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Abstract

Background

Postoperative pneumonia (POP) is the most prevalent postoperative complication fol-
lowing lung cancer surgery. It is a crucial factor that influences surgical success and the
rapid recovery of patients. Studies on the gut-lung axis have suggested that changes in
the structural and functional aspects of intestinal flora are implicated in the incidents and
development of pulmonary infection. This study aims to reveal the dynamic changes and
metabolic function of intestinal flora in lung cancer patients with POP, with the ultimate
goal of providing novel insights and targets for the prevention and treatment of POP.

Methods

This study includes three groups: healthy control group, lung cancer with POP group,
and lung cancer without POP group. We collected stool samples from healthy individuals,
preoperative and first post-infection stool samples from the POP group, and preopera-
tive and first postoperative stool samples from the non-POP group. The hypervariable
V3-V4 regions of 16S rRNA gene were sequenced using lllumina MiSeq high-throughput
sequencing technology.

Results

The alpha diversity index was lower in the POP group than in the healthy group, the beta
diversity index was also different between the two groups (P < 0.05). Eggerthella, Copro-
bacillus, and Peptostreptococcus were abundant in the intestinal tracts of the POP group
in preoperative and postoperative infections. There was a decrease in the abundance of
beneficial genera such as Blautia and an increase in the abundance of pathogenic or
opportunistic pathogens such as Bacteroides. The phosphatidylinositol signaling system
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abundance increased, whereas the abundance of phenazine, phenylalanine, tyrosine, and
tryptophan biosyntheses was reduced in the POP group during postoperative infection.

Conclusion

Patients with POP after lung cancer surgery have a distinct spectrum of intestinal flora.
The intestinal flora displays a reduction in diversity and an increase in the presence of
potential pathogenic bacteria, which impact metabolic functions.

Introduction

Postoperative pneumonia (POP) is a new onset of pneumonia in surgical patients within
30 days of surgery and accounts for approximately 50% of all hospital-acquired pneumonia
[1]. Currently, POP is the most common postoperative pulmonary and infectious compli-
cation in lung cancer, with an incidence ranging from 15% to 40% [2-4]. It has an insidi-
ous onset and complex etiology, with mixed bacterial infections in most cases. In addition,
it is associated with a high rate of drug resistance, a long treatment period, difficulty in
treatment, and a high morbidity and mortality rate. Studies have shown that pulmonary
infections account for approximately 20%-60% of patients who die after lung cancer
surgery [5]. Andalib et al. [6] found that the 5-year survival rate of lung cancer patients
with POP was significantly lower than that of patients without POP (62.8% vs. 73.8%,
respectively). POP worsens patient’ prognosis, prolongs hospital stay, consumes more
medical resources, and causes enormous human, material, and economic losses to families
and society [7]. Therefore, early prevention, control, and effective treatment of POP are
crucial. The development of POP is a multifactorial process, and the risk factors include
advanced age (270 years), smoking, mechanical ventilation, hyperglycemia, a combina-
tion of chronic obstructive pulmonary disease (COPD), etc., but its specific pathogenesis
remains unclear [8,9].

A growing body of research suggests that the gut and lungs interact and regulate each other
in both directions through microbial and immune functions, an interaction known as the
“gut-lung axis” [10-12]. Many common clinical gastrointestinal diseases are often accompa-
nied by respiratory symptoms, for example, more than 50% of patients with inflammatory
bowel disease develop reduced respiratory function and impaired lung function; many lung
diseases are also accompanied by gastrointestinal symptoms, e.g., more than half of patients
with an acute exacerbation of COPD suffer from constipation, and patients with COPD
are at a significantly higher risk of comorbidities with ulcerative colitis and Crohn’s disease
[13]. Studies have confirmed the imbalance of intestinal flora in many lung diseases such as
pneumonia [14], lung cancer [15], asthma [16], and COPD [17], etc. Intestinal flora has also
been shown to be associated with infectious complications such as lung infections and their
adverse outcomes in stroke, leukemia, and gastrointestinal surgery [18-21]. Dysbiosis of the
gut microbiota is an important factor in developing numerous lung diseases, but the mecha-
nisms involved have not been elucidated [22,23]. The migration of immune cells and bacterial
metabolites are now considered to be the main underlying mechanisms of the “gut-lung axis”,
in which the intestinal flora modulates the pulmonary immune response through lipopolysac-
charides, short-chain fatty acids (SCFAs), and immune cells (e.g., T regulatory cells), as well as
type 2 intrinsic lymphocytes, among others [24]. Intestinal flora also serve as novel biomark-
ers in clinical work as early predictors of postoperative infectious complications and potential
targets for disease intervention [25,26].
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Intestinal flora may provide a new approach to studying the pathogenesis and prevention
of respiratory infections. However, limited research has investigated the relationship between
lung cancer patients with POP and their intestinal flora, and it remains unclear whether intes-
tinal flora changes during the development of POP in lung cancer patients and its relationship
with POP. We analyzed the differences and functional changes of the intestinal flora in lung
cancer patients with POP before and during the occurrence of POP, in lung cancer patients
without POP before and after surgery, and in a healthy control group of people, to discover
the potential key microorganisms in the occurrence and development of POP and to provide
new ideas for the diagnosis and prevention of POP from the perspective of intestinal flora.

Materials and methods
Participants’ information

This is a case-control study. Patients undergoing thoracoscopic radical lung cancer sur-
gery under general anesthesia with tracheal intubation from December 2020 to December
2021 were recruited. The inclusion criteria in this study were as follows: age 18 ~ 75 years;
long-term local residency in Fuzhou, Fujian, China; regular defecation (1 ~ 3 times per day);
clear consciousness; and no psychiatric disorders. Patients with other infectious diseases
before surgery or besides POP after surgery, as well as a history of gastrointestinal diseases
or surgery, other underlying lung diseases or surgery, other cancers, hypertension, diabetes
mellitus, and other basic diseases, and those receiving antibiotics, probiotics, hormones,
radiotherapy, or immunosuppressants 1 month before sampling, were excluded from the
study. Based on POP development before discharge, the patients were divided into two
groups: lung cancer POP and lung cancer non-POP groups. POP was diagnosed accord-
ing to the 2018 diagnostic criteria of the “Expert consensus on prevention and control of
postoperative pneumonia” [1]. About half an hour before surgery, all patients with lung
cancer received second-generation cephalosporins as a prophylactic treatment (Cefotax-
ime Sodium for Injection, 2g, North China Pharmaceutical Hebei Huamin Pharmaceutical
Co) Postoperative complications of other infectious diseases, postoperative application of
antibiotics, unqualified stool samples, as well as missing or incorrect research data were
dropped or excluded.

