(0,0) 27 (15,39) 1(0,8) 0.062
Lactic acid (mmol/L)) 1.9(1,3.3) 19(0.8,3.1) 26(1.3,3.5) 1.6(0.9,23) 0.50
Creatinine (mcmol/L) 100 (66, 128) 85 (65, 115) 108 (66, 128) 104 (70, 147) 0.84
White blood cells (G/L) 14(11,18) 4(10,17) 4(11,18) 12(11,17) 0.70

Categorical variables are expressed in absolute numbers (%) and continuous variables with median (IQR) values.Comparison among groups were performed with

Fisher's exact test or Kruskal-Wallis rank sum test where appropriate. APACHE II: Acute physiology and chronic health evaluation Il score

of antibiotics received, days of antibiotic treatment and
length of ICU stay). The redundancy analysis failed to
explain the sample ordination with Bray-Curtis dissimi-
larity index, but a few constraint variables such as BMI,
days of antibiotic treatment and length of ICU stay, con-
tributed significantly (p<0.05) to the variation when
using the Jaccard dissimilarity index (Fig. 4).

The resilience of lung and gut microbiome over time
was further investigated by studying ASVs cluster over-
lap across patients’ subsequent samples (Fig. 5). The con-
trol group had more shared taxa between inclusion and
extubation than infected patients for both lung and gut
microbiome. The gut microbiome remained considerably
more conserved in successive timepoints than the lung
microbiome and both groups of infected patients showed
similar trends of decreased shared taxa over time in both
lungs and gut as compared to controls (Fig. 5). Interest-
ingly though, a high proportion of shared taxa over time
was observed in infected patients, potentially in line with
a microbiota decompartmentalization observed in venti-
lated critically ill patients.

Taxonomic composition and identification of microbiota
markers in VAP

After demonstration of heterogeneous lung and gut
microbial communities in terms of alpha-, beta-diver-
sity and shared taxa over time, we sought to identify

the sources of this microbial profile heterogeneity and
detect microbiota markers for early prediction of VAP.
We performed a differential abundance analysis using
a zero-inflated negative binomial (ZINB) regression
model to delineate the community evolution over time.
The lung microbiota of pneumonia patients was progres-
sively enriched with Proteobacteria (Neisseria genus and
members of the Enterobacteriaceae) as well as members
of the Firmicutes phylum (Oribacterium, Parvimonas,
Dialister) (figure S4). Patients with other infections were
progressively enriched with Bacteroidetes (Tannerella)
and Firmicutes (Staphylococcus, Dialister). In the control
group, we observed an increase in Fusobacteria (Fuso-
bacterium), Firmicutes (Shuttleworthia, Oribacterium
and Parvimonas) and Bacteroidetes (Capnocytophaga,
Alloprevotella and Bergyella) (figure S4). Regarding the
gut microbiome, differences in taxa abundances were
mainly driven by dynamic changes of the Firmicutes phy-
lum. During the course of the infection and ICU stay,
we observed a progressive replacement of taxa belong-
ing to Veillonellaceae, Enterococcaceae, Rumminococ-
caceae, Peptoniphilaceae and Lachnospiraceae by other
taxa belonging mainly to Lachnospiraceae, Ruminococ-
caceae and Christensenellaceae (figure S4). Patients with
other infections or non-infected patients had moreover a
progressive decrease of Proteobacteria and Bacteroidetes
phyla (figure S4).
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Fig. 2 Alpha diversity evolution among patient’s groups over time

We next aimed to identify metataxonomic markers of
VAP early in the course of ICU stay. Abundance of cer-
tain taxa belonging to Bacteroidetes, Firmicutes and Acti-
nobacteria phyla were enriched in both lung (Bergeyella)
and faecal samples (Actinotignum, Eubacterium, Butyr-
icimonas and other members of Christensenellaceae or
Lachnospiraceae families) of non-pneumonia patients
on inclusion (Fig. 6). On the other hand, certain Actino-
bacteria (Rothia and Corynebacterium) and Firmicutes
(Mogibacterium, Caproiciproducens etc.) were enriched
on inclusion in the lungs and faecal samples of pneumo-
nia patients, respectively (Fig. 6).

