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ABSTRACT

Rationale Recent studies have revealed that the lung
microbiota of critically ill patients is altered and predicts
clinical outcomes. The incidence of invasive fungal
infections, namely, invasive pulmonary aspergillosis
(IPA), in immunocompromised patients is increasing, but
the clinical significance of variations in lung bacterial
communities is unknown.

Objectives To define the contribution of the lung
microbiota to the development and course of IPA.
Methods and measurements We performed an
observational cohort study to characterise the lung
microbiota in 104 immunocompromised patients using
bacterial 16S ribosomal RNA gene sequencing on
bronchoalveolar lavage samples sampled on clinical
suspicion of infection. Associations between lung
dysbiosis in IPA and pulmonary immunity were evaluated
by quantifying alveolar cytokines and chemokines and
immune cells. The contribution of microbial signatures

to patient outcome was assessed by estimating overall
survival.

Main results Patients diagnosed with IPA displayed

a decreased alpha diversity, driven by a markedly
increased abundance of the Staphylococcus, Escherichia,
Paraclostridium and Finegoldia genera and a decreased
proportion of the Prevotella and Veillonella genera.

The overall composition of the lung microbiome was
influenced by the neutrophil counts and associated with
differential levels of alveolar cytokines. Importantly, the
degree of bacterial diversity at the onset of IPA predicted
the survival of infected patients.

Conclusions Our results reveal the lung microbiota as
an understudied source of clinical variation in patients at
risk of IPA and highlight its potential as a diagnostic and
therapeutic target in the context of respiratory fungal
diseases.

INTRODUCTION

In the past decade, advances in molecular methods
for the quantification and sequencing of bacterial
DNA have revealed that the lungs, previously consid-
ered sterile, instead harbour complex and dynamic
communities of bacteria.' The lung microbiome is
known to diverge significantly across healthy? and
diseased states’ * and is associated with variations
in both alveolar and systemic immunity.’ The struc-
ture and composition of the lung microbiome are

1.2

What is the key question?

» Does the lung microbiota modulate
susceptibility to invasive pulmonary
aspergillosis (IPA) and predict its clinical
outcome?

What is the bottom line?

» We show that variation in the lung microbiota
is associated with the development of IPA in
critically ill patients. Patients with IPA display
a microbiota signature in the lower airways
characterised by a decreased bacterial diversity
that predicts clinical outcomes after infection.
Moreover, we describe associations between
lung dysbiosis in IPA and pulmonary antifungal
immunity, including alveolar cytokines and
chemokines and neutrophil counts.

Why read on?

» Recent studies have unveiled alterations in the
lung microbiota of critically ill patients, which
were associated with alveolar and systemic
inflammation to predict disease outcomes. IPA
is frequently observed in critically ill patients.
However, no study to date has determined
whether the lung microbiota is altered in
patients with IPA or predict clinical outcomes
after infection.

predictive of disease outcomes across numerous
chronic respiratory diseases. For example, the diver-
sity of sputum microbiota predicts exacerbations in
bronchiectasis,® disease progression and lung func-
tion decline in cystic fibrosis (CF)” and mortality
after acute exacerbations of chronic obstructive
pulmonary disease (COPD).®

Although lung dysbiosis is established as a major
trigger of exacerbations in inflammatory airway
diseases, only a few studies have addressed the
mechanisms whereby specific bacterial commu-
nities contribute to disease severity. Nonetheless,
mounting evidence supports a key contribution of
the lung microbiota to the activation and regula-
tion of lung immunity. For instance, the dysbiosis in
the lower respiratory tract of patients with COPD
revealed an expansion of streptococcal genera that,
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by suppressing the antimicrobial peptide cathelicidin, impaired
the pulmonary clearance of bacteria.* Moreover, the disruption
of the lung microbiota in patients with idiopathic pulmonary
fibrosis was described to promote increased levels of alveolar
profibrotic cytokines underlying local inflammation and aber-
rant repair to drive disease progression.’

