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Abstract: Background: Recent findings indicate that the host microbiome can have a significant
impact on the development of lung cancer by inducing an inflammatory response, causing dysbiosis,
and generating genome damage. The aim of this study was to search for bacterial communities
specifically associated with squamous cell carcinoma (LUSC). Methods: In this study, the taxonomic
composition of the sputum microbiome of 40 men with untreated LUSC was compared with that of
40 healthy controls. Next-Generation sequencing of bacterial 16S rRNA genes was used to determine
the taxonomic composition of the respiratory microbiome. Results: There were no differences in
alpha diversity between the LUSC and control groups. Meanwhile, differences in the structure of
bacterial communities (β diversity) among patients and controls differed significantly in sputum
samples (pseudo-F = 1.53; p = 0.005). Genera of Streptococcus, Bacillus, Gemella, and Haemophilus
were found to be significantly enriched in patients with LUSC compared to the control subjects,
while 19 bacterial genera were significantly reduced, indicating a decrease in beta diversity in the
microbiome of patients with LUSC. Conclusions: Among other candidates, Streptococcus (Streptococcus
agalactiae) emerges as the most likely LUSC biomarker, but more research is needed to confirm
this assumption.

Keywords: lung cancer; squamous cell lung carcinoma; sputum microbiome; taxonomic
composition; Streptococcus

1. Introduction

Interactions between the host and the commensal microbiota are complex and insuf-
ficiently understood. In cancer, diverse microbial ecosystems have been documented to
induce metabolic changes in the tumor microenvironment, promote dysbiosis, directly
induce oncogenic transformation, or modulate the immunotherapy response [1–3]. Com-
prehensive metagenomics approaches enable precise mapping of the tumor-associated
microbiome and unveiling mechanisms of bacterial influence on cancer occurrence and
progression [4]. In addition, recent efforts identified microbial signatures characteristic of
certain cancer types, which may serve as tumor diagnostic biomarkers [5].

Lung cancer (LC) arises in the lung parenchyma or bronchi, and is annually diagnosed
in approximately 1.2 million people worldwide with >1 million associated deaths during
this period [6]. Although all forms of LC originate from epithelial cells of the airway
mucosa, the current classification of LC includes several different histological types of
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this disease [7]. LC is usually divided into small cell lung cancer and non-small cell
lung cancer (NSLC), which accounts for 85% of all bronchogenic tumors [8]. NSLC is
further subdivided into large cell lung cancer, adenocarcinoma of the lung (AD), and lung
squamous cell carcinoma (LUSC). LUSC accounts for about 30% of all NSLC cases. It is
associated with a poor prognosis, and no targeted therapy is available so far [9].

The mortality rate from LUSC remains high, partly due to the lack of early detection
of diagnostic biomarkers, including metagenomic ones. However, the search for bacteria
associated with the risk of LC development has intensified tremendously in recent years,
especially due to the wide application of the newest DNA sequencing technologies [10,11].

Previous studies have shown that changes in the number of specific microbiota taxa
in bronchoalveolar lavage fluid, lung tissue, and saliva samples may be associated with
LC, but results from these studies are largely inconsistent [12–20]. Another source of
information on the composition of the respiratory tract microbiota is sputum, which
has been poorly studied in patients with LC in general and particularly in those with
LUSC [21–25]. Even though sputum is not reflecting the microbiome of any particular part
of the respiratory tract, it can still be very useful as a metagenomic biomarker, since its
collection is easy and non-invasive.

Different histological types of LC are characterized by different biological patterns,
molecular markers, and treatment strategies [26]; however, very few studies have so
far examined the relationship between the respiratory tract microbiome and individual
histological types of LC.

In this report, we for the first time compare the taxonomic composition of the sputum
microbiome in LUSC patients and healthy control donors, all residents of the Kuzbass
region of Western Siberia.

2. Methods
2.1. Cohort Information

The composition of the sputum bacterial microbiome was studied in 40 patients with
newly-diagnosed LUSC (male only, average age 59.9 ± 6.9 years) who were admitted to the
Kemerovo Regional Oncology Center (Kemerovo, Russian Federation) and 40 healthy male
donors, residents of Kemerovo (average age 54.0 ± 5.3 years). This material was collected
from the period March 2018–August 2020. Active smokers were 75% and 55% of LUSC
patients and control subjects, respectively. Smoking pack-years were not different between
groups. For LUSC patients, the disease stage was determined in accordance with the TNM
classification [27]: 18 patients (45%) were stage I–II, and 22 patients (55%) were stage III–IV.
A questionnaire was filled out for each participant, containing information on place and
date of the birth, living environment, occupation, exposure to occupational hazards, health
status, dietary habits, and intake of medications (use of antibiotics at least four weeks prior
to sampling), X-ray procedures, smoking and drinking status. For patients with LUSC, the
results of clinical and histological analyses were additionally taken into account.

Inclusion criteria were adult males ≥40 years of age, willingness to participate in the
study, donate sputum, and sign written informed consent. Exclusion criteria were any acute
or chronic condition that would limit the ability of the patient to participate in the study,
use of antibiotics within 4 weeks prior to collection, failure to obtain a sputum sample, or
refusal to give informed consent.

All procedures undertaken were in accordance with the ethical standards of the
Helsinki Declaration (1964 and amended in 2013) of the World Medical Association. All
participants (patients and control subjects) were informed about the aim, methodology,
and possible risks of the study; informed consent was signed by each donor. The design
of this study was approved by the Ethics Committee of the Kemerovo State University
(PROTOCOL CODE № 17/2021; 05.04.2021).
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2.2. Sample Collection, Process, and Storage

To analyze the composition of the microbiome of the respiratory tract, sputum samples
obtained from LC patients and control subjects were used. The sputum from patients
was obtained prior to all diagnostic or therapeutic procedures. Sputum was collected on
the first day of hospitalization. Before sputum collection, patients were asked to rinse
their mouths. Sputum samples were collected non-invasively through participant-induced
coughing (i.e., without induction) and represent the oropharyngeal secretion. Giemsa-
stained cytological slide microscopy was used to test random sputum samples. The
presence of columnar airway epithelial cells was confirmed. Samples were immediately
placed in sterile plastic vials and frozen (−20 ◦C). Frozen samples were transported to the
laboratory and stored at −80 ◦C.

