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INTRODUCTION

Severe COVID-19 cases are characterized by systemic 
hyperinflammation and immune dysfunction, leading to lung 
pathophysiological effects that include edema, endothelial and 
epithelial injuries, vasoconstriction, inflammation, and fibrosis [1]. 
An influx of neutrophils into the interstitium and bronchoalveolar 
space results in impairment of arterial oxygenation, which together 
with infection of alveolar macrophages by SARS-CoV, trigger the 
cytokine storm [2]. In the critical stage of COVID-19, cytokine 
storm contributes to vascular congestion, complement cascade 
activation, and over disseminated intravascular coagulation, 
having an extensive role in COVID-19 severity and mortality [3,4]. 

Hypoxia is aggravated, and invasive mechanical ventilation may be 
required for life maintenance. Under conditions of oxygen tension 
variation, alveolar ventilation, blood flow, and concentration 
of inflammatory cells, microbial growth conditions in the lung 
are directly affected [5,6]. Irregular innate immune response in 
acute lung injury and neutrophil recruitment can favor bacterial 
infections, which are also regulated by virulence factors [7]. 

Secondary bacterial infection during Intensive Care Unit (ICU) 
admission and use of invasive mechanical ventilation was reported 
in Influenza and Severe Acute Respiratory Syndrome (SARS). 
Data in literature pointed out coinfection or secondary bacterial 
pneumonia observed in 11% to 35% of individuals with laboratory-
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ABSTRACT
Obj jectives: Secondary bacterial and fungal infections are associated with respiratory viral infections and invasive 
mechanical ventilation. Microbiome influence on COVID-19 severity in patients admitted to intensive care units 
(ICU) remains poorly understood. This work described the lung microbiota of Brazilian COVID-19 patients and 
explored how microbial pathogens can contribute to Coronavirus disease 2019 clinical outcome.

Methods: Total DNA of bronchoalveolar lavage fluids from 21 Brazilian COVID-19 patients was extracted. All 
patients were positive RT-PCR and admitted to intensive care units in two Brazilian centers. For metagenomic 
analyses, sequenced reads were submitted to bioinformatic tools for taxonomic and functional inferences. 

Results: We identified respiratory, nosocomial, and opportunistic pathogens as prevalent bacteria in the lung, 
suggesting a dysbiosis process (microbial imbalance) in ICU COVID-19 patients. Microbial functional analyses 
showed metabolic pathways associated with virulence repertoire, such as biofilm production, secreted toxins, capsular 
polysaccharides, and iron acquisition. Microbial pathogens and their virulence mechanisms were associated with 
host immunological responses, and a cellular model suggesting how bacterial species could participate in COVID-19 
worsening was presented.

Conclusion: We explore how microbial species present in the lung could potentially modulate and aggravate the 
immunological processes of patients admitted to intensive care units, contributing to COVID-19 severity. 

Keywords: COVID-19; Respiratory tract infections; Metagenomics; Bacteria; Metabolism; Bioinformatics
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confirmed influenza [8]. Furthermore, Streptococcus pneumoniae  
and Staphylococcus aureus occurred in 35% and 28% of patients, 
respectively. In Canada, Chlamydophila pneumoniae or Mycoplasma 
pneumoniae were abundant in up to 30% of SARS patients [9]. 
In pulmonary and catheter-associated infections, A. baumannii, 
Klebsiella pneumoniae, and Enterococcus faecium are species frequently 
recovered from endotracheal tubes [10-12].

Bacterial infection was also identified in COVID-19 cases [13-
15]. Studies in the USA, China, Spain, and Thailand, showed 
secondary bacterial infection present in 14% of patients, with the 
occurrence of Streptococcus pneumoniae, Klebsiella pneumoniae, and 
Haemophilus influenzae within 1–4 days of COVID-19 disease onset 
[16,17]. According to Rawson et al. [18], the extensive use of broad-
spectrum antibiotics can predispose COVID-19 patients to acquire 
bacterial infections and increase multidrug resistance. 