The lung microbiome of critically ill patients also differs
profoundly from that of healthy individuals'®'* and is associ-
ated with alveolar inflammation and injury.'® " Such features
of lung dysbiosis were found to predict the clinical outcome
of patients with sepsis and acute respiratory distress syndrome
(ARDS)." ™ A history of smoking was related to the composi-
tion of the lung microbiome in intensive care patients, and devel-
opment of ARDS was associated with a respiratory microbial
community structure characterised by a relative enrichment of
taxa more abundant in smokers at baseline.!" Collectively, these
observations highlight the composition of the lung microbiome
as a key factor involved in the development of complications in
the intensive care setting.

Owing to advances in critical care medicine and the intro-
duction of broad-spectrum antibiotics, the incidence of inva-
sive fungal infections in critical care is on the rise, namely,
among haematological patients under chemotherapy or patients
undergoing solid organ or allogeneic haematopoietic stem-
cell transplantation (HSCT)." In particular, invasive pulmo-
nary aspergillosis (IPA) remains a major cause of mortality in
these clinical settings with rates estimated between 20% and
30%' "7 and more than 80% when involving cases of infection
with azole-resistant strains.'® The relevance of these numbers
is further highlighted by the lack of any licensed vaccine and
limitations in currently available tests for the diagnosis of IPA.
An improved understanding of the pathogenesis of IPA is there-
fore required for the development of more effective diagnostic
or control measures for this infection.

Although the importance of the lung microbiome has already
been put forward in the context of IPA," 2 no study to date has
determined whether the lung microbiota is altered in patients
with IPA and whether it predicts clinical outcomes after infec-
tion. In light of these observations, we hypothesised that varia-
tion in the lung microbiota is a relevant factor contributing to the
development of IPA and its outcome in immunocompromised
patients. We report that the dysbiosis of the lung microbiota
in immunocompromised patients is associated with the devel-
opment of IPA and that a decreased bacterial diversity in IPA
predicts poorer outcomes. Moreover, we describe associations
between lung dysbiosis and pulmonary immunity, as revealed by
the differential effects on the levels of alveolar cytokines and the
number of neutrophils. This study highlights the pivotal contri-
bution of the lung microbiota to the regulation of pulmonary
immunity and susceptibility to IPA in immunocompromised
patients.

METHODS

Study design

The study population comprised adult patients (=18 years of age)
hospitalised between 2013 and 2018 at the Leuven University
Hospitals, Leuven, Belgium. Cases of ‘probable’ or ‘proven’ IPA
were identified according to the 2008 criteria from the European
Organisation for Research and Treatment of Cancer/Mycoses
Study Group.*! The control group included patients with no
evidence for the presence of Aspergillus spp in the bronchoal-
veolar lavage (BAL) sample (negative culture, negative micros-
copy and a galactomannan optical density index <0.5). Control

patients were randomly selected from the patients indicated for
bronchoscopy at around the same time as the cases of IPA to
obtain a 1:1 case—control ratio. Patients with ‘possible’ disease
were excluded from the study, and no mold-active antifungals
were administered by the treating physician(s) before sample
collection. This study was approved by the Ethics Committee for
Research in Life and Health Sciences of the University of Minho,
Portugal, and the Ethics Committee of the University Hospitals
of Leuven, Belgium (IRB number 126/014). Written informed
consent was obtained from the patient or a representative prior
to collection of airway samples. Additional details, including

Table 1 Demographics and clinical characteristics of the study cohort
Variables IPA Controls P value
(n=54) (n=50)

Age, mean+SD 63.6+12.6 60.9+13.1 0.26
Man, no (%) 34 (63) 35 (70) 0.53
Underlying disease, no (%)*

Acute leukaemia 16 (29.6) 14 (28) 0.08

Allogeneic HSCT 10 (18.5) 16 (32)

Chronic lymphoproliferative 8(14.8) 10 (20)

diseases

SOT 5(9.3) 4(8)

Influenza A (HIN1) 8(14.8) 0(0)

Solid tumours 2(3.7) 4(8)

Liver cirrhosis 3(5.6) 2 (4)

