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Abstract

Rationale: Bacterial lung microbiota are correlated with lung
inflammation and acute respiratory distress syndrome (ARDS)
and altered in severe coronavirus disease (COVID-19). However,
the association between lung microbiota (including fungi) and
resolution of ARDS in COVID-19 remains unclear. We
hypothesized that increased lung bacterial and fungal burdens are
related to nonresolving ARDS and mortality in COVID-19.

Objectives: To determine the relation between lung microbiota
and clinical outcomes of COVID-19–related ARDS.

Methods: This observational cohort study enrolled mechanically
ventilated patients with COVID-19. All patients had ARDS and
underwent bronchoscopy with BAL. Lung microbiota were
profiled using 16S rRNA gene sequencing and quantitative PCR
targeting the 16S and 18S rRNA genes. Key features of lung
microbiota (bacterial and fungal burden, a-diversity, and
community composition) served as predictors. Our primary
outcome was successful extubation adjudicated 60 days after

intubation, analyzed using a competing risk regression model
with mortality as competing risk.

Measurements and Main Results: BAL samples of 114 unique
patients with COVID-19 were analyzed. Patients with increased
lung bacterial and fungal burden were less likely to be extubated
(subdistribution hazard ratio, 0.64 [95% confidence interval,
0.42–0.97]; P= 0.034 and 0.59 [95% confidence interval,
0.42–0.83]; P= 0.0027 per log10 increase in bacterial and fungal
burden, respectively) and had higher mortality (bacterial burden,
P= 0.012; fungal burden, P= 0.0498). Lung microbiota
composition was associated with successful extubation
(P= 0.0045). Proinflammatory cytokines (e.g., tumor necrosis
factor-a) were associated with the microbial burdens.

Conclusions: Bacterial and fungal lung microbiota are related
to nonresolving ARDS in COVID-19 and represent an important
contributor to heterogeneity in COVID-19–related ARDS.

Keywords: lung microbiome; host–microbial interactions; critical
illness; artificial respiration

In 15–30% of hospitalized patients with
coronavirus disease (COVID-19), ICU
admission is necessary. Almost all of these
critically ill patients with COVID-19 fulfill
the criteria for acute respiratory distress

syndrome (ARDS) (1–3). The accompanying
lung injury does not resolve quickly,
frequently resulting in multiple weeks of
invasive mechanical ventilation (4). Dynamic
changes of biomarkers related to endothelial

dysfunction, coagulopathy, epithelial injury,
and innate immune responses in plasma are
predictive of such adverse outcomes (5–8).
Studies of the alveolar response to severe
acute respiratory syndrome coronavirus 2
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(SARS-CoV-2) infection are sparse but
suggest that the alveolar space is a major
contributor to a persistent proinflammatory
environment (8–10). Yet, it remains
unclear what biological processes prevent
the resolution of lung injury in these
patients.

Enrichment of pulmonary microbiota
with gut-specific bacteria has been a
consistent observation in patients with ARDS
(11, 12). A higher bacterial burden in the
lung has been associated with worse
outcomes in idiopathic pulmonary fibrosis,
after lung transplant and in mechanically
ventilated patients without COVID-19
(12–14). Changes in the abundance and
composition of lung microbiota have been
linked to altered host immune responses,
increased alveolar inflammation, and
development of lung injury (15–17).
Therefore, dysbiosis of the lung microbiome
may contribute to nonresolving ARDS and
increased mortality.

In COVID-19, several studies
characterized the upper respiratory tract
microbiome and showed an association
betweenmicrobial composition and disease
severity, likely because clinical practices (e.g.,
type of oxygen support and time in the ICU)
drive variation within these communities
(18–20). Changes in upper respiratory tract
microbiota, however, do not reflect alveolar
changes (21), and only a few studies—mainly
small scale—described lower respiratory tract
microbiota during COVID-19 (18, 19, 22).
These studies found a distinct lung
microbiota composition in patients with
COVID-19 compared with critically ill
patients without COVID-19 and healthy
control subjects. In a larger cohort, microbial

signatures (such as bacterial burden,
SARS-CoV-2 viral load, and enrichment
with an oral commensal) in BAL fluid of 118
patients with COVID-19 were associated
with mortality (23). However, the association
between lung microbiome dysbiosis and
resolution of ARDS in the setting of
COVID-19 remains to be determined.

