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Abstract

Rationale: The influence of the lung bacterial microbiome,
including potential pathogens, in patients with influenza-
associated pulmonary aspergillosis (IAPA) or coronavirus disease
(COVID-19)–associated pulmonary aspergillosis (CAPA) has yet
to be explored.

Objectives: To explore the composition of the lung bacterial
microbiome and its association with viral and fungal infection,
immunity, and outcome in severe influenza versus COVID-19
with or without aspergillosis.

Methods: We performed a retrospective study in mechanically
ventilated patients with influenza and COVID-19 with or without
invasive aspergillosis in whom BAL for bacterial culture (with or
without PCR) was obtained within 2weeks after ICU admission.
In addition, 16S rRNA gene sequencing data and viral and
bacterial load of BAL samples from a subset of these patients, and
of patients requiring noninvasive ventilation, were analyzed. We
integrated 16S rRNA gene sequencing data with existing immune
parameter datasets.

Measurements and Main Results: Potential bacterial
pathogens were detected in 20% (28/142) of patients with
influenza and 37% (104/281) of patients with COVID-19,
whereas aspergillosis was detected in 38% (54/142) of patients
with influenza and 31% (86/281) of patients with COVID-19.
A significant association between bacterial pathogens in BAL
fluid and 90-day mortality was found only in patients with
influenza, particularly patients with IAPA. Patients with
COVID-19, but not patients with influenza, showed increased
proinflammatory pulmonary cytokine responses to bacterial
pathogens.

Conclusions: Aspergillosis is more frequently detected in the
lungs of patients with severe influenza than bacterial pathogens.
Detection of bacterial pathogens associates with worse outcome
in patients with influenza, particularly in those with IAPA, but
not in patients with COVID-19. The immunological dynamics of
tripartite viral–fungal–bacterial interactions deserve further
investigation.
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Severe viral pneumonia poses a significant
burden on healthcare systems worldwide.
Each year, on average, 400,000 people die
from influenza, whereas the recently
emerged severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus caused
the deadliest pandemic in a century (1, 2). A
superinfection with the fungus Aspergillus is
a major complication that may affect patients

with severe influenza or coronavirus disease
(COVID-19). Influenza-associated pulmonary
aspergillosis (IAPA) and coronavirus disease
(COVID-19)–associated pulmonary
aspergillosis (CAPA) occur in approximately
10–20% of patients admitted to the ICU
because of virus-induced respiratory failure
andmay affect even higher percentages of
severely immunocompromised patients (3–7).
IAPA and CAPA are associated with higher
mortality rates than the viral infection without
fungal superinfection, reaching approximately
50% mortality in affected patients (8–10).

As aspergillosis was classically only
reported in immunocompromised patients,
several studies have sought to understand in
which way infection with influenza virus or
SARS-CoV-2 affects the antifungal host
response or how this immune response
differs in patients who develop IAPA or
CAPA compared with those who do not
(11–14). Although the virus, the fungus, the
host, and immunomodulatory drugs are
definitively key players in these coinfections,
so far little attention has been paid to a potential
additional player: the lung microbiome.

Until now, only one study investigated
the lungmicrobiome in the setting of
aspergillosis, mainly in immunocompromised
patients without severe viral pneumonia (15).
Even for COVID-19, only a few studies have
looked into the lung bacterial microbiota of

patients with severe disease (16–18), whereas
for severe influenza only one study that
investigated endotracheal aspirates is available
(19). Hence, the lungmicrobiome and its
influence in patients with IAPA and CAPA
remains to be investigated.

Bacterial superinfections in patients with
severe influenza and COVID-19 have been
described to occur in approximately 20% and
30–40%, respectively (20–23), with bacterial
superinfections being more frequent early
after intubation in patients with influenza
compared with patients with COVID-19 (24).
Conflicting literature exists with respect to the
association between bacterial superinfections
andmortality in these patients (23–25).
Moreover, little is known about the interplay
and relevance of multikingdom bacterial and
fungal superinfections in severe influenza or
COVID-19.

With this study, we aim to obtain insight
into the role of the lung bacterial microbiota
in patients with severe influenza versus severe
COVID-19, with or without aspergillosis. Some
of the results of this study have been previously
reported in the form of an abstract (26).

Methods

Details about the methods can be found in
the online supplement.

At a Glance Commentary

Scientific Knowledge on the
Subject: Little is known about the
interplay and relevance of
multikingdom bacterial and fungal
superinfections in severe influenza
or coronavirus disease (COVID-19).