In addition, healthy volunteers from the physical examination center were recruited and
included in the healthy control group using the same inclusion criteria as the patients. They
should also have had no complaints of discomfort, a normal physical examination, normal
liver and kidney function, a normal chest X-ray and other imaging examinations, and no basic
diseases, such as hypertension or diabetes, no lung disorders or surgery, no gastrointestinal
diseases or related surgeries, and no malignancies. Individuals who had received antibiotics,
probiotics, hormones, radiotherapy, or immunosuppressants within 1 month before sampling
were excluded.

Stool sample collection

Stool samples were collected from each of the three groups at various time points. They were
collected from the POP group at 1 day preoperatively and at the time of the first postoperative
bowel movement after the occurrence of POP (mean 4.92 days postoperatively), and from the
lung cancer non-POP group at 1 day preoperatively and at the time of the first postoperative
bowel movement (mean 4 days postoperatively). After enrollment, stool samples from the
healthy control group were randomly collected. All samples were collected in the hospital,
divided into two portions, and transported on ice within 4 hours to the laboratory, where they
were stored at —80°C till analyses.
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16S rRNA gene sequencing

DNA extraction and polymerase chain reaction (PCR) amplification. Total DNA was
extracted using the E.Z.N.A.® soil kit (Omega Bio-tek, Norcross, GA, USA), according to
the manufacturer’s instructions. DNA concentration and purity were determined using a
NanoDrop2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
USA), and DNA quality was checked by 1% agarose gel electrophoresis. The bacterial 16S
rRNA V3-V4 hypervariable regions were amplified using the following primers: 338F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3').
PCRs were performed in triplicate and comprised a 20 pL mixture containing 4 uL of
5x FastPfu Buffer, 2 pL of 2.5mM dNTPs, 0.8 uL of each primer (5 uM), 0.4 pL of FastPfu
Polymerase, and 10 ng of template DNA. They were conducted on a thermocycler PCR system
(GeneAmp 9700, ABI, USA) with the following thermal profile: denaturation for 3 minutes at
95°C, followed by 27 cycles of denaturation for 30 seconds at 95°C, annealing for 30 seconds at
55°C, and extension for 45 seconds at 72°C, and a final extension at 72°C for 10 min.

Library construction and Illumina MiSeq sequencing. PCR products were checked
for correct size on a 2% agarose gel electrophoresis, purified using the AxyPrep DNA gel
extraction kit (Axygen Biosciences, Union City, CA, USA), eluted with Tris—-HCl, and
was measured with Quantifluor-ST (Promega, USA) and quantified according to Illumina
Miseq platform (Illumina,San Diego,USA) Standard Operating Procedures for generating
sequencing libraries from the purified amplified fragments: (1) Connect the Y-shaped
connector; (2) the use of magnetic bead screening to remove the joint self-connecting
segment; (3) enrichment of library templates by PCR amplification; (4) NaOH denatured
to produce single-stranded DNA fragments. At last, purified amplicons were pooled in
equimolar concentrations and paired-end sequenced (2 x 300) on an Illumina MiSeq
platform (Illumina, San Diego, CA, USA) according to the standard protocols.

Bioinformatics and statistical analyses. All bioinformatics analyses and plots were
available on the website at https://www.bioincloud.tech/. The analysis was conducted using
the “Atacama soil microbiome tutorial” of QIIME2 docs along with customized program
scripts (https://docs.qiime2.0rg/2019.1/). Using the QIIME tools import program, raw data
FASTAQ files were imported into the format that could be operated by the QIIME2 system.
The demultiplexed sequences from each sample were quality filtered and trimmed, denoised,
merged, and then the chimeric sequences were identified and removed using the QIIME2
dada2 plugin to generate the feature table of the amplicon sequence variant (ASV). The
QIIME?2 feature-classifier plugin was then used to generate the taxonomy table by aligning
ASV sequences to a pretrained GREENGENES 13_8 99% database (trimmed to the V3 ~V4
region bound by the 338F/806R primer pair). The diversity metrics were calculated using the
core-diversity plugin within QIIME2. A linear discriminant analysis effect size (LEfSe) was
calculated to determine biomarkers between groups. The KEGG metabolic pathway of the
bacterial population was predicted using the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) software, and analysis of variance (ANOVA)
Duncan analysis was used to find the significant difference pathway, combined with grouping
information.

For baseline data and a-diversity indices, quantitative data were expressed as the mean
+ standard deviation (x *s). For quantitative data that conformed to a normal distribu-
tion, comparisons between two groups were made using the independent samples t-test.
Non-normally distributed quantitative data were compared using the rank sum test, with the
Mann-Whitney U test employed for comparisons between two groups and the Kruskal-Wallis
test for comparisons among three groups. Categorical data were expressed as frequencies (%),
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and comparisons were made using the chi-square test. The Statistical Package for the Social
Sciences software, version 26.0, was used for statistical analyses. P values of < 0.05 were con-

sidered statistically significant.
Ethics approval and informed consent. This study

was approved by the Ethics

Committee of the Second Affiliated Hospital of Fujian University of Traditional Chinese

Medicine (no. 2018-KL014), and all participants signed

Results

Characteristics of the studied cohort

written informed consent.

45 subjects were finally included in the study: 15 healthy controls, 13 lung cancer patients with
POP, and 17 lung cancer patients without POP (Fig 1). There was no statistically significant

difference in age, gender, body mass index, or smoking

status among the three groups, and

no statistically significant difference in the duration of surgery, duration of anesthesia, and

preoperative serum albumin between the POP and non-

[ Lung cancer surgery ]

POP groups (P > 0.05) (Table 1). The
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Fig 1. Study design and flow diagram.

https://doi.org/10.1371/journal.pone.0321016.9001
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Table 1. Baseline characteristics of participants.

symptoms of pneumonia appeared in 13 POP patients within 3 to 5 days after surgery, two
patients were sent for sputum culture and obtained positive results of Staphylococcus aureus.
All patients with lung cancer surgery recovered and were discharged from the hospital with-
out any deterioration, unexpected return to the ICU, or death.