We hypothesized that patients with
COVID-19 with a higher bacterial and fungal
burden were less likely to be liberated from
invasive mechanical ventilation and have
increased mortality, and that this could be
linked to lung microbiome dysbiosis.
Furthermore, we aimed to evaluate how
dysbiosis relates to secondary infections, such
as aspergillosis and ventilator-associated
pneumonia, and to the alveolar host
response. To this end, we characterized the
microbiota in 163 BAL samples of 114
mechanically ventilated patients with
COVID-19–related ARDS.

Methods

Study Cohort
We performed an observational cohort study
in adult patients with COVID-19 admitted to
the ICUs of the AmsterdamUniversity
Medical Centers, both location Academic
Medical Center and VUMedical Center.
Details on the study cohort and clinical data
recording are provided in the online
supplement. In brief, we used BAL fluid
collected during routine clinical care of
consecutive mechanically ventilated patients
with COVID-19 included between
September 2020 and July 2021. SARS-CoV-2
infection was confirmed by positive reverse
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transcription PCR result, and all patients had
ARDS according to the Berlin criteria (24).
A diagnostic bronchoscopy with BAL was
performed routinely once weekly if there was
no clinical improvement, or in case of
deterioration. Samples were excluded if there
was too little leftover BAL volume (<3 ml),
inadequate sample storage (>24 h before
storage at280�C), or the inability to pass
appropriate quality control (,200 high-
quality sequencing reads) (15). Study
procedures were approved by the review
committee of the Amsterdam UMC Biobank
(reference: 2020–065). Written informed
consent was provided by all participants or
their legal representatives.

Sample Collection and Processing
BAL samples were collected during video-
assisted bronchoscopy by instilling 43 20 ml
0.9% NaCl into the lung at a subsegmental
level (10). Fractions one, three, and four
were sent for diagnostic microbiological
evaluation as part of standard care. Fraction
two was centrifuged (300 g, 10 min, 4�C),
and supernatant was stored at280�C until
further analysis.

Details on sample processing have been
earlier described by our group and are
provided in the online supplement (7, 10,
25–27). In summary, bacterial microbiota
were characterized by 16S rRNA gene
sequencing targeting the V3-V4 region.
Bacterial and fungal burden were quantified
using quantitative PCR targeting the 16S and
18S rRNA gene, respectively. Buffers and
solutions used during DNA isolation,
sequencing, and quantification were used
as negative experimental controls.
Concentrations of cytokines were measured
using a Luminex multiplex assay (R&D
Systems) on a BioPlex200 (BioRad) (10).

Outcomes and Predictor Variables
Our primary clinical outcome was successful
liberation frommechanical ventilation,
adjudicated at Day 60 after initiation of
mechanical ventilation. For time-to-event
analyses, our primary approach was to
calculate subdistribution hazard ratios
(SHRs) using competing risk regression
models, treating extubation as outcome and
mortality as competing risk (28). For other
analyses, patients were stratified as 1) those
who reached the primary outcome and
2) those who died within 60 days or were still
mechanically ventilated at Day 60. Sensitivity
analyses included outcome assessment at 60

and 90 days after sample collection (rather
than after intubation).

We prespecified that bacterial and
fungal DNA burden, Shannon a-diversity,
and community composition would serve as
predictors of clinical outcomes, as measured
in the first available BAL sample per patient.
These key features of the lung microbiome,
except fungal burden, have been previously
reported to predict clinical outcomes in acute
and chronic lung diseases (12–15). In
addition, we examined the relation between
markers of alveolar inflammation and the
bacterial and fungal burden.

Probable and proven COVID-19–
associated pulmonary aspergillosis (CAPA)
was defined according to the 2020 European
Confederation of Medical Mycology and
International Society for Human Animal
Mycology definition (supplementary
methods) (29). As earlier described, and in
line with European Respiratory Society,
European Society of Clinical Microbiology
and Infectious Diseases, European Society of
Intensive Care Medicine and Latin American
Thoracic Association recommendations
(30–32), a positive microbiologic
(nondirected) BAL culture (cutoff of
104 CFU/ml) by the clinical laboratory
confirmed bacterial ventilator-associated
pneumonia. Cultures were considered
nonpathogenic when only normal respiratory
bacteria were detected. Negative cultures were
those without growth (,104 CFU/ml). For
patients with more than one BAL sample
available, the presence of CAPA and bacterial
ventilator-associated pneumonia were
determined separately for each BAL.