2.3. DNA Extraction, 16S rRNA Gene Amplification and Sequencing

Procaryotic DNA was extracted using FastDNA Spin Kit For Soil (MP Biomedicals)
based on the manufacturer’s recommendation. For each sample, 500 µL of sputum was
used for DNA extraction. The DNA concentration was monitored using Qubit® ds-
DNA Assay Kit in Qubit® Flurometer (Life Technologies, Carlsbad, CA, USA). Eighty
16S rRNA gene amplicon libraries were prepared by PCR amplification of an approxi-
mate 467 bp region within the hypervariable (V3–V4) region of the 16S rRNA gene in
bacteria, from 50 ng of each of the extracted and purified DNA from sputum samples,
respectively, according to the Illumina 16S metagenomic sequencing library protocol. PCR
was initially performed with broad-spectrum 16S rRNA primers (forward primer: 5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′, and
reverse primer: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHV-
GGGTATCTAATCC-3′), using BioMaster Hi-Fi LR 2X ReadyMix DNA polymerase (Biolab-
Mix company, Novosibirsk, Russia). Cycle conditions were 94 ◦C (3 min 30 s), then 25 cycles
of 94 ◦C (30 s), 55 ◦C (30 s), 68 ◦C (40 s), then a final extension of 68 ◦C (5 min). Libraries
were purified using Agencourt AMPure XP beads (Beckman Coulter, Bray, Houston, TX,
USA) according to the Illumina 16 S metagenomic sequencing library protocol. Dual indices
and Illumina sequencing adapters from the Illumina Nextera XT index kits v2 B and C
(Illumina, San Diego, CA, USA) were added to the target amplicons in a second PCR step
using BioMaster Hi-Fi LR 2× ReadyMix DNA polymerase (BiolabMix company, Novosi-
birsk, Russia). The primer sequence was taken from the recommended library preparation
protocol for sequencing on the MiSeq platform https://support.illumina.com/documents/
documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15
044223-b.pdf (accessed on 27 November 2013). Cycle conditions were 94 ◦C (3 min 30 s),
then 8 cycles of 94 ◦C (30 s), 55 ◦C (30 s), 68 ◦C (40 s), then a final extension of 68 ◦C (5 min).
Libraries were again purified using Agencourt AMPure XP beads (Beckman Coulter, Bray,
Houston, TX, USA) according to the Illumina 16 S metagenomic sequencing library protocol.
Sample PCR products were then pooled in equimolar amounts, purified using AMPure XP
Beads (Beckman Coulter, Bray, Houston, TX, USA), and then quantified using a fluorometer
(Quantus Fluorometer dsDNA (Promega, Madison, WI, USA). Molarity was then brought
to 4 nM, the libraries were denatured, and then diluted to a final concentration of 8 pM
with a 10% PhiX spike buffer for sequencing on the Illumina MiSeq platform [28].

2.4. Taxonomy Quantification Using 16S rRNA Gene Sequences and Statistical Methods

The processing of the resulting sequence data was conducted using the QIIME2
software [29]. A quality check was carried out and a sequence library was generated.
The sequences were combined into operational taxonomic units (OTUs) based on a 99%
nucleotide similarity threshold using the Greengenes reference sequences library (versions
13–8) and SILVA (version 132), followed by the removal of singletons (OTUs containing only
one sequence). The total diversity of prokaryotic communities (alpha diversity) of sputum
was estimated by the number of allocated OTU (analogue of species richness) and Shannon
indices (H = Σpi ln pi, pi—part of i-sh species in a community). When calculating sample

https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
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diversity indices, 1045 sequences were normalized (the minimum number of received
sequences per sample). The variation in the structure of the bacterial community of different
samples (beta diversity) was analyzed using Bray-Curtis dissimilarity metrics [30]—a
method common in microbial ecology that estimates the difference between communities
based on the abundance relationships of the taxa present in the samples.

In addition, to assess the significance of differences in the relative percentage of
individual bacterial taxa in sputum, the Mann-Whitney U test was used. Spearman’s
correlation coefficient was used to calculate correlations. Calculations were performed
using the software package STATISTICA.10, Statsoft, Tulsa, OK, USA. The False Discovery
Rate (FDR) correction was used to assess the significance of differences in the relative
percentages of individual bacterial taxa taking into account multiple comparisons. Multiple
linear regression (MLR) was performed to predict the relationship between the relative
abundance of individual bacteria in LUSC patients’ sputum and lifestyle/disease factors.

3. Results

Here we profiled the composition of the sputum bacterial microbiome across 40 patients
with LUSC and 40 healthy donors, all residents of Kemerovo. We have used a large-scale
approach to sequence the 16S rRNA V3–V4 region of the bacterial genomes purified from the
sputum samples from the compared groups in the study. A summary of the demographic
information regarding LUSC and control subjects is shown in Table 1. There were differences
in mean age between patients and control (p < 0.05). Both LUSC and healthy control groups
were sex-matched, and had no differences in living environment, alcohol consumption, and
smoking pack years.

Table 1. Demographic and clinical data of patients with squamous cell carcinoma and healthy controls.

Variables Squamous Cell Lung Carcinoma, n = 40 Healthy Kemerovo Residents (Control),
n = 40

Age (years) (mean ± SD) 59.9 ± 6.9 * 54.0 ± 5.3

Living environment (%):
City 67.0 85.0

Village 33.0 15.0

Occupational exposure (%):
Yes 45.0 0
No 65.0 100

Smoking status (%):
Non-smokers 25.0 45.0

Smokers 75.0 55.0
Smoking pack-years (mean ± SD) 37.13 ± 12.7 32.91 ± 12.62

Alcohol status (%):
Non-drinker 25.0 10.0

Rare drinker (1–2 times per month) 52.0 45.0
Medium drinker (1–2 times a week) 23.0 45.0

Diet (%):
Vegetarian 0 0

Non-vegetarian 100 100

Family cancer history (%):
Yes 28.0 40.0
No 72.2 60.0
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Table 1. Cont.

Variables Squamous Cell Lung Carcinoma, n = 40 Healthy Kemerovo Residents (Control),
n = 40

Chronic diseases (%):
Heart and vessels 90.0 22.5

Bronchitis 32.5 7.5
COPD 45.0 0

Stomach (gastritis, ulcer) 17.5 15.0
Diabetes 0 2.5
Obesity 20.0 0

TNM # (%):
-I, II 45.0

III, IV 55.0

Distant metastasis (%):
-Yes 5.0

No 95.0

Tumor localization (%):

-
Central lung cancer 30

Peripheral lung cancer 42.5
Mixed lung cancer 7.5
Bronchial cancer 20

* p < 0.05: significant differences in comparison with controls; # tumor-node-metastasis.