Alpha diversity analyses

As Good’s coverage of all specimens reached 99.99%, the sequencing results could reflect the
actual population composition. The ASV rarefaction curves (Fig 2A) and Shannon’s index
curves (Fig 2B) observed gradually leveled out and hit a plateau, indicating that the present
sequencing results were sufficient to reflect the diversity of the samples, and the sequencing
volume and depth were adequate.

First, the overall characteristics of intestinal flora in the preoperative stool samples of the
healthy, POP, and non-POP groups were described and compared (Fig 3A) to determine
whether the preoperative intestinal flora of patients with POP varied and differed when POP
did not occur. The results showed that Shannon’s index and Simpson’s index of the POP
group and non-POP group were lower than those of the healthy group (P < 0.05). There was
no significant difference in chaol index among the three groups, while there was with no
statistical difference in the preoperative intestinal flora alpha diversity index between the POP
and non-POP groups (P > 0.05). To further understand the association between intestinal
flora and POP development and progression after lung cancer surgery, the intestinal flora
in the POP group after postoperative infection, the non-POP group after surgery, and the
healthy group were compared (Fig 3B). The postoperative alpha diversity index in the POP
group was significantly lower than that in the healthy group (P < 0.05), with no statistical
difference between the POP and non-POP groups (P > 0.05).

Healthy controls (n=15) POP group Non-POP X2/ Z/ t P
(n=13) group
(n=17)
Age (year) 53.47+7.30 56.00 £ 14.58 48.06£11.72 4.132* 0.127
Gender Male 5(33.33%) 7 (53.85%) 4(23.53%) 3.003° 0.223
Female 10 (66.67%) 6 (46.15%) 13 (76.47%)
BMI (Kg/m?) 23.95+3.73 2291+£3.23 21.71+£2.47 1.929* 0.381
Smoker Yes 4(26.67%) 5(38.47%) 2 (11.76%) 2.903" 0.234
No 11 (73.33%) 8(53.33%) 15 (88.24%)
Pathological type Squamous carcinoma / 2 (15.38%) 0 (0%) 2.802° 0.094
Adenocarc-inoma / 11 (84.62%) 17 (100%)
Cancer Stage Stage I / 10 (76.92%) 14 (82.35%) 0.814° 0.665
Stage II / 1(7.69%) 2 (11.76%)
Stage II1 / 2 (15.38%) 1(5.88%)
Preoperative serum albumin (g/L) 40.32+3.72 41.99+2.97 -1.369¢ 0.182
Length of surgery (min) 147.77 £73.95 146.76 +58.67 0.042¢ 0.967
Length of anesthesia (min) 188.15+75.63 183.65+60.03 0.182¢ 0.857
% Rank sum test;
b x2 test;
“t-test.
https://doi.org/10.1371/journal.pone.0321016.t001
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Beta diversity analyses

The distance between points in the Bray-Curtis distance principal component analysis plots
illustrates the diversity and similarity of samples between groups (Fig 4). The POP and non-
POP groups had closer distances between points in each sample, confounding crossover, and
weak grouping effects, but the healthy group demonstrated relatively different aggregation
characteristics. The permutational multivariate analysis of variance (PERMANOVA) test
results revealed significant differences between the POP and healthy groups both preopera-
tively and during POP occurrence (P = 0.036, 0.001 < 0.05), with no significant difference with

the non-POP group (P = 0.670, 0.437 > 0.05).
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Fig 2. ASV rarefaction curves and Shannon index curves. (A) ASV rarefaction curves; (B) Shannon index curves.
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Bacterial composition and variation analyses

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria were the most dominant phyla
in lung cancer patients with POP accounting for more than 95% of all cases (Fig 5). The
Kruskal-Wallis test is used to analyze differences in species abundance. When the healthy
and two lung cancer groups were compared preoperatively and postoperatively, there were
no significant differences at the phylum level. However, at the genus level, preoperatively, the
abundance of Veillonella (P=0.044) and Eggerthella (P=0.045) was greater in the POP group
than in the healthy and non-POP groups, and postoperatively, the abundance of Eggerthella
(P=0.023) was greater during the occurrence of POP in the POP group than in the healthy
and non-POP groups.

The preoperative LEfSe analysis results of the POP, non-POP, and healthy groups revealed
8 significantly distinct species in the POP group, 12 in the healthy group, and no characteris-
tic dominant flora in the non-POP group (Fig 6A). The results of LEfSe analysis in the POP
group after postoperative infection, the non-POP group postoperatively, and the healthy
group revealed 5 significantly distinct species in the POP group, 17 in the healthy group, and 3
in the non-POP group (Fig 6B). In the POP group, Eggerthella, Coprobacillus, and Peptostrep-
tococcus were abundant in the intestine during both preoperative and postoperative infection.

After postoperative infection in the POP group, Firmicutes were less abundant, but Pro-
teobacteria were more abundant than in the preoperative period (P < 0.05). The abundance
of beneficial genera, such as Blautia, Lactobacillus, Faecalibacterium, Bifidobacterium, and
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Fig 3. Bacterial alpha diversity. Chaol index and Observed species index reflect species richness; the Shannon index and Simpson index reflect species diversity and

evenness. Wilcox Test was used to compare the differences. (A) The comparison of intestinal flora Alpha diversity between healthy, POP and non-POP groups before
surgery. (B) The comparison of intestinal flora Alpha diversity between healthy group, POP group after postoperative infection and non-POP group after surgery.

*P<0.05, ¥P<0.01, ¥*¥P<0.001, ¥***P<0.0001.

https://doi.org/10.1371/journal.pone.0321016.g003
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Coprococcus, decreased, whereas the abundance of pathogenic bacteria, such as Bacteroides
and Collinsella, or opportunistic pathogenic bacteria increased (Table 2).

Functional prediction of intestinal bacteria

PICRUSt was used to predict the function of the intestinal flora of the three groups and was
paired with grouping information for analyses. We filtered the pathways observed in less than
50% of the total samples. The results revealed that the functional composition of the three
groups was typically similar before surgery, with a mild, non-significant difference detected
between the groups. However, a postoperative analysis of the three groups revealed seven
significantly different pathways (Fig 7). The phosphatidylinositol signaling system abundance
increased,whereas the biosynthesesof phenazine, phenylalanine, tyrosine, and tryptophan
were reduced in the lung cancer POP group during postoperative infection.