Statistical Analysis
Details of our statistical methods are
provided in the online supplement. We
calculated a-diversity using the Shannon
Diversity Index (phyloseq package). Our
primary approach for time-to-event analyses
was to calculate the SHR using Fine and Gray
competing risk regression, with extubation as
outcome and mortality as competing event
(survival and survminer packages) (28).
Time zero was defined as the day of
intubation. Multivariable models were
adjusted for age, sex, body mass index, BAL
bacterial culture result, presence of proven or
probable CAPA, severity of illness, and
antifungal and antibiotic exposure. We
quantified the severity of illness with the
Sequential Organ Failure Assessment score at
sample collection, and used an earlier-
described detailed quantitative model to

calculate an ICU antibiotic-exposure score
that considers dosing duration, timing of
administration, and antibiotic type (see the
methods and Table E1 in the online
supplement) (15, 33).

Differences in community composition
(b-diversity) were visualized by principal
coordinates analyses with the weighted
Unifrac distance (which takes bacterial
phylogeny into account). Statistical
significance was determined by
permutational multivariate ANOVA
(vegan package, adonis2 function, 9,999
permutations). Bacterial taxa explaining
differences in b-diversity were identified
using biplot analysis, Wilcoxon rank sum
tests, and random forest and DESeq2
models. Spearman correlations between
cytokine concentrations and bacterial or
fungal burden were calculated, with
Benjamini-Hochberg correction for multiple
comparisons. Continuous data are presented
as median with interquartile range and
analyzed using aWilcoxon rank sum test.
Two-tailed degree of significance between
groups was set at (adjusted) P, 0.05.

Results

Study cohort
Lung microbiota of 159 mechanically
ventilated patients with COVID-19 with ARDS
were profiled by 16S rRNA gene sequencing of
BAL samples. After exclusion of clinical
samples of 45 patients (Table E2) owing to a
very low number of high-quality reads (,200),
163 samples of 114 unique patients passed
appropriate quality controls. A Consolidated
Standards of Reporting Trials diagram of study
inclusions is depicted in Figure E1. Table 1
shows the demographic and clinical
characteristics of the 114 included patients.
Of 114 patients, 94.7% received systemic
antibiotics between ICU admission and first
sampling (Figure E2), 53.5% died during ICU
stay, and 60-day mortality was 52.6% (Table 1).

Lung Microbiota of BAL Samples
Are Distinct from Negative
Experimental Controls
Owing to the low bacterial mass, lung
microbiome studies are vulnerable to
contamination during DNA extraction and
sequencing (34). Therefore, we compared
the microbial signal of our BAL samples
with negative experimental control samples
(n=32 in 16S rRNA gene sequencing and
n=46 in quantitative PCR). We found large
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Table 1. Clinical Characteristics of the Study Population

Characteristic Total (n=114) Extubated (n= 44)
Deceased or

Intubated (n=70) P Value

Age, y 64.0 (58.0–71.0) 63.0 (58.0–68.0) 65.5 (59.0–72.0) 0.08
Male sex 84 (73.7) 31 (70.5) 53 (75.7) 0.69
BMI, kg/m2 27.8 (24.7–31.5) 29.8 (25.8–32.7) 27.5 (24.6–31.0) 0.10
Current or former smoker 34 (29.8) 15 (34.1) 19 (27.1) 0.38
Transferred from another

hospital
68 (59.6) 29 (65.9)) 39 (55.7) 0.38

Comorbidities
COPD 7 (6.1) 3 (6.8) 4 (5.7) 1.00
Asthma 14 (12.3) 6 (13.6) 8 (11.4) 0.96
Cardiovascular disease 49 (43.0) 21 (47.7) 28 (40.0) 0.54
Diabetes 31 (27.2) 11 (25.0) 20 (28.6) 0.84
Malignancy 8 (7.0) 3 (6.8) 5 (7.1) 1.00
Kidney disease 13 (11.4) 3 (6.8) 10 (14.3) 0.36
Hepatic disease 1 (0.9) 0 (0.0) 1 (1.4) 1.00
Neurological disorder 2 (1.8) 2 (4.5) 0 (0.0) 0.29