For the LUSC group, the average number of analyzed sequences was 76,776 (range:
9694−181,146). For the healthy control group, the average number of analyzed sequences
was 72,613 (range: 12,537−160,232). We identified a total of 11 bacterial phyla with relative
frequencies above 0.1%. The prevailing phyla in our dataset were Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria (Figure 1), consistent with results from previous stud-
ies [21,22,31,32].
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Figure 1. Taxonomic structure of the sputum microbiomes from LUSC patients (n = 40) and control
subjects (n = 40) at the phyla level.

Regarding alpha diversity, neither the number of allocated OTUs nor the Shannon
indices showed significant differences between LUSC and control groups. Overall, the
bacterial communities were fairly diverse in the two groups as indicated by the Shannon
index at the genus level (5.267 in LUSC vs. 5.439 in control groups). This suggests that
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any changes in the sputum microbiome of the LUSC are not large-scale shifts in the
bacterial community.

Differences in the structure of bacterial communities in sputum samples of lung cancer
patients and healthy subjects are shown in Figure 2. The first two principle components
explained 14.47 and 7.182% of the total variation. Compositional similarity within the
phylum-level taxa was displayed among individual samples using the bar plot (Figure 1).
The PERMANOVA (Adonis) test using the difference matrix, constructed by the Bray-Curtis
method, showed a significant difference in the prokaryotic communities in sputum from
healthy subjects and patients with LUSC (pseudo-F = 1.53; p = 0.005).
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Figure 2. Principal component analysis demonstrating phylogenetic similarity of prokaryotic sputum
communities in LUSC patients and control subjects.

We then compared frequencies of major bacteria phyla in our sputum specimens. Sam-
ples from LUSC patients revealed a significant increase in the representatives of Firmicutes
phylum as compared to control subjects (56.77 ± 15.29 vs. 47.34 ± 10.65 %, respectively;
p = 0.004); in contrast, the other four major bacterial phyla (Bacteroidetes, Fusobacteria, TM7,
and Spirochaetes), were overrepresented in the sputum of healthy subjects in comparison
with that from LUSC patients (Figure 3).

Analysis of the composition of microbial communities in LUSC and control sputum
enabled us to annotate the core microbiome of our sputum samples, which consisted of
67 genera and 32 species. Bacterial genera and species significantly different between
groups are listed in Tables 2 and 3 (23 and 17, respectively, after FDR correction). We
observed a considerable variation in the percentages of all genera and species presented.
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Figure 3. Frequencies of major bacterial phyla in the sputum of LUSC patients compared to
control subjects.

Table 2. Differences in bacterial genera in the core microbiome of sputum from LUSC patients and
healthy subjects. Mann-Whitney U test.

Genus Squamous Cell Lung Cancer, %
(n = 40)

Controls, %
(n = 40) p *

Streptococcus 36.26 ± 20.02 18.93 ± 10.43 0.00001

Prevotella
(f.Prevotellfceae) 10.86 ± 7.03 17.89 ± 7.37 0.00003

Veillonella 6.6 ± 7.45 11.17 ± 6.22 0.00009

Anaerosinus 6.57 ± 7.69 10.91 ± 6.33 0.0003

Gemella 3.6 ± 2.89 2.01 ± 2.01 0.004

Bacillus 3.55 ± 2.96 1.84 ± 1.93 0.003

Haemophilus 2.2 ± 10.32 0.13 ± 0.4 0.003

Selenomonas 1.68 ± 2.82 4.36 ± 3.49 0.00003

Megasphaera 1.38 ± 2.91 2.44 ± 2.27 0.005

Streptobacillus 1.14 ± 1.46 2.85 ± 2.69 0.002

Atopobium 1.22 ± 1.79 1.66 ± 1.47 0.02

Leptotrichia 1.13 ± 1.35 2.63 ± 2.49 0.008

Treponema 0.43 ± 0.76 0.73 ± 1.01 0.002
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Table 2. Cont.

Genus Squamous Cell Lung Cancer, %
(n = 40)

Controls, %
(n = 40) p *

Lachnoanaerobaculum 0.39 ± 0.53 0.65 ± 0.65 0.03

Porphiromonas 0.35 ± 0.75 0.93 ± 1.3 0.002

Parvimonas 0.42 ± 0.83 0.83 ± 1.06 0.002

Stomatobaculum 0.39 ± 0.42 0.9 ± 0.81 0.003

Vestibaculum 0.35 ± 1.1 0.86 ± 1.45 0.005

Catonella 0.09 ± 0.32 0.14 ± 0.25 0.03

Filifactor 0.06 ± 0.16 0.21 ± 0.33 0.003

Mycoplasma 0.04 ± 0.09 0.28 ± 0.72 0.02

Moriella 0.05 ± 0.18 0.36 ± 0.83 0.02

Cardiobacterium 0.02 ± 0.1 0.04 ± 0.1 0.03
Note: * p Value lesser than FDR corrected p.

Table 3. Distribution of bacterial species in the core microbiome of sputum from LUSC patients and
healthy subjects. Mann-Whitney U test.

Species Squamous Cell Lung
Cancer, n = 40 Controls, n = 40 p *

Streptococcus agalactiae 35.47 ± 20.19 19.11 ± 10.06 0.00004

Anaerosinus glycerini 4.8 ± 6.31 10.19 ± 6.81 0.0003

Selenomonas bovis 1.44 ± 2.62 4.36 ± 4.46 0.00001

Prevotella histicola F0411 1.42 ± 2.27 2.84 ± 3.2 0.02

Atopobium rimae 1.29 ± 1.77 1.68 ± 1.46 0.03

Megasphaera Micronuciformis 1.23 ± 2.88 2.39 ± 2.34 0.001

Lachnoanaerobaculum orale 0.36 ± 0.5 0.69 ± 0.64 0.01

Vestibaculum illigatum 0.29 ± 0.98 0.91 ± 1.46 0.003

Rothia dentocariosa ATCC 17931 0.23 ± 0.6 0.53 ± 0.8 0.02

Prevotella sp.oral clone DO014 0.16 ± 0.44 0.52 ± 0.6 0.0007

Porphyromonas endodontalis 0.14 ± 0.34 0.93 ± 1.3 0.003

Prevotella intermedia 0.14 ± 0.34 0.47 ± 0.96 0.04

Moryella indoligenes 0.06 ± 0.19 0.4 ± 0.895 0.03

Prevotella nigrescens 0.09 ± 0.22 0.43 ± 1.11 0.02

Oribacterium Sinus 0.07 ± 0.22 0.26 ± 0.51 0.03

Leptotrichia sp. oral clone EI013 0.06 ± 0.18 0.24 ± 0.54 0.0008

Filifactor alocis ATCC 35896 0.06 ± 0.16 0.21 ± 0.33 0.007
Note: * p Value lesser than FDR corrected p.