Discussion

Although POP is common in lung cancer and has serious consequences, its pathogenesis
remains unclear. Our results showed that both at the time of preoperative and postoperative
infections, the alpha diversity index of the intestinal flora was significantly lower in lung
cancer patients with POP compared with the healthy population; their community structure
was altered, characterized by low diversity and low abundance of key commensal bacteria.
There were no statistically significant differences in alpha and beta diversity between POP and
non-POP patients (P > 0.05), but LEfSe analyses identified the respective differential species
between the two groups, indicating that the intestinal flora of POP and non-POP patients still
have distinct characteristics.

A bray curtis B bray curtis
0.50— 0.50—]
0.25— , 5.28=
S
5 H,
S o NonPOPA = o Non-POPB
S 0.00— S, h
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Fig 4. Bacterial beta diversity. Bray-Curtis distance PCA plots. The Bray-Curtis distance matrices were used to calculate the Beta
diversity, indicating the difference in bacterial community structure. The PERMANOVA test was used to compare the differences. (A)
The comparison of intestinal flora Beta diversity between healthy, POP and non-POP groups before surgery. (B) The comparison of
intestinal flora Beta diversity between healthy group, POP group after postoperative infection and non-POP group after surgery. Each
point represents a sample, and the points of different colors belong to different groups. The closer the distance between two points, the
higher the similarity of microbial community structure between two samples and the smaller the difference.

https://doi.org/10.1371/journal.pone.0321016.9004
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The results of species composition and differential analysis showed that the composition
of the intestinal bacterial profiles of the three groups was generally the consistent, but differed
in specific compositional proportions. The abundance of Eggerthella was simultaneously
increased in the intestinal flora of the POP group preoperatively and during the occurrence of
POP; and LEfSe analysis showed that Eggerthella, Peptostreptococcus, and Coprobacillus were
reflected in high abundance in the intestinal flora of POP patients both preoperatively and at
the time of POP onset. Eggerthella is a kind of proinflammatory bacteria, as a new pathogen,
associated with bacteremia, abdominal infection and other infectious diseases, a retrospec-
tive cohort studies found that they can cause impaired host immunity and lead to opportu-
nistic infections [27-29]. Charlson et al noticed that an increase in Proteobacteria such as
Eggerthella, as well as exposure to cigarette smoke induced intestinal microecological dis-
turbances and functional changes in the intestinal mucosal barrier, exacerbating pulmonary
inflammatory responses in elderly patients with COPD [30]. Peptostreptococci can also cause
infections in various tissues and organs of the human body in clinical practice, with mixed
infections in the respiratory tract, lung pleura, and other parts of the body being the most
common [31,32]. Studies have shown that Peptostreptococci is prevalent in the microbiota of
some cancerous tissues and can inhibit immunity through the interaction of their surface pro-
teins with the epithelial cell receptor integrins a2/B1, which promotes cell proliferation and a
pro-inflammatory immune microenvironment. Coprobacillus bacteremia—associated bacteria
and their potential secondary infections are more likely to cause severe host disease [33,34].

A recent study showed that the abundance of intestinal Coprobacillus, Clostridium ramo-
sum, and Clostridium hathewayi in patients with coronavirus disease 2019 correlated with
disease severity [35]. Eggerthella, Coprobacillus, and Peptostreptococcus are all infection- and
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Fig 5. Relative distribution of species bar chart. Only the top 20 species in relative abundance were shown. Other species with low relative
abundance were classified as “Other”.

https://doi.org/10.1371/journal.pone.0321016.g005
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inflammation-associated bacteria and are enriched in the intestines before and after the onset
of POP in patients with lung cancer. We hypothesize that the differences and variations in the
above genera may play an important role in the development of POP, and have the potential to
be microbial markers for precise prevention and control of POP in future clinical work.

We also performed a predictive analysis of the functional composition of intestinal flora spe-
cies in each group. The abundance of the phosphatidylinositol signaling system in intestinal flora
was increased in lung cancer patients with POP. Phosphatidylinositol 3-kinase (PI3K) signaling
has been shown to drive a variety of cellular responses, including proliferation, migration, growth,
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Fig 6. Bacterial LEfSe analysis. (A) The comparison of intestinal flora LEfSe analysis between healthy, POP and
non-POP groups before surgery. (B) The comparison of intestinal flora LEfSe analysis between healthy group, POP
group after postoperative infection and non-POP group after surgery. Different colors represent different groups,
and each horizontal column represents a significantly different species in the group. The length of the column
corresponds to the LDA score, and the higher the LDA score, the greater the difference. Only taxa achieving an LDA
significant threshold > 2 were shown.

https://doi.org/10.1371/journal.pone.0321016.9006
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and survival, and can be overactivated in pathological states, such as cancer [36]. The § isoform is
predominantly found in leukocytes and regulates immune cell function, which can be activated in
response to immune stimulation. The metabolism of other amino acids was increased in lung cancer
patients with POP, whereas the biosynthesis of phenazine, phenylalanine, tyrosine, and tryptophan
biosyntheses was significantly lower than in non-POP patients and healthy individuals. Phenazines
and their derivatives have shown promising biological activities in various fields, including antibac-
terial, antiparasitic, neuroprotective, anti-inflammatory, and anticancer properties [37]. Aromatic
amino acids, such as phenylalanine, tyrosine, and tryptophan, are basic components of proteins that
can be metabolized by both the organism and the intestinal flora. In addition, aromatic amino acids
and their derivatives play important roles in organism immunity and neuronal response, as well as
anti-inflammatory, antiviral, and anticancer properties [38,39]. We hypothesize that in the presence
of lung cancer and infection, the intestinal microecology and microenvironment changed, nutrient
metabolism increased, relevant bacterially regulated signal transduction pathways are altered, and
bacterial biosynthesis and raw material supply are decreased.

