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Abstract: Background: Pseudomonas aeruginosa (P. aeruginosa) is one of the most common causes of nosocomial 
infections. This pathogen usually forms biofilms (BFs) and undergoes mucoid conversion during chronic lung infec-
tions in patients with ventilator-associated pneumonia (VAP) or cystic fibrosis (CF). These infections can result in 
excessive inflammation, leading to immune-mediated tissue damage, particularly through the action of recruited 
white blood cells, known as neutrophils. Most studies have focused on multiple strategies of P. aeruginosa BFs in 
overcoming these deleterious conditions in the host. However, the effects of immune response on P. aeruginosa 
BFs have received little attention. Objective: The current study sought to determine whether the neutrophil respira-
tory burst, a key part of neutrophil antibacterial activities, affects mucoid P. aeruginosa BFs. Methods: Using in vivo 
models of BF infections, this study evaluated the impact of an enhanced neutrophil respiratory burst on mucoid P. 
aeruginosa BFs, investigating the structure and bacterial counts of P. aeruginosa BFs, pathological changes, and 
inflammatory response in the lungs and alginate synthesis. Conclusion: Results showed that infections were more 
severe with more robust BFs. There was more severe tissue damage and immune response, along with greater 
alginate production, when the neutrophil respiratory burst was enhanced. This suggests that a promoted neutro-
phil respiratory burst may make the elimination of mucoid P. aeruginosa BFs more difficult by enhancing alginate 
production.
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Introduction

Pseudomonas aeruginosa (P. aeruginosa) is  
a major pathogen responsible for nosocomial 
pneumonia, associated with high morbidity and 
mortality rates in immunocompromised pati- 
ents [1]. Infections with P. aeruginosa are diffi-
cult to eradicate after biofilms (BFs) form. They 
enable bacterial survival despite aggressive 
antibiotic therapy and an exuberant immune 
response [2]. Following persistent infections, P. 
aeruginosa undergoes significant phenotypic 
and genetic changes to adapt to harsh environ-
mental conditions, such as mucoid conversi- 
on, slow growth, antibiotic resistance develop-
ment, motility minimization, loss of quorum 
sensing (QS), and cell envelope alteration [3]. 

The typical mucoid phenotype is characterized 
by an overproduction of alginate. This pheno-
type is usually found in chronic BF-infected 
patients and is more difficult to eliminate than 
the wild strain [3, 4]. Neutrophils are the most 
abundant innate immune cells, playing an indis-
pensable role in surveying the body for signs  
of infection and inflammation [5]. Activation of 
neutrophil NADPH oxidase (NOX2), as well as 
the subsequent generation of superoxide, hy- 
drogen peroxide, and other reactive oxygen 
species (ROS), plays a central role in the anti-
bacterial activities of neutrophils [6]. However, 
ROS fail to clear bacterial aggregates in BFs. 
They have been, instead, considered to play a 
major role in tissue damage, worsening patient 
conditions [7]. In contrast, Mathee reported 
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that ROS released from activated neutrophils 
can facilitate the generation of mucoid variants 
during planktonic P. aeruginosa infections [8]. 
Mucoid conversion and BF formation render  
P. aeruginosa resistant to most antimicrobial 
effector mechanisms [9], facilitating persistent 
infections. Most studies have focused on mul-
tiple strategies against P. aeruginosa BFs in 
overcoming these deleterious conditions in the 
host. However, effects of the immune response 
on P. aeruginosa BFs have received little atten-
tion [10]. Considering the influence of ROS on 
hosts and P. aeruginosa cells, the current study 
examined the roles of ROS in mucoid P. aerugi-
nosa BFs in BF infection-related diseases. 
Accordingly, this study further explored the 
effects of the respiratory burst of neutrophils 
on BFs of mucoid P. aeruginosa strain FRD1 
and alginate production in vivo. This work may 
provide a new insight into the mechanisms of 
persistent infections caused by mucoid P. 
aeruginosa.

Materials and methods

Bacterial strains

All experiments were performed with a mucoid 
P. aeruginosa FRD1 strain (ΔmucA mutant), 
kindly provided by Dr. Luyan Z. M. (State Key 
Laboratory of Microbial Resources, Institute of 
Microbiology, Chinese Academy of Sciences, 
Beijing, China).

Bacteria from frozen stocks were plated on 
Luria-Bertani (LB) agar (Sigma, St. Louis, MO), 
then inoculated into an LB liquid medium. It 
was incubated at 37°C with agitation (200 
rpm). FRD1 BFs were formed in Jensen’s Me- 
dium at 37°C [11].