COPD 2(33.7) 0(0)
ICU admission 28 (51.9) 12 (24) 0.009
Mechanical ventilation 18 (33.3) 5(10) 0.005
Severe neutropenia, no (%)t 20 (37) 11(22) 0.13
BAL cell counts, mean (range)$

Neutrophils 4.9 (0-30.3) 4.0 (0-24.6) 0.28

Lymphocytes 4.0 (0-175.7) 1.3(0.1-17.4)  0.004
CMV IgG serostatus

Positive 18 (33.3) 20 (40) 0.80

Negative 14 (25.9) 12 (24)

Unknown 22 (40.7) 18 (36)
Immunosuppression, no (%)

Steroids 25 (46.3) 14 (28) 0.06

Other immunosuppressive 4(7.4) 10 (20)

regimens

None 25 (46.3) 26 (52)
Antibiotherapy, no (%)

B-lactams§ 50 (92.6) 33 (66) 0.003

Other antibiotics 2(3.7) 8(16)

None 2(3.7) 9(18)

P values were calculated by Fisher's exact probability t-test for categorical variables
or by Student's t-test or Mann-Whitney U test for continuous variables.

*SOT included lung, heart, kidney and liver transplants. Solid tumours included
patients with lung, breast and liver cancer.

tSevere neutropenia was defined as <0.5x10° cells/L.

tCell counts in BAL were expressed as the number x10° cells/jL.

§Carbapenems and piperacillin—tazobactam were included in the B-lactams
category.

BAL, bronchoalveolar lavage; CMV, cytomegalovirus; COPD, chronic pulmonary
obstructive disease; HSCT, haematopoietic stem-cell transplantation; ICU, intensive
care unit; IPA, invasive pulmonary aspergillosis; SOT, solid organ transplantation.
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The lung microbiome is altered in patients with invasive pulmonary aspergillosis (IPA). (A) Relative abundance (%) of operational

taxonomical units assigned at the phylum and genus levels in each bronchoalveolar lavage sample from the overall cohort. (B) Principal coordinate
analysis of cases of IPA and controls based on the Bray-Curtis dissimilarity metric and the Jaccard distance. Axes represent the first two principal
coordinates, with the variation explained by the indicated variable shown as percentage. (C) Boxplots illustrating the alpha diversity (measured by the
Shannon and Simpson Diversity Indexes) and the species richness of the lung microbiome in cases of IPA and controls. Median values and IQRs are

indicated in the plots.

sequencing and quality control checks (online supplemental file
1), are provided in the online supplemental material.

Statistical analyses

The global effects of metadata variables on the microbiome
composition of samples were tested using the adonis function
from the vegan R package (V.2.5-5),”* which runs a permuta-
tional multivariate ANOVA by fitting linear models to distance
matrices. Each variable was tested using each of the distance
matrices that were calculated in order to test the association
of the variable with the differing effects of each beta diver-
sity calculation. Principal coordinates analysis was performed
on the indicated distance matrix using the pcoa function from

the ape R package (V.5.3).% The linear model for each vari-
able also included three covariates, namely, case/control, as
this was the most relevant and influential variable, and age and
gender to account for systematic variation from these factors.
The sequencing date, of which there were two for these data,
was also considered as the ‘strata’ argument to account for a
potential batch effect. The associations between variables and
particular taxa were tested using the /m function from the stats
R package (V.3.6.3).>* The function fits a linear model, using
the same covariates as fixed effects in the PERMANOVA model,
also including the sequencing date. Additional details regarding
statistical methods, including model assumptions and correction
for multiple testing, are provided in the supplementary material.
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Invasive pulmonary aspergillosis (IPA) affects the abundance of selected bacterial taxa. (A) Histogram of taxonomical clades with

differential abundance between cases of IPA and controls based on linear discriminant analysis (LDA) scores (log, ). Taxa enriched in IPA are indicated
with a negative LDA score (red), and taxa enriched in controls have a positive score (green). Only taxa meeting an LDA score >3 or <—3 are shown.
(B) Cladogram illustrating the distribution of taxa with differential abundance between cases of IPA and controls. Each circle represents a taxon,

with those more abundant in cases of IPA coloured in red and those more abundant in controls in green. Yellow circles represent non-significant
differences. The diameter of each circle is proportional to the taxon abundance.