What This Study Adds to the
Field: Our results support a
diagnostic-driven approach (rather
than empirical use of antibiotics) in
patients with influenza if clinical
deterioration occurs after 3 days of
ICU stay. Moreover, our study
confirms the need to actively look
for aspergillosis in patients with
severe influenza and, to a lesser
extent, in patients with COVID-19.
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‡Co–last authors.
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Study Cohorts
We performed a retrospective observational
study, for which we included adult patients
admitted to the ICUs of University Hospitals
Leuven, Belgium, a tertiary referral center,
who required mechanical ventilation for at
least 24 hours because of PCR-proven severe
influenza or COVID-19, and in whom a BAL
sampling had been performed in the first
14days of their ICU admission for bacterial
and fungal culture (with or without
additional galactomannan testing and
bacterial PCR for Streptococcus pneumonia,
Mycoplasma pneumonia, Chlamydia psittaci,
Coxiella burnetii, and/or Legionella
pneumophila). The usual trigger for BAL
sampling (with or without bacterial PCR) in
our center is respiratory deterioration (e.g.,
upon initiation of mechanical ventilation,
increasing fraction of inspired oxygen with
increasing inflammation, fever with
increased sputum production, or new
infiltrates). Patients with influenza admitted
to the ICU between October 1, 2009 and
March 8, 2020 and patients with COVID-19
admitted to the ICU betweenMarch 1, 2020
and November 14, 2022 were included.We
assessed identification of potential
respiratory bacterial pathogens (further
termed “bacterial pathogens”) through BAL
culture or PCR.We assessed the association
between bacterial pathogen identification
and influenza versus COVID-19 infection
with or without invasive aspergillosis and the
association between bacterial pathogen
identification and outcome.

In addition, we performed 16S rRNA
gene sequencing, 16S rRNA gene
quantitative PCR (qPCR) (for bacterial load),
and viral qPCR (for viral load) on BAL fluid
samples available in the hospital biobank of
mechanically ventilated patients included in
the clinical observational study who were
admitted to our ICUs between October 1,
2009 andMarch 31, 2021. BAL samples from
patients requiring noninvasive ventilation for
severe influenza or COVID-19 admitted
during the same time period were also
collected. For each patient, the first collected
sample available in the biobank was used (for
patients with IAPA or CAPA, the first
available sample with positive mycological
arguments).

For both study cohorts, patients with
recent history of invasive aspergillosis
(within 3 months before ICU admission)
and/or active treatment for non–viral-
associated invasive aspergillosis at the time of
ICU admission were excluded.

Probable (relying on BAL fluid or
serum for mycology) and proven (requiring
histology) cases of IAPA and CAPA were
defined according to the criteria defined by
Verweij and colleagues (27) and Koehler and
colleagues (28) (see Tables E1 and E2 in the
online supplement).

The study was approved and the need
for informed consent was waived by the
hospital Ethical Committee (as part of
protocol S65588).

16S rRNA Gene Sequencing Analyses
Bacterial DNAwas extracted, amplified, and
sequenced using the IlluminaMiSeq
platform according to previously published
protocols (29). After sequencing quality
control, raw 16S rRNA reads were processed
to obtain counts of amplicon sequence
variants by following the DADA2 R package
pipeline (version 1.24.0) (30), and taxonomy
was assigned using the SILVA 16S rRNA
database (version 138) (31). Additional
quality control was performed using four
negative control samples (sterile water) to
correct for possible contamination
background using the R package decontam
(version 1.20.0) (32). We characterized a
diversity metrics (reflecting species richness
and evenness in a single sample), including
the observed number of species and the
Shannon and Simpson indices. Regarding b
diversity metrics (measuring variability in
community composition between samples),
we computed Aitchison distances. Data were
normalized by transforming the counts to
centered log-ratios.

Integration with Immune Parameters
16S rRNA gene sequencing data and clinical
bacterial pathogen identification data
(culture or PCR) were integrated with
previously published immunological data
(gene expression and/or cytokine,
chemokine, and growth factor
concentrations) available for most of
the samples (12).

Viral and Bacterial Load
qPCR was performed using universal
primers for influenza A virus, influenza B
virus, SARS-CoV-2, and the 16S rRNA gene
to assess viral and bacterial load.