Preparation of endotracheal tubes precoated 
with bacteria

Tubes for endotracheal intubation, sterile plas-
tic scalp acupuncture tubes with a 3.0-mm 
diameter, were cut to 1 cm in length. They we- 
re immersed in the bacterial suspensions 
(OD600=0.1) for 3 days at 37°C. BFs formed 
on both the inner and outer surfaces of these 
inoculation tubes. BFs on the outer surface of 
the tubes were carefully cleared with sterile 
gauze, as described in a previous study [12].  
To estimate the bacterial counts in these BFs, 

the bacteria were detached from the tubes by 
placing the tubes in an ultrasound bath (Tomy 
UD-201, Tokyo, Japan) for 30 minutes and a 
concussion machine (Shanghai Facility Factory; 
UR 513) for 5 minutes. Afterward, the bacteria 
were serially diluted and plated on LB plates. 
The plates were incubated at 37°C overnight 
and inspected for colonies of P. aeruginosa. 
The number of bacteria at 3 days after incuba-
tion and before endotracheal intubation was 
6.58±0.57 log10 CFU/tube (means ± SD; n=8). 

Animals

Specific pathogen-free male Sprague-Dawley 
(SD) rats (6-8 weeks of age, 180-220 g in wei- 
ght) were obtained from the Experimental Ani- 
mal Center of Chongqing Medical University. 
The rats were housed in a pathogen-free envi-
ronment and received sterile food and water in 
the Laboratory Animal Center of the Children’s 
Hospital of Chongqing Medical University. The 
experimental protocol was approved by the 
Animal Care and Use Committee of Chongqing 
Medical University.

Rat BF infection model and drug administra-
tion

The BF infection model was established thr- 
ough a tracheostomy, as previously described 
[12]. The rats were randomly divided into two 
groups, with 8 rats given phorbol myristate ace-
tate (PMA) and 8 rats given saline (controls). 
PMA, a positive modulator of the neutrophil oxi-
dative burst [13], was obtained from Sigma. It 
was dissolved in dimethyl sulfoxide at a con-
centration of 1 mg/100 µl, then diluted in sa- 
line at the time of treatment. On the second day 
of intervention, PMA (100 µg per rat) or saline 
(100 µl per rat) was instilled intratracheally 
[14]. All rats were sacrificed on the third day 
after intubation.

Histopathology analysis

Lung tissues were removed from the rats at the 
time of necropsy. Lung samples were fixed in 
10% buffered formalin for 24 hours, embedded 
in paraffin, cut into 5-µm-thick slices, and st- 
ained with hematoxylin-eosin (H&E) [15]. At 
least ten images of each group were obtained 
using light microscopy (Nikon Eclipse 55i, 
Tokyo, Japan).
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Electron microscopic studies of endotracheal 
tubes

The intubation tubes were removed aseptically 
and washed with sterile phosphate-buffered 
saline (PBS), removing mucus and planktonic 
bacteria.

Next, the samples were fixed with 2% glu- 
taraldehyde in 0.1 M phosphate buffer for 2 
hours at 4°C. This was followed by refixation in 
1% osmium acid in the same buffer for 2 ho- 
urs at 4°C, dehydration in a series of aqu- 
eous ethanol solutions (50-100%), and freeze-
drying. The specimens were coated with plati-
num-palladium using an ion sputtering tech-
nique and observed using a JSM-35C scann- 
ing electron microscope (SEM) (JEOL, Tokyo, 
Japan).

Bacterial counts of the tubes

Bacteria, detached from the intubation tubes 
by ultrasound and vortex treatments, were seri-
ally diluted and plated on LB plates. The plates 
were then incubated overnight at 37°C and 
inspected for colonies of P. aeruginosa.

ELISA for IL-10 and IFN-γ

Two milliliters of fresh blood were obtained. 
Serum was extracted by centrifugation (13,200 
g for 10 minutes). Interferon-γ (IFN-γ) and inter-
leukin-10 (IL-10) levels in the serum were deter-
mined using enzyme-linked immunosorbent as- 
say kits (ELISA) (Beijing 4A Biotech Corporation, 
Beijing, China), according to manufacturer ins- 
tructions.

Alginate assay

Bacteria detached from the intubation tubes 
were collected by centrifugation and clustered 
in 10 mL of LB, with rapid aeration at 37°C for 
20-22 hours. Alginates were collected from the 
cultures and levels were determined, as previ-
ously outlined [16, 17]. Concentrations of algi-
nate were determined using sodium alginate 
(Sigma, St. Louis, MO) as a standard. They were 
normalized to the total cell weight.

RNA extraction and quantitative real-time PCR 
(qRT-PCR)

Expression of genes involved in alginate biosyn-
thesis was investigated with reverse transcrip-
tase-polymerase chain reaction (RT-PCR). The 
tubes were treated by the same methods 
described earlier. After vortexing, the bacteria 
were collected by centrifugation and clustered 
in 2.5 mL of LB, with rapid aeration at 37°C for 
14 hours. Total RNA was extracted and purified 
using TRIzol, according to manufacturer proto-
col (Takara). Reverse transcription was per-
formed with a ReverTra Ace RT-qPCR kit (Ta- 
kara). Resultant cDNAs were used as templates 
for RT-PCR with primers designed to detect 
algD, algB, algR, and algU genes, with parallel 
amplification of the rpoD gene as an internal 
control, as previously described [9, 18] (Table 
1). Real-time PCR was carried out using the 
SsoFast Evagreen Supermix Kit (Bio-Rad, CA, 
USA) with a Bio-Rad real-time PCR instrument. 
After RT-PCR amplification was performed, the 
comparative threshold method (ΔΔCt analysis) 
was applied to evaluate relative changes in 
gene expression. GenEx (Bio-Rad) and Excel 
(Microsoft) were used to solve the following 
equation: ΔΔCt = ΔCt sample - ΔCt reference 
(Bio-Rad).