Complete model outputs for the significant associations are
provided in the online supplemental file 2).

RESULTS
The composition and diversity of the lung microbiome are
altered in IPA
Previous studies have demonstrated a shift in the composition
of the bacterial communities in the lower airways from critically
ill patients undergoing pneumonia or sepsis.”> '* The first aim
of our study was therefore to compare the overall composition
of the lung microbiome in patients with IPA and uninfected,
disease-matched controls. We analysed BAL specimens collected
on clinical suspicion of infection from 104 immunocompromised
patients, including 54 cases diagnosed with probable/proven IPA
and 50 controls without IPA. The demographics and underlying
clinical conditions of both groups are shown in table 1. In the
overall cohort, Firmicutes, Proteobacteria, Actinobacteria and
Bacteroidetes were the most abundant phyla, whereas Strepto-
coccus, Staphylococcus, Enterococcus, Escherichia, Veillonella,
Lactobacillus and Prevotella were the most common genera
(figure 1A).

We next compared the composition of bacterial communities
in IPA and control patients using complementary approaches.

We first visualised communities using principal component anal-
ysis and the Bray-Curtis dissimilarity metric and the Jaccard
coefficient (figure 1B and online supplemental files 3 and 4).
While considerable taxonomical overlap was found across IPA
and control patients, these analyses revealed a strong effect
of the infection status on the overall composition of the lung
microbiome. This collective difference in community compo-
sition was also reflected by a markedly lower alpha diversity
(measured by both the Shannon and Simpson Diversity Indexes)
and species richness of the bacterial taxa in patients with IPA
than uninfected controls (figure 1C and online supplemental file
5). Despite the heterogeneity in the clinical conditions of the
patients, our analyses discarded a major influence of the under-
lying disease on the overall composition of the lung microbiome,
although individual taxa, namely, Delftia, were more abundant
in specific disease groups as the result of a few outlier samples
(online supplemental figure S1).

Patients with IPA exhibit a differential abundance of specific
bacterial taxa

To identify the specific taxa responsible for the collective
differences in community composition, we next compared the
relative abundance of prominent taxa across patients with IPA
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Figure 3 Neutrophil counts influence the lung microbiome. Principal coordinate analysis based on the Bray-Curtis dissimilarity metric and the
Jaccard distance, coloured according to the number of (A) neutrophils and (B) lymphocytes in each bronchoalveolar lavage sample from the overall
cohort. Axes represent the first two principal coordinates, with the variation explained by the indicated variable shown as percentage. Circles indicate
cases of invasive pulmonary aspergillosis (IPA), and squares indicate controls.

and controls using the linear discriminant analysis effect size
method. We detected a total of 53 taxonomical clades whose
relative abundance had the most significant effect size on the
lung microbiome (figure 2A). Among these clades, the Staph-
ylococcus, Escherichia, Paraclostridium and Finegoldia genera
were more abundant in cases of IPA, whereas the Prevotella and
Veillonella genera were the most abundant in control patients.
Besides Veillonella, other members of the Veillonellaceae family,
including Dialister and Megasphaera, were also enriched in
control patients. Accordingly, the phylogenetic mapping of the
differentially abundant bacterial taxa revealed an enrichment
of the Bacilli, Clostridia and Gammaproteobacteria classes in
patients with IPA, whereas the taxa that differed the most among
controls belonged to the Bacteroidetes, Actinobacteria, Fusobac-
teria and Epsilonbacteraeota phyla and the Alphaproteobacteria
and Negativicutes classes (figure 2B).

Because the altered microbiome profiles observed in IPA could
be attributed to a variable use of antibiotics, we next assessed
their impact, most frequently involving B-lactams in our cohort,
on the lung microbiome of patients with IPA and controls. The
administration of B-lactams (from 2 weeks before until the date
of bronchoscopy) induced a decrease in the diversity of the
bacterial communities in both cases of infection and controls
(online supplemental figure S2). Among the bacterial taxa that
showed a differential abundance in the IPA and control groups,
only Prevotella was significantly affected by B-lactams, an effect
that was however independent of the infection status. In these
conditions, IPA promoted a far greater inhibitory effect on the
abundance of Prevotella than B-lactams. In addition, the impact
of IPA on the abundance of Prevotella was further emphasised
by the removal of the natural tendency towards an increasing

abundance of Prevotella with age. The use of steroids did not
have a significant effect on the overall composition of the micro-
biome by any of the distance measures tested.