Treatment and sample collection
Systemic steroids between

ICU admission and
sampling

101 (88.6) 36 (81.8) 65 (92.9) 0.13

IL-6 receptor antagonists 8 (7.0) 4 (9.1) 4 (5.7) 0.76
Systemic antibiotic exposure

before ICU admission*
87 (76.3) 32 (72.7) 55 (78.6) 0.63

Systemic antibiotic exposure
between ICU admission
and sampling

108 (94.7) 41 (93.2) 67 (95.7) 0.87

Systemic antifungal exposure
between ICU admission
and sampling

16 (14.0) 7 (15.9) 9 (12.9) 0.86

ICU length of stay before
sample collection, d

10.5 (6.0–16.0) 11.5 (7.5–20.0) 10.0 (6.0–14.8) 0.45

Mechanical ventilation before
sample collection, d

9.0 (5.0–14.8) 9.0 (5.0–16.8) 9.0 (5.0–14.0) 0.64

Severity of disease at day of
sample collection
SOFA score 8.0 (7.0–10.0) 8.0 (6.8–10.0) 8.0 (7.0–10.8) 0.63
PaO2/FIO2 101.5 (79.1–124.2) 120.7 (92.1–133.4) 95.8 (77.8–117.2) 0.03

Follow-up samples
Second BAL sample available 32 (28.1) 14 (28.6) 18 (27.7) —
Third BAL sample available 14 (12.3) 3 (6.1) 11 (16.9) —
Fourth BAL sample available 3 (2.6) 1 (2.0) 2 (3.1) —
Total samples available 163 67 96 —

Outcomes
Probable COVID-19–

associated pulmonary
aspergillosis†

30 (26.3) 11 (25.0) 19 (27.1) 0.97

Positive bacterial
microbiologic (nondirected)
BAL culture

25 (21.9) 10 (22.7) 15 (21.4) 1.00

ICU length of stay, d 30.0 (18.0–46.0) 39.0 (22.0–49.5) 24.5 (18.0–38.0) 0.32
Length of mechanical

ventilation, d
27.0 (16.3–42.0) 32.0 (15.5–45.0) 23.0 (16.3–35.0) 0.97

ICU mortality 61 (53.5) 0 (0.0) 61 (87.1) —
60-d mortality‡ 60 (52.6) 0 (0.0) 60 (85.7) —
90-d mortality‡ 62 (54.4) 0 (0.0) 62 (88.6) —

Definition of abbreviations: BMI=body mass index; COPD=chronic obstructive pulmonary disease; COVID-19=coronavirus disease;
SOFA=sequential organ failure assessment.
Clinical characteristics of the study population, stratified by clinical outcome at Day 60 after the start of mechanical ventilation. Values are n (%)
or median (interquartile range).
*Systemic antibiotic exposure in the 30 d before ICU admission at the study center.
†Defined according to the 2020 European Confederation of Medical Mycology and the International Society for Human and Animal Mycology
consensus definition.
‡Calculated with the day of intubation as Day 0.

ORIGINAL ARTICLE

Kullberg, de Brabander, Boers, et al.: Lung Microbiota in COVID-19–related ARDS 849



spread in bacterial and fungal DNA burden,
ranging from comparable to negative
controls to 1,000-fold greater than
background, and confirmed that BAL
samples contained significantly more
bacterial and fungal DNA than negative
experimental controls (Figure E3).
Although some overlap in community
composition was found, there was a
detectable and statistically significant
difference between BAL samples and
negative controls (P=0.0001) (Figure E3).
Consequently, although several taxa were
detected in both sample types (e.g.,
Massilia, Ralstonia, and Pseudarthrobacter
spp.), the bacteria identified in BAL samples
collectively differed from those in negative
controls (Figure E3F). BAL samples
contained a greater microbial signal and a
microbiome distinct from negative
experimental controls, despite some overlap
and potential contamination.

Lung Bacterial and Fungal Burden Are
Associated with Clinical Outcomes
of COVID-19–related ARDS
We first asked whether earlier-described key
features of the lung microbiome (bacterial
and fungal burden and a-diversity) were
associated with nonresolving ARDS in
COVID-19. In competing risk analysis, using
the first available BAL sample per patient
(n=114), an increasing bacterial burden was
associated with a lower incidence of
extubation (per log10 increase in bacterial
burden, subdistribution hazard ratio [SHR],
0.64 [95% confidence interval (CI),
0.42–0.97]; P=0.034) (Figure 1A). The
cause-specific hazard ratio for mortality
was 1.36 (95% CI, 1.06–1.75; P=0.016)
(Table E3) and for extubation, 0.79 (95% CI,
0.51–1.23; P=0.30), suggesting an indirect
effect of the strong association between the
bacterial burden and the competing event
(mortality) on the SHR for extubation. In
other words, patients with an increased
bacterial burden might have a lower hazard
of extubation because deceased patients
cannot be successfully extubated and hence
have a “lower chance” of extubation.