Results

Structure and bacterial counts of P. aerugi-
nosa BFs

The current study examined the microstructure 
of BFs on the inner wall of the tubes in situ with 
an SEM. BFs with some mucosal mass and 
mixed inflammatory cells on their surfaces 
were observed in both groups (Figure 1). How- 
ever, BFs in the PMA-treated group were thicker 
(Figure 1A) than those in the control group 
(Figure 1B). Additionally, after 3 days of cultur-

Table 1. Primers for genes amplified by RT-
PCR
Gene Primer direction Sequence (5’-3’)
algD Forward GAGTCCAGCACAGCCTTCTT

Reverse ATCAACCAGGGCAAGTCG
algB Forward ACGCCAACATCCTCATCCT

Reverse TTCGCTTTCCATCAGTTCG
algR Forward CGAGGCGTTGAAGAAAGC

Reverse TACTTGTGGTCGGCAATGAA
algU Forward GATTGATCGTGCGGTTCGTG

Reverse AAGATCCGCGACCGTACCGT
ropD Forward GGTGTGGTCGGTGTTCATGT

Reverse CCGCAAGGTACTGAAGATCG
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Figure 1. Scanning electron microscopy of the inner surface of the tubes and quantitative bacteriology. (A) PMA-treated group, (B) Control group, (C) BF formation 
on the third day, and (D) Neutrophil interaction with BFs. P. aeruginosa BFs on the inner wall of the tube in the PMA-treated group tube were significantly thicker 
than those in the control group. (E) Logarithm of colony-forming units of the two experimental groups. Differences were statistically significant between control and 
PMA-treated groups (*P<0.05). CFU data are representative of three independent experiments, with means ± SD from all experiments in each tube.
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ing, mature BFs formed, as shown in Figure 1C. 
It was observed that neutrophils were the major 
host cells on the surfaces of BFs and most of 
the cells were round (Figure 1D). The number of 
live P. aeruginosa cells in BFs was examined 
after treatment with PMA or saline. Bacterial 
counts of the PMA-treated group were signifi-
cantly higher than those of the control group 
(P=0.001, Student’s t-test, Figure 1E). In vitro, 
this study also examined viable cells in BFs 
treated with same amount of PMA used in the 
in vivo experiment. Viable cells in BFs did not 
differ significantly between the two groups 
(P=0.481, Student’s t-test, Figure 2).

Pathological morphology of rat lungs infected 
with P. aeruginosa BFs

Lung tissues in both groups with BF-covered 
tubes showed signs of necrosis, edema, ab- 
scesses, and a large area of lung consolidation 
(Figure 3). In the PMA-treated group, more in- 
flammatory cells infiltrated around small- and 
medium-sized tracheas and blood vessels 
(Figure 3A-C). More severe histological injuries 
were observed in lung tissues, with more signs 
of necrosis, edema, abscesses, and a larger 
area of lung consolidation (Figure 3A-C). How- 
ever, less necrosis and smaller areas of lung 
consolidation were observed in the control 
group (Figure 3E-G). Moreover, the control gro- 
up showed less inflammatory infiltration than 
the PMA-treated group (Figure 3E-G). Addition- 
ally, few changes were noted in the lungs of rats 
intubated with a sterile tube (Figure 3D, 3H).

Cytokine assay

Responses of IL-10 and IFN-γ after infection 
were determined by ELISA. No significant differ-
ences in IL-10 levels were found between the 
PMA-treated group and control group (P=0.959, 
Mann-Whitney U-test, Figure 4A). However, lev-
els of IFN-γ in the PMA-treated group were sig-
nificantly higher than those in the control gro- 
up (P<0.001, Student’s t-test, Figure 4B). Ad- 
ditionally, the ratios of IFN-γ to IL-10 were sig-
nificantly higher in the PMA-treated group than 
those in the control group (P=0.004, Student’s 
t-test, Figure 4C).

Alginate synthesis of P. aeruginosa BFs

Alginate is the main extracellular matrix compo-
nent of mucoid P. aeruginosa BFs. Thus, the 
current study investigated the effects of the 
neutrophil respiratory burst on alginate produc-
tion by the mucoid P. aeruginosa strain FRD1. 
Alginate was produced in both groups. Alginate 
production was significantly higher in the PMA-
treated group than that in the control group 
(P=0.031, Student’s t-test, Figure 5A). RT-PCR 
was used to evaluate the effects of the neutro-
phil respiratory burst on expression levels of 
genes (algD, algB, algR and algU) involved in 
alginate biosynthesis in mucoid P. aeruginosa 
FRD1 BFs. Expression levels of algD, algB, algR 
and algU were significantly upregulated in the 
PMA-treated group, compared to those in the 
control group (P=0.001, P=0.001, P=0.007, 
P=0.002, Mann-Whitney U-test, Mann-Whitney 
U-test, Mann-Whitney U-test, Student’s t-test, 
respectively, Figure 5B-E).