In Brazil, one of the countries with the highest growth rate in the 
number of daily deaths and continuous spread of Sars-CoV-2, a 
recent study of composition data of 250,000 hospital admissions 
for COVID-19 revealed that in-hospital mortality among patients 
admitted to the ICU was 59% and among those who received 
mechanical ventilation was 80%, with patients aged ≥60 years 
remaining as the majority cases group [19]. Despite this, knowledge 
about colonizing species in patients infected with SARS-CoV-2, 
the prevalence of bacterial infection, and the mechanism of co- or 
secondary infection are still poorly understood. Advances on clinical 
microbiology have been expanded by metagenomic approaches 
that allow a full spectrum of host-microbiome by identifying species 
without the need for culture-based methods [20]. An investigation 
focused on bacterial microbiota in Brazilian SARS-CoV-2 cases 
was conducted in only one patient. The concise results showed 
the predominance of Lautropia, Prevotella, and Haemophilus genera. 
However, an in-depth work was not performed [21]. 

Here we performed a metagenomic study on 21 Brazilian 
COVID-19 patients to describe their microbiota and investigated 
the functional role of these species on the Coronavirus disease 
2019. The study aimed to bring to light how microbial pathogens 
could potentially contribute to the immunological responses 
characteristic of the disease and the clinical outcome of patients 
admitted to intensive care units.

MATERIALS AND METHODS

Study cohort and data collection 

The study included 21 COVID-19 patients admitted to Intensive 
Care Units (ICU) from two metropolitan cities from the Southeast 
Brazilian region (from Marcílio Dias Navy Hospital, Rio de 
Janeiro, and Eduardo Menezes Hospital, Minas Gerais). Samples 
were obtained in different periods of pandemic (from May 7 to 
September 17, 2020). Although more invasive and difficult to collect 
to the detriment of blood and gut samples, bronchoalveolar lavage 
fluids were selected to better reflect the pulmonary microbiota. 
SARS-CoV-2 patients were confirmed based on RT-PCR tests. 
The present study was conducted considering community-
acquired COVID-19 positive and symptomatic patients. Samples 
identification was modified to preserve the patient's anonymity. 
The Ethics Commission from Marcílio Dias Navy Hospital and 
Eduardo Menezes Hospital approved the present study (protocol 
number 32382820.3.0000.5256 and 31462820.3.0000.5149). 
Characteristics of the 21 patients were obtained from medical 
records and are summarized in Supplementary Table 1.

DNA extraction and sequencing

DNA from bronchoalveolar lavage fluids samples from hospitalized 
patients was extracted using standard manufacturer's protocols for 
the Qiagen QIAamp DNA Microbiome Kit (Qiagen, Germany). 
Metagenomic libraries were constructed using the Nextera DNA 
Flex Library Preparation Kit (Illumina, USA). Sequencing was 
performed in a NextSeq 500 System with a NextSeq 500/550 High 
Output Kit v2.5 (300 Cycles) (Illumina, USA).

Bioinformatics analysis

Sequencing files were submitted to MG-RAST (version 4.0.3) 
[22] for taxonomical and functional inferences. Sequences were
trimmed using default parameters, and human sequences were
removed by screening against Homo sapiens. Species were identified
from MG-RAST using RefSeq, and functional abundances were
obtained using the SEED subsystem database. For both analyses,
the Best Hit Classification criteria and alignment cutoff applied
included an e-value>10-5, a minimum identity of 60%, and a
minimum alignment of 15. Phyloseq R package was used to estimate 
the Shannon diversity index [23]. Comparative analyses were
conducted considering normalized data. Variations in sampling
depth were adjusted by random subsampling implemented in
Phyloseq R until all samples had the same library size. Microbiome
R package was applied to detect the core microbiome [24], using
as a cutoff criterion species that occurred in more than 75% of
patients. Correlation levels between most abundant enzymes and
species previously identified were done using the Corrplot R
package [25], applying Pearson method and FDR (false discovery
rate) adjusted-P<0.05 for statistical significance. Correlation scale
varied from -1 (negative correlation) to 1 (positive correlation).
Scatter plots were generated using ggplot2 R [26].