To align with previous studies (12–14),
we split bacterial burden into tertiles (low,
intermediate, and high) and compared the
incidence of extubation and mortality.
Patients in the highest bacterial burden tertile
were significantly less likely to be extubated
and alive than with patients in the lowest
tertile (SHR, 0.46 [95% CI, 0.21–0.98];
P=0.045) (Figure 1A).

Likewise, patients with a higher fungal
DNA burden were less likely to be liberated
frommechanical ventilation, either when
analyzed continuously (SHR, 0.59 [95% CI,
0.42–0.83]; P=0.0027) or when comparing
tertiles of fungal DNA burden (SHR, 0.34
[95% CI, 0.16–0.72]; P=0.0048 for lowest vs.
highest burden) (Figure 1B). The cause-
specific hazard ratio for extubation was 0.64
(95% CI, 0.45–0.90; P=0.012) (Table E3) and
for mortality, 1.14 (95% CI, 0.92–1.41;
P=0.24). We found no significant association
between lung bacterial diversity and our
primary clinical outcome (Figure 1C).

After adjustment for potential
confounders (age, sex, body mass index, BAL
bacterial culture result, presence of proven or
probable CAPA, severity of illness, and
antifungal and antibiotic exposure) in
multivariable analysis, higher bacterial and
fungal burden (per log10 increase) remained
independently associated with a lower
incidence of extubation (SHR, 0.56 [95% CI,
0.36–0.88]; P=0.011 for bacterial burden;
SHR, 0.56 [95% CI, 0.38–0.84]; P=0.0051 for
fungal burden) (Table E4).

Two sensitivity analyses were performed
to test particular assumptions of above-
described models. First, adjudication of
clinical outcomes at 60 days after sample
collection (instead of 60 days after
intubation) to account for immortal time
bias yielded similar associations between
higher bacterial and fungal burden and a
lower chance of extubation (SHR, 0.64
[95% CI, 0.43–0.95]; P=0.026 for bacterial
burden; SHR, 0.74 [95% CI, 0.57–0.96];
P=0.024 for fungal burden) (Figure E4).
Second, when we extended our follow-up
and assessed clinical outcomes at 90 days
after sample collection, similar effect
estimates were found (SHR, 0.63 [95% CI,
0.42–0.93]; P=0.021 for bacterial burden;
SHR, 0.72 [95% CI, 0.52–0.98]; P=0.036 for
fungal burden) (Figure E5).

Lung Microbiota Community
Composition Is Associated with
Successful Extubation in
COVID-19–related ARDS
We next asked if community composition of
lung bacterial microbiota differed between
patients who were extubated and those
deceased or still intubated by Day 60.When
visualizing microbial composition of the first
available BAL sample per patient (n=114) by
principal coordinate analysis, we observed
wide variation in composition and some
overlap between outcome groups. However,

there was a small difference in community
composition between outcome groups,
which was confirmed statistically via
permutation (P=0.0045) (Figure 2A and
Figure E6A) and remained significant when
adjusted for potential confounders
(P=0.033). Outcome assessment at 60 and
90 days after sample collection did not
meaningfully impact these results (Figures
E6B and E6C).

Notably, a significant association
between the bacterial burden and b-diversity
(P=0.003) was found, which indicates that
variation in community composition is
linked to differences in total bacterial burden.
However, the relation between community
composition and successful extubation
remained significant when adjusted for the
bacterial burden (P=0.043). We thus
concluded that lung microbiota community
composition was associated with successful
extubation in COVID-19–related ARDS,
although sequencing contamination could
have influenced these differences.