Discussion

P. aeruginosa is an opportunistic gram-nega-
tive bacterium associated with various types of 
human infections, including ventilator-associat-
ed pneumonia (VAP), cystic fibrosis (CF), burn 
wounds, and urinary tract infections [19]. Once 
established, P. aeruginosa infections become 
incredibly difficult to treat. This is due to the 
development of antibiotic-tolerant aggregated 
communities known as BFs [20]. BFs are orga-
nized by microorganisms, containing a matrix of 
extracellular DNA, proteins, and polysaccha-
rides. P. aeruginosa is particularly adept at cre-
ating biofilms [38]. P. aeruginosa mucoid con-
version, defined by an overproduction of the 
exopolysaccharide alginate, is correlated with 
accelerated disease progression in patients 

Figure 2. Effects of PMA on viable cells of biofilms of 
mucoid P. aeruginosa FRD1. The numbers of viable 
cells in biofilms are expressed in colony-forming units 
(CFUs). Error bars indicate standard deviations. BF, 
biofilm without PMA; BF+PMA, biofilm treated with 
PMA (100 µg). Differences were not statistically sig-
nificant between the two groups (P>0.05). Data are 
presented as means ± SD (n=3 in each treatment).
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[21]. Mucoidy contributes to the formation of 
BFs by P. aeruginosa, prevents antibiotic pen-
etration, and inhibits phagocytosis and activa-
tion of the complement system [22]. This phe-
notype is usually found in patients with persis-
tent BF infections. It is more difficult to elimi-
nate than the wild strain [3, 4].

Neutrophils are the first line of defense against 
bacterial infections. The generation of ROS is a 
key part of the neutrophil arsenal [23]. How- 
ever, a key characteristic of BF-based infec-
tions is the inability of the immune system, par-
ticularly neutrophils, to eliminate infections 
caused by BFs [24]. Furthermore, an aggres-
sive and prolonged inflammatory immune re- 
sponse dominated by neutrophils causes pro-
gressive damage to the airway and lungs [24, 

25]. Most studies have focused on multiple 
strategies against P. aeruginosa BFs in over-
coming these deleterious conditions in the 
host. However, effects of the immune response 
on P. aeruginosa BFs have received little atten-
tion [10]. QS has been implicated in the differ-
entiation, architecture, and virulence factors of 
P. aeruginosa BFs [7]. Pacheco and his col-
leagues demonstrated that the presence of 
neutrophils can upregulate the synthesis of 
some QS-controlled virulence factors, including 
rhamnolipids, in wild-type P. aeruginosa [26]. 
Another study indicated that exposure of P. 
aeruginosa PAO1 to activated neutrophils char-
acterized by a respiratory burst substantially 
affected metabolism and bacterial virulence 
pathways [27]. Therefore, the neutrophil respi-
ratory burst may have complicated effects on 

Figure 3. Histopathological changes in the lungs of rats, as indicated by hematoxylin-eosin (H&E) staining. (A-C) 
PMA-treated group, (E-G) Control group, (D and H) Sterile tube group. (A, D and E) Original magnification 40×; (B and 
F) Original magnification 100×; and (C, G and H) Original magnification 200×.

Figure 4. Quantitative assays for protein levels of IL-10 and IFN-γ in serum. A. IL-10 levels in the two experimental 
groups. B. IFN-γ levels in the two experimental groups. C. Ratios of IFN-γ to IL-10 in the two experimental groups. Dif-
ferences in IL-10 levels were not statistically significant between the PMA-treated group and control group (P>0.05). 
Differences in IFN-γ levels and ratios of IFN-γ to IL-10 were statistically significant between the two groups (*P<0.05). 
Results are representative of three independent experiments.
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P. aeruginosa. Unfortunately, previous studies 
have focused on the effects of activated neu-
trophils or ROS on wild-type P. aeruginosa. Few 
studies have investigated the effects of neu- 
trophils or their active products on mucoid P. 
aeruginosa BFs, even though most strains iso-
lated from chronic BF-infected patients have a 
mucoid colony morphology and are more diffi-
cult to eliminate [28]. Therefore, the current 
study investigated the influence of the neutro-
phil respiratory burst on mucoid P. aeruginosa 
BFs. Recently, in an in vitro study, the present 
research group found that with persistent 
recruitment of neutrophils and H2O2, the main 
ROS formed during the oxidative burst, promot-
ing the formation and development of mucoid 
P. aeruginosa BFs. However, conditions in vivo 
are more complex than those in vitro. Therefore, 
the present study carried out an in vivo investi-
gation of the effects of the neutrophil respira-
tory burst on mucoid P. aeruginosa BFs.