RESULTS

Clinical aspects of COVID-19 patients

Sampling comprised cases occurred in May (the third month of the 
pandemic in Brazil) (47.62%), June-July (months of COVID-19 wide 
spreading and peak) (42.85%), and August-September (months 
of stability or reduction stages in the number of cases in Brazil) 
(9.53%). The study included SARS-CoV-2 individuals confirmed 
by RT-PCR and admitted to Intensive Care Units (ICU), which 
date of hospital discharge or death were available (Supplementary 
Table 1). Time intervals between the onset of symptoms and 
sample collection varied from 4 to 34 days. The median age was 
62 years [IQR, 50–72]. Patients older than 65 years composed 
42.86% of the sampling. Overall, 57.14% of patients were men. 
Fever and dyspnoea were more frequent clinical symptoms, 
with oxygen saturation<95% observed in 85.71% of patients. 
Despite advanced age as a COVID-19 risk factor, pre-existing 
comorbidities were present in 95.23% of patients, most commonly 
represented by diabetes (47.62%), obesity or hypertension (33%), 
and cardiovascular disease (23.8%). Invasive ventilatory support 
was necessary in 95.2% of the cases. No previous pulmonary 
impairment was reported, except for one individual. Interstitial 
infiltrates detected by X-ray were observed in 52.38% of cases. 
Information about antibiotic administration was obtained only for 
33% of patients, being linezolid and azithromycin the most common 
drugs. Dosage and time for the administration of antibiotics were 
not reported. The hospitalization period varied from 2 to 55 days, 
and the mortality rate was 71.42% (Supplementary Table 1). 
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18 days and Mgt-Cov-21, 34 days). No significant difference or 
direct association was observed between pathogen abundance and 
comorbidity type. 

To check the consequence of pathogens proportion on microbial 
diversity, we estimated diversity using the Shannon index and 
calculated the relative abundance of pathogens (Figure 2). The 
proportion of microbial pathogens was based on the relative 
abundance of individual pathogens divided by the total number 
of species in the microbiome. A negative correlation (-0.9660624; 
p ≤ 0.05) was observed between these two parameters, indicating 
that the prevalence of pathogens in patients without antibiotic use 
is inverse to diversity. The high proportion of pathogens leads to a 
decrease in species richness, which explains the reduced diversity of 
microorganisms in ICU COVID-19 patients. 

To understand the functional role of microbial pathogens 
in COVID-19, the metabolic profile of these microbiota was 
investigated. Carbohydrate metabolism, amino acid and derivatives 
and protein metabolism were the most overrepresented categories 
(Supplementary Table 3). Carbohydrate metabolism was mostly 
represented by Tricarboxylic Acid (TCA) cycle pathway (18%), with 
an abundance of the dihydrolipoamide dehydrogenase enzyme, 
which is associated with virulence in bacteria (Figure 3 and 
Supplementary Table 4). 

Within each general category, besides of TCA cycle, the most 
abundant subpathways included: Type IV secretion system proteins 
(48%), followed by fatty acid metabolism (40.8%), iron acquisition 
(40.2%), DNA replication (19.3%), and reactive oxygen species 
(ROS) protection (18.3%) (Figure 3 and Supplementary Table 1). 
Type IV secretion system and DNA replication showed proteins 
related to general DNA metabolism functions. For Protection 
from Reactive Oxygen Species pathway, catalase was present in 
abundance, being an active enzyme on the detoxification process 
of oxidative subproducts (Figure 3 and Supplementary Table 1). 

