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Abstract 

Objetives To ascertain the role of the lung microbiome in the development of severe pneumonia and its potential 
as a biomarker for disease progression.

Methods BAL samples from 34 adults with severe community-acquired pneumonia (CAP) (17 viral, 8 viral coinfected 
with bacteria and 9 bacterial) admitted to the ICU for acute respiratory failure between 2019 and 2021 were collected 
within the first 48 h of admission to the ICU. The microbiome was characterized via the Ion 16S Metagenomics Kit 
and the Ion Torrent sequencing platform. Clinical factors, including survival, mechanical ventilation duration, blood 
biomarkers and organ failure in terms of acute respiratory distress syndrome (ARDS), shock or acute renal failure, were 
correlated with microbiome characteristics.

Results The microbiome diversity in patients with viral pneumonia was significantly greater than that in patients 
with bacterial or coinfected pneumonia: the Shannon diversity index was 3.75 (Q1–Q3: 2.5–4.1) versus 0.4 (Q1–
Q3: 0.2–1.3) and 0.48 (Q1–Q3: 0.3–1.1), respectively (p < 0.05). The microbiome diversity index was associated 
with severity-of-illness (APACHE II), independent of the etiology of pneumonia (B coefficient -1.845; p < 0.01). Patients 
with severe viral CAP who developed ARDS had a lower presence of Proteobacteria, and those who were compli-
cated with ventilator-associated pneumonia had a higher prevalence of Acinetobacter at admission. The mortality 
of patients with bacterial or coinfected pneumonia was 35%. In coinfected patients, the diversity index was associated 
with the development of shock.

Conclusion Patients with severe CAP have low respiratory microbiome diversity, indicating that respiratory microbi-
ome diversity is a potential biomarker of disease severity.
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Introduction
Community-acquired pneumonia (CAP) remains a pub-
lic health issue with a high clinical burden. Severe cases 
require hospitalization and admission to intensive care 
units (ICUs), with a mortality rate reaching approxi-
mately 25% of patients receiving mechanical ventilation 
[1]. Despite the optimization of antimicrobial therapy 
and support measures, mortality and morbidity due to 
CAP continue to be very high, and new approaches in 
respiratory therapy are being developed to improve the 
outcomes of complicated pneumonia [2].

With the development of culture-independent tech-
niques, many microorganisms have been demonstrated 
to coexist in the lungs of healthy individuals, constitut-
ing the lung microbiome. Research on the lung micro-
biome has improved our understanding of respiratory 
diseases, showing that the interactions of the lung micro-
biota with the host, as well as dysbiosis, likely play a key 
role in chronic inflammatory respiratory diseases such 
as chronic obstructive pulmonary disease (COPD) or 
asthma and in patients who undergo mechanical ventila-
tion [3, 4]. However, few studies have focused on the lung 
microbiome in CAP, probably due to the great challenge 
of obtaining a representative sample of the lung micro-
biota (noncontaminated with upper respiratory tract 
microorganisms) [5] and the need for techniques capable 
of studying the microbiome in samples with a very low 
bacterial load [6].

Our group recently reported a study on the lung micro-
biome at admission in critically ill patients with severe 
CAP [7]. In that study, the diversity of the respiratory 
microbiome among patients with pneumococcal pneu-
monia was lower than that among patients with severe 
viral pneumonia. The microbiome of control patients 
without pneumonia was also evaluated, revealing high 
diversity, with a predominance of Proteobacteria, Fir-
micutes and Actinobacteria, as has been shown in other 
studies [8, 9].

To date, few studies have correlated the respiratory 
tract microbiome at admission with disease severity in 
patients with severe CAP. An association between the 
increase in alpha diversity and the presence of the fami-
lies Prevotellaceae and Actinomycetaceae with clinical 
improvements has been shown [10]. Additionally, signifi-
cant differences in the microbial composition between 
patients with or without lower respiratory tract infec-
tions, with Klebsiella pneumoniae and Bacillus cereus as 
potential biomarkers to predict the risk of low respiratory 
tract infection progress, have been described [11].