The sputum of LUSC patients was characterized by a significant enrichment of the
following genera (ranked by percentage): Streptococcus (36.26 ± 20.02 vs. 18.93 ± 10.43;
p = 0.00001); Bacillus (3.55± 2.9 vs. 1.84± 1.93; p = 0.003); Gemella (3.6± 2.89 vs. 2.01 ± 2.01;
p = 0.004) and Haemophilus (1.27± 8.07 vs. 0.11± 0.36; p = 0.003). At the same time, members
of the 19 genera in Table 2 were significantly overrepresented in the microbiome of the
control group in comparison to the patients with LUSC.

At the species level, only the Streptococcus agalactiae was significantly higher in the spu-
tum of patients compared to control subjects (35.47 ± 20.19 vs. 19.11 ± 10.06; p = 0.00004).
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Representatives of the other 17 species were significantly more common in the microbiome
of healthy controls in comparison to the patients with LUSC, as shown in Table 3.

We found no specific association of any bacterial taxon in the sputum with the age of
patients or control donors participating in the study.

The influence of smoking status on the microbiota composition in patients with LUSC
and control subjects was also investigated. For LUSC patients, no significant difference
was found in the bacterial genera or species in sputum between smokers and nonsmokers.
Controls differing in smoking status revealed a significant difference in the occurrence
of several genera and species in the sputum. Control group smokers (Figure 4) had less
Neisseria than non-smokers (0.56 ± 1.16% vs. 3.94 ± 5.63%; p = 0.00006); Fusobacterium
(1.4 ± 1.55% vs. 3.39 ± 3.01%; p = 0.02); Prevotella nigrescens (0.35 ± 1.38% vs. 0.52 ± 0.68%;
p = 0.01) and Peptostreptococcus Anaerobius (0.04 ± 0.1% vs. 0.39 ± 0.71%; p = 0.02). At the
same time, control group smokers had more Streptobacillus in their sputum compared to
nonsmokers (3.62 ± 2.8% vs. 1.92 ± 2.28%; p = 0.03).
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Figure 4. Differences in the representation of bacterial taxa in the sputum of smokers and non-smoker
control subjects.

Comparison of the total composition of the microbiome in patients with different
stages of LUSC (I–II and III–IV), as well as between subgroups with different localization
of the primary tumor, revealed no differences.

Conditional logistic regression models adjusted for age, smoking status, alcohol con-
sumption status, living environment, occupational exposure, family cancer history, chronic
diseases (heart and vessels, bronchitis, COPD, stomach, diabetes and obesity) and the
phyla (Streptococcus, Bacillus, Gemella and Haemophilus) were constructed. In these mod-
els, heart and vessels diseases (p = 0.0001), bronchitis (p = 0.008), COPD (p = 0.003), and
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presence of Streptococcus (p = 0.009) were strongly associated with LUSC as compared to
healthy subjects.

4. Discussion

The respiratory tract microbiome is closely linked to the onset of lung diseases, includ-
ing LC. It has been previously shown that there are changes in the microecology of the lungs
in patients with lung cancer compared to healthy subjects. In addition, the abundance
of certain bacterial species correlates with pathology, suggesting their potential use as
microbial markers for the detection of lung cancer. However, until now, the composition
of the lung microbiome in patients with different histological types of lung cancer has not
been determined.

In this study, we examined the difference between the microbiome of sputum sam-
ples from patients with LUSC and healthy controls. In general, the sputum microbiota
in men with lung cancer had a significant decrease in beta diversity, which is consistent
with the results of previous studies [13,21,33,34]. At the level of bacterial phyla, the most
notable finding in our patients with LUSC was an abundance of Firmicutes to the detri-
ment of Proteobacteria. The dominance of Proteobacteria in healthy lung microbiota was
also detected by others [18,35]. In a pairwise comparison, representatives of four bac-
terial phyla (Bacteroidetes, Fusobacteria, TM7, and Spirochaetes) and the 19 genera shown
in Table 2 were significantly enriched in healthy control samples as compared to LUSC
patients. On the other hand, we found that Streptococcus, belonging to the Firmicutes phy-
lum, demonstrated the highest abundance in LUSC patients in comparison with controls.
Two other genera (Bacillus and Gemella) from the Firmicutes type, and a representative of
Proteobacteria—Haemophilus, were also overrepresented in the sputum of LUSC patients
compared to controls. We believe that all four genera may be considered potential bacterial
biomarkers of LUSC.

An increased prevalence of Streptococcus in the sputum of patients with lung cancer
has previously been reported in several publications [21,22,26]; however, a high abundance
of the Bacillus, Gemella, and Haemophilus genera were not previously reported. Indeed, a
recent study using ddPCR found a significant increase in Streptococcus load in the sputum
of seven patients with LUSC compared with ten control patients [36]. Interestingly, at
the same time, a significant increase in Veillonella was found in the sputum of the same
patients in comparison to control participants. In our study, however, representatives
of this bacterial genus, were more evidently enriched in controls than in LUSC patients
(Table 2). Finally, the amount of Haemophilus in the sputum of patients and controls was
almost equal [31], while in our cohort of patients this facultative anaerobe was significantly
more common in LUSC patients as compared to healthy donors. Another recent study of
the respiratory microbiome (saliva and bronchial biopsy specimens) in 25 patients with
central lung cancer from Spain [37] found a significant increase in Streptococcus, Rothia,
Gemella, and Lactobacillus, which partially agrees with our results (for Streptococcus and
Gemella). Thus, it appears that Streptococcus is a major bacterial marker in the airways
associated with lung cancer, although it could depend on different histopathological types
and stages of this disease. For example, it was reported that Streptococcus and Neisseria
were predominant in the sputum of patients with lung adenocarcinoma, while Streptococcus
and then Veillonella dominated the microbiome of LUSC patients, while Neisseria and, to a
lesser extent, Streptococcus, were the most frequently found genera in the sputum of small
cell lung cancer patients [21].