The lung microbiome in IPA is associated with altered
pulmonary immunity

The microbiome has the capacity to regulate the antimicro-
bial immunity in the lung.”’ Because the immune status of the
host represents one major factor predisposing to IPA,*® we
evaluated the association between lung bacterial communities
and alveolar immunity, namely, the number of neutrophils and
lymphocytes, and the levels of cytokines and chemokines in
the BAL. We started by analysing bacterial communities using
a PERMANOVA analysis based on both the Bray-Curtis and the
Jaccard distance matrices. We observed a noticeable gradient
in the number of neutrophils (figure 3A), but not lymphocytes
(figure 3B), indicating a shift in the overall composition of the
lung microbiome according to neutrophil counts. The alpha
diversity was, however, not affected by the number of either
immune cell type (online supplemental figure S3). The finding
that neutrophil counts were also positively associated with
bacterial reads unclassified at the phylum level suggests that the
abundance of rare and understudied bacterial taxa increases with
higher neutrophil counts.

To explore the relationship between the lung microbiome
and local immunity, we measured the levels of 34 cytokines and
chemokines in the BAL in a subgroup of 79 patients within the
overall cohort, including 38 cases of IPA (online supplemental
table S1), corresponding to all the patients for which enough
sample was available also for these measurements. Among the
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different analytes tested, interleukin (IL) 8 and IL-27 were nega-
tively associated with the bacterial alpha diversity (measured by
the Shannon Diversity Index) in the overall cohort (figure 4A),
although the effects for IL-8 were observed in control patients
only (online supplemental figure S4). Moreover, associations
were commonly found between the abundance of specific bacte-
rial taxa and the levels of alveolar cytokines (online supplemental
table S2). Among the taxa found to be enriched in patients with
IPA, the abundance of Finegoldia was positively associated with
the levels of both IL-2 and IL-6 (figure 4B), with the association
with IL-2 being specifically observed in cases of IPA, but not
controls (online supplemental figure S4). No associations were
observed for Prevotella and Veillonella, the two genera most
abundantly detected in controls.

Diversity of the lung microbiome predicts the outcome of IPA
In our cohort of immunocompromised patients with suspected
infection, a total of 46 (85.2%) patients with IPA died, whereas
only 27 (54.0%) patients without IPA failed to survive. Likewise,
the time to death or last follow-up visit was markedly shorter for
cases of IPA than control patients (online supplemental figure
S5). We first analysed whether the bacterial diversity (measured
by the Shannon Diversity Index) in the lung microbiome could
discriminate survivors from non-survivors. We found that the
alpha diversity was not different between both groups in the
overall cohort (figure 5A). This effect was however masked by
the infection status of the patients, since patients diagnosed with
IPA that did not survive presented instead a markedly decreased
alpha diversity compared with IPA survivors (figure 5B).

To evaluate whether the diversity in bacterial taxa at base-
line could predict the outcome of the patients, we classified the
subjects from the overall cohort into groups based on the percen-
tiles of the individual Shannon Diversity Indexes. At the time

of BAL collection, high microbial diversity (index >3.02) was
observed in 27 (26.0%) patients, intermediate diversity (index
>1.46and<3.02) was observed in 49 (47.1%) patients and low
diversity (index <1.46) was observed in 28 (26.9%) patients.
We next analysed the 1-year overall survival of the patients using
Kaplan-Meier estimates for each of the diversity groups. The esti-
mated survival was 62% for the high-diversity group, 46% for
the intermediate-diversity group and 25% for the low-diversity
group (figure SC). The contribution of the bacterial diversity
to survival was even more evident among patients with IPA,
in which the estimated survival was 83% for the high-diversity
group, 27% for the intermediate-diversity group and 14% for
the low-diversity group. Accordingly, cases of IPA within the
low-diversity group (compared with the high-diversity group)
had a fourfold increased risk of death after infection (HR, 4.2;
95% CI, 1.34-13.1; p=0.014). No differences were found in
the survival of control patients according to the defined alpha
diversity groups (HR, 1.3; 95% CI, 0.41-3.89; p=0.68).