To identify individual bacterial taxa
associated with successful extubation, biplot
and rank abundance analyses were used. In
contrast to earlier studies in critically ill
patients in the ICU with and without
COVID-19 (11, 12, 15, 23), differences in
community composition were not driven by
pathogenic or gut- or oral-associated bacteria
(Figures 2B and 2C). Bacterial genera that
discriminated between outcome groups
(identified by random forest analyses)
differed from the bacteria observed in biplot
analysis (Figures E7A and E7B). Moreover, a
DESeq2 model detected only Porphyromonas
as a differentially abundant genus between
outcome groups that was also identified by
random forest analyses (Figure E7C).
Because no other bacterial taxa were
consistently identified by these different
approaches and the detection of
Porphyromonas did not correlate with the
liberation of mechanical ventilation
(Figure E7D), we concluded that no
individual bacterial genera were definitively
associated with successful extubation.

Lung Microbiota Alterations
Correspond with Secondary
Pulmonary Infections
The pathogenesis of pneumonia involves
lung microbiome dysbiosis, characterized by
increased microbial burden, pathogen
overgrowth, and inflammation (35, 36).
Therefore, we aimed to verify if secondary
bacterial and fungal infections were
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associated with a higher bacterial and fungal
burden, respectively, and asked whether
bacterial pneumonia was associated with
elevated relative abundances of the causative
pathogens in BAL fluid (n=163 samples).
An overview of bacterial culture results is
depicted in Figure E8.

Secondary bacterial pneumonia was
associated with a higher lung bacterial
burden than in patients with a negative
BAL culture (Figure 3A). The bacterial
burden of patients with a culture positive

for (nonpathogenic) oral bacteria was
increased as well. In other words,
bacterial growth (>104 CFU/ml) in
conventional BAL cultures reflected
higher bacterial counts, irrespective of
the type of bacteria present (either
pathogenic or normal respiratory
bacteria). Although we observed overlap
in fungal burden between patients with
and without proven or probable CAPA,
fungal burden of patients with CAPA
was significantly increased (Figure 3B).

Next, we evaluated if causative
pathogens in BAL could be identified
using 16S rRNA gene sequencing. For the
three most common pathogens in our
cohort (Staphylococcus aureus, Klebsiella,
and Serratia spp. [Figure E8]), we
compared their relative abundance in BAL
between patients with microbiological
diagnosis of these pathogens and patients
negative for these pathogens. Patients with
a confirmed secondary pneumonia caused
by S. aureus, Klebsiella, or Serratia spp.
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harbored higher lung relative abundances
of Staphylococcus (P = 0.005), Klebsiella
(P, 0.0001), and Serratia spp.
(P, 0.0001), respectively, than those with
none or other causative pathogens
(Figure 3C). These findings indicate that
lung microbiota alterations correspond
with secondary pulmonary infections.

Lung Bacterial and Fungal Burden Are
Correlated with Alveolar Inflammatory
Cytokine Responses
Having determined that lung bacterial and
fungal burden are associated with clinical

outcomes of COVID-19–related ARDS, we
sought to determine whether these burdens
are correlated with alveolar cytokine
responses, as measured in both initial and
follow-up samples. Twenty-five out of 63
(39.7%) measured biomarkers were
associated with lung bacterial burden, and
35 out of 63 (55.6%) with fungal burden
(Figure E9). Next, we focused on cytokines
that serve as markers of (alveolar)
inflammation in ARDS or COVID-19
(10, 37–40). A higher bacterial DNA burden
in BAL samples was correlated with
increased alveolar concentrations of the

proinflammatory cytokines TNF-a (tumor
necrosis factor-a), IL-6, IL-1b and TGF-a
(transforming growth factor-a) (Figure 4A).
Moreover, the fungal burden was positively
correlated with alveolar concentrations of
proinflammatory cytokines (TNF-a and
TGF-a) and ILs involved in the antifungal
response (IL-12p70 and IL-17A) (Figure 4B).

Discussion

In this observational cohort study of
mechanically ventilated patients with
COVID-19, we found that patients with an
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increased lung bacterial and fungal burden
had a lower incidence of liberation from
invasive mechanical ventilation and higher
mortality. The bacterial and fungal burdens
were correlated with alveolar proinflammatory
cytokines and lung microbiota community
composition was associated with successful
extubation. Our findings suggest that lung

microbiota are related to nonresolving ARDS
in COVID-19, and represent an important
contributor to heterogeneity in clinical
outcomes of COVID-19–related ARDS.