Statistical Analyses
For univariable clinical statistical analyses,
Fisher’s exact test was used for categorical
data, Student’s t test or ANOVA for
parametric continuous data, andMann-

WhitneyU test or Kruskal-Wallis test for
nonparametric continuous data, unless
specified otherwise. Permutational
multivariate ANOVAwas performed to
identify significant differences in b
diversities. Identification of significantly
differentially abundant taxa was addressed
using the Mann-WhitneyU test, linear
models, and selbal (33). Spearman’s rank
correlation was used for correlation analyses.
Gray’s test was used to compare cumulative
incidences of bacterial pathogen detection
among patients with influenza versus
patients with COVID-19 with or without
aspergillosis, and, in addition, a Fine and
Gray subdistribution hazard model was used
to correct for competing risks (extubation or
death) and relevant clinical factors (antibiotic
and corticosteroid use, immunosuppression,
age, Charlson Comorbidity Index, and
chronic obstructive pulmonary disease).
Survival analyses were performed using
multivariable Cox proportional hazards
models for 30-day and 90-day mortality, with
BAL bacterial pathogen identification or
aspergillosis as time-dependent variables,
with or without additional relevant clinical
variables (Acute Physiology and Chronic
Health Evaluation II score, Charlson
Comorbidity Index, sex, and
immunosuppression). We performed
correction for multiple testing in high-
throughput analyses using Benjamini-
Hochberg’s false discovery rate method.

Results

Clinical Observational Cohort
We identified 501 adult patients who
received at least 24 hours of mechanical
ventilation in our ICUs because of severe
influenza or COVID-19 in the study period.
Bacterial culture (with or without additional
bacterial PCR) was performed on BAL fluid
in 423 patients (142 patients with influenza
and 281 patients with COVID-19) within the
first 2weeks after ICU admission, and these
patients were included in downstream
statistical analyses (Tables 1 and E3–E6).
More than 90% (258/281) of patients
with COVID-19 received high-dose
corticosteroids (>20mg prednisone
equivalent dose) during the first 2weeks of
their ICU stay, compared with 70% (99/142)
of the patients with influenza. Patients with
influenza received antibiotics significantly
more often than patients with COVID-19 in
the 5 days preceding ICU admission, whereas
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Table 1. Characteristics of the Clinical Observational Cohort (N=423)

Influenza (n=142) COVID-19 (n= 281) P Value

Male sex 78 (55) 200 (71) 0.0011
Mean age, yr, (SD) 59 (14) 63 (11) 0.0032
Median BMI (IQR) 26 (23–30) 28 (25–33) 0.00030
COPD 23 (16) 37 (13) 0.46
Liver cirrhosis 8 (5.6) 3 (1.1) 0.0085
Diabetes mellitus 26 (18) 102 (36) 0.00013
EORTC/MSGERC host factor* 39 (27) 70 (25) 0.64
Solid organ transplant 17 (12) 46 (16) 0.25
Hematological malignancy 9 (6.3) 17 (6.0) 1
Allogeneic HSCT 3 (2.1) 4 (1.4) 0.69
Recent prolonged neutropenia 5 (3.5) 0 (0) 0.0041
Recent prolonged high-dose CS 7 (4.9) 3 (1.1) 0.035
T- or B-cell immunosuppressants 27 (19) 62 (22) 0.53
Inherited severe immunodeficiency 0 0 1

Low-dose CS† as home medication 26 (18) 58 (21) 0.61
Received antibiotics in 5 d before ICU

admission
97 (68) 140 (50) 0.00029

Received antibiotics in first 14 d of ICU stay 141 (99.3) 280 (99.6) 1
Median APACHE II score at ICU admission

(IQR)
27 (21–31) (n=121) 20 (16–26) (n=243) ,0.00001

Median Charlson Comorbidity Index at ICU
admission (IQR)

3 (1–5) 3 (2–4) 0.33

CS (daily dose>20mg prednisone equivalent)
as treatment in first 2 wk of ICU stay

99 (70) 258 (92) ,0.00001

Tocilizumab in first 2 wk of ICU stay 0 14 (5.0) 0.0035
Received MV 142 (100) 281 (100) 1
Median days of MV (IQR) 11 (7–19) 15 (9–26) 0.0017

Received ECMO 29 (20) 60 (21) 0.90
Median days of ECMO (IQR) 10 (7–14) (n=29) 14 (10–24) (n=60) 0.025

Required RRT 44 (31) 63 (22) 0.059
Median days ICU stay (IQR) 18 (11–30) 26 (16–43) 0.00001
Median days hospital stay (IQR) 34 (21–56) 40 (24–64) 0.050
BAL culture performed in first 2 wk of ICU stay 142 (100) 281 (100) 1
BAL bacterial PCR performed in first 2 wk of

ICU stay
123 (87) 240 (85) 0.77

Bacterial pathogen positive in BAL culture or
PCR in first 2 wk of ICU stay

28 (20) 104 (37) 0.00025

Median days between ICU admission and
first positive sample for bacterial pathogen
(IQR)

2 (0–5) (n=28) 7 (3–9) (n= 104) 0.00039

Probable/proven aspergillosis during ICU stay‡ 59 (42) 104 (37) 0.40
Median days between ICU admission and

first mycological evidence of IAPA or
CAPA (IQR)