Species diversity on COVID-19 ICU patients and the microbial

metabolic mechanisms to evade the host immune response 

The fifty most prevalent species represented almost 75% of all lung 
microbial diversity present in patients (Figure 1 and Supplementary 
Table 2). Respiratory and nosocomial microorganisms 
overrepresented the microbiota. The most common respiratory 
pathogens identified were Acinetobacter baumannii (corresponding 
to 16.5% of all bacterial species), Streptococcus pneumoniae (8.8%), 
Pseudomonas aeruginosa (3.6%), and Staphylococcus aureus (3.4%). 
Nosocomial pathogens mainly included fungi Candida albicans 
and Candida tropicalis (representing 11.2% and 8.1% of Eukarya 
domain), as well as the bacteria Enterococcus faecalis (1.5%) and 
Escherichia coli (0.5%). 

Although less frequently, a diversity of other pathogenic 
microorganisms was observed, such as the uncommon Listeria 
monocytogenes, Streptococcus agalactiae, S. pyogenes, sporulating Bacillus 
(B. anthracis and B. thuringiensis), and Acidovorax spp. (Figure 1). 
The opportunistic microorganisms Coprobacillus spp. and Delftia 
acidovorans were present with an abundance of almost 2% and 
6%, respectively. Additionally, a large diversity of the oropharynx 
commensal species was identified, such as Rothia mucilaginosa, 
Parvimonas micra, Actinomyces odontolyticus, and Streptococcus anginosus 
(Supplementary Table 2), which can rarely cause respiratory disease 
in compromised immune individuals. 

High occurrence of the bacterial respiratory pathogen Streptococcus 
pneumoniae was found independent of the comorbidity. The absence 
of comorbidity was reported only in one patient, which showed 
a drastic reduction of respiratory and nosocomial pathogens 
abundance, except for Candida albicans and Candida tropicalis 
(Figure 1 and Supplementary Table 2). In contrast, Acinetobacter 
baumannii was significantly increased in patients with the most 
prolonged periods of SARS-CoV2 symptomatology (samples 
Mgt-Cov-20, 

Figure 1: Microbial composition and pathogens prevalence in COVID-19 patients. Relative abundance of the 50 most prevalent species identified 
in the 21 COVID-19 patients. The characteristics of the individuals analyzed, such as age range, comorbidities, and time (days) from the onset of 
symptoms until sample collection were represented.
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Figure 2: Relationship between microbial diversity and pathogens proportion. Pearson correlation between the Shannon 
diversity index and the relative abundance of pathogenic species identified in those COVID-19 patients without antibiotic 
administration. A similar pattern was obtained considering all samples.

Figure 3: Functional profile of microbiome from 21 COVID-19 patients. Metabolic pathways were obtained by MG-
RAST and analyzed to levels 1 (more generalist categories) until to a more specific level, which identifies enzymes. Most 
overrepresented categories or enzymes within one specific level are shown.

J Vaccines Vaccin, Vol. 12 Iss. 3 No: 1000450
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Figure 4: Metabolic pathways associated with microbial evasion and virulence. Abundant proteins identified on each one 
of distinct virulence pathways (secretion systems; toxins and super-antigens, invasion and intracellular resistance, adhesion 
and capsular and extracellular polysaccharides pathways) are shown.

Enoyl-CoA hydratase, an enzyme with participation in biofilm and 
bacterial resistance, had a dominant frequency within fatty acid 
metabolism, a pathway whose disorder has a relevant impact on 
the outcome of some clinical diseases. Additionally, high protein 
proportion for the iron acquisition category was observed (Figure 
3), with the identification of ferrichrome-iron (an iron chelator 
isolated initially from fungi) and TonB receptor (a membrane 
localized complex responsible for iron transport across the outer 
membrane) (Supplementary Table 1). 

To obtain a panorama of mechanisms required for microbial 
evasion and virulence, we investigated proteins of general metabolic 
profile more deeply in the context of secretion systems; toxins and 
superantigens, invasion and intracellular resistance, adhesion, and 
capsular and extracellular polysaccharides pathways. We identified 
an extensive repertoire of secretion systems (I, II, III, IV, V, VI, 
VII, and VIII). Virulence factors particularly relevant for bacterial-
host interactions were found on secretion systems of Types I and 
V, highlighting cytolysins toxins (RTX agglutinin and cytolysin 
activator), proteins involved in heme utilization (exoprotein and 
hemophore HasA), and adhesin (Figure 4 and Supplementary 
Table 4). 

