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Inhibition of the PI3K/AKT Signaling Pathway
or Overexpression of Beclin1 Blocks Reinfection
of Streptococcus pneumoniae After Infection
of Influenza AVirus in Severe Community-Acquired
Pneumonia

Zhaohui Yang,1,4 Xiaoguang Zou,2 Peiqing Feng,3 Huaibing Zhan,1 Dani Xiong,1 and
Jianmin Lang1

Abstract— Streptococcus pneumoniae (S. pneumoniae) and viruses are considered as
primary risks of community-acquired pneumonia (CAP), and the effects of co-infection
bacterial and virus in the prognosis of patients with severe CAP (SCAP) are poorly
described. Therefore, this study is conducted to investigate the regulation of Beclin1-
PI3K/AKT axis in reinfection of S. pneumoniae after influenza A virus in mice model of
bronchoalveolar lavage fluid (BALF). Samples of sputum and BALF were collected
from patients with SCAP for etiological detection. The expression of each gene was
determined by RT-qPCR and western blot analysis. Influenza A/PR/8/34 and
S. pneumoniae were used to establish the mice model of reinfection pneumonia. The
virus quantity, expression levels of inflammatory factors, bacterial load, and
myeloperoxidase (MPO) activity were tested. HE staining was applied to observe
histopathology of lung tissue. The expression of Beclin1 was downregulated and the
PI3K/AKT pathway was activated in viral pneumonia. In vivo experiment, the reinfec-
tion of S. pneumoniae following influenza A virus infection increased the number of
S. pneumoniae population, the activity of MPO, and the expression of TNF-α, IL-6, and
IFN-γ in BALF of mice. In contrast, inhibition of the PI3K/AKT pathway or overex-
pression of Beclin1 reduced the number of S. pneumoniae population, the activity of
MPO, and the expression of TNF-α, IL-6, and IFN-γ in BALF of mice reinfected with
S. pneumoniae after influenza A virus infection. Collectively, our study demonstrates
that inhibition of the PI3K/AKT signaling pathway or overexpressed Beclin1 alleviates
reinfection of S. pneumoniae after influenza A virus infection in SCAP.
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INTRODUCTION

Community-acquired pneumonia (CAP) is a serious
infectious disease accompanied with high morbidity and
mortality, and has a mortality of 30–50% [1, 2]. It is
defined as a common infection which is potentially life
threatening, particularly in older adults along with those
with comorbid disease [3]. Severe CAP (SCAP) has gen-
erally been defined as CAP requiring admission to the
intensive care unit due to invasive mechanical ventilation
or septic shock requiring vasopressors [4–6]. It is related to
severe mortality and approximately 16–36% patients with
SCAP may die in a short time [7]. It is reported that about
one-third of patients with CAP requiring hospitalization
present with co-infection of both bacteria and virus, and
most of them are Streptococcus pneumoniae
(S. pneumoniae) and influenza [8]. The main bacterial
causes of CAP are well described, with S. pneumoniae
acting as the most significant pathogen in all age groups
[9]. Viruses, such as influenza A and B viruses,
parainfluenza viruses as well as adenoviruses, are also
considered as important causes of CAP [10]. Currently,
proper antibiotics, simple analgesics accompanied with
adequate rest are the major medication against pneumonia
[11]. And the macrolide antibiotics have been demonstrat-
ed to be widely applied to treat CAP (including pneumo-
coccal pneumonia) due to their excellent inhibition against
S. pneumoniae and atypical organisms [12]. Nevertheless,
the prevalence of influenza A (H1N1) virus-associated
pneumonia and the role of bacterial co-infection in the
prognosis of patients are poorly described in the general
population [13].

Flexible bronchoscopy combined with bronchoalve-
olar lavage (BAL) is a viable alternative for sputum acqui-
sition if noninvasive samples are unobtainable from the
lower respiratory tract [14]. Pathogens detected in BAL
can be verified by easy molecule biological methods,
which can be used to improve the sensitivity and accuracy
of diagnostic studies in patients with CAP who are nonre-
sponsive to empiric antibiotic therapy [15]. However, the
molecular mechanism of pathology by these pathogens
remains unclear. Pneumonia is per se an inflammatory
condition caused by multiple factors. It has been reported
that pneumonia is strongly associated with inflammation
caused by autophagy and apoptosis [16]. Beclin1, a mam-
malian homolog of the yeast Atg6/Vacuolar protein sorting