4 (2–8) (n=59) 6 (3–12) (n= 104) 0.015

IAPA/CAPA diagnosed in first 2 wk of ICU
stay

54/59 (92) 86/104 (83) 0.16

Bacterial pathogen positive in BAL
culture/PCR in first 2 wk of ICU stay in
patients with IAPA/CAPA diagnosis in first
2 wk of ICU stay

11/54 (20) 34/86 (40) 0.025

Definition of abbreviations: APACHE II =Acute Physiology and Chronic Health Evaluation II; BMI=body mass index; CAPA=COVID-
19–associated pulmonary aspergillosis; COPD=chronic obstructive pulmonary disease; COVID-19=coronavirus disease; CS=corticosteroids;
ECMO=extracorporeal membrane oxygenation; EORTC=European Organization for Research and Treatment of Cancer; GM=galactomannan;
GVHD=graft-versus-host disease; HSCT=hematopoietic stem cell transplantation; IAPA= influenza-associated pulmonary aspergillosis;
IQR= interquartile range; MSGERC=Mycosis Study Group Education and Research Consortium; MV=mechanical ventilation; RRT= renal
replacement therapy.
Data are given as n (%) unless otherwise noted. P values were calculated for categorical variables by Fisher’s exact test and for continuous
variables with Student’s t test or Mann-Whitney U test where appropriate.
*EORTC/MSGERC host factors for invasive mold disease (34).
†Daily dose below the EORTC/MSGERC corticosteroid host factor cutoff as chronic home medication.
‡Probable or proven aspergillosis according to the expert criteria by Verweij and colleagues for IAPA (27), or the European Confederation of
Medical Mycology/International Society for Human & Animal Mycology criteria for CAPA (28).
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almost all patients received antibiotics within
the first 2weeks of their ICU stay (median
duration, 11 d for both the influenza and
COVID-19 cohorts) (Tables 1 and E4).
Within the first 2weeks of the ICU stay,
proven or probable IAPA was diagnosed in
38% (54/142) of patients with influenza and
CAPA in 31% (86/281) of patients with
COVID-19 (Tables 1 and E3 and Figure 1A).

Bacterial Pathogens Are Identified in
BAL Fluid More Often in Patients with
COVID-19 but Are Only Associated
with Outcome in Patients
with Influenza
A bacterial pathogen was cultured from or
detected by PCR in BAL fluid during the first
2weeks of the ICU stay in 20% (28/142) of
patients with influenza and 37% (104/281) of
patients with COVID-19 included in the
clinical observational cohort (Tables 1, E5,
and E6 and Figure 1A). Identification of a
bacterial pathogen in the first 2weeks of the
ICU stay was therefore more frequent than
CAPA in patients with COVID-19. However,
in our influenza cohort screened for
superinfection, IAPA was more frequent
than bacterial pathogen identification in the
first 2weeks of ICU admission (Figure 1A).
The most frequently detected bacterial
pathogens were Streptococcus and Klebsiella
species (Table E7). Cumulative incidences of
bacterial pathogen detection were similar in
patients with influenza and patients with
COVID-19 in the first 3 days after ICU
admission but then plateaued for patients
with influenza, while still increasing steadily
for patients with COVID-19 (mainly due to
typical hospital-acquired pathogens, such as
Klebsiella species), in the second week of the
ICU stay (Figure 1B). Patients who
developed aspergillosis had similar rates of
bacterial pathogen positivity compared with
patients with influenza or COVID-19 who
did not develop aspergillosis (Figure E1).
Fine and Gray modeling correcting for
competing risks and relevant clinical factors
corroborated that patients with COVID-19
had a higher risk for identification of a
bacterial pathogen in BAL fluid during the
first 2weeks of ICU admission than patients
with influenza (Figures 1C and E2). This was
independent of antibiotic or corticosteroid
use before or during their ICU stay.

We found no association between BAL
bacterial pathogen identification and 30-day
and 90-day mortality in patients with
COVID-19, whereas we did observe a
significant association in patients with

influenza (Figures 1D and E3). Aspergillosis
was associated with increased 90-day
mortality in both viral infection cohorts (but
with 30-day mortality in the COVID-19
cohort only). These observations stayed
similar when adjusting for relevant clinical
factors (Figures 1D and E3). We found a
90-day mortality exceeding 80% (9/11) in
patients with influenza with aspergillosis and
BAL bacterial pathogen detection within the
first 2weeks of ICU admission.