We compared the intestinal flora of lung cancer patients before and during the occurrence
of POP, and it showed that the percentage of Firmicutes decreased during the occurrence of
POP, and the percentage of Proteobacteria increased. Studies have shown that a decrease in
the Firmicutes leads to a decrease in the synthesis of short-chain fatty acids (SCFAs), butyric
acid, etc., which may affect intestinal metabolism and mucosal immunity, causing obstacles
in pathogenic bacteria clearance and systemic immune-inflammatory reactions, and pro-
moting the development of diseases [40,41]; whereas Proteobacteria as potential identifiers of
microecological dysbiosis and disease, and its increase in certain intestinal environments may
lead to local or systemic inflammation and metabolic dysfunction, which may contribute to
the development of the disease [42]. At the genus level, the abundance of beneficial genera,
such as Blautia, Lactobacillus, Faecalibacterium, and Bifidobacterium, decreased in patients
with POP, while the abundance of pathogenic or opportunistic pathogenic bacteria, such as

Table 2. Changes in relative abundance of intestinal flora in POP group.

Species Preoperative rela- Postoperative rel- Variation P
tive abundance % ative abundance % trend

Phylum
Firmicutes 76.58 51.87 1 0.020
Bacteroidetes 8.44 14.35 1 0.522
Proteobacteria 7.46 24.37 1 0.033
Actinobacteria 6.98 8.25 1 0.817

Genera
Blautia 13.34 5.98 | 0.026
Faecalibacterium 7.32 2.02 | 0.079
Bacteroides 6.85 10.46 1 0.457
Lactobacillus 6.09 5.43 1 0.575
Roseburia 5.72 0.63 | 0.008
Coprococcus 5.34 1.34 l 0.106
Bifidobacterium 4.53 3.33 1 0.817
Ruminococcus 4.08 3.01 1 0.024
Phascolarctobacterium 3.54 1.14 l 0.936
Collinsella 1.49 4.27 1 0.883

The upper arrow indicates an increase in postoperative relative abundance compared to the preoperative, whereas the
lower arrow indicates a decrease.

https://doi.org/10.1371/journal.pone.0321016.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0321016  April 1, 2025 12/17



https://doi.org/10.1371/journal.pone.0321016.t002

PLOS ONE Prevention and treatment of POP

Bacteroides, increased. Studies of the gut-lung axis have shown that the intestine and the lung
are physiologically and functionally interconnected, and pathologically interact cross-talk.
The development of POP in lung cancer patients and the disturbance of intestinal flora are
also be interactive and interrelated. Intestinal microbiology plays a remote regulatory role in
the lungs through flora shift and immune response effects. In the lung disease state, patients
have an imbalance in the intestinal microecology, with a decrease in the number of beneficial
bacterial species, growth or population shifts of conditionally pathogenic bacteria, and there is
an alteration in the metabolic profile of the host, with a decrease in beneficial metabolites and/
or an increase in pro-inflammatory metabolites, which results in a compromised intestinal
barrier, an increase in intestinal permeability, bacterial translocation, an activation of intesti-
nal immunity, and an increase in immune cell interactions. At the same time, a large amount
of intestinal endotoxin and inflammatory factors are released and enter the lungs through the
bloodstream and mesenteric lymphatic vessels, which leads to the aggregation of inflamma-
tory cells, such as neutrophils and macrophages, and the initiation of pulmonary inflamma-
tory cascade, thus inducing the occurrence of lung infection and injury.
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Fig 7. Bacterial differential metabolic pathways. The horizontal coordinates are pathway names, different colors of
each pathway indicate different subgroups, and the same letter above two subgroups means the difference is not sig-
nificant, otherwise the difference is significant. The vertical coordinates represent the abundance level, positive values
represent relative abundance greater than the mean, negative values represent relative abundance less than the mean.

https://doi.org/10.1371/journal.pone.0321016.9007
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Patients undergoing lung cancer surgery now have shorter preoperative hospital stays
and less specific treatment with various preoperative tests, thanks to the development
of fast-track surgery. We collected stool samples from patients undergoing lung cancer
surgery 1 day before surgery to ensure that they accurately reflect the characteristics of
the intestinal flora. However, the study also has certain limitations. First, a small number
of patients, and the limited sample size of this study makes it difficult to analyze possible
associations between the other variables with POP. Meanwhile, we lack data on clinical
bacteriology, various factors in the perioperative period, such as surgical trauma, psycho-
logical stress, and medication, etc., may affect the final result presentation to some extent.
The results of this study suggest an association between POP and intestinal flora, but the
causal relationship needs to be explored in depth. Intestinal flora plays an important role
in immunity and metabolism. However, our analysis focused only on the characteris-
tics and variations of intestinal flora composition and did not extensively investigate the
correlation between the intestinal flora, systemic immune-related indices, and metabolic
functions. Further experiments on their specific mechanism of action are still needed in
the future.

Conclusion

In conclusion, the intestinal flora of lung cancer patients with POP was further disrupted, with
reduced intestinal flora diversity, significant differences in flora structure, decreased beneficial
bacteria, and increased pathogenic or opportunistic pathogenic bacteria. Eggerthella, Peptost-
reptococcus, and Coprobacillus were significantly enriched in lung cancer patients with POP
and were related to the development of POP in lung cancer. The change of intestinal micro-
flora also affected the metabolic function. At the onset of POP in lung cancer, the abundance
of the phosphatidylinositol signaling system increased, whereas phenazine, phenylalanine,
tyrosine, and tryptophan biosyntheses decreased.

Author contributions

Conceptualization: Meiling Wang, Pengcheng Zhou.

Data curation: Meiling Wang, Weiting Jiang.

Formal analysis: Meiling Wang.

Funding acquisition: Bizhen Chen.

Investigation: Meiling Wang, Weiting Jiang, Tingyu Wei, Zimeng Li, Yaxin Jiang.
Methodology: Meiling Wang, Pengcheng Zhou, Bizhen Chen.
Project administration: Meiling Wang, Bizhen Chen.
Supervision: Meiling Wang.

Visualization: Meiling Wang, Weiting Jiang.

Writing - original draft: Weiting Jiang.

Writing - review & editing: Pengcheng Zhou, Bizhen Chen.