A comparison of sputum microbiome composition in subgroups of LUSC patients
with different TNM stages, central or peripheral tumor localization, and smoking status,
revealed no significant differences in bacterial content. However, in the group of healthy
donors, we observed a prominent decrease in Neisseria in the sputum of smokers compared
to non-smokers (Figure 4), which is consistent with previously published results [38].
The effect of smoking on the sputum microbiota remains unclear, according to the latest
published data [39], and requires further study.
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As shown in Table 3, Streptococcus agalactiae was the only bacterial species that sig-
nificantly increased in patient sputum, according to sequencing data and analysis of two
databases (Greengenes and SILVA). It should be noted that Streptococcal species are dif-
ficult to identify using 16S rRNA gene sequencing alone, and requires further validation
using ddPCR. Previous studies have reported the prevalence of Streptococcus viridans in
the sputum of patients with lung cancer [17]. In our study, Streptococcus agalactiae was the
most frequently found bacteria in the sputum of both LUSC patients and controls, and its
significant increase in LC patients suggests its utility as a possible biomarker, similar to
Streptococcus gallolyticus subsp. in colorectal carcinoma [40]. Streptococcus agalactiae (also
known as GBS) is an important opportunistic species that can cause pneumonia, sepsis, and
meningitis in newborns and in immunocompromised subjects [41,42]. Cases of invasive
GBS infections are frequently reported in the elderly and immunocompromised adults,
including those with diabetes mellitus, alcoholism, and cancer [43]. In the respiratory
tract, GBS occasionally contributes to community-acquired pneumonia and empyema
in adults [44]. When GBS causes a pulmonary infection, it is usually defined as part of
polymicrobial pneumonia [45]. GBS bacteria effectively attach to pulmonary epithelial cells
and are capable of invasion. This is initiated by their attachment to extracellular matrix
components such as agglutinin, fibronectin, fibrinogen, and laminin, which facilitates their
attachment to host cell surface proteins, such as integrins. Thus, the invasive potential of
GBS is influenced by changes in the surface proteome of host cells, which can be caused
by various lung pathologies [46]. The molecular mechanisms of cytopathology caused by
GBS bacteria in patients are currently being intensively studied. It was shown that GBS
induces the generation of reactive oxygen species and loss of mitochondrial membrane
potential [47]. In human endothelial cells, reactive oxygen species are generated via the
NADPH oxidase pathway, which is accompanied by cytoskeletal reorganization through
the PI3K/Akt pathway, and is generally associated with pathogen penetration, providing
evidence for the involvement of oxidative stress in the pathogenesis associated with S.
agalactiae [48].

Several limitations of this study should be noted. First, our study with 80 samples
may not be powerful enough. Our results require confirmation in independent large-scale
studies to further understand the role of the sputum microbiota in the development of lung
cancer. Second, only men were included in the present study, so women with LUSC should
be studied further. Finally, at this stage of the study, we cannot unequivocally identify the
specific Streptococcal species whose presence in patients’ sputum is elevated compared
with controls. Further analysis using ddPCR will eliminate this limitation.

5. Conclusions

In this report, we used mass parallel sequencing of bacterial 16S ribosomal genes to
compare the taxonomic composition of the sputum microbiome of patients with LUSC
and healthy donors. It was found that the bacterial taxonomic groups detected in the
microbiome of patients were significantly different compared to controls. The sputum of
patients with LUSC contains significantly more members of the genera Streptococcus, Bacillus,
Gemella, and Haemophilus. Streptococcus (Streptococcus agalactiae) is the most likely LUSC
biomarker from this list, but more research is still required to validate this assumption.

In order to consider these bacteria as biomarkers for the risk of LUSC development,
it is necessary to have information about their population dynamics in the respiratory
microbiome from health to lung malignancy. This can be solved, for example, by forming
a database of the respiratory microbiome in healthy individuals over a long period of
time. Another possible and more accessible approach is to study the composition of the
microbiome in the sputum of patients with chronic inflammatory diseases of the lungs.
A recent study showed increased numbers of Streptococci in airway microbiome samples
from patients with idiopathic pulmonary fibrosis and COPD. It is important, in this regard,
that our logistic regression models showed a significant relationship between an increase
in abundance of Streptococcus and chronic inflammatory lung diseases, such as bronchitis
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and COPD in patients with LUSC. Thus, future studies to establish the role of bacteria as
biomarkers of LC should examine the composition of the sputum microbiome in these and
other non-malignant lung diseases.

Author Contributions: Conceptualization, V.D. and L.M.; methodology, V.D.; software, P.D.; formal
analysis, E.B., V.V. and A.L.; investigation, E.B.; resources, V.M.; data curation, V.T.; writing—original
draft preparation, V.D.; writing—review and editing, all authors; visualization, P.D. and A.L.; project
administration, V.D. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Russian Science Foundation Grant No. 18-14-00022p.

Institutional Review Board Statement: The authors are accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity of any part of the work are appropriately
investigated and resolved. The study was conducted in accordance with the Declaration of Helsinki
(as revised in 2013). The study was approved by the Ethics Committee of the Kemerovo State
University (PROTOCOL CODE № 17/2021; 05.04.2021) and written informed consent was obtained
from the subjects.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Acknowledgments: The authors wish to thank the physicians and staff of the Kemerovo Regional
Oncology Center, all of the surveyed individuals who voluntarily participated in this study and the
employees of the Kemerovo State University and the Institute of Human Ecology who participated in
the organization, and conducting of this research. The authors are also thankful to Arseniy Yuzhalin
(MD Anderson Cancer Center) for proofreading the manuscript. We have also added this sentence to
the Acknowledgments Section: We thank Gösta Winberg, a graduate of the Department of Linguistics
at Stockholm University, for his help in correcting English.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References
1. Yachida, S.; Mizutani, S.; Shiroma, H.; Shiba, S.; Nakajima, T.; Sakamoto, T.; Watanabe, H.; Masuda, K.; Nishimoto, Y.; Kubo, M.;

et al. Metagenomic and metabolomic analyses reveal distinct stage-specific phenotypes of the gut microbiota in colorectal cancer.
Nat. Med. 2019, 25, 968–976. [CrossRef]