The main objective of this study was to analyze whether 
there is a relationship between the distribution of the 
lung microbiota and the severity of community-acquired 
pneumonia. A secondary objective was to analyze the 

relationship between microbiome composition and the 
development of organ dysfunction. Our hypothesis was 
that alterations in the lung microbiota are correlated with 
the severity of CAP and the onset of organ failure.

Methods
Ethics and consent to participate
The study was approved by the regional (Gipuzkoa) Eth-
ics Committee, reference MOZ-NBI-2017–01. Written 
informed consent to be included in the study was given 
by patients or their legal representatives. All the experi-
ments were performed in accordance with the relevant 
guidelines and regulations.

Patient population
Between January 2019 and May 2021, adult patients with 
severe CAP admitted to the ICU were prospectively 
enrolled in the study. The inclusion criteria were as fol-
lows: 1) adult patients admitted with clinical and radio-
logical criteria for severe CAP; 2) bronchoalveolar (BAL) 
samples collected in the first 24 h after admission to the 
ICU; and 3) no antibiotic treatment for more than 48 h. 
Pulmonary samples were collected from all patients via 
a protected mini-BAL system (Combicath™ Plastimed, 
France), with the exception of 5, which were collected via 
a nonprotected BAL system. In this study, three groups of 
patients, on the basis of the etiology of pneumonia, were 
defined: 1) patients with viral pneumonia, 2) patients 
with bacterial pneumonia and 3) patients with pneumo-
nia infected with a virus and a bacterium (referred to in 
this study as “coinfected”).

The following clinical data were prospectively recorded: 
demographic characteristics; severity at admission meas-
ured by the APACHE II and SOFA scores during the first 
24 h; and outcome variables, mainly the development of 
organ failure, such as adult respiratory distress syndrome 
(ARDS), acute renal failure (ARF) and shock; and hospi-
tal and ICU stays and mortality. To evaluate ventilator 
dependence, ventilator-free days during the first 28 days 
after ICU admission were measured [12].

Blood parameters were recorded at admission and 48 h 
later. Leukocytes, the percentage of neutrophils, lympho-
cytes, C-reactive protein (CRP) (at admission and peak) 
and procalcitonin (PCT) (at admission and peak) were 
measured as inflammatory biomarkers in all patients. 
Lactate, creatinine, urea, T-troponin and pro-BNP 
(b-type natriuretic peptide) levels were also analyzed.

Microbiological procedures
The microbiological diagnosis of pneumonia was per-
formed via routine, well-established techniques: blood-
cultures (BD BACTEC™  blood culture systems), urine 
antigen test for Streptococcus pneumoniae and Legionella 
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pneumophila detection (Sofia FIA® Quidel Corporation, 
San Diego, CA, USA), qRT-PCR targeting viral respira-
tory pathogens (Allplex™ Respiratory Panels 1, 2 and 3, 
Seegene, South Korea), PCR of a pharyngeal swab for 
other less frequent bacterial pathogens (Mycoplasma 
pneumoniae and Chlamydophila pneumoniae, CerT-
est Biotec SL, Spain). The diagnosis of SARS-CoV-2 
pneumonia had been commonly done some days before 
admission using commercial RT-PCR on nasopharyn-
geal swabs (Allplex™ SARS-CoV-2 assay, Seegene, South 
Korea).

The analysis of the lung microbiome was determined 
via direct or nested PCRs if necessary using the Ion 
16S Metagenomics Kit (Thermo Fisher Scientific) from 
nucleic acids extracted from mini-BALs as previously 
detailed [7]. The resulting PCR products of all the varia-
ble regions of the 16S rRNA gene were sequenced via the 
Ion Plus Fragment Library Kit, and the consensus data 
were analyzed via Ion Reporter software 5.18.2. Alpha 
diversity was calculated via the Shannon and Simpson 
diversity indices. The bacterial load was quantified via 
real-time PCR using primers and PCR conditions as 
described previously [13].

The results of metagenomic analysis were not taken 
into account for the management of patients in this study 
since it was performed retrospectively on frozen BAL 
samples originally collected for the etiological study of 
pneumonia.