30 (Vps30) protein, is suggested to play a vital role in
macroautophagy and vacuolar protein sorting [17]. Mean-
while, Beclin1 is necessary for the development of normal
mammalian and it has been demonstrated to play a pivotal
role in pathogenesis, including cancer [18]. The phosphor-
ylation of Beclin1 mediated by protein kinase B (AKT)
functions in oncogenesis and autophagy inhibition [19].
Meanwhile, the phosphoinositide 3-kinase (PI3K)/AKT
signaling pathway mediated by a pathogen contributes to
coordination of actin rearrangement, thereby leading to
internalization of the organism [20]. A study has suggested
that the activated PI3K/AKT/mammalian target of
rapamycin (mTOR) signaling pathway is implicated in
lung tumorigenesis and it has been related to high-grade
tumors and advanced diseases [21]. In conclusion, this
study is carried out to discuss the role of Beclin1-PI3K/
AKTaxis in reinfection of S. pneumoniae after influenza A
virus.

MATERIALS AND METHODS

Study Subjects

From April 2012 to December 2015, 60 patients
with CAP (37 males and 23 females who aged 18–
45 years with an average age of 34 years) in Qing-
dao Huangdao District Central Hospital were collect-
ed into our study. The included patients met the
criteria for CAP and the criteria for SCAP in Infec-
tious Diseases Society of America/American Thoracic
Society guidelines in 2007 [6]. The patients were
excluded from our study who met the following
criteria: patients with lung neoplasms, noninfectious
pulmonary interstitial diseases, pulmonary edema, at-
electasis, pulmonary embolism, pulmonary eosinophil
infiltration, and pulmonary vasculitis; patients with
acquired immune deficiency syndrome or human im-
munodeficiency virus infection; patients were diag-
nosed with tuberculosis or nontuberculosis mycobac-
terium infection; patients admitted to a nursing home
within three months or who have used antibiotics
within three months to consider cases of healthcare-
associated pneumonia; patients showed lower respira-
tory tract infection 48 h after admission to consider
cases of nosocomial pneumonia. An electro-fiberoptic
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bronchoscopy was used to lavage the lung segment
and sublung segment of the selected patients with
saline water, and 20 mL bronchoalveolar lavage fluid
(BALF) and sputum samples from patients with CAP
were collected for further detection. Additionally,
BALF samples, obtained from foreign bodies in the
bronchus, from 15 healthy controls were collected as
controls, including nine males and six females,
whose age was between 18 and 45 years, with the
mean age of 33 years.

Etiological Detection

Microbes from sputum samples and BALF solution
were cultured. The nested polymerase chain reaction
(PCR) was conducted to detect S. pneumoniae [22]. A
preliminary in vitro study verified that the lower limit of
detection was ≤ 10 colony-forming units/mL [23], but the
specificity with no identifiable respiratory disorders was
100% among control subjects. A study has shown that the
same primer has 100% specificity when detecting many
pathogens in vitro [22]. The genomic DNA of BAA-255D-
5 S. pneumoniae (from American Type Culture Collection
[ATCC]) was used as a positive control for PCR. Respira-
tory viruses were determined by a multiplex reverse tran-
scription PCR assay using a Seeplex RV15 ACE detection
kit (Seegene Inc., Seoul, Korea) and/or shell vial culture.
Strain ATCC 33533 H. influenzae was set as a positive
control.

Reverse Transcription Quantitative PCR

Total RNA was extracted using Trizol (Invitrogen,
Carlsbad, CA, USA). The integrity and purity of RNA
were determined by agarose gel electrophoresis.
Primescript™ RT reagent RT kit (RRO37A, TaKaRa, Da-
lian, Liaoning, China) was used for RT. The target gene
and internal reference gene (glyceraldehyde phosphate de-
hydrogenase [GAPDH]) were amplified by fluorescence
qPCR (Applied Biosystems, Carlsbad, CA, USA). The
reaction system of PCRwas 25μL. The mRNA expression
of gene was calculated by 2−ΔΔCt method [24]. The primer
sequence was shown in Table 1.

Western Blot Analysis

The cells were lysed with radioimmunoprecipitation
assay (RIPA) lysate containing protease inhibitor. Protein
concentration was determined by bicinchoninic acid
(BCA) assay. The protein samples (20 μg) bore sodium
dodecyl sulfate polyacrylamide gel electrophoresis, and

then were electro-transferred to the polyvinylidene fluo-
ride (PVDF) membrane. The PVDF membrane was
sealed with 5% skim milk powder for two h and then
incubated with the primary antibody at 4 °C overnight.
The primary antibodies included PI3K (ab151549,
1:1000), p-PI3K (ab182651, 1:1000), AKT (ab8805,
1:500), p-AKT (ab38449, 1:1000), mTOR (ab2732,
1:2000), and p-mTOR (ab137133, 1:1000). All these
antibodies were purchased from Abcam Inc. (Cam-
bridge, MA, USA). After washing with 0.1% Tris-
buffered saline and Tween-20 (TBST) three times, the
membrane was incubated in horseradish peroxidase
(HRP)-labeled goat anti rabbit antibody to immuno-
globulin G (IgG) (Abcam Inc., Cambridge, MA, USA)
at 37 °C for one h. Finally, the membrane was covered
by diaminobenzidine (DAB) solution and exposed by
enhanced chemiluminescence (ECL).