Rat models of BF infections were developed 
using hollow tubes, enabling visualization of BF 
development, neutrophil infiltration, and matrix 
material in vivo [29, 30]. Several types of posi-
tive modulators of the neutrophil oxidative bur- 
st existed, including N-formylmethionyl-leucyl- 
phenylalanine (fMLP) [31] and PMA [32]. More- 
over, fMLP produced by bacteria, such as Es- 
cherichia coli and Staphylococcus aureus, has 

often been used as a chemotactic agent or a 
priming agent for neutrophil stimulation. It may 
even reduce the respiratory burst of neutro-
phils [33, 34]. PMA is often used as a soluble 
stimulus for ROS production [33]. Therefore, 
PMA was selected to stimulate neutrophils. 
This was coincided with the in vitro study. To 
ensure an enhanced neutrophil respiratory bu- 
rst, concentrations of PMA, previously describ- 
ed in other studies, were used [14]. These are 
much greater than those used in vitro. With 
SEM images and quantitative bacteriology, the 
thickness of the BFs and the number of bac- 
teria were increased in mature FRD1 BFs in 
vivo when the neutrophil respiratory burst was 
enhanced. A previous vitro study showed that 
hydrogen peroxide and activated neutrophils 
promoted mucoid P. aeruginosa BF formation 
and development in vitro [35]. However, in vivo 
conditions are considerably more complex than 
in vitro conditions. The phenomenon observed 
in vivo indicated that the neutrophil respiratory 
burst may play a negative role in BF clearance 
but a positive role in BF maintenance or deve- 
lopment.

Numerous studies have demonstrated that the 
immune response to bacterial infections is mo- 
dulated by various cytokines [36]. IFN-γ [36] 
and IL-10 [12, 18] are primary proinflammatory 
and anti-inflammatory cytokines, respectively, 

Figure 5. Alginate synthesis in the two experimental groups. A. Alginate production in the two groups. B-E. Com-
parison of the mRNA levels of algD, algB, algR and algU between the PMA-treated group and control group. Gene 
expression levels in the PMA-treated group were calculated after normalizing the signals to ropD and are presented 
as the fold change relative to the control. Alginate production was higher in the PMA-treated group than the control 
group (*P<0.05). Alg gene expression levels were significantly higher in the PMA-treated group than those in the 
control group (*P<0.05). The experiment was repeated three times.
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in lung infections. Singh and his colleagues [37] 
demonstrated that the severity of lung pathol-
ogy and the deterioration of lung function asso-
ciated with P. aeruginosa infections may be 
due to an increase in the proinflammatory cyto-
kine IFN-γ and a decrease in the anti-inflamma-
tory cytokine IL-10. Constitutive production of 
IL-10 may help prevent local tissue destruction 
by inhibiting the production of proinflammatory 
cytokine IFN-γ [38]. The current study found no 
differences in IL-10 levels between the two 
groups, but higher levels of IFN-γ and higher 
ratios of IFN-γ to IL-10 were observed in the BFs 
of the PMA-treated group, compared to those in 
BFs of the control group. Moreover, several 
more severe pathological changes in lung tis-
sues of the PMA-treated groups were observed. 
These findings suggest that the infection was 
more serious in the PMA-treated group than the 
control group. Given the effects of the enhanc- 
ed neutrophil respiratory burst on both BF 
clearance and the host and the role of BFs in 
the immune response, it was speculated that 
an enhanced neutrophil respiratory burst may 
worsen lung infections by both exacerbating 
host conditions and decreasing mucoid P. aeru-
ginosa BF elimination.

Alginate, the predominant extracellular poly-
saccharide in mucoid variants, is a virulence 
factor that increases the resistance of BFs to 
antibiotics and the immune system [39]. It 
plays a critical role in the formation of thick and 
highly structured BFs, which contribute to clog-
ging the lungs of patients [11, 40]. In addition, 
alginate overproduction can promote P. aerugi-
nosa coinfections with other pathogens, such 
as S. aureus [41]. This can also worsen patient 
conditions and accelerate disease progression. 
Therefore, the current study investigated the 
roles of the neutrophil respiratory burst in algi-
nate production by mucoid P. aeruginosa BFs. 
Present data showed that an enhanced neutro-
phil respiratory burst promoted the production 
of alginate in FRD1 BFs, consistent with the 
results of a previous in vitro study [35]. The alg 
genes are main genes that regulate and control 
alginate synthesis [42]. Thus, this study also 
investigated the effects of the neutrophil respi-
ratory burst on expression levels of genes 
(algD, algB, algU and algR) involved in alginate 
biosynthesis in mucoid P. aeruginosa FRD1 BFs 
[9, 16, 18]. Data suggests that an enhanced 
neutrophil respiratory burst in vivo upregulated 
expression levels of key genes, promoting algi-

nate production. In addition, several groups 
have demonstrated that ROS production by 
stimulated neutrophils plays an important role 
in the generation of mucoid variants during 
inflammatory responses to P. aeruginosa PAO1 
[8, 43]. The current study noted that an en- 
hanced neutrophil respiratory burst could also 
promote alginate synthesis after mucoid muta-
tion by upregulating alg genes.

Overall, the present work provides a deeper 
understanding of the effects of the neutrophil 
respiratory burst on mucoid P. aeruginosa BFs. 
Results suggest that an enhanced neutrophil 
respiratory burst may complicate mucoid P. 
aeruginosa BF elimination by promoting algi-
nate production and may induce more severe 
pathological changes and inflammatory res- 
ponses in the lungs. Furthermore, the enhanced 
neutrophil respiratory burst promoted the pro-
duction of alginate, the predominant extracel-
lular polysaccharide in mucoid variants, by 
upregulating alg genes to advance mucoid P. 
aeruginosa BFs. However, the current study 
was unable to identify molecular mechanisms 
in which the neutrophil respiratory burst regu-
lates mucoid P. aeruginosa. This requires fur-
ther immunological and biochemical studies.