Statistics
The normality assumption was evaluated via skewness 
and kurtosis coefficients, graphical methods, and the 
Kolmogorov‒Smirnov and Shapiro‒Wilk tests. Continu-
ous variables are described with the means and stand-
ard deviations or with the median and 25th (Q1) or 75th 
(Q3) percentiles, regardless of their parametric distri-
butions. Categorical variables are described as percent-
ages. To compare means, Student’s t test and ANOVA 
were used in the case of normality, and the Mann‒
Whitney and Kruskal‒Wallis U tests were used other-
wise. To compare proportions, the chi-square test and 
Fisher’s exact test were used. Differences in mechanical 
ventilation dependence were analyzed via the Kaplan–
Meier test and the log rank test. To analyze the effects 
of microbiome diversity and other prognostic factors on 
severity and evolution, multiple linear regression was 
used. Considering the APACHE II score as the final out-
come, with an expected mean score of 19.6 (SD: 5.8) at 
the 95% confidence level and a relative precision of 10%, 
the sample size should be 34.

The significance threshold was 0.05. All analyses were 
performed via IBM SPSS 29.0 software.

Results
Forty-five critically ill patients admitted with severe CAP 
were eligible. Eight patients were excluded because they 
had been treated with antibiotics for more than 2  days, 
and 3 patients were excluded because they had fewer 
than 10,000 reads in the sample. Finally, a total of 34 
critically ill patients with SCAP with known etiologies 
were included in the study (Table 1). Three patients were 
immunosuppressed: two due to chronic lymphocytic 
leukemia and one due to kidney transplantation. Viral 
pneumonia was diagnosed in 17 patients: 8 with SARS-
CoV-2, 5 with influenza virus, 3 with rhinovirus and 1 
with respiratory syncytial virus (RSV). Nine patients had 
bacterial pneumonia: Streptococcus pneumoniae was the 
most common pathogen (n = 5), followed by Legionella 
pneumophila (n = 2), Haemophilus influenzae (n = 1) and 
Klebsiella pneumoniae (n = 1). Eight patients had coin-
fected (viral and bacterial) pneumonia (Table 2).

The bacterial load was similar in the BAL samples of 
patients with viral, coinfected or bacterial pneumonia 
(p = 0.146). However, the diversity of the microbiome 
of patients with bacterial or coinfected pneumonia was 
lower than that of patients with viral pneumonia (Fig. 1).

The most abundant phylum associated with viral 
pneumonia was Proteobacteria (median 41.6%, Q1‒
Q3: 31‒51.4%), followed by Firmicutes (21%, Q1‒Q3: 
10‒47.1%), Actinobacteria (16.1%, Q1‒Q3: 10.7‒28.2%) 
and Bacteroidetes (4.4%, Q1‒Q3: 3.3‒12.15%). In patients 
with viral pneumonia, at the genus level, within the phy-
lum Proteobacteria, Haemophilus stands out, with the 
absence of Enterobacteriaceae. In critically ill patients 
with bacterial or coinfected pneumonia, the main phy-
lum detected in the lung microbiome was Firmicutes in 
the case of pneumococcal SCAP and Proteobacteria in 
patients with SCAP due to Haemophilus, Legionella or 
Klebsiella, independent of viral coinfection.

Inflammatory biomarkers measured at ICU admis-
sion revealed higher levels of CRP and PCT in patients 
with bacterial and coinfected pneumonia than in patients 
with viral pneumonia (Table  3). The same was true for 
the lactate and creatinine levels at admission. No dif-
ferences were observed in the remaining analytical 
determinations.

The variables associated with severity at admission, 
as measured by the APACHE II score, were evaluated 
via multivariate linear regression analysis. The Shannon 
diversity index and lactate levels at admission were the 
only variables associated with the APACHE II score at 
admission (Table 4).

The median ICU stay was 11 days (Q1‒Q3: 7.75‒29.25), 
and the ICU mortality rate was 23.5%. The crude mortal-
ity rate was 35.3% for bacteria compared with only 11.8% 
for viral isolates, although this difference did not reach 
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statistical significance. When assessing mechanical venti-
lator dependence, a Kaplan‒Meier survival curve (Fig. 2) 
revealed that the etiology of CAP (viral, bacterial or 
coinfected) was the main factor associated with ventila-
tor dependence that was not affected by the microbiome 
composition.