2. Xavier, J.B.; Young, V.B.; Skufca, J.; Ginty, F.; Testerman, T.; Pearson, A.T.; Macklin, P.; Mitchell, A.; Shmulevich, I.; Xie, L.; et al.
The Cancer Microbiome: Distinguishing Direct and Indirect Effects Requires a Systemic View. Trends Cancer 2020, 6, 192–204.
[CrossRef]

3. Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.M.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.;
Roberti, M.P.; et al. Gut Microbiome Influences Efficacy of PD-1-Based Immunotherapy Against Epithelial Tumors. Science 2018,
359, 91–97. [CrossRef]

4. Chiu, C.Y.; Miller, S.A. Clinical metagenomics. Nat. Rev. Genet. 2019, 20, 341–355. [CrossRef]
5. Wu, Y.; Jiao, N.; Zhu, R.; Zhang, Y.; Wu, D.; Wang, A.J.; Fang, S.; Tao, L.; Li, Y.; Cheng, S.; et al. Identification of microbial markers

across populations in early detection of colorectal cancer. Nat. Commun. 2021, 24, 3063. [CrossRef]
6. Cheng, T.Y.; Cramb, S.M.; Baade, P.D.; Youlden, D.R.; Nwogu, C.; Reid, M.E. The International Epidemiology of Lung Cancer:

Latest Trends, Disparities, and Tumor Characteristics. J. Thorac. Oncol. 2016, 11, 1653–1671. [CrossRef]
7. Tsao, M.S.; Yoon, J.Y. The eighth TNM classification for lung cancer-What is next? Lung Cancer 2018, 121, 97–98. [CrossRef]
8. Molina, J.R.; Yang, P.; Cassivi, S.D.; Schild, S.E.; Adjei, A.A. Non-small cell lung cancer: Epidemiology, risk factors, treatment, and

survivorship. Mayo Clin. Proc. 2008, 83, 584–594. [CrossRef]
9. Man, J.; Zhang, X.; Dong, H.; Li, S.; Yu, X.; Meng, L.; Gu, X.; Yan, H.; Cui, J.; Lai, Y. Screening and identification of key biomarkers

in lung squamous cell carcinoma by bioinformatics analysis. Oncol. Lett. 2019, 18, 5185–5196. [CrossRef]
10. Mao, Q.; Jiang, F.; Yin, R.; Wang, J.; Xia, W.; Dong, G.; Ma, W.; Yang, Y.; Xu, L.; Hu, J. Interplay between the lung microbiome and

lung cancer. Cancer Lett. 2018, 415, 40–48. [CrossRef]
11. Maddi, A.; Sabharwal, A.; Violante, T.; Manuballa, S.; Genco, R.; Patnaik, S.; Yendamuri, S. The microbiome and lung cancer.

J. Thorac. Dis. 2019, 11, 280–291. [CrossRef] [PubMed]
12. Hasegawa, A.; Sato, T.; Hoshikawa, Y.; Ishida, N.; Tanda, N.; Kawamura, Y.; Kondo, T.; Takahashi, N. Detection and identification

of oral anaerobes in intraoperative bronchial fluids of patients with pulmonary carcinoma. Microbiol. Immunol. 2014, 58, 375–381.
[CrossRef] [PubMed]

13. Lee, S.H.; Sung, J.Y.; Yong, D.; Chun, J.; Kim, S.Y.; Song, J.H.; Chung, K.S.; Kim, E.Y.; Jung, J.Y.; Kang, Y.A.; et al. Characterization
of microbiome in bronchoalveolar lavage fluid of patients with lung cancer comparing with benign mass like lesions. Lung Cancer
2016, 102, 89–95. [CrossRef] [PubMed]

http://doi.org/10.1038/s41591-019-0458-7
http://doi.org/10.1016/j.trecan.2020.01.004
http://doi.org/10.1126/science.aan3706
http://doi.org/10.1038/s41576-019-0113-7
http://doi.org/10.1038/s41467-021-23265-y
http://doi.org/10.1016/j.jtho.2016.05.021
http://doi.org/10.1016/j.lungcan.2018.04.018
http://doi.org/10.1016/S0025-6196(11)60735-0
http://doi.org/10.3892/ol.2019.10873
http://doi.org/10.1016/j.canlet.2017.11.036
http://doi.org/10.21037/jtd.2018.12.88
http://www.ncbi.nlm.nih.gov/pubmed/30863606
http://doi.org/10.1111/1348-0421.12157
http://www.ncbi.nlm.nih.gov/pubmed/24818822
http://doi.org/10.1016/j.lungcan.2016.10.016
http://www.ncbi.nlm.nih.gov/pubmed/27987594


Life 2022, 12, 1365 13 of 14

14. Liu, H.X.; Tao, L.L.; Zhang, J.; Zhu, Y.G.; Zheng, Y.; Liu, D.; Zhou, M.; Ke, H.; Shi, M.M.; Qu, J.M. Difference of lower airway
microbiome in bilateral protected specimen brush between lung cancer patients with unilateral lobar masses and control subjects.
Int. J. Cancer 2018, 142, 769–778. [CrossRef] [PubMed]

15. Tsay, J.J.; Wu, B.G.; Badri, M.H.; Clemente, J.C.; Shen, N.; Meyn, P.; Li, Y.; Yie, T.A.; Lhakhang, T.; Olsen, E.; et al. Airway
Microbiota Is Associated with Upregulation of the PI3K Pathway in Lung Cancer. Am. J. Respir. Crit. Care. Med. 2018,
198, 1188–1198. [CrossRef]

16. Peters, B.A.; Hayes, R.B.; Goparaju, C.; Reid, C.; Pass, H.I.; Ahn, J. The microbiome in lung cancer tissue and recurrence-free
survival. Cancer Epidemiol. Biomark. Prev. 2019, 28, 731–740. [CrossRef]

17. Zhang, W.; Luo, J.; Dong, X.; Zhao, S.; Hao, Y.; Peng, C.; Shi, H.; Zhou, Y.; Shan, L.; Sun, Q.; et al. Salivary Microbial Dysbiosis
is Associated with Systemic Inflammatory Markers and Predicted Oral Metabolites in Non-Small Cell Lung Cancer Patients.
J. Cancer 2019, 10, 1651–1662. [CrossRef]

18. Wang, K.; Huang, Y.; Zhang, Z.; Liao, J.; Ding, Y.; Fang, X.; Liu, L.; Luo, J.; Kong, J. A preliminary study of microbiota diversity in
saliva and bronchoalveolar lavage fluid from patients with primary bronchogenic carcinoma. Med. Sci. Monit. 2019, 25, 2819–2834.
[CrossRef]