Acknowledgements

The authors would like to thank Dr. Luyan Z. M. 
(State Key Laboratory of Microbial Resources, 
Institute of Microbiology, Chinese Academy of 
Sciences, Beijing, China) for providing the P. 
aeruginosa FRD1 (mucoid-type) ΔmucA mutant. 
This work was supported by the National 
Natural Science Foundation [81401236 and 
81370744].

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Jialin Yu, Depart- 
ment of Neonatology, Children’s Hospital of Chong- 
qing Medical University, 136, Zhongshan Road, 
Yuzhong District, Chongqing, China. Tel: 63633050; 
Fax: 63635567; E-mail: yujialin486@126.com

References

[1]	 Ryu JC, Kim MJ, Kwon Y, Oh JH, Yoon SS, Shin 
SJ, Yoon JH and Ryu JH. Neutrophil pyroptosis 
mediates pathology of P. aeruginosa lung in-
fection in the absence of the NADPH oxidase 
NOX2. Mucosal Immunol 2017; 10: 757-774.

mailto:yujialin486@126.com


Neutrophil respiratory burst on mucoid Pseudomonas aeruginosa biofilms

7007	 Int J Clin Exp Med 2019;12(6):6999-7008

[2]	 Wang F, He Q, Yin J, Xu S, Hu W and Gu L. BrlR 
from pseudomonas aeruginosa is a receptor 
for both cyclic di-GMP and pyocyanin. Nat 
Commun 2018; 9: 2563.

[3]	 Folkesson A, Jelsbak L, Yang L, Johansen HK, 
Ciofu O, Hoiby N and Molin S. Adaptation of 
pseudomonas aeruginosa to the cystic fibrosis 
airway: an evolutionary perspective. Nat Rev 
Microbiol 2012; 10: 841-851.

[4]	 Rada B. Interactions between neutrophils and 
pseudomonas aeruginosa in cystic fibrosis. 
Pathogens 2017; 6: 10.

[5]	 Healy LD, Puy C, Fernandez JA, Mitrugno A, 
Keshari RS, Taku NA, Chu TT, Xu X, Gruber A, 
Lupu F, Griffin JH and McCarty OJT. Activated 
protein C inhibits neutrophil extracellular trap 
formation in vitro and activation in vivo. J Biol 
Chem 2017; 292: 8616-8629.

[6]	 Khan Z, Shen XZ, Bernstein EA, Giani JF, 
Eriguchi M, Zhao TV, Gonzalez-Villalobos RA, 
Fuchs S, Liu GY and Bernstein KE. Angiotensin-
converting enzyme enhances the oxidative re-
sponse and bactericidal activity of neutrophils. 
Blood 2017; 130: 328-339.

[7]	 Alhede M, Bjarnsholt T, Givskov M and Alhede 
M. Pseudomonas aeruginosa biofilms: mecha-
nisms of immune evasion. Adv Appl Microbiol 
2014; 86: 1-40.

[8]	 Mathee K, Ciofu O, Sternberg C, Lindum PW, 
Campbell JI, Jensen P, Johnsen AH, Givskov M, 
Ohman DE, Molin S, Hoiby N and Kharazmi A. 
Mucoid conversion of pseudomonas aerugino-
sa by hydrogen peroxide: a mechanism for viru-
lence activation in the cystic fibrosis lung. 
Microbiology 1999; 145: 1349-1357.

[9]	 Kong W, Zhao J, Kang H, Zhu M, Zhou T, Deng 
X and Liang H. ChIP-seq reveals the global reg-
ulator AlgR mediating cyclic di-GMP synthesis 
in pseudomonas aeruginosa. Nucleic Acids 
Res 2015; 43: 8268-8282.

[10]	 Somprasong N, Jittawuttipoka T, Duang-Nkern 
J, Romsang A, Chaiyen P, Schweizer HP, Vat- 
tanaviboon P and Mongkolsuk S. Pseudomo-
nas aeruginosa thiol peroxidase protects 
against hydrogen peroxide toxicity and displays 
atypical patterns of gene regulation. J Bacteriol 
2012; 194: 3904-3912.

[11]	 Colvin KM, Irie Y, Tart CS, Urbano R, Whitney 
JC, Ryder C, Howell PL, Wozniak DJ and Parsek 
MR. The Pel and Psl polysaccharides provide 
pseudomonas aeruginosa structural redun-
dancy within the biofilm matrix. Environ Mi- 
crobiol 2012; 14: 1913-1928.

[12]	 Feng L, Xiang Q, Ai Q, Wang Z, Zhang Y and Lu 
Q. Effects of quorum sensing systems on regu-
latory T cells in catheter-related pseudomonas 
aeruginosa biofilm infection rat models. Me- 
diators Inflamm 2016; 2016: 4012912.