16S rRNA Gene Sequencing Cohort
To explore the lower respiratory tract
microbiome composition of patients with
severe influenza versus COVID-19 in more
detail, we performed 16S rRNA gene
sequencing on biobanked BAL samples from
163 patients who required ICU admission
because of severe influenza or COVID-19.
We subdivided the influenza and COVID-19
groups based on aspergillosis status at the
time of sampling. The samples of 162
patients passed sequencing quality control:
89 in the influenza cohort (50 patients with
influenza only and 39 patients with IAPA)
and 73 in the COVID-19 cohort (39 patients
with COVID-19 only and 34 patients with
CAPA) (Figure 2A). Of these 162 patients,
146 received mechanical ventilation and were
included in the clinical observational study
discussed above as well. Most samples were
obtained during the first week of the ICU
admission. Tables E8 and E9 show the
clinical and sample characteristics of the 162
patients included in statistical analyses.

Bacterial a and b Diversity Indices
Are Similar in Patients with Severe
Viral Pneumonia with or without
Aspergillosis
Visualization of the communities by
multidimensional scaling showed limited
segregation among the four groups, with the
least dispersion within the influenza-only
and IAPA groups (Figure 2B). After
correction for multiple testing, we found no
significant association of aspergillosis with b
diversity at the species or genus level using
permutational multivariate ANOVA in the
influenza cohort or in the COVID-19 cohort
(Table E10). However, the type of viral
infection did show a significant association
with b diversity in the non-aspergillosis
cohort. In the pooled patients with influenza,
use of antibiotics in the 14days before BAL
sampling and positivity of one or more host
factors for invasive mold disease (34) were
associated with b diversity differences.

In an earlier study, H�erivaux and
colleagues reported significantly lower
bacterial a diversity in patients with invasive
pulmonary aspergillosis (IPA) compared
with control patients with initially suspected
but eventually disproven IPA (15). We
reanalyzed their dataset, including only
patients admitted to ICU for whom data was
available (n=39), and observed the same
results (Figure E4). In contrast, in our
dataset, we noted no significant differences
between the four disease groups in terms of
a diversity measures (Figure 2C). For
influenza versus COVID-19, this aligns with
earlier observations in endotracheal aspirates
(19). We also did not find significant
differences in a diversity indices in patients
with versus without a positive bacterial
culture or PCR in the study sample (Figure E5).

Patients with Influenza and Patients
with COVID-19 with or without
Aspergillosis Show Minor Microbiome
Composition Differences
We analyzed the composition of lung
microbiota at the genus level (Figures 2D–2F
and E6). A significant proportion of the
bacterial reads could not be subtyped to the
genus level (e.g.,Unclassified.G75) and could
constitute species that have not been
identified to date, or contamination, which is
encountered (even after quality control)
across different pipelines and in other BAL
studies as well, especially in critically ill
patients (Figures E6 and E7) (16). The most
abundant identifiable genera were
Streptococcus, Prevotella, Staphylococcus, and
Haemophilus, which may all be found in
healthy lung microbiota as well. In a
parametric analysis, we found little difference
comparing fractions of the most abundant
genera, with the exception of higher fractions
of Streptococcus and Cutibacterium in
patients with influenza only compared with
other patient groups before correction for
multiple testing (Figure 2F and Table E11).
The higher relative abundance of these
genera was largely driven by few patients
with influenza only with high relative
abundances of these genera, as most
comparisons were not significant in
nonparametric univariable analysis
(Figure E6 and Table E12).

Regarding specific species, we found
significantly enriched or depleted species in
the four different disease comparisons using
the univariable Mann-WhitneyU test and
multivariable linear models and selection of
balances correcting for age, presence of host
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Figure 1. Incidence and associations with outcome of a positive culture or PCR for a bacterial pathogen in BAL fluid, or invasive aspergillosis,
during the first 2weeks of ICU admission in patients mechanically ventilated for influenza or coronavirus disease (COVID-19). (A) Incidence of
invasive aspergillosis and bacterial pathogen identification in BAL fluid in the first 2weeks since ICU admission, subdivided in the influenza and
COVID-19 cohorts. (B) Cumulative incidence curves of patients with influenza and patients with COVID-19 showing incidence of a positive
bacterial pathogen in BAL culture or PCR during the first 2weeks of their ICU stay. Censoring was performed at extubation, death, or after
14days after ICU admission. Gray’s test P value is shown. Risk table shows the number of patients at risk at the start of the day since ICU
admission. (C) Forest plot showing the results of the Fine and Gray model for 14-day incidence of a positive bacterial pathogen BAL culture or
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factors for invasive mold disease (34), and
the number of days between the start of
mechanical ventilation and study BAL
sampling, although most significant findings
were lost after correction for multiple testing
(Figures 2G and E8). The IAPA versus
CAPA comparisons yielded the highest
numbers of significantly differentially
abundant species. We found differences in
species that are typically encountered in the
healthy human lung (35): several
Streptococcus species were depleted in
patients with CAPA compared with patients
with COVID-19 only and patients with
IAPA, whereas severalVeillonella and
Prevotella species were either enriched or
depleted in these comparisons.