Toxins and superantigens were represented, in a smaller abundance, 
by export ABC transporter ATP-binding protein and streptolysin 
proteins (SagI, SagD, and SagH) (Figure 4 and Table 4), suggesting 
the partial presence of the Streptolysin S locus, which is present in 
Group A Streptococcus spp. Within the intracellular invasion and 
host adhesion categories, we found sortase, signal peptidase I, and 
fibronectin/fibrinogen-binding proteins (Figure 4 and Table 4). In 

sialic acid metabolism, a useful pathway for bacterial pathogenesis, 
we observed high proportion of capsular and extracellular 
polysaccharides, particularly UDP-N-acetylglucosamine 
2-epimerase, glucosamine-1-phosphate N-acetyltransferase, and 
phosphoglucosamine mutase (Figure 4 and Table 4).

Correlation analyses were performed as a function of the association 
level between the most abundant enzymes and species identified 
(Figure 5A). We observed a high abundance of dihydrolipoamide 
dehydrogenase positively correlated to Streptococcus pneumoniae 
proportion (r=0.834, p-value<0.05). The enoyl-CoA hydratase 
enzyme of the fatty acid pathway, and the ferrichrome-iron receptor, 
involved in the iron acquisition were associated with Escherichia 
coli (r=0.753 and 0.774, respectively,p-value<0.05). Secreted 
agglutinin RTX, a T1SS toxin, and UDP-N-acetylglucosamine 
2-epimerase, a capsular polysaccharide of the sialic acid pathway, 
had a positive correlation to A. baumannii (r=0.880 and 0.727, 
respectively, p-value<0.05). Exoprotein involved in heme utilization, 
adhesion, and virulence was strongly correlated to Pseudomonas 
aeruginosa (r=0.816, p-value<0.05). Candida albicans showed a weak 
association to phosphoglucosamine mutase, however without 
statistical support. Interestingly, the results suggest that even when 
in low abundance (<1%), E.coli responds in a dependent manner 
to an increase of abundance enzymes related to fatty acid and 
iron acquisition pathways (Figure 5A). In addition, when enzyme-
enzyme correlations were estimated, increase of ferrichrome-iron 
receptor was accompanied by enoyl-CoA hydratase (r=0.773, 
p-value<0.05), and UDP-N-acetylglucosamine 2-epimerase showed 
positive correlation to T1SS secreted agglutinin RTX protein 
(r=0.607, p-value<0.05) (Figure 5B).
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DISCUSSION

The microbial pathogens and their virulence mechanisms here 
reported were associated with immune and clinical disorders of 
COVID-19, and a cellular scenario in three interconnected stages 
is presented (Figure 6). First, we showed respiratory pathogens such 
as Acinetobacter baumannii, Streptococcus pneumoniae, Pseudomonas 
aeruginosa, Staphylococcus aureus, and Candida spp. present in 
abundance. The occurrence and the high proportion of respiratory 

and nosocomial pathogens can be explained by the potential 
imbalance between microbial immigration and elimination 
proposed by Dickson and collaborators [6,27]. According to these 
authors, hyperventilation accelerates the influx of airborne microbes 
in advanced lung diseases, and microbial elimination is reduced 
by bronchoconstriction and impaired mucociliary clearance. This 
condition provides a nutrient-rich growth medium and decreased 
oxygen concentration, influencing bacterial reproduction. 

Figure 5A: Correlation among most abundant enzymes-species studied. Estimate of association level among most abundant 
enzymes and/or species identified in this study. The dependence of one variable was upon another was measured using the 
relative abundance of a particular species as X-axis value and enzyme proportion as Y-axis value (A).

Figure 5B: Correlation among most abundant enzymes-species studied. Enzyme versus enzyme (B) correlations were 
also performed. Correlation scale varied from -1 (negative correlation) up to 1 (positive correlation). Only positive and 
significant associations are shown. Correlation values on scatter plots were obtained by method Pearson at a significance 
level of 95% confidence. Correlation and p-values indices are represented by r and P, respectively.