[13]	 Ward PP, Mendoza-Meneses M, Park PW and 
Conneely OM. Stimulus-dependent impairme- 
nt of the neutrophil oxidative burst response in 

lactoferrin-deficient mice. Am J Pathol 2008; 
172: 1019-1029.

[14]	 Ferry G, Lonchampt M, Pennel L, de Nanteuil 
G, Canet E and Tucker GC. Activation of MMP-9 
by neutrophil elastase in an in vivo model of 
acute lung injury. FEBS Lett 1997; 402: 111-
115.

[15]	 van den Boogaard FE, Hofstra JJ, van ‘t Veer C, 
Levi MM, Roelofs JJ, van der Poll T and Schultz 
MJ. Feasibility and safety of local treatment 
with recombinant human tissue factor path-
way inhibitor in a rat model of streptococcus 
pneumoniae pneumonia. PLoS One 2015; 10: 
e0127261.

[16]	 Jain S and Ohman DE. Role of an alginate lyase 
for alginate transport in mucoid pseudomonas 
aeruginosa. Infect Immun 2005; 73: 6429-
6436.

[17]	 Pedersen SS, Kharazmi A, Espersen F and 
Høiby N. Pseudomonas aeruginosa alginate in 
cystic fibrosis sputum and the inflammatory 
response. Infect Immun 1990; 58: 3363-
3368.

[18]	 Li F, Yu J, Yang H, Wan Z and Bai D. Effects of 
ambroxol on alginate of mature pseudomonas 
aeruginosa biofilms. Curr Microbiol 2008; 57: 
1-7.

[19]	 Guillon A, Jouan Y, Brea D, Gueugnon F, Dallo-
neau E, Baranek T, Henry C, Morello E, Re-
nauld JC, Pichavant M, Gosset P, Courty Y, Diot 
P and Si-Tahar M. Neutrophil proteases alter 
the interleukin-22-receptor-dependent lung 
antimicrobial defence. Eur Respir J 2015; 46: 
771-782.

[20]	 Pestrak MJ, Chaney SB, Eggleston HC, Dellos-
Nolan S, Dixit S, Mathew-Steiner SS, Roy S, 
Parsek MR, Sen CK and Wozniak DJ. Pseu- 
domonas aeruginosa rugose small-colony vari-
ants evade host clearance, are hyper-inflam-
matory, and persist in multiple host environ-
ments. PLoS Pathog 2018; 14: e1006842.

[21]	 Malhotra S, Limoli DH, English AE and Pa MR. 
Mixed communities of mucoid and nonmucoid 
Pseudomonas aeruginosa exhibit enhanced 
resistance to host antimicrobials. Am Soc 
Microbiol 2018; 9: e00275-00218.

[22]	 Scoffield JA, Duan D, Zhu F and Wu H. A com-
mensal streptococcus hijacks a pseudomo- 
nas aeruginosa exopolysaccharide to promote 
biofilm formation. PLoS Pathog 2017; 13: 
e1006300.

[23]	 Vareechon C, Zmina SE, Karmakar M, Pearl- 
man E and Rietsch A. Pseudomonas aerugino-
sa effector ExoS inhibits ROS production in hu-
man neutrophils. Cell Host Microbe 2017; 21: 
611-618, e615.

[24]	 Thomsen K, Christophersen L, Bjarnsholt T, 
Jensen PO, Moser C and Hoiby N. Anti-Pseu- 
domonas aeruginosa IgY antibodies induce 
specific bacterial aggregation and internaliza-
tion in human polymorphonuclear neutrophils. 
Infect Immun 2015; 83: 2686-2693.



Neutrophil respiratory burst on mucoid Pseudomonas aeruginosa biofilms

7008	 Int J Clin Exp Med 2019;12(6):6999-7008

[25]	 Yoo DG, Winn M, Pang L, Moskowitz SM, 
Malech HL, Leto TL and Rada B. Release of 
cystic fibrosis airway inflammatory markers 
from Pseudomonas aeruginosa-stimulated hu-
man neutrophils involves NADPH oxidase-de-
pendent extracellular DNA trap formation. J 
Immunol 2014; 192: 4728-4738.

[26]	 Pacheco GJ, Reis RS, Fernandes AC, da Rocha 
SL, Pereira MD, Perales J and Freire DM. 
Rhamnolipid production: effect of oxidative 
stress on virulence factors and proteome of 
pseudomonas aeruginosa PA1. Appl Microbiol 
Biotechnol 2012; 95: 1519-1529.

[27]	 Salunkhe P, Topfer T, Buer J and Tummler B. 
Genome-wide transcriptional profiling of the 
steady-state response of pseudomonas aeru-
ginosa to hydrogen peroxide. J Bacteriol 2005; 
187: 2565-2572.

[28]	 Delgado C, Florez L, Lollett I, Lopez C, Kangey-
an S, Kumari H, Stylianou M, Smiddy RJ, 
Schneper L, Sautter RT, Smith D, Szatmari G 
and Mathee K. Pseudomonas aeruginosa reg-
ulated intramembrane proteolysis: protease 
MucP can overcome mutations in the AlgO 
periplasmic protease to restore alginate pro-
duction in nonmucoid revertants. J Bacteriol 
2018; 200: e00215-00218.