19. Cheng, C.; Wang, Z.; Wang, J.; Ding, C.; Sun, C.; Liu, P.; Xu, X.; Liu, Y.; Chen, B.; Gu, B. Characterization of the lung microbiome
and exploration of potential bacterial biomarkers for lung cancer. Transl. Lung. Cancer Res. 2020, 9, 693–704. [CrossRef]

20. Zhuo, M.; An, T.; Zhang, C.; Wang, Z. Characterization of Microbiota in Cancerous Lung and the Contralateral Non-Cancerous
Lung within Lung Cancer Patients. Front. Oncol. 2020, 10, 1584. [CrossRef]

21. Hosgood, H.D., 3rd; Sapkota, A.R.; Rothman, N.; Rohan, T.; Hu, W.; Xu, J.; Vermeulen, R.; He, X.; White, J.R.; Wu, G.; et al. The
potential role of lung microbiota in lung cancer attributed to household coal burning exposures. Environ. Mol. Mutagen. 2014,
55, 643–651. [CrossRef] [PubMed]

22. Cameron, S.J.S.; Lewis, K.E.; Huws, S.A.; Hegarty, M.J.; Lewis, P.D.; Pachebat, J.A.; Mur, L.A.J. A pilot study using metagenomic
sequencing of the sputum microbiome suggests potential bacterial biomarkers for lung cancer. PLoS ONE 2017, 12, e0177062.
[CrossRef] [PubMed]

23. Hosgood, H.D., 3rd; Mongodin, E.F.; Wan, Y.; Hua, X.; Rothman, N.; Hu, W.; Vermeulen, R.; Seow, W.J.; Rohan, T.; Xu, J.; et al. The
respiratory tract microbiome and its relationship to lung cancer and environmental exposures found in rural china. Environ. Mol.
Mutagen. 2019, 60, 617–623. [CrossRef]

24. Druzhinin, V.G.; Matskova, L.V.; Demenkov, P.S.; Baranova, E.D.; Volobaev, V.P.; Minina, V.I.; Apalko, S.V.; Churina, M.A.;
Romanyuk, S.A.; Shcherbak, S.G.; et al. Taxonomic diversity of sputum microbiome in lung cancer patients and its relationship
with chromosomal aberrations in blood lymphocytes. Sci. Rep. 2020, 10, 9681. [CrossRef]

25. Ran, Z.; Liu, J.; Wang, F.; Xin, C.; Shen, X.; Zeng, S.; Song, Z.; Xiong, B. Analysis of Pulmonary Microbial Diversity in Patients
with Advanced Lung Cancer Based on High-throughput Sequencing Technology. Zhongguo Fei Ai Za Zhi 2020, 23, 1031–1038.
(In Chinese) [CrossRef]

26. Herbst, R.S.; Heymach, J.V.; Lippman, S.M. Lung cancer. N. Engl. J. Med. 2008, 359, 1367–1380. [CrossRef] [PubMed]
27. Goldstraw, P. New staging system: How does it affect our practice? J. Clin. Oncol. 2013, 31, 984–991. [CrossRef]
28. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;

Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef]

29. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

30. Sorenson, T. A method of establishing groups of equal amplitudes in plant sociology based on similarity of species content and
its application to analyses of the vegetation on Danish Commons. Biol. Skri. 1948, 5, 1–34.

31. Huang, D.; Su, X.; Yuan, M.; Zhang, S.; He, J.; Deng, Q.; Qiu, W.; Dong, H.; Cai, S. The characterization of lung microbiome in
lung cancer patients with different clinicopathology. Am. J. Cancer Res. 2019, 9, 2047–2063. [PubMed]

32. Sommariva, M.; Le Noci, V.; Bianchi, F.; Camelliti, S.; Balsari, A.; Tagliabue, E.; Sfondrini, L. The lung microbiota: Role in
maintaining pulmonary immune homeostasis and its implications in cancer development and therapy. Cell Mol. Life Sci. 2020,
77, 2739–2749. [CrossRef] [PubMed]

33. Greathouse, K.L.; White, J.R.; Vargas, A.J.; Bliskovsky, V.V.; Beck, J.A.; von Muhlinen, N.; Polley, E.C.; Bowman, E.D.; Khan, M.A.;
Robles, A.I.; et al. Interaction between the microbiome and TP53 in human lung cancer. Genome Biol. 2018, 19, 123. [CrossRef]
[PubMed]

34. Xu, N.; Wang, L.; Li, C.; Ding, C.; Li, C.; Fan, W.; Cheng, C.; Gu, B. Microbiota dysbiosis in lung cancer: Evidence of association
and potential mechanisms. Transl. Lung Cancer Res. 2020, 9, 1554–1568. [CrossRef]

35. Segal, L.N.; Clemente, J.C.; Tsay, J.C.; Koralov, S.B.; Keller, B.C.; Wu, B.G.; Li, Y.; Shen, N.; Ghedin, E.; Morris, A.; et al. Enrichment
of the lung microbiome with oral taxa is associated with lung inflammation of a Th17 phenotype. Nat. Microbiol. 2016, 1, 16031.
[CrossRef]

36. Leng, Q.; Holden, V.K.; Deepak, J.; Todd, N.W.; Jiang, F. Microbiota Biomarkers for Lung Cancer. Diagnostics 2021, 11, 407.
[CrossRef]

http://doi.org/10.1002/ijc.31098
http://www.ncbi.nlm.nih.gov/pubmed/29023689
http://doi.org/10.1164/rccm.201710-2118OC
http://doi.org/10.1158/1055-9965.EPI-18-0966
http://doi.org/10.7150/jca.28077
http://doi.org/10.12659/MSM.915332
http://doi.org/10.21037/tlcr-19-590
http://doi.org/10.3389/fonc.2020.01584
http://doi.org/10.1002/em.21878
http://www.ncbi.nlm.nih.gov/pubmed/24895247
http://doi.org/10.1371/journal.pone.0177062
http://www.ncbi.nlm.nih.gov/pubmed/28542458
http://doi.org/10.1002/em.22291
http://doi.org/10.1038/s41598-020-66654-x
http://doi.org/10.3779/j.issn.1009-3419.2020.103.16
http://doi.org/10.1056/NEJMra0802714
http://www.ncbi.nlm.nih.gov/pubmed/18815398
http://doi.org/10.1200/JCO.2012.42.7922
http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.1038/s41587-019-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/31598405
http://doi.org/10.1007/s00018-020-03452-8
http://www.ncbi.nlm.nih.gov/pubmed/31974656
http://doi.org/10.1186/s13059-018-1501-6
http://www.ncbi.nlm.nih.gov/pubmed/30143034
http://doi.org/10.21037/tlcr-20-156
http://doi.org/10.1038/nmicrobiol.2016.31
http://doi.org/10.3390/diagnostics11030407