Figure 6: The interplay of the bacteria found in COVID-19 patients, virulence factors, and free-iron in immune response and disease severity. In 
severe lung diseases, hyperventilation contributes to the microbial influx and reduces the elimination of microorganisms. Tecidual injury promotes a 
rich environment for the growth of specific lung pathogens into the alveolar compartment. Bacterial pathogens evade the host immune response by 
biofilm production, induction of hemolysins, iron acquisition factors, adhesins, and other virulence factors. The SARS-CoV-2 and bacterial pathogens 
promote erythrocyte lysis, causing heme(Hb)/iron(Fe) liberation. Heme uptake is required for bacterial host colonization and increased production 
of virulence factors. Bacterial virulence factors, as well as free-heme, activates the inflammasome, contributing to neutrophil inflammation, cytokine 
elevation, and pathogenesis processes. This figure was adapted from "SARS-CoV-2: What We Know About Its Effects on Respiration", by BioRender.
com (2020). Retrieved from https://app.biorender.com/biorender-templates.

J Vaccines Vaccin, Vol. 12 Iss. 3 No: 1000450
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Second, once bacterial colonization is established, microbial 
pathogens secrete metabolites to evade the host immune response 
and enhance their survival (Figure 6). A. baumannii, S. pneumoniae, 
P. aeruginosa, and S. aureus, may promote virulence and evade the 
host immune response by biofilm production, induction of cyto- 
or hemo-lysins, iron acquisition factors, cytokines, adhesins, and 
complement system resistance, besides other virulence factors [28-
30]. Metabolic pathways and enzymes related to these virulence 
factors were observed in our data. 

Data in the literature showed an association between ventilator-
associated pneumonia and biofilm production due to microbial 
interaction on endotracheal tubes [31,32]. Moreover, in clinical 
isolates with persistent infections, P. aeruginosa, S. aureus, and C. 
albicans predominated as the most biofilm-producers [33-35]. 
Furthermore, when in biofilm, bacterial species showed more 
resistance to immune response, evading neutrophil-mediated 
phagocytosis [36] and enriching macrophage secretory products 
oxygen-limiting conditions [37,38]. 

During biofilm production, metabolites of the TCA cycle have 
shown to be up-regulated [39]. Decreasing in biofilm accumulation 
was related to an increase in antibiotics susceptibility, as 
consequence of disruption in enoyl-CoA hydratase activity [40]. 
Enoyl-CoA hydratase catalyzes the first step of fatty acid oxidation, 
and it has been reported that Escherichia coli employs this pathway 
Hemolysin is a critical virulence factor of E. coli, S. aureus, and 
Enterococcus faecalis 

Besides enoyl-CoA hydratase enzyme, we highlighted 
the identification of dihydrolipoamide dehydrogenase, 
phosphoglucosamine mutase, UDP-N-acetylglucosamine, sortase, 
cyto- or haemo-lysin, and iron/heme acquisition proteins, as other 
virulence factors that could be involved in the clinical worsening 
of COVID-19 patients. Dihydrolipoamide dehydrogenase plays 
an important role in pneumococcal infection by Streptococcus 
pneumoniae, being necessary for survival and capsular polysaccharide 
production of pneumococci within-host [42]. Phosphoglucosamine 
mutase acts on the first step in the cell wall biosynthetic pathway 
leading to the formation of essential peptidoglycan precursor 
UDP-N-acetylglucosamine, which is involved in a variety of 
cellular functions, such as cell adhesion or signal recognition 
[43]. In Staphylococcus aureus, phosphoglucosamine mutase has 
been a potential candidate for inhibition drug resistance [43]. 
Additionally, a virulence role of sortase has been shown to mediate 
adhesion to host tissues, host cell entry, evasion, and suppression 
of immune response [44].