DISCUSSION

Understanding how the lung microbiome interacts with the
immune system is essential to uncover the molecular and
cellular mechanisms underlying the pathogenesis of IPA and
may offer crucial insights into a vast network of signals that may
be amenable to therapeutic targeting.'” Here, we analysed the
contribution of the lung microbiota to the establishment and
outcome of IPA in immunocompromised patients. We provide
compelling evidence for marked alterations in the community
composition and diversity of the lung microbiome in patients
with IPA. Our data further demonstrate that defined airway
microbial states underlie functionally relevant immunological
shifts that relate to distinct profiles of progression and outcome
of IPA.
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Figure 5 The diversity of the lung microbiome predicts survival in invasive pulmonary aspergillosis (IPA). Boxplot illustrating the alpha diversity
(measured by the Shannon Diversity Index) of the lung microbiome among (A) survivors and non-survivors in the overall cohort and (B) survivors
and non-survivors grouped according to the infection status (IPA and controls). Median values and IQRs are indicated in the plots. (C) Kaplan-Meier
estimates of 1-year overall survival in the overall cohort (log rank p=0.004), cases of IPA (log rank p=0.02) and controls (log rank p=0.46), according
to low, intermediate and high levels of alpha diversity. The number of patients at risk at baseline and selected time points is shown.

Our study is the first to demonstrate the existence of a micro-
biome signature characterised by a significant loss of bacterial
diversity in the airways of patients with IPA. These dynamic
changes are likely to occur over time in patients following
hospital admission, which, in turn, elicit inflammatory signals
contributing to the onset of IPA and further progression of infec-
tion. An identical process occurs in HIV infection, where the
concerted action of immune defects and chronic inflammation
alters the microbiome composition in the lower airways towards
an enrichment in pneumonia-associated bacteria.”” *® While
the selection pressure by antibiotics could explain, at least in
part, the airway dysbiosis and support the establishment of a
microenvironment permissive for specific pathogens, our study
discarded a major effect of antibiotic therapy on the lung micro-
biome signature of patients with IPA.

The loss of bacterial diversity observed in patients with IPA
was concurrent to an overgrowth of bacteria described to cause
pneumonia under favourable conditions. For example, Staph-
ylococcus spp are common inhabitants of the upper airways
that can become ‘accidental’ pathogens as the result of complex
interactions with other microbes and the immune status of
the host.”” In addition, certain bacterial taxa, especially those
within the Gammaproteobacteria class, for example, Esch-
erichia, encode the metabolic capacity to use inflammatory
by-products to survive and prosper.’® During chronic inflam-
mation, these bacteria can thrive and outcompete others that
lack the metabolic capacity to benefit from such inflamma-
tion. This has been suggested in HSCT recipients, in which a
Gammaproteobacteria domination in the gut was associated
with pulmonary complications.*! Similar mechanisms appear to

be at play in the respiratory tract since an increased abundance
of these taxa in HSCT recipients also contributed to impaired
pulmonary function and alveolar concentrations of inflamma-
tory cytokines.’* Our finding that lung dysbiosis worsens the
prognosis of patients with IPA is compatible with a recent study
reporting that the enrichment of the lung microbiome with gut-
associated bacteria, for example, Enterobacteriaceae, allows for
the prediction of clinical outcomes in critically ill patients.®
Other studies have also found that the lung microbiome predicts
disease outcomes in idiopathic pulmonary fibrosis,” **> COPD®
and bronchiectasis.®