References

1. Zong ZY, Zhu SC. Association expert consensus on prevention and control of postoperative pneumo-
nia. Chin J Clin Infect Dis. 2018;11:11-19. hitps://doi.org/10.3760/cma.j.issn.1674-2397.2018.01.003

2. WuYH, Zhou YW, Gao SH, Du CL, Yao LP, Yang R. Effects of preoperative pulmonary function on

short-term outcomes and overall survival after video-assisted thoracic surgery lobectomy. Ann Transl
Med. 2021;9(22):1651. https://doi.org/10.21037/atm-21-5244 PMID: 34988160

PLOS ONE | https://doi.org/10.1371/journal.pone.0321016  April 1, 2025 14 /17



https://doi.org/10.3760/cma.j.issn.1674-2397.2018.01.003
https://doi.org/10.21037/atm-21-5244
http://www.ncbi.nlm.nih.gov/pubmed/34988160

PLOS ONE

Prevention and treatment of POP

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Motono N, Ishikawa M, Iwai S, lijima Y, Usuda K, Uramoto H. Individualization of risk factors for post-
operative complication after lung cancer surgery: A retrospective study. BMC Surg. 2021;21(1):311.
https://doi.org/10.1186/s12893-021-01305-0 PMID: 34261455

Yao LJ, Luo J, Liu L, Wu Q, Zhou R, Li L, et al. Risk factors for postoperative pneumonia and
prognosis in lung cancer patients after surgery: A retrospective study. Medicine (Baltimore).
2021;100(13):e25295. https://doi.org/10.1097/MD.0000000000025295 PMID: 33787617

Kim S-W, Hong J-M, Kim D. What is difficult about doing video-assisted thoracic surgery (VATS)? A
retrospective study comparing VATS anatomical resection and conversion to thoracotomy for lung
cancer in a university-based hospital. J Thorac Dis. 2017;9(10):3825-31. https://doi.org/10.21037/
jtd.2017.09.98

Andalib A, Ramana-Kumar AV, Bartlett G, Franco EL, Ferri LE. Influence of postoperative infec-
tious complications on long-term survival of lung cancer patients: A population-based cohort
study. J Thorac Oncol. 2013;8(5):554—61. https://doi.org/10.1097/JTO.0b013e3182862e7e PMID:
23459402

Mpody C, Kemper AR, Aldrink JH, Michalsky MP, Tobias JD, Nafiu OO. Trends and economic impli-
cations of disparities in postoperative pneumonia. Pediatrics. 2023;151(5):€2022058774. https://doi.
org/10.1542/peds.2022-058774 PMID: 37057490

Xiang BB, Jiao SL, SiYY, Yao YT, Yuan F, Chen R. Risk factors for postoperative pneumonia: A
case-control study. Front Public Health. 2022;10:913897. hitps://doi.org/10.3389/fpubh.2022.913897
PMID: 35875004

Russotto V, Sabaté S, Canet J; PERISCOPE group, of the European Society of Anaesthesiology
(ESA) Clinical Trial Network. Development of a prediction model for postoperative pneumonia: A
multicentre prospective observational study. Eur J Anaesthesiol. 2019;36(2):93—104. https://doi.
0rg/10.1097/EJA.0000000000000921 PMID: 30431500

Zhou X, Shen S, Wang Z. Genetic evidence of bidirectional mendelian randomization study on the
causality between gut microbiome and respiratory diseases contributes to gut-lung axis. Sci Rep.
2024;14(1):25550. https://doi.org/10.1038/s41598-024-77273-1 PMID: 39462039

Wang, He F, Liu B, Wu X, Han Z, Wang X, et al. Interaction between intestinal mycobiota and
microbiota shapes lung inflammation. Imeta. 2024;3(5):e241. https://doi.org/10.1002/imt2.241 PMID:
39429884

Zhao M, Zhou L, Wang S. Immune crosstalk between respiratory and intestinal mucosal tissues in
respiratory infections. Mucosal Immunol. 2025;S1933-0219(24)00136-3. https://doi.org/10.1016/].
mucimm.2024.12.013 PMID: 39755173

Teng J, Chai X, Wang Q, et al. COPD intestinal dysfunction and Chinese medicine treatment. Chin J
Exp Formul. 2021;27(2):196—202.

Nie XQ, Li L, Yi MX, Qin W, Zhao W, Li F, et al. The intestinal microbiota plays as a protective regula-
tor against radiation pneumonitis. Radiat Res. 2020;194(1):52—60. hitps://doi.org/10.1667/RR15579.1
PMID: 32330075

Zhao'Y, Liu YX, Li S, Peng Z, Liu X, Chen J, et al. Role of lung and gut microbiota on lung cancer
pathogenesis. J Cancer Res Clin Oncol. 2021;147(8):2177-86. hitps://doi.org/10.1007/s00432-021-
03644-0 PMID: 34018055

Zheng H, Dai H, Yan XM, Xiang QW. Study on intestinal flora and asthma: Knowledge graph analysis
based on citespace (2001-2021). J Asthma Allergy. 2023;16:355—-64. https://doi.org/10.2147/JAA.
S402883 PMID: 37041761

Zeng XT, Yang HF, Yang Y, Gu XN, Ma XQ, Zhu TF. Associations of clinical characteristics and
intestinal flora imbalance in stable chronic obstructive pulmonary disease (COPD) patients and the
construction of an early warning model. Int J Chron Obstruct Pulmon Dis. 2021;16:3417-28. https:/
doi.org/10.2147/COPD.S330976 PMID: 34955637

Matzaras R, Anagnostou N, Nikopoulou A, Tsiakas |, Christaki E. The role of probiotics in inflam-
mation associated with major surgery: A narrative review. Nutrients. 2023;15(6):1331. https://doi.
0rg/10.3390/nu15061331 PMID: 36986061

Zhang HY, Huang YY, Li XJ, Han X, Hu J, Wang B, et al. Dynamic process of secondary pulmo-
nary infection in mice with intracerebral hemorrhage. Front Immunol. 2021;12:767155. https://doi.
0rg/10.3389/fimmu.2021.767155 PMID: 34868020

Nearing JT, Connors J, Whitehouse S, Van Limbergen J, Macdonald T, Kulkarni K, et al. Infec-
tious complications are associated with alterations in the gut microbiome in pediatric patients
with acute lymphoblastic leukemia. Front Cell Infect Microbiol. 2019;9:28. https://doi.org/10.3389/
fcimb.2019.00028 PMID: 30838178