We then interrogated the 16S rRNA
gene sequencing data to find pathogens that
were identified through bacterial culture or
PCR.We found significantly higher relative
abundances by 16S rRNA gene sequencing of
Klebsiella and Streptococcus species (the most
frequently detected species through culture
or PCR) in patients in whom these
pathogens were cultured or positive on PCR
in the same sample (Figure E9).

Patients with Influenza Show
a Less-pronounced Response
to the Presence of Bacterial Pathogens
We integrated a diversity indices with
published protein concentrations of the same
BAL samples (47 cytokines, chemokines,
and growth factors) (Table E13) (12). We
observed moderate negative correlations
between a diversity and proinflammatory
cytokines (e.g., IL-1b or IL-8) in patients
with influenza only but not in patients with
IAPA. Patients with COVID-19 only and
patients with CAPA showedmoderate
positive correlations between some
proinflammatory cytokines (IL-1a and
IL-1b) and a diversity (Figure 3A).

Positivity of a bacterial pathogen in
culture or PCR, however, was associated with
major differences in the BAL immune
landscape of patients with COVID-19
(irrespective of the presence of aspergillosis),
illustrated by significantly higher
concentrations of proinflammatory cytokines
IL-1a, IL-1b, TNF, and CCL20 compared
with patients without a bacterial pathogen in
BAL fluid (Figures 3B, E10, and E11 and
Table E14) (36). In patients with influenza,
we noticed a nonsignificant increase of
proinflammatory cytokines or chemokines
if bacterial pathogens were detected. Given
this signal, we interrogated the published
expression of 755 genes linked to innate
immunity in the same BAL samples (Table
E13) (12). The hyperinflammatory responses
to bacterial pathogens seen in patients with
COVID-19, and, in contrast, the less-
pronounced responses in patients with
influenza, were reflected in gene expression
as well; although patients with COVID-19
showed significant upregulation of 57 genes,
many linked to inflammation (such as IL1B,
TNF,HIF1A, and CCRL2), if a bacterial
pathogen was present, we found no
significantly differentially expressed genes
after correction for multiple testing
comparing patients with influenza with
versus those without a bacterial pathogen in
the BAL sample (Figure 3C).

Lower Bacterial a Diversity but Not
Bacterial or Viral Load Is Associated
with Positive Aspergillus BAL Culture
in IAPA
Positivity of Aspergillus culture is seen in
approximately half of the patients with IAPA
or CAPA and reflects higher fungal burden.
We found significantly reduced bacterial a
diversity in patients with IAPA (but not
patients with CAPA) withAspergillus culture
positivity (Figure 4A).

We further assessed the association
between the burden of bacteria and viruses
with the presence of Aspergillus in the lower
respiratory tract by determining viral and
bacterial load in BAL fluid of patients
included in the 16S rRNA gene sequencing
cohort through viral qPCR (n=109) and
bacterial 16S rRNA gene qPCR (n=81)
(Figure 4B). As expected, the bacterial load
was significantly higher (reflected by lower
qPCR cycling threshold values) in BAL
fluid positive for bacteria via culture or
PCR by the clinical lab, or in which oral
flora was present on microscopy or culture
(Figures 4C and E12). There were no
significant differences in viral or bacterial
load and the presence of aspergillosis, except
for higher bacterial loads in patients with
CAPA (Figures 4D and 4E), or in viral or
bacterial load and Aspergillus culture
positivity in patients with IAPA or CAPA
(Figures 4F and 4G).

We found no significant associations
between 90-day mortality and viral load,
bacterial load, or bacterial a diversity in the
four patient groups, although we observed a
trend toward higher mortality with higher
bacterial load in the pooled patient groups
(P=0.073) (Figure E13). In line with
previous literature (37), Aspergillus culture
positivity was significantly associated with
90-day mortality (Figure E14).

Discussion

In this retrospective study, we explored the
role of potential bacterial pathogens and
microbiota in the lower respiratory tract of
patients with severe viral pneumonia with or
without aspergillosis. To our knowledge, this
is the first study to compare the lung
microbiomes of patients with severe
influenza versus severe COVID-19 using