Besides the dominance by specific bacterial taxa, IPA was char-
acterised by a decreased abundance of anaerobic commensals
from the Prevotella and Veillonella genera. This observation is in
line with the increased risk of pneumonia in elderly and young
adults in the absence of these taxa.** In contrast, an increased
abundance of these bacteria has been associated with higher
levels of lymphocyte and neutrophil inflammation in the lower
airways,” and an airway microbiome dominated by Prevotel-
laceae has been proposed to elicit lung inflammation with a T
helper 17 phenotype.*® Although we confirmed a relationship
between the lung microbiome and local inflammation in IPA,
our data suggest instead that the fungus prospers in an environ-
ment with a poor abundance of these bacteria in a context of
exuberant inflammation. In fact, the dysbiosis in IPA appears
to impact preferentially innate rather than T-cell-derived cyto-
kines, a finding in line with the impact of neutrophils, but not
lymphocytes, on alpha diversity. These findings are supported
not only by previous reports showing increased alveolar levels of
proinflammatory cytokines in patients with IPA*>” but also by the
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ability of these cytokines to predict survival in haematological
patients with suspected mould infection.*®

Patients with HIV undergoing antiretroviral therapy display
an increased and persistent abundance of the Prevotella and
Veillonella genera in the lower-airway microbiome,?’ suggesting
that the control of the infection allows the replenishment of the
microbiome with anaerobes usually found in healthy states. How
the functional activity of these bacteria could elicit protection in
the context of IPA remains to be addressed. One possible mech-
anism involves complex immune and metabolic interactions
between the different components of the microbiome and the
immune system of the host.”” The production of short-chain fatty
acids (SCFAs), end products of bacterial anaerobic metabolism,
has been associated with increased susceptibility to tuberculosis
in HIV patients as the result of direct inhibitory effects on T-cell
function.*® Although the regulation of immunological mecha-
nisms by bacterial metabolites in the context of IPA remains to
be elucidated, bacterial producers of SCFAs have been found to
dampen allergic airway responses in mice by inducing the expan-
sion of T regulatory cells,*’ with the latter being critical in main-
taining pulmonary immune homeostasis in mouse models of CF
subjected to experimental allergic aspergillosis.*?

Despite its unbiased nature and the considerable number of
patients enrolled, our study has certain limitations. The most
relevant regards the clinical heterogeneity of the patient popula-
tion (eg, underlying disease, mechanical ventilation and degree
of immunocompromise) and the inability to conclude whether
the observed alterations in the lung microbiome are a cause or
a consequence of the development of IPA or merely coincide
with the disease status. Indeed, the identified associations repre-
sent hypotheses on possible direct or indirect causal relation-
ships that should be confirmed in distinct patient cohorts and
experimental models other than humans. In addition, our study
focused specifically on the bacterial microbiome, and it remains
to be addressed whether significant changes also occur in other
microbial compartments, for example, the mycobiome and the
virome. In fact, admission to the intensive care unit was associ-
ated with marked changes in the oral mycobiome,” and thus,
variation in the fungal communities may also help to explain the
susceptibility to IPA. Finally, the analysis of additional control
groups, for example, patients with ARDS without IPA or non-
immunocompromised patients with community-acquired or
hospital-acquired pneumonia could expand further the rele-
vance of our conclusions.

Our data, however, also raise interesting questions that
warrant further investigation. While our study focused on the
lower-airway microbiome, there are reports demonstrating that
the microbiome of distant mucosal sites may impact the risk of
pneumonia.®’ Future studies should interrogate whether the
contribution of the microbiota to IPA and its outcome is more
likely to result from distant or local host-microbiome inter-
actions. In addition, non-invasive approaches, for example,
oropharyngeal washes, would allow the longitudinal analysis of
patients at risk of IPA and unveil whether specific alterations in
the airway microbiome precede the onset of the infection and
could be used in risk prediction tools.

Our results provide support to studies in larger cohorts eval-
uating the prognostic and diagnostic potential of the airway
microbiome and its immune interactions, particularly in combi-
nation with fungal surrogate markers and integrating the genetic
risk profile of the patient.** An improved understanding of
microbiome dynamics in patients at risk of IPA is expected to
pave the way towards the implementation of individualised
approaches using antimicrobials or immunotherapies to regulate

bacterial community composition, microbial metabolism or the
immune response.
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