Establishment of an Animal Model

A total of 120 healthy specific pathogen-free
male C57BL/6J mice of eight to ten weeks and
weighing 20–30 g were purchased from Better Bio-
engineering Co., Ltd., (Nanjing, Jiangsu, China). In-
fluenza A/PR/8/34 (VR-95; ATCC, Rockville, MD)
was allowed to grow in LLC-MK2 cells (RIVM,
Bilthoven, Netherlands). The virus was harvested by
repeated freezing and thawing, and then centrifuged
at 680×g for 10 min. The 50% tissue culture infec-
tive dose (TCID50) in virus solution was calculated
by titration in LLC-MK2 cells [25]. The uninfected
cell cultures were utilized for preparation of control
inoculants. The stored cells were not contaminated by
other respiratory viruses including the influenza B
virus, human parainfluenza 1, 2, 3, 4A, and 4B,
sendai virus, respiratory syncytial virus A and B,

Table 1. Primer Sequence for RT-qPCR

Gene Primer sequence

Beclin1 (human) F: 5′-TGTCACCATCCAGGAACTCA-3′
R: 5′-CTGTTGGCACTTTCT-GTGGA−3′

Beclin1 (mouse) F: 5′-ATGGAGGGGTCTAAGGCGTC-3′
R: 5′-TGGGCTGTGGTAAGTAATGGA−3′

GAPDH F: 5′-GCACCGTCAAGGCTGAGAAC-3′
R: 5′-ATGGTGGTGAAGACGCCAGT−3′

Note: F, forward; R, reverse; RT-qPCR, reverse transcription quantitative
polymerase chain reaction; GAPDH, glyceraldehyde phosphate
dehydrogenase
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rhinovirus, enterovirus, coronavirus, and adenovirus.
Exclusion contamination was determined by PCR or
cell culture. The virus and control solution were
diluted in phosphate buffer saline (PBS, pH = 7.4).
The primary influenza infection and secondary pneu-
mococcal pneumonia were induced according to pre-
viously described methods [26, 27].

Animal Treatment

Mice were allocated into 12 groups (n = 10): con-
trol group (without any treatment), Flu group (infected
with H1N1), SP group (inoculated with S. pneumoniae),
Flu + SP group (inoculated with S. pneumoniae after
H1N1 infection), dimethyl sulfoxide (DMSO) + Flu +
SP group (inoculated with S. pneumoniae after H1N1
infection in the process of DMSO treatment), DMSO +
SP group (inoculated with S. pneumoniae in the process
of DMSO treatment), PI3K inhibitor + SP group (inoc-
ulated with S. pneumoniae in the process of LY294002
inhibitor treatment), PI3K inhibitor + Flu + SP group
(inoculated with S. pneumoniae after H1N1 infection in
the process of LY294002 inhibitor treatment), oe-
negative control (NC) + SP group (inoculated with
S. pneumoniae in the process of oe-NC lentivirus treat-
ment), oe-Beclin1 + SP group (inoculated with
S. pneumoniae in the process of oe-Beclin1 lentivirus
treatment), oe-NC + Flu + SP group (inoculated with
S. pneumoniae after H1N1 infection in the process of
oe-NC lentivirus treatment), and oe-Beclin1 + Flu + SP
group (inoculated with S. pneumoniae after H1N1 in-
fection in the process of oe-Beclin1 lentivirus treat-
ment). Both oe-NC and oe-Beclin1 lentivirus vectors
were constructed by Shanghai GenePharma Co., Ltd.,
(Shanghai, China) using LV5-GFP. The lentivirus was
packaged with 293 T cells, and 293 T cells were cul-
tured on the RPMI-1640 medium containing 10% fetal
bovine serum (FBS) and were subcultured every other
day. From the first two weeks after inoculation of H1N1
virus or S. pneumoniae, the lentivirus vectors (5 ×
108 pfu/100 μL) or LY294002 (40 μM) were introduced
into the lungs of mice by nasal inhalation two times a
week for a total of four weeks.