Viral pneumonia
The microbiome composition of patients with viral pneu-
monia influences the severity of the disease, including its 
evolution to organ failure, complications and outcomes. 
Seventeen patients had viral pneumonia, of whom 9 
(53%) developed ARF, 8 (47%) developed ARDS, and 5 
(29%) developed shock. An analysis of the lung micro-
biome composition in patients with ARDS revealed that 
the phyla Bacteroidetes and Firmicutes predominated, 
whereas the phylum Proteobacteria, with Haemophilus 
being the most prevalent genus, was the most frequent 

phylum in patients who did not develop ARDS (Fig.  3). 
Among patients who developed shock, a greater per-
centage of Bacteroidetes during evolution was detected: 
8.5% (Q1-Q3: 6.75%−14.7%) vs 3.6% (Q1-Q3: 2.9%−4.4%, 
p < 0.05). No difference at the phylum level was observed 
in patients with or without ARF.

A total of 35.3% of the patients with viral pneumonia 
developed ventilator-associated pneumonia (VAP). A 
significantly greater percentage of Acinetobacter was 
detected in the respiratory microbiome of patients with 
viral pneumonia and VAP at ICU admission: 9.5% (Q1-
Q3: 6.6%−15.5%) vs 3.2% (Q1-Q3: 2.9%−4.4%).

Bacterial infection or coinfected pneumonia
Of the 9 patients with bacterial pneumonia, 2 devel-
oped ARDS, 6 developed shock, and 6 developed ARF. 
No difference in microbiome composition was observed 
between those who experienced organ dysfunction and 
those who did not.

Among the 8 coinfected pneumonia patients, 4 devel-
oped ARDS, 5 developed shock, and 7 developed ARF. 
The diversity of the microbiome measured by the Simp-
son or Shannon index was lower in patients who were 
complicated with shock (p = 0.036).

Mortality analysis
Two patients with viral pneumonia died, both of whom 
had influenza pneumonia, longer than one month after 
admission. Six patients with bacterial or coinfected 
pneumonia died, 4 of whom died within the first 24  h 
of ICU admission. Three had fulminant evolution with 

Table 1 Demographics and outcomes of 34 critically ill patients admitted to the ICU due to SCAP

1 Median. In brackets, percentiles (Q1–Q3)
2 ID Immunodepression
3 COPD Chronic obstructive pulmonary disease
4 ARDS acute respiratory distress syndrome
5 ARF acute renal failure

Viral
(n = 17)

Bacterial
(n = 9)

Coinfected
(n = 8)

Age (years) 66 (51.5—70)1 65 (50.5 −70) 68 (59.5 −73)

Sex (male) 76.5% 44.4% 87.1%

APACHE II 15 (11.5—18.5) 25 (19.5—31) 24.5 (16.5—27.5)

SOFA 7 (4—8) 9 (7—11.5) 8 (4.5—9.75)

ID2 (%) 0 11,1 25

COPD3 (%) 23,5 33,3 12,5

ARDS4 (%) 47.1 22.2 50

ARF5 (%) 52.9 66.7 87.5

Shock (%) 29.4 66.7 62.5

ICU length of stay (days) 11 (8.5—35.5) 8 (2—22) 16.5 (11—23)

Hospital length of stay (days) 9 (7—15) 7 (6 – 14) 4 (3—16.5)

Mortality: n (%) 2 (11.8%) 3 (33.3%) 3 (37.5%)

Table 2 Etiology of viral SCAP episodes coinfected with bacteria

Viral etiology Coinfecting bacteria

Coinfection 1 RSV H. influenzae

Coinfection 2 Influenza AH3 Streptococcus pyogenes

Coinfection 3 RSV S. pneumoniae

Coinfection 4 Influenza AH1 S. pneumoniae

Coinfection 5 Metapneumovirus S. pneumoniae

Coinfection 6 Influenza AH1 S. pneumoniae

Coinfection 7 Influenza AH1 S. pneumoniae

Coinfection 8 Influenza AH1 S. pneumoniae
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multiorgan failure. One patient had Legionella pneu-
monia and was treated with cephalosporins before ICU 
admission. The microbiome analysis revealed a 99.9% 
predominance of Legionella, with a Shannon diversity 
index of 0.02. The second was a male with influenza H3 
virus pneumonia coinfected with Streptococcus pyo-
genes who developed multiorgan failure. According to 
the microbiome analysis, 99.9% of the reads belonged 
to Streptococcus, with a Shannon diversity index of 0.01. 