Correlation of microbiota features with clinical outcome
We finally tested whether identified key features of the
microbiome would predict the various clinical outcomes

Pneumonia

in patients with VAP. Indeed, many microbiota and
metataxonomic markers showed a correlation with
patients’ outcome. Lung alpha diversity as expressed by
Shannon index on the first day of infection showed a
statistically significant negative correlation with intuba-
tion length (Fig. 7). Metataxonomic features of the lung
microbiome on inclusion such as the Firmicutes phy-
lum relative abundance, the Actinobacteria/Bacteroide-
tes ratio and the Firmicutes/Bacteroidetes ratio showed
an inverse correlation with arterial partial pressure of
oxygen on the first day of infection (Fig. 7). Moreover,
metataxonomic markers of the gut microbiome such as
the relative abundance of Mogibacterium genus in the gut
were also positively correlated with intubation or ICU
length (Fig. 7).
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Fig. 3 Beta-diversity comparison among patients' groups. This figure shows beta-diversity (Panels A and C) and taxonomic composition of the 10 most
abundant genera (Panels B and D) among groups on inclusion and extubation/discharge. The left panel shows the lung microbiome data and the right
panel the gut data. Betadisper (betadisper function) refers to multivariate homogeneity of group dispersions analysis and adonis (adonis function) refers
to permutational multivariate analysis of variance. The bigger highlighted symbols in the graphs represent median values. (ns= not significant, * = p<0.05,
**=p<0.01, *** = p<0.0001)

Next, we evaluated the performance of the microbiota
features correlated with intubation length to predict the
duration of intubation in patients with VAP as com-
pared to the APACHE II clinical score. To do this, we

stratified patients with VAP into two groups based on
intubation length. Those with a shorter or equal dura-
tion of intubation with the median duration of intuba-
tion of VAP patients (< 10 days) and those with a duration
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Fig. 4 Constrained ordination (RDA) displaying Jaccard dissimilarity of the gut samples at discharge, as explained by taxa variation (at the genus level)
and by selected constraint variables. Redundancy analysis (RDA) of the gut data at discharge. Dots represent samples, black lines the contribution of the
different taxa (unlabeled here for clarity reasons) and the red lines with the arrows depict the contribution of statistically significant (p<0.05) selected
constraint variables. Percentages along the axes indicate fractions of total inertia (departure from sample homogeneity). The boxplots along the axes

show the median values, the IQR and the range of the ordination variation

longer than the median duration of intubation of VAP
patients (>10 days). The microbiota features were com-
pared to the APACHE II score, which has already been
previously used to predict the outcome of mechanical
ventilation and length of ICU stay [32, 33]. The ROC
curves of the performance of microbiota features and
APACHE II score are displayed in Fig. 8. The area under
the curve (AUC) was 0.53, 0.76 and 1 for APACHE II
score, Shannon diversity index and gut Mogibacterium
relative abundance, respectively. Optimal performance
for microbiota features was obtained at a cutoff of 2.5 for
Shannon diversity index, and 0.00032 of relative abun-
dance in the gut for Mogibacterium genus (Fig. 8). Finally,
we modified the existing APACHE II score to consider
the Shannon diversity index and the relative abundance
of Mogibacterium in the gut. The weight of those vari-
ables was assigned based on the AUC of each variable as
shown in Fig. 8. The new APACHE II score was therefore
calculated by adding 10 points if the Shannon diversity
index was <2.5 and then by multiplying the score by a

factor of 2 if the relative abundance of Mogibacterium in
the gut was >0.00032. The performance of this “modi-
fied APACHE 1II score” is shown in Fig. 8. The modified
APACHE II score outperformed the normal APACHE II
score to predict intubation length, with an AUC of 0.77
instead of 0,53. The sensitivity, specificity, positive and
negative predictive values for the modified APACHE II
score, for an optimal cutoff of 27.5, was 83%, 45%, 45%
and 83% respectively.

Discussion

We describe here the longitudinal dynamics of lung and
gut microbiota in a cohort of previously antibiotic-naive
mechanically ventilated patients. To our knowledge, this
is the first clinical study that examines the concomitant
composition of the lung and gut microbiota of critically
ill patients. We aimed to characterize temporal evolu-
tion trends and/or compositional changes over time of
these two sites and evaluate if VAP patients present a dis-
tinct microbiota signature. Finally, we tried to discover
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Fig. 5 Venn diagram of shared species among patients’ groups over time. Venn diagrams depicting percentages of unique and shared ASVs among the

three groups during their hospital stay and the course of infection

microbiota markers predictive of clinical outcome in
VAP patients.