Figure 1. (Continued ). PCR, correcting for competing risks (extubation or death) and relevant clinical factors. Fine and Gray model incorporating
antibiotic and corticosteroids use during ICU stay can be found in Figure E2. *Number of days on antibiotics during the 5days preceding ICU
stay. §Severely immunocompromised, as defined by the European Organization for Research and Treatment of Cancer and Mycosis Study
Group Education and Research Consortium (EORTC/MSGERC) host factors for invasive mold disease (34). ‡Low-dose (below EORTC/MSGERC
cutoff) corticosteroids as home medication. (D) Cox proportional hazard models for 90-day mortality in patients with influenza or COVID-19. Two
univariable models (with bacterial pathogen identification in BAL fluid during the first 2weeks of ICU admission, or aspergillosis throughout the
ICU stay) and a similar model with additional relevant clinical variables are shown for the influenza cohort and the COVID-19 cohort. The number
of patients included in the large multivariable models is lower because of missing data for APACHE II scores on ICU admission. In all models,
bacterial pathogen identification and aspergillosis are modeled as time-dependent variables. *Detected in BAL fluid during the first 2weeks of
ICU stay through culture or PCR. §Severely immunocompromised, as defined by the EORTC/MSGERC host factors for invasive mold disease
(34). Cox proportional hazards models for 30-day mortality are illustrated in Figure E3. AB=antibiotics; APACHE II =Acute Physiology and
Chronic Health Evaluation II; Bact =bacterial; CAPA=COVID-19–associated pulmonary aspergillosis; CCI=Charlson Comorbidity Index;
CI= confidence interval; COPD=chronic obstructive pulmonary disease; HR=hazard ratio; IAPA= influenza-associated pulmonary aspergillosis;
sHR=subdistribution hazard ratio.
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Figure 2. BAL 16S rRNA gene sequencing analyses. (A) Study design and number of included patients in the BAL bacterial microbiome study.
Figure created with aid of Biorender.com. (B) Multidimensional scaling plot showing bacterial b diversity (according to Aitchison distance
metrics) of BAL fluid, with patients stratified for viral–fungal infection type. (C) a diversity metrics calculated in BAL fluid, with patients stratified
for viral–fungal infection type. P values calculated by Mann-Whitney U test are shown. (D) Relative abundance of the most abundant classified
genera in all patients. See Figure E6 for the plot including the most abundant unclassified genera. (E) Relative abundance of genera per patient,
stratified for viral–fungal infection type. Each bar on the x-axis represents a single patient. (F) Boxplots showing relative abundances of the nine
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BAL fluid. Moreover, with this work, we
open the field of microbiome research in
viral–fungal coinfections in critically ill
patients. By incorporating our findings with
data on cellular andmolecular immune
components and clinical characteristics, we
have also obtained crucial insights into the
associations between lung bacterial
pathogens, microbiota, the host response,
and outcome in these viral–fungal
coinfections.

We observed that bacterial pathogens
were detected significantly more often in
BAL fluid of patients with COVID-19 than
patients with influenza, even when correcting
for competing risks (extubation or death)
and clinical confounders (such as
corticosteroids or antibiotic administration).
This was largely driven by a linear increase in
the identification of gram-negative
pathogens during the first 2weeks of the ICU
stay, reflecting hospital- and ventilator-
associated pneumonia, whereas most
pathogens in patients with influenza were
identified in the first 3 days of the ICU
admission. Exemplary is Klebsiella, which
was identified often in COVID-19 but not in
a single case of influenza. Our results,
therefore, support a diagnostic-driven
approach (rather than empirical use of
antibiotics) in patients with influenza if
clinical deterioration occurs after 3days of
ICU stay. Moreover, we found that in
mechanically ventilated patients with
influenza, aspergillosis is more common than
a suspected secondary bacterial infection
based on the presence of bacterial pathogens
in BAL fluid. This confirms the previously
stressed need to actively look for aspergillosis
in all critically ill patients with influenza (38).

We found an association between
identification of a bacterial pathogen and
outcome in the influenza cohort but not in
patients with COVID-19. For COVID-19,
this is in line with previously published
research (17, 24, 39), whereas, for influenza,
it contrasts with a previous comparative
multicenter study (24). Within the influenza
cohort, patients showed a particularly dismal
outcome if both aspergillosis and a bacterial
pathogen were identified within the first

2weeks of the ICU stay. Moreover, we found
no differences in the immune response of
patients with influenza with or without the
presence of a bacterial pathogen in the lungs,
compared with a strong proinflammatory
response in the presence of bacterial
pathogens in patients with COVID-19. These
findings point to severely hampered bacterial
recognition and/or downstream
inflammatory responses to bacteria in
patients with severe influenza, leading to a
more pronounced clinical impact of the
pathogen in these patients compared with
patients with COVID-19. Taking into
account our previously published results on
the immune response against aspergillosis in
largely the same cohort as the one presented
here (12), we can conclude that patients with
influenza show reduced expression of genes
related to anti-Aspergillus immunity when
IAPA is present and a largely similar
expression of immunity-related genes
regardless of whether a bacterial pathogen is
present or not. From a clinical point of view,
this translates into higher rates of Aspergillus
angio-invasion in IAPA compared with
CAPA (9) and worse outcome if lung
bacterial pathogens are present in patients
with influenza compared with patients with
COVID-19. Moreover, the finding of early
but not late bacterial coinfection in patients
with influenza aligns with the often early
detection of aspergillosis in these patients
(40), whereas both bacterial and Aspergillus
detection are incremental during the first
weeks of an ICU stay in patients with
COVID-19 (4). The effect of influenza
on the antifungal and antibacterial host
response, therefore, seems to be earlier and
at the same time more immunoparalyzing
than the effect of COVID-19. Although
poor outcome is likely driven by severe
hyperinflammation in severe COVID-19,
it may be more driven by bacterial and/or
fungal superinfection in severe influenza.