The third was a frail female with pneumococcal pneu-
monia and suspicion of aspiration who developed ful-
minant multiorgan failure. In the microbiome analysis, 
a predominance of Enterobacteriaceae and 23% Strep-
tococcus were documented (46% and 46%, respectively). 
The fourth patient had pneumococcal meningitis in addi-
tion to pneumococcal pneumonia and died encephali-
cally within 24 h of evolution. The lung microbiome was 
more diverse than those of the previous three groups. 

Fig. 1 a Shannon diversity index in patients with viral, bacterial or coinfected pneumonia. b Simpson diversity index in patients with viral, bacterial 
or coinfected pneumonia. * p < 0.05 compared with the diversity of the microbiome of patients with bacterial or coinfected pneumonia
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The other two patients who died also had more than 90% 
reads due to the etiologic pathogen (Table S1).

Among the 5 patients whose lung microbiome con-
tained more than 1% Bacteroidetes with Prevotella 
predominance at the genus level, only one died due to 
pneumococcal meningitis with a diverse pulmonary 
microbiome. The other four survived, although one 
developed multiorgan failure.

Discussion
This study adds new support  to the hypothesis that 
there is a relationship between the severity of CAP  and 
microbiome diversity. Our study supports different mod-
els of CAP depending on the viral or bacterial etiology. 

Table 3 Univariate analysis of blood parameters, the lung bacterial load and the etiology of pneumonia

1 p: ANOVA test for the 3 groups
2 CRP C-reactive protein
3 In brackets, the percentiles Q1–Q3

Viral
Pneumonia

Bacterial
pneumonia

Coinfected (viral-bacterial) 
pneumonia

p1

CRP2 (peak) (mg/L) 77.1 (43.2 −195.4)3 361.4 (264.95—559.2) 438.1 (287.6—489.15) < 0.01

Procalcitonin (ng/L) 0.32 (0.15 −0.95) 8.53(1.83—46.6) 15 (8.4—65) < 0.01

Lactate (mmol/L) 1.4 (1.05—1.8) 2.3 (1.63—10.9) 3.85 (2.3—5.95) < 0.01

Leukocytes (per mL) 7360 (5375—12285) 15730 (4520—30510) 12160 (4917—17882) 0.34

Creatinine (mg/dL) 0.8 (0.67—1.33) 1.43 (0.84—2.7) 2.3 (1.5—5.74) < 0.01

Bacterial load (cfu/mL) 1351 (305.2—7940.4) 22452 (719—85254) 5465 (597.6—25018.7) 0.204

Table 4 Multivariate regression analysis of the inflammatory and 
respiratory tract microbiome variables associated with severity at 
admission measured by the APACHE II score

Univariate analysis Multivariate 
analysis

B coefficient P B coefficient P

CRP max - 0.04 0.526 -

PCT max 0.008 0.519 -

Shannon diversity index - 1.423 0.155 −1.845 0.014

Lactate levels 0.914 0.015 0.940 0.009

Fig. 2 Kaplan‒Meier CAP etiology and mechanical ventilator dependence
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However, independent of the etiology of pneumonia and 
host inflammation, the diversity of the microbiome com-
position was by itself a marker of severity at admission.

In a recent study, an association between the alpha 
diversity of the lung microbiome and the outcomes of 
critically ill patients with ARDS due to influenza virus 
was found, suggesting a potential correlation between 
microbial diversity and outcome [14]. Moreover, patients 
with viral pneumonia also had less ventilator dependency 
than patients with bacterial or coinfected pneumonia did.