RTX agglutinin and streptolysins are hemolysins that disrupt 
erythrocytes, leading to impaired phagocytic clearance and 
epithelial cell cytotoxicity [45,46]. Hemolysin is a critical virulence 
factor of E. coli, S. aureus, and Enterococcus faecalis [47,48]. 
Hemolysin, polysaccharide capsule proteins, and adhesins reduce 
the Streptococcus pneumoniae entrapment in the pulmonary mucus, 
permitting its adherence, leading to lung injury, and induction 
of interleukin (IL)–8 [49,50]. In Acinetobacter spp., Harding and 
authors demonstrated that Type I Secretion System is required 
for RTX-toxin exporting, and proteins of this system participate in 
biofilm formation, with attenuated virulence phenotype observed 
in T1SS Acinetobacter mutants [51].

Third, mechanisms for iron acquisition are linked to bacterial 
growth, virulence, and host immunological and clinical disorders. 
It was demonstrated that free-heme and iron derived from 

erythrocyte disruption induced by pathogens is required for 
their invasion and successful colonization in the host, having an 
essential role during infection [52]. Pseudomonas aeruginosa uses the 
secreted hemophore HasAp (T1SS) to capture extracellular heme, 
taken up by an outer membrane TonB-dependent receptor [53]. 
In high iron levels, aggregation, adhesion, and biofilm production 
are stimulated [54]. Under iron-rich and -chelated conditions, 
induction of iron-proteins such as the SdhA family was evidenced 
in A. baumannii [55]. Moreover, the acquisition of heme-iron bound 
to erythrocyte hemoglobin is the preferred source of iron during S. 
aureus infection, promoting Staphylococcal cellular adherence to 
host cells and resistance to neutrophil killing [56-58]. Furthermore, 
Gupta et al. demonstrated an increase of hemolysin, toxins, and 
biofilm formation in a positive Fe-dependent regulation during 
pneumonia and bacteremia occasioned by Streptococcus pneumoniae 
[59]. 

In serum presence, heme and microbial effectors in synergy 
trigger cytokine production, promoting processing of caspase-1, 
inflammasome activation, and IL-1β secretion [60] (Figure 6). 
Besides that, bacterial pathogens had evolved other strategies for 
inflammasome activation, resulting in secretion of IL-1β and IL-18 
and apoptotic and pyroptotic cell death [61]. 

Furthermore, iron or heme-free has been associated with important 
clinical conditions of patients with severe pulmonary diseases. In 
Chronic Obstructive Pulmonary Disease (COPD) and ARDS, 
heme uptake was involved in vascular and coagulation disorders, 
lung injury, increase of cell-free Hemoglobin (Hb), and HO-1 
expression [62-64]. Additionally, ACE-like activity of Hb has 
been demonstrated, with vasoconstriction induced by ferrous- 
and ferryl-Hb [65]. In the blood of severe COVID-19 patients, 
heme and Heme Oxygenase (HO)-1 expression are increased 
[66], and an additional role of hemoglobinopathy, hypoxia, and 
hyperferritinemia has been proposed in worsening COVID-19 
infection [67]. A blood transcriptome-based analysis of coronavirus-
infected patients aiming to infer SARS-CoV-2 gene signatures to 
the whole organism showed that, outside of the inflammatory 
response, genes associated with iron/heme transport had increased 
expression [68]. Our data are in accordance with Sadanandam et al. 
[68] and highlighted for investigation of the presence of bacterial 
pathogens in COVID-19 patients admitted to ICU, which together 
with broad-spectrum antibiotic use is a trigger for the disease that 
should not be neglected.

CONCLUSION

We have shown respiratory pathogens as a critical component 
of pulmonary microbiota of patients admitted to ICU with 
COVID-19. The extensive diversity of virulence factors found was 
linked to a possible worsening of the immune response. Functional 
findings reported providing a better understanding of how bacterial 
pathogens can aggravate the clinical condition of patients admitted 
to intensive care units. Our data allow intriguing insights that can 
assist how bacterial interactions can act synergistically, favoring 
a cyclic hyperactivated inflammatory response, contributing to 
COVID-19 severity. 
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