The present study validates earlier
studies in ARDS and COVID-19, as an
increased pulmonary bacterial burden has
been associated with fewer ventilator-free

days and higher mortality (12, 17, 23).
Although the importance of pulmonary
bacterial burden has now been
demonstrated across cohorts irrespective of
regional and temporal differences, this is
the first study to demonstrate that a higher
pulmonary fungal burden is also associated
with alveolar inflammation and
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nonresolving ARDS, highlighting the
clinical relevance of fungal lung microbiota.

Lung microbiota alterations might
affect host immune responses and increase
alveolar inflammation, independent of acute
infections (15–17). For example, lung
microbiota composition is linked with
variation in TNF-a, and microbial factors
may activate inflammasomes resulting in
IL-1b release (11, 39, 41). Supporting this
immunomodulatory role of lung microbiota,
we indeed found that lung bacterial and
fungal burden correlated with cytokines
involved in inflammasome activation and
markers of alveolar inflammation (e.g.,
TNF-a, IL-6, and IL-1b) that have been
implicated in ARDS development and are
important features of severe COVID-19
(6, 37–40). Although our findings suggest
that changes in the abundance of lung
microbiota are linked to alveolar
inflammation, lung injury in turn alters the
lung microbiome (42). Lung microbiota
could thus also be an innocent bystander in
the pathogenesis of COVID-19–related
ARDS. Moreover, the lower incidence
(i.e., SHR) of extubation in patients with an
increased bacterial burden in this study could

be influenced by their higher risk of
mortality because the SHR includes both
patients without any event and those who
had the competing event (43, 44).
Nevertheless, our study is the first to
reveal that the pulmonary fungal burden is
associated with clinical outcomes of
COVID-19–associated ARDS, and we
confirm the role of bacterial lung
microbiota dysbiosis in ARDS and
COVID-19 (11, 12, 15, 17, 23).

We found that lungmicrobiota
alterations correspond with secondary
bacterial pulmonary infections (defined as a
positive microbiologic BAL culture). Yet, the
association between lung bacterial burden and
clinical outcomes remained significant when
controlled for several potential confounders,
including the presence of secondary bacterial
pneumonia and antibiotic exposure. Similarly,
the fungal burden was associated with clinical
outcomes independent of the presence of
CAPA, which accentuates the difficulties
associated with classifying aspergillosis
(45, 46). Furthermore, these findings suggest
that culture-independent techniques can be
used to identify clinically relevant bacteria in
BAL samples. Conventional microbiologic

cultures take up to 48–72 hours and often fail
to identify causative pathogens. Novel
sequencing-based tests could help overcome
these challenges (36, 47).

This study has several shortcomings.
First, although clinical outcomes in our
cohort were roughly comparable to others
(48), the extremes of disease severity could
have been underrepresented; the most
critically ill patients conceivably could not
undergo bronchoscopy safely, and patients
with mild disease were extubated before
sampling. This is reflected in the mortality
rate of this cohort, which is higher
than anticipated for an unselected ICU
population (49). Consequently, our findings
provide insights into host-microbiota
interactions in COVID-19–associated ARDS,
rather than offering a model to predict
clinical outcomes. Second, we used cell-free
BAL fluid, thereby selectively excluding cell-
associated bacteria and reducing the
microbial burden (50). Although the
microbial signal in our samples was distinct
from negative control specimens, we found
some overlap with these negative controls,
suggesting potential contamination. Third,
16S rRNA gene sequencing provides limited
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taxonomic resolution at species level and no
insight in nonbacterial communities. Using
metagenomic sequencing could reveal which
fungi are responsible for differences in fungal
burden and provide improved
characterization of bacteria involved in
secondary pulmonary infections. Finally,
although the relation between clinical
outcomes and lung microbiota remained
significant in multivariable models that
controlled for confounders, residual
confounding cannot be excluded. Moreover,
owing to the observational design of our
study, we could not establish a causal
relation. It thus remains to be determined by
which mechanism lung microbiota affect
clinical outcomes and how this knowledge
could be used as a therapeutic target in
COVID-19–related ARDS.

In conclusion, critically ill patients with
COVID-19 with increased lung bacterial and
fungal burden had higher mortality and
lower incidences of liberation from
invasive mechanical ventilation. Lung
microbiota are related to nonresolving

ARDS in COVID-19 and represent an
important contributor to heterogeneity in
COVID-19–related ARDS.�
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