In line with previous studies [2, 3], mechanical ventila-
tion was associated with a decrease in alpha diversity of
the lung microbiota. Interestingly, in our study, the gut
microbiota showed similar trends over time although
the decrease in alpha diversity was less pronounced as
compared to the lung microbiota. Prior studies reported
a more profound decrease of alpha diversity in criti-
cally ill patients than controls [34, 35] and in pneumonia
compared to non-pneumonic patients [3, 36, 37]. In our
study, the control group also had higher baseline alpha
diversity and although a slight decrease was noted over
time this was not statistically significant. Noteworthy,
alpha diversity in the gut of control patients did not show
any statistically significant variation during the ICU stay.
Both groups of infected patients showed a decrease in
alpha diversity in both sites (lung and gut) with greater
impact on the lung microbiome irrespectively of the type
of infection, which can likely be partly explained by the
administration of antibiotics to both groups. Evenness of
the lung microbiota significantly decreased between the

1st and the 5th day of infection in both groups of infected
patients and was then partially restored in some patients
later until discharge. This is an important finding of our
study challenging the so far existing knowledge suggest-
ing that the lung microbiome of pneumonia patients is
more susceptible to changes than in non-pneumonic
patients [3, 36, 37]. In our study, the lung microbiome of
non-pneumonia infected patients was disrupted as well
as the lung microbiome of pneumonia patients suggest-
ing a major impact, of not only mechanical ventilation,
but systemic inflammation and/or antibiotic therapy, in
shaping the microbiome.

Lung and gut microbiota beta-diversity did not differ
significantly among groups on inclusion. The gut micro-
biome evolved differently and was yet dissimilar upon
discharge between control and other infection group in
both beta diversity analysis and in the number of shared
taxa within the three groups over time. Infected patients
present a distinct microbiota profile that differentiates
them from control over time.

All the above highlight once again the important role
of systemic inflammation and sepsis on the disruption of
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microbiome, as well as antibiotic therapy. It is important
to note however that among patients with other infec-
tions there were two bacteremia cases presumably of
abdominal origin (the first due to E. faecalis and the sec-
ond due to E. aerogenes) thus potentially explaining the
persistent alterations observed in the gut. The dynam-
ics of changes in microbiota profile among controls and

pneumonia patients have also been previously demon-
strated [2, 38]. Nevertheless, existing literature report
conflicting results. A recent study by Emonet et al. [2] did
not show significant differences in the lung microbiome
in terms of beta-diversity between pneumonia patients
and controls. Interestingly, in another study using a
murine model of Gram-negative pneumonia-derived
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Fig. 8 Receiver operating curves (ROC) for the prediction of duration of mechanical ventilation in VAP patients. This figure shows the receiver operating
characteristic (ROC) curves of the Shannon diversity index on the 1t day of infection, the gut relative abundance of Mogibacterium genus on inclusion
(n=2inintubation length >10 days group and n=5 in intubation length <10 days group) and the APACHE Il or the Modified APACHE Il score to predict the

duration of intubation in ICU patients with VAP

sepsis, gut microbiota showed important changes in
terms of beta-diversity over time [22].

To identify the compositional changes most contrib-
uting to microbial heterogeneity of our study, we high-
lighted the dominance of supraglottic predominant taxa
(Veillonella, Campylobacter, Treponema, Granulica-
tella, Rothia) in the lungs of pneumonia patients early
in the course of ICU stay, and the progressive enrich-
ment by Proteobacteria (Neisseria genus and members of
the Enterobacteriaceae) and Firmicutes (Oribacterium,
Parvimonas, Dialister). Previous studies have demon-
strated the role of a pulmonary “supraglottic dominant
phenotype” (including Rothia and Veillonella) in the
expression of alveolar inflammatory cytokines and a
pro-inflammatory phenotype characterized by elevated
Th17-lymphocytes [39]. The presence of such bacteria in
the lungs suggest microaspiration or inefficient microbial
clearance, which is common in patients with VAP. The
basal level of pulmonary mucosal immune activation is
therefore associated with local lung bacteria, which in
some cases seem to be delivered from the upper respira-
tory tract [39]. The cross-talk between the gut and the
lung microbiota, the so called gut-lung axis, has been
largely described so far [18, 40-42] although very few
studies explicitly studied in parallel the two sites [10, 22].
The dynamics of the aerodigestive tract are thought to
become inverted during critical illness and microbiota
translocation from gut to lungs is enhanced [1]. Whereas
in healthy subjects, the oropharynx is the primary source
of microbiota for the lungs and stomach, the overgrown
microbial reservoir of the gut become the primary micro-
bial source for the oropharynx and lungs in critically ill
patients [1]. Numerous publications so far have described
and associated the early enrichment of the lung micro-
biome by Pseudomonadaceae, Enterobacteriaceae or
Lachnospiraceae with a hyperinflammatory state and

with acute respiratory distress syndrome [8, 10, 43]. Early
enrichment with Enterobacteriaceae and Lachnospira-
ceae was also observed in our study.