Life 2022, 12, 1365 14 of 14

37. Bello, S.; Vengoechea, J.J.; Ponce-Alonso, M.; Figueredo, A.L.; Mincholé, E.; Rezusta, A.; Gambó, P.; Pastor, J.M.; Galeano, J.;
Del Campo, R. Core Microbiota in Central Lung Cancer with Streptococcal Enrichment as a Possible Diagnostic Marker. Arch.
Bronconeumol. 2021, 57, 681–689. [CrossRef]

38. Morris, A.; Beck, J.M.; Schloss, P.D.; Campbell, T.B.; Crothers, K.; Curtis, J.L.; Flores, S.C.; Fontenot, A.P.; Ghedin, E.; Huang, L.;
et al. Microbiome Project. Comparison of the respiratory microbiome in healthy nonsmokers and smokers. Am. J. Respir. Crit.
Care. Med. 2013, 187, 1067–1075. [CrossRef]

39. Haldar, K.; George, L.; Wang, Z.; Mistry, V.; Ramsheh, M.Y.; Free, R.C.; John, C.; Reeve, N.F.; Miller, B.E.; Tal-Singer, R.; et al. The
sputum microbiome is distinct between COPD and health, independent of smoking history. Respir. Res. 2020, 21, 183. [CrossRef]

40. Kumar, R.; Herold, J.L.; Schady, D.; Davis, J.; Kopetz, S.; Martinez-Moczygemba, M.; Murray, B.E.; Han, F.; Li, Y.; Callaway, E.;
et al. Streptococcus gallolyticus subsp. gallolyticus promotes colorectal tumor development. PLoS Pathog. 2017, 13, e1006440.
[CrossRef]

41. Manning, S.D. Molecular epidemiology of Streptococcus agalactiae (group B Streptococcus). Front. Biosci. 2003, 8, s1–s18.
[CrossRef] [PubMed]

42. Furfaro, L.L.; Chang, B.J.; Payne, M.S. Perinatal Streptococcus agalactiae Epidemiology and Surveillance Targets. Clin. Microbial.
Rev. 2018, 31, e00049-18. [CrossRef] [PubMed]

43. Pimentel, B.A.; Martins, C.A.; Mendonça, J.C.; Miranda, P.S.; Sanches, G.F.; Mattos-Guaraldi, A.L.; Nagao, P.E. Streptococcus
agalactiae infection in cancer patients: A five-year study. Eur. J. Clin. Microbiol. Infect. Dis. 2016, 35, 927–933. [CrossRef] [PubMed]

44. Phares, C.R.; Lynfield, R.; Farley, M.M.; Mohle-Boetani, J.; Harrison, L.H.; Petit, S.; Craig, A.S.; Schaffner, W.; Zansky, S.M.;
Gershman, K.; et al. Active Bacterial Core surveillance/Emerging Infections Program Network. Epidemiology of invasive group
B streptococcal disease in the United States, 1999–2005. JAMA 2008, 299, 2056–2065. [CrossRef] [PubMed]

45. Farley, M.M.; Harvey, R.C.; Stull, T.; Smith, J.D.; Schuchat, A.; Wenger, J.D.; Stephens, D.S. A population-based assessment of
invasive disease due to group B Streptococcus in nonpregnant adults. N. Engl. J. Med. 1993, 328, 1807–1811. [CrossRef]

46. Sharma, P.; Lata, H.; Arya, D.K.; Kashyap, A.K.; Kumar, H.; Dua, M.; Ali, A.; Johri, A.K. Role of pilus proteins in adherence and
invasion of Streptococcus agalactiae to the lung and cervical epithelial cells. J. Biol. Chem. 2013, 288, 4023–4034. [CrossRef]

47. Da Costa, A.F.E.; Moraes, J.A.; De Oliveira, J.S.S.; Dos Santos, M.H.B.; Santos, G.D.S.; Barja-Fidalgo, C.; Mattos-Guaraldi, A.L.;
Nagao, P.E. Reactive oxygen species involved in apoptosis induction of human respiratory epithelial (A549) cells by Streptococcus
agalactiae. Microbiology 2013, 162, 94–99. [CrossRef]

48. Oliveira, J.S.S.; Santos, G.D.S.; Moraes, J.A.; Saliba, A.M.; Barja-Fidalgo, T.C.; Mattos-Guaraldi, A.L.; Nagao, P.E. Reactive oxygen
species generation mediated by NADPH oxidase and PI3K/Akt pathways contribute to invasion of Streptococcus agalactiae in
human endothelial cells. Mem. Inst. Oswaldo Cruz. 2018, 113, e140421. [CrossRef]

http://doi.org/10.1016/j.arbres.2020.05.034
http://doi.org/10.1164/rccm.201210-1913OC
http://doi.org/10.1186/s12931-020-01448-3
http://doi.org/10.1371/journal.ppat.1006440
http://doi.org/10.2741/985
http://www.ncbi.nlm.nih.gov/pubmed/12456367
http://doi.org/10.1128/CMR.00049-18
http://www.ncbi.nlm.nih.gov/pubmed/30111577
http://doi.org/10.1007/s10096-016-2617-9
http://www.ncbi.nlm.nih.gov/pubmed/26993288
http://doi.org/10.1001/jama.299.17.2056
http://www.ncbi.nlm.nih.gov/pubmed/18460666
http://doi.org/10.1056/NEJM199306243282503
http://doi.org/10.1074/jbc.M112.425728
http://doi.org/10.1099/mic.0.000202
http://doi.org/10.1590/0074-02760170421

	Introduction 
	Methods 
	Cohort Information 
	Sample Collection, Process, and Storage 
	DNA Extraction, 16S rRNA Gene Amplification and Sequencing 
	Taxonomy Quantification Using 16S rRNA Gene Sequences and Statistical Methods 

	Results 
	Discussion 
	Conclusions 
	References