PLOS ONE | https://doi.org/10.1371/journal.pone.0321016  April 1, 2025 15/17



https://doi.org/10.1186/s12893-021-01305-0
http://www.ncbi.nlm.nih.gov/pubmed/34261455
https://doi.org/10.1097/MD.0000000000025295
http://www.ncbi.nlm.nih.gov/pubmed/33787617
https://doi.org/10.21037/jtd.2017.09.98
https://doi.org/10.21037/jtd.2017.09.98
https://doi.org/10.1097/JTO.0b013e3182862e7e
http://www.ncbi.nlm.nih.gov/pubmed/23459402
https://doi.org/10.1542/peds.2022-058774
https://doi.org/10.1542/peds.2022-058774
http://www.ncbi.nlm.nih.gov/pubmed/37057490
https://doi.org/10.3389/fpubh.2022.913897
http://www.ncbi.nlm.nih.gov/pubmed/35875004
https://doi.org/10.1097/EJA.0000000000000921
https://doi.org/10.1097/EJA.0000000000000921
http://www.ncbi.nlm.nih.gov/pubmed/30431500
https://doi.org/10.1038/s41598-024-77273-1
http://www.ncbi.nlm.nih.gov/pubmed/39462039
https://doi.org/10.1002/imt2.241
http://www.ncbi.nlm.nih.gov/pubmed/39429884
https://doi.org/10.1016/j.mucimm.2024.12.013
https://doi.org/10.1016/j.mucimm.2024.12.013
http://www.ncbi.nlm.nih.gov/pubmed/39755173
https://doi.org/10.1667/RR15579.1
http://www.ncbi.nlm.nih.gov/pubmed/32330075
https://doi.org/10.1007/s00432-021-03644-0
https://doi.org/10.1007/s00432-021-03644-0
http://www.ncbi.nlm.nih.gov/pubmed/34018055
https://doi.org/10.2147/JAA.S402883
https://doi.org/10.2147/JAA.S402883
http://www.ncbi.nlm.nih.gov/pubmed/37041761
https://doi.org/10.2147/COPD.S330976
https://doi.org/10.2147/COPD.S330976
http://www.ncbi.nlm.nih.gov/pubmed/34955637
https://doi.org/10.3390/nu15061331
https://doi.org/10.3390/nu15061331
http://www.ncbi.nlm.nih.gov/pubmed/36986061
https://doi.org/10.3389/fimmu.2021.767155
https://doi.org/10.3389/fimmu.2021.767155
http://www.ncbi.nlm.nih.gov/pubmed/34868020
https://doi.org/10.3389/fcimb.2019.00028
https://doi.org/10.3389/fcimb.2019.00028
http://www.ncbi.nlm.nih.gov/pubmed/30838178

PLOS ONE

Prevention and treatment of POP

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

Liu YW, He WB, Yang J, He YH, Wang ZQ, Li K. The effects of preoperative intestinal dysbacteriosis
on postoperative recovery in colorectal cancer surgery: A prospective cohort study. BMC Gastroen-
terol. 2021;21(1):446. https://doi.org/10.1186/s12876-021-02035-6 PMID: 34823504

Burrows K, Ngai L, Chiaranunt P, Watt J, Popple S, Forde B, et al. A gut commensal protozoan deter-
mines respiratory disease outcomes by shaping pulmonary immunity. Cell. 2025;188(2):316-330.e12.
https://doi.org/10.1016/j.cell.2024.11.020 PMID: 39706191

Sey EA, Warris A. The gut-lung axis: the impact of the gut mycobiome on pulmonary diseases and infec-
tions. Oxf Open Immunol. 2024;5(1):iqae008. hitps://doi.org/10.1093/oxfimm/iqae008 PMID: 39193472

Druszczynska M, Sadowska B, Kulesza J, Gasienica-Gliwa N, Kulesza E, Fol M. The Intriguing
Connection Between the Gut and Lung Microbiomes. Pathogens. 2024;13(11):1005. https://doi.
org/10.3390/pathogens13111005 PMID: 39599558

Chernevskaya E, Zuev E, Odintsova V, Meglei A, Beloborodova N. Gut microbiota as early pre-
dictor of infectious complications before cardiac surgery: A prospective pilot study. J Pers Med.
2021;11(11):1113. https://doi.org/10.3390/jpm 11111113 PMID: 34834465

Shimizu K, Yamada T, Ogura H, Mohri T, Kiguchi T, Fujimi S, et al. Synbiotics modulate gut microbi-
ota and reduce enteritis and ventilator-associated pneumonia in patients with sepsis: a randomized
controlled trial. Crit Care. 2018;22(1):239. https://doi.org/10.1186/s13054-018-2167-x PMID: 30261905

Lee M-R, Huang Y-T, Liao C-H, Chuang T-Y, Wang W-J, Lee S-W, et al. Clinical and microbiological
characteristics of bacteremia caused by eggerthella, paraeggerthella, and eubacterium species at
a university hospital in taiwan from 2001 to 2010. J Clin Microbiol. 2012;50(6):2053-5. https://doi.
org/10.1128/JCM.00548-12 PMID: 22495556

Woerther P-L, Antoun S, Chachaty E, Merad M. Eggerthella lenta bacteremia in solid tumor cancer
patients: Pathogen or witness of frailty? Anaerobe. 2017;47:70-2. https://doi.org/10.1016/j.anaer-
obe.2017.04.010 PMID: 28442420

Gardiner BJ, Tai AY, Kotsanas D, Francis MJ, Roberts SA, Ballard SA, et al. Clinical and microbiolog-
ical characteristics of Eggerthella lenta bacteremia. J Clin Microbiol. 2015;53(2):626—35. https://doi.
org/10.1128/JCM.02926-14 PMID: 25520446

Zhou A, LeiY, Tang L, Hu S, Yang M, Wu L, et al. Gut microbiota: The emerging link to lung homeostasis
and disease. J Bacteriol. 2021;203(4):e00454-20. https://doi.org/10.1128/JB.00454-20 PMID: 33077630

Umeshappa H, Shetty A, Kavatagi K, Vivek GK, Vaibhav N, Mohammed I. Microbiological profile of
aerobic and anaerobic bacteria and its clinical significance in antibiotic sensitivity of odontogenic
space infection: A prospective study of 5 years. Natl J Maxillofac Surg. 2021;12(3):372-9. https://doi.
0rg/10.4103/njms.NJMS_1_20 PMID: 35153434