Gut microbiome alterations in patients with respiratory
tract infections have also been studied previously [44].
Although there is a considerable heterogeneity among
studies, a systematic review showed a depletion of Lach-
nospiraceae and Ruminococcaceae and enrichment of
Enterococcus in patients with respiratory tract infections.
In our study we observed mainly modifications within
the Firmicutes phylum (mostly interesting the Lachnospi-
raceae and Ruminococcaceae families) in the gut of pneu-
monia patients. Gut microbiome can derive short chain
fatty acids (SCFAs), in combination with host-derived
cytokines and chemokines travel through the blood-
stream and lymphatic system to enhance a protective
immune response [45]. Lachnospiraceae and Ruminococ-
caceae are a common key component of the gut micro-
biota that produce SCFAs and therefore are essential for
pathogen protection [44].

Finally, we sought for microbiota markers predic-
tive of the clinical outcome in critically ill patients.
Alpha-diversity based on Shannon index on the 1st day
of infection and Mogibacterium genus relative abun-
dance in the gut were both associated with a prolonged
mechanical ventilation, while the Firmicutes relative
abundance in the lungs or the Firmicutes to Bacteroide-
tes ratio were associated with the arterial partial pressure
of oxygen on the first day of infection. Previous publi-
cations have also linked low alpha diversity with pro-
longed mechanical ventilation [8, 38, 43]. While a low
gut Firmicutes/Bacteroidetes ratio has been linked to the
development or the severity of respiratory tract infec-
tions in many publications [44, 46], a predominance of
Firmicutes in the lung has been associated with immune-
mediated phenomena such as bronchiolitis obliterans
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in solid organ transplant recipients [47]. The role of Fir-
micutes/Bacteroidetes ratio in the lungs of critically ill
patients remains to be elucidated with further studies,
as well as the underlying mechanisms of host-microbe
interaction. Our data also revealed a strong association
of clinical outcome with Mogibacterium genus in the
gut, an obligate anaerobic Gram-positive bacterium from
the family of Anaerovoracaceae. Mogibacterium spp. has
mostly been linked with periodontitis and subgingival
plaque [48], but recent reports also highlight the presence
of Mogibacterium in the lungs of pneumonia patients
[49-51]. While this is the first study to our knowledge
that associates gut Mogibacterium to VAP, previous pub-
lications report its role in altered lipid metabolism in the
gut [52] and these bacteria might therefore play a role in
SCFAs-mediated immune response or in the pharmady-
namic of antibiotics.

In this study we used microbiota key features to pre-
dict the length of intubation of pneumonia patients. The
limited patient sample size does not allow us to draw
very robust results, nevertheless this is a proof of con-
cept that microbiota related markers could be integrated
and improve existing scores to predict patients’ outcome.
Further studies with independent samples should be car-
ried out to confirm the interest of a combined microbiota
and clinical-derived score to predict clinical outcomes
such as length of ventilation.

We must acknowledge a few limitations to our study.
First, because of sample availability, we used endotracheal
aspirates and not bronchoalveolar lavage samples, which
is not the ideal sample to study infection of bronchia and
alveolar spaces, as already raised in previous studies [3].
Trachea represents an island in-between the mouth and
the lungs and is considered the most appropriate sample
to investigate the influence of mechanical ventilation and
respiratory microbiome in the absence of bronchoalveo-
lar lavage samples [3]. Second, we used primers targeting
the V1-V2 hypervariable regions for the lung microbi-
ome samples and V3-V4 hypervariable regions for the
faecal samples. Previously published systematic compari-
sons of 16 S hypervariable regions indicated that V1-V3
hypervariable regions were the best surrogates for oral or
airway microbiome analysis [53, 54], while V3-V4 hyper-
variable regions usually outperform other combinations
for human faecal samples [55, 56]. We performed an in
silico analysis (unpublished data) to compare taxonomic
assignment of microbiome samples based on the two tar-
geted variable regions (V1-V2 vs. V3-V4) and we found
an overall agreement of 95%. V1-V2 performed better
in identifying streptococci at species level. Nevertheless,
and besides the observed high correlation rates, differ-
ences in metataxonomic techniques and 16 S rRNA gene
sequencing parameters could make direct comparison of
samples in gut and lung sites difficult to evaluate. Finally,

Page 13 of 15

we note that this is a real-life pragmatic study and thus
definition of infection might have been blurry, espe-
cially in the other infection group. Therefore, we cannot
exclude that some of the patients with fever of unknown
origin might have had an involvement of the respiratory
tract despite they did not fulfill criteria for pneumonia.

Conclusion

This prospective study helps elucidate the dynamic
changes of gut and lung microbiota compartments in
critically ill patients. Further larger studies with compa-
rable methodologies are yet required to better charac-
terize the role of different actors across the interplay of
dysbiosis, inflammation and clinical outcome in critically
ill patients.
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