[29]	 Li F, Wang W, Hu L, Li L and Yu J. Effect of am-
broxol on pneumonia caused by pseudomonas 
aeruginosa with biofilm formation in an endo-
tracheal intubation rat model. Chemotherapy 
2011; 57: 173-180.

[30]	 van Gennip M, Christensen LD, Alhede M, 
Qvortrup K, Jensen PO, Hoiby N, Givskov M and 
Bjarnsholt T. Interactions between polymor-
phonuclear leukocytes and pseudomonas ae-
ruginosa biofilms on silicone implants in vivo. 
Infect Immun 2012; 80: 2601-2607.

[31]	 Arcaro A, Wymann MP. Wortmannin is a potent 
phosphatidylinositol 3-kinase inhibitor: the ro- 
le of phosphatidylinositol 3,4,5-trisphosphate 
in neutrophil responses. Biochem J 1993; 
296: 297-301.

[32]	 Levy R, Schlaeffer F, Keynan A, Nagauker O, 
Yaari A, Sikuler E. Increased neutrophil func-
tion induced by bile duct ligation in a rat mod-
el. Hepatoloy 1993; 17: 908-915.

[33]	 Stalhammar ME, Douhan Hakansson L and 
Sindelar R. Bacterial N-formyl peptides reduce 
PMA- and escherichia coli-induced neutrophil 
respiratory burst in term neonates and adults. 
Scand J Immunol 2017; 85: 365-371.

[34]	 Vernon PJ, Paredes RM, Sooter AJ, Schaub LJ, 
Grossman HM, Pusateri AE, Glaser JJ and She- 
ppard FR. Severe hemorrhagic shock induces 
acute activation and expansion of IL-8+/IL-10+ 
neutrophils with enhanced oxidative reactivity 
in non-human primates. Shock 2016; 46: 129-
136.

[35]	 Tan Q, Ai Q, Xu Q, Li F and Yu J. Polymorpho-
nuclear leukocytes or hydrogen peroxide en-
hance biofilm development of mucoid pseudo-
monas aeruginosa. Mediators Inflamm 2018; 
2018: 8151362. 

[36]	 Namkoong H, Ishii M, Fujii H, Yagi K, Asami T, 
Asakura T, Suzuki S, Hegab AE, Kamata H, Ta-
saka S, Atarashi K, Nakamoto N, Iwata S, Hon-
da K, Kanai T, Hasegawa N, Koyasu S and Bet-
suyaku T. Clarithromycin expands CD11b+ 
Gr-1+ cells via the STAT3/Bv8 axis to amelio-
rate lethal endotoxic shock and post-influenza 
bacterial pneumonia. PLoS Pathog 2018; 14: 
e1006955.

[37]	 Singh S, Barr H, Liu YC, Robins A, Heeb S, Wil-
liams P, Fogarty A, Camara M and Martinez-
Pomares L. Granulocyte-macrophage colony 
stimulatory factor enhances the pro-inflam- 
matory response of interferon-gamma-treated 
macrophages to pseudomonas aeruginosa in-
fection. PLoS One 2015; 10: e0117447.

[38]	 Hartl D, Griese M, Kappler M, Zissel G, Rein- 
hardt D, Rebhan C, Schendel DJ and Krauss-
Etschmann S. Pulmonary T(H)2 response in 
Pseudomonas aeruginosa-infected patients 
with cystic fibrosis. J Allergy Clin Immunol 
2006; 117: 204-211.

[39]	 Hentzer M, Teitzel GM, Balzer GJ, Heydorn A, 
Molin S, Givskov M and Parsek MR. Alginate 
overproduction affects pseudomonas aerugi-
nosa biofilm structure and function. J Bacteriol 
2001; 183: 5395-5401.

[40]	 Hay ID, Gatland K, Campisano A, Jordens JZ 
and Rehm BH. Impact of alginate overproduc-
tion on attachment and biofilm architecture  
of a supermucoid pseudomonas aeruginosa 
strain. Appl Environ Microbiol 2009; 75: 6022-
6025.

[41]	 Limoli DH, Whitfield GB, Kitao T, Ivey ML, Davis 
MR Jr, Grahl N, Hogan DA, Rahme LG, Howell 
PL, O’Toole GA and Goldberg JB. Pseudomonas 
aeruginosa alginate overproduction promotes 
coexistence with staphylococcus aureus in a 
model of cystic fibrosis respiratory infection. 
MBio 2017; 8: e00186-00117.

[42]	 King JD, Kocincova D, Westman EL and Lam 
JS. Review: lipopolysaccharide biosynthesis  
in pseudomonas aeruginosa. Innate Immun 
2009; 15: 261-312.

[43]	 McCaslin CA, Petrusca DN, Poirier C, Serban 
KA, Anderson GG and Petrache I. Impact of al-
ginate-producing pseudomonas aeruginosa on 
alveolar macrophage apoptotic cell clearance. 
J Cyst Fibros 2015; 14: 70-77.