The lung microbiome of patients with viral pneumonia 
shows an overgrowth of Firmicutes and Proteobacteria, 
characteristic of lung dysbiosis [15]. In patients with viral 
pneumonia who developed ARDS, a predominance of 
Firmicutes and Bacteroidetes and a lower proportion of 
Proteobacteria, mainly Haemophilus with an absence of 
Enterobacteriaceae, were demonstrated. A recent study 
analyzed the microbiome composition of critically ill 
patients with ARDS and revealed that it was associated 
with a predominance of Proteobacteria [16]. However, 
the main taxon within Proteobacteria was Enterobacte-
riaceae, suggesting that the lung microbiome of patients 
with ARDS was enriched with gut-associated bacteria. 
This cohort of patients nevertheless had a different pro-
file from those included in our study, as they were criti-
cally ill patients with different etiologies, and only 30% of 
them had pneumonia.

A greater presence of Acinetobacter in patients with 
viral pneumonia was observed in patients who developed 

ventilator-associated pneumonia. Acinetobacter is not 
a common genus in the healthy respiratory tract micro-
biome [17] and is a worrisome antibiotic-resistant bac-
teria [18, 19]. The presence of Acinetobacter suggests an 
altered equilibrium of the respiratory microbiome, which 
results in complications such as ventilator-associated 
pneumonia due to a state of dysbiosis, as has been pro-
posed [20]. Viral pathogens can alter the lung microbiota, 
and a predominance of Acinetobacter has been demon-
strated in the lung microbiome of patients with influenza 
infection complicated with ARDS who died [14].

Patients with bacterial and coinfected pneumonia had 
very low microbiome diversity, a lower abundance of dif-
ferent taxa and a microbiome composition that shifted 
toward the pathogenic bacterium. In a cohort of patients 
with Legionella CAP, invasive mechanical ventilation was 
associated with a lower diversity index and a predomi-
nance of pathogenic bacteria [21].

A greater severity of pneumonia has been documented 
in patients with viral infection coinfected with bacteria. 
In fact, bacterial coinfection has been associated with 
high mortality rates in patients with viral pneumonia 
despite the administration of adequate antibiotics [22–
24]. In this study, the crude mortality ratio of patients 
with coinfected pneumonia was 37%, which was higher 
than the mortality of patients with viral pneumonia 
(11%). These differences are clinically relevant and related 
to the ability of viral infection to favor invasive bacterial 
disease [22, 25, 26]. Recent microbiome studies suggest 

Fig. 3 Distribution of the most prevalent phyla in the lung microbiome of patients with or without ARDS at admission
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a dysregulated immune response after a respiratory viral 
infection that might lead to the development of second-
ary bacterial [27, 28] or fungal infections [29].

Prevotella have been associated with improved pneu-
monia outcomes, and they activate several immune 
defense pathways in the lower airway [10, 30]. In our 
study, most patients with more than 1% of reads with 
Prevotella survived, suggesting that their presence 
improves the prognosis of patients with CAP.

This study has several limitations. First, this was a sin-
gle-center study with a low number of patients included, 
which affects the statistical power of the analysis and the 
generalizability of the results. SCAP is a medical emer-
gency, so antibiotic therapy cannot be delayed, and most 
patients have already received at least one dose of antibi-
otic therapy before being admitted to the ICU. Therefore, 
the main reason for the low number of included patients 
was the exclusion of a significant number of patients who 
had already received antibiotic therapy longer than 48 h 
before recruitment. Second, although a limit of 48  h of 
antibiotic therapy was used not to cause significant alter-
ations in the lung microbiome, some of these patients 
had already been exposed, which could have altered the 
lung microbiome composition at admission, such as the 
bacterial load of the respiratory samples. Finally, the cor-
relation between viral pneumonia alone and the sever-
ity of illness at admission represents a shortcoming, as 
patients are exposed to potential confounding factors.

In summary, patients with SCAP had lower lung 
microbiome diversity, positioning it as a potential  bio-
marker of disease severity. The degree of dysbiosis is dif-
ferent depending on the etiology of pneumonia, and the 
prevalence of some phyla can increase the vulnerability 
of patients to worse outcomes.
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