Legaria MC, Nastro M, Camporro J, Heger F, Barberis C, Stecher D, et al. Peptostreptococcus anaer-

obius: Pathogenicity, identification, and antimicrobial susceptibility. Review of monobacterial infections
and addition of a case of urinary tract infection directly identified from a urine sample by MALDI-TOF

MS. Anaerobe. 2021;72:102461. https://doi.org/10.1016/j.anaerobe.2021.102461 PMID: 34626800

Zhang M, LvY, Hou S, Liu Y, Wang Y, Wan X. Differential mucosal microbiome profiles across stages
of human colorectal cancer. Life (Basel). 2021;11(8):831. https://doi.org/10.3390/1ife 11080831 PMID:
34440574

Long X, Wong CC, Tong L, Chu ESH, Ho Szeto C, Go MYY, et al. Peptostreptococcus anaerobius
promotes colorectal carcinogenesis and modulates tumour immunity. Nat Microbiol. 2019;4(12):2319—
30. https://doi.org/10.1038/s41564-019-0541-3 PMID: 31501538

Zuo T, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, et al. Alterations in gut microbiota of patients
with covid-19 during time of hospitalization. Gastroenterology. 2020;159(3):944-955.e8. https://doi.
org/10.1053/j.gastro.2020.05.048 PMID: 32442562

Werner JA, Ishida K, Wisler J, Karbowski C, Kalanzi J, Bussiere J, et al. Phosphatidylinosi-
tol 3-kinase 8 inhibitor-induced immunomodulation and secondary opportunistic infection in
the cynomolgus monkey (Macaca fascicularis). Toxicol Pathol. 2020;48(8):949—-64. https://doi.
0rg/10.1177/0192623320966238 PMID: 33252030

Yan J, Liu W, Cai J, Wang Y, Li D, Hua H, et al. Advances in phenazines over the past decade: Review
of their pharmacological activities, mechanisms of action, biosynthetic pathways and synthetic strate-
gies. Mar Drugs. 2021;19(11):610. https://doi.org/10.3390/md19110610 PMID: 34822481

Han Q, Phillips RS, Li J. Editorial: Aromatic Amino Acid Metabolism. Front Mol Biosci. 2019;6:22.
https://doi.org/10.3389/fmolb.2019.00022 PMID: 31024928

Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan metabolism in health and
disease. Cell Host Microbe. 2018;23(6):716—24. https://doi.org/10.1016/j.chom.2018.05.003 PMID:
29902437

PLOS ONE | https://doi.org/10.1371/journal.pone.0321016  April 1, 2025 16/17



https://doi.org/10.1186/s12876-021-02035-6
http://www.ncbi.nlm.nih.gov/pubmed/34823504
https://doi.org/10.1016/j.cell.2024.11.020
http://www.ncbi.nlm.nih.gov/pubmed/39706191
https://doi.org/10.1093/oxfimm/iqae008
http://www.ncbi.nlm.nih.gov/pubmed/39193472
https://doi.org/10.3390/pathogens13111005
https://doi.org/10.3390/pathogens13111005
http://www.ncbi.nlm.nih.gov/pubmed/39599558
https://doi.org/10.3390/jpm11111113
http://www.ncbi.nlm.nih.gov/pubmed/34834465
https://doi.org/10.1186/s13054-018-2167-x
http://www.ncbi.nlm.nih.gov/pubmed/30261905
https://doi.org/10.1128/JCM.00548-12
https://doi.org/10.1128/JCM.00548-12
http://www.ncbi.nlm.nih.gov/pubmed/22495556
https://doi.org/10.1016/j.anaerobe.2017.04.010
https://doi.org/10.1016/j.anaerobe.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28442420
https://doi.org/10.1128/JCM.02926-14
https://doi.org/10.1128/JCM.02926-14
http://www.ncbi.nlm.nih.gov/pubmed/25520446
https://doi.org/10.1128/JB.00454-20
http://www.ncbi.nlm.nih.gov/pubmed/33077630
https://doi.org/10.4103/njms.NJMS_1_20
https://doi.org/10.4103/njms.NJMS_1_20
http://www.ncbi.nlm.nih.gov/pubmed/35153434
https://doi.org/10.1016/j.anaerobe.2021.102461
http://www.ncbi.nlm.nih.gov/pubmed/34626800
https://doi.org/10.3390/life11080831
http://www.ncbi.nlm.nih.gov/pubmed/34440574
https://doi.org/10.1038/s41564-019-0541-3
http://www.ncbi.nlm.nih.gov/pubmed/31501538
https://doi.org/10.1053/j.gastro.2020.05.048
https://doi.org/10.1053/j.gastro.2020.05.048
http://www.ncbi.nlm.nih.gov/pubmed/32442562
https://doi.org/10.1177/0192623320966238
https://doi.org/10.1177/0192623320966238
http://www.ncbi.nlm.nih.gov/pubmed/33252030
https://doi.org/10.3390/md19110610
http://www.ncbi.nlm.nih.gov/pubmed/34822481
https://doi.org/10.3389/fmolb.2019.00022
http://www.ncbi.nlm.nih.gov/pubmed/31024928
https://doi.org/10.1016/j.chom.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29902437

PLOS ONE Prevention and treatment of POP

40. Vaiserman A, Romanenko M, Piven L, Moseiko V, Lushchak O, Kryzhanovska N, et al. Differences
in the gut firmicutes to bacteroidetes ratio across age groups in healthy Ukrainian population. BMC
Microbiol. 2020;20(1):221. https://doi.org/10.1186/s12866-020-01903-7 PMID: 32698765

41. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev Immunol.
2016;16(6):341-52. hitps://doi.org/10.1038/nri.2016.42 PMID: 27231050

42. Shin N-R, Whon TW, Bae J-W. Proteobacteria: microbial signature of dysbiosis in gut microbiota.
Trends Biotechnol. 2015;33(9):496-5083. https://doi.org/10.1016/j.tibtech.2015.06.011 PMID: 26210164

PLOS ONE | https://doi.org/10.1371/journal.pone.0321016  April 1, 2025 17 /17



https://doi.org/10.1186/s12866-020-01903-7
http://www.ncbi.nlm.nih.gov/pubmed/32698765
https://doi.org/10.1038/nri.2016.42
http://www.ncbi.nlm.nih.gov/pubmed/27231050
https://doi.org/10.1016/j.tibtech.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26210164