We did not observe any association
between bacterial a diversity and outcome in
the four disease groups. This is in line with
several large studies in BAL fluid of critically
ill patients with COVID-19 (16, 17) and now
appears to be the case in patients with severe

influenza as well. Strikingly, we did find an
association between bacterial a diversity and
BAL galactomannan values orAspergillus
culture positivity in patients with IAPA
specifically. The more convincing the
supporting mycological evidence is for IAPA,
the lower the bacterial a diversity, mirroring
what is seen in patients with classical risk
factors for IPA (15). The fact that we did not
observe this association in patients with
CAPA aligns with earlier findings that
aspergillosis seems to have a less significant
impact on the lung immune environment in
the setting of severe COVID-19 than in the
setting of severe influenza (12). We further
observed no differences in viral load between
patients with IAPA or CAPA and patients
with severe viral pneumonia without
aspergillosis. In contrast, we observed higher
bacterial loads in patients with CAPA
compared with the other disease groups,
despite our observation that bacterial
superinfection is not more frequent in
patients with versus those without
aspergillosis. This could imply more
pronounced spillover and impaired
mucociliary clearance of oral flora in these
patients, but this was not apparent from the
16S rRNA gene sequencing data and thus
deserves further investigation.

Our study has several limitations. First,
the study samples for 16S rRNA gene
sequencing were retrospectively collected
from our hospital biobank. The collection
time point during the ICU stay was generally
similar for patients within the influenza
cohort and within the COVID-19 cohort but
was slightly delayed in the COVID-19 versus
the influenza cohort. A prospective
multicentric study, including protocol-based
(rather than clinical indication–based)
longitudinal assessment of superinfections
and the lung microbiota, would allow us
to obtain more information on the
generalizability of our results. Second, a
proportion of the bacterial reads in most
samples were not subtypable to the genus or
species level, and, as such, it is possible that
we lack a full picture of the lung bacterial
species composition in our patients. Third,
combination with Internal Transcribed

Figure 2. (Continued ). most prevalent identified genera, with patients stratified for viral–fungal infection type. P values calculated by Student’s t
test are shown. See Figure E6 for the plot with P values calculated by Mann-Whitney U test. (G) Dot plot depicting significantly enriched or
depleted species at P, 0.05 in the four relevant viral–fungal infection type comparisons. Size of the dots is determined by number of positive
tests (Mann-Whitney U test, linear models or selection of balances). See Figure E8 for details on the specific tests that were positive for each
significantly enriched or depleted species and for details regarding significant results after correction for multiple testing. CAPA=coronavirus
disease (COVID-19)–associated pulmonary aspergillosis; IAPA= influenza-associated pulmonary aspergillosis.
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Spacer amplicon sequencing, or performing
shotgun metagenomics, could provide access
to other microbiome components, such as
fungal mycobiota. However, BAL samples
are not ideal for such approaches given the

dilution of biological material in these
samples and given the need for deep
sequencing, as the DNA composition in BAL
fluid is often dominated by host cells rather
than that of microorganisms. Fourth, the

COVID-19 cohort in the 16S rRNA gene
sequencing analyses consisted almost
exclusively of (previously) immunocompetent
patients, whereas patients with severe
COVID-19, especially those who develop
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aspergillosis, are now often severely
immunocompromised (7, 41). Fifth, the
presence of pathogenic bacteria only indicates
a potential for infection, as many of these

species can be commensals or colonizers.
To obtain more insight into the potential
causative role the microbiome composition
has in the incidence and severity of IAPA or

CAPA, longitudinal studies and animal work
will be required.

In conclusion, our results show the
relevance of studying tripartite
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viral–fungal–bacterial pathogen interactions
in addition to the classical viral–fungal and
viral–bacterial coinfections. In addition to
bacterial superinfection, aspergillosis must be
looked for in all critically ill patients with
influenza. Prospective studies investigating
the lung microbiome, providing integration

with metabolomics and animal work, will be
required to improve our insight in the
complex interplay between the host, virus,
fungus, and bacteria.�
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