BALF Solution Collection

Trachea was exposed through midline incision and
intubated with aseptic 22 Abbocath-T catheter (Abbott,
Sligo, Ireland). BAL was performed by injecting two parts

of 0.5 mL aseptic saline into the right lung. The recovered
BALF (0.8 mL) was rotated at 4 °C for 10 min at 260×g,
and the precipitate was re-suspended in 0.5 mL sterile PBS.
The total number of cells was counted by a Z2 Particle
Counterand Size Analyzer (Beckman-Coulter, Miami, FL,
USA). Differential cell counting (Diff-Quick, Baxter, UK)
was performed on cell centrifuge smears stained with mod-
ified Giemsa stain.

Determination of Virus Quantity

According to the reported method [28], at the 4th, 8th,
12th, and 14th days after virus infection and 48 h after
pneumococcal infection (i.e., 16th days after virus infec-
tion), the viral loadwas determined by reverse transcription
quantitative PCR (RT-qPCR). In short, 5 μL of 25 μL
cDNA template derived from cells in BALF was used for
real-time qPCR (ABI PRISM 7700 sequence detection
system). The viral load in each sample was calculated
using the standard curve of particle counting of influenza
viruses (viral particles were counted by an electron micros-
copy). The primer used was 5-GGACTGCAGCTGAG
ACGCT-3 (forward); 5-CATCCTGTTGTATATGAGGC
CCAT-3 (reverse); and 5-CTCAGTTATTCTGC
TGGTGCACTTGCC-3 (5-FAM labeled probe).

Measure of Bacterial Load

After 24 or 48 h of S. pneumoniae infection, mice
were anesthetized with 3% pentobarbital sodium (P3761,
Sigma-Aldrich, St Louis, MO, USA), and the BALF of
mice in each group was obtained. The recovered BALF
(0.8 mL) was rotated at 4 °C for 10 min at 260×g, and the
precipitate was re-suspended in 0.5 mL sterile PBS. Sub-
sequently, the suspension was diluted by 10 times, and the
final diluent (50 mL) was coated on a sheep blood agar
plate and fixed in 5% CO2 at 37 °C. Colony-forming units
were counted 16 h later.

Enzyme-Linked Immunosorbent Assay

Tumor necrosis factor (TNF)-α, interleukin (IL)-6,
and interferon (IFN)-γ enzyme-linked immunosorbent as-
say (ELISA) kits were purchased from R&D Systems
(Minneapolis, NM, USA) for expression determination of
TNF-α, IL-6, and IFN-γ in BALF of each group according
to the instructions of the kits.

Determination of Myeloperoxidase Activity

Determination of the myeloperoxidase (MPO) activ-
ity was performed as described earlier [29]. BAL was
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diluted by five times in potassium phosphate buffer (pH =
6.0) supplemented with 0.5% cetyltrimethylammonium
bromide and 10 mM ethylene diamine tetraacetic acid.
The activity of MPO was measured by H2O2-dependent
oxidation of 3,3,5,5-tetramethyl benzidine at 37 °C. The
reaction was terminated by adding acetic acid (0.2 M). The
amount of transformed 3-3-5-5-tetramethyl benzidine was
determined by measuring optical density (OD) value at
655 nm. MPO activity was expressed as units of BAL
liquids/mL. A unit was defined as the amount of MPO
required to produce one OD655 unit per minute. The mea-
surement of MPO activity in the BAL solution indicated
the activated state of the polymorphonuclear cells present-
ing in the lung.

Hematoxylin and Eosin Staining

The lung tissues were fixed with formaldehyde,
hydrated with gradient alcohol, cleared in xylene, and
sliced to four μm. Subsequently, the tissues were
dewaxed with xylene, hydrated with gradient alcohol,
stained with hematoxylin for 10 min, differentiated
with 1% alcohol hydrochloric acid for 20 s, treated
with 1% ammonia for 30 s, and stained with eosin
for three min. Afterwards, the tissues were hydrated
with gradient alcohol, cleared in xylene, sealed by
neutral balsam, and observed under a microscopy.
Lastly, the images were obtained and analyzed under
a 40 times ordinary optical microscope (Olympus,
Tokyo, Japan).

Statistical Analysis

Analysis of the data from this study was performed
using SPSS 21.0 statistical software (IBM Corp., Armonk,
NY, USA). The measurement data were expressed as mean
± standard deviation. The date with the normal distribution
was analyzed by Student’s t test between two groups, and
the one-way analysis of variance (ANOVA) or repeated
measures ANOVA was used in the comparison among
multiple groups, followed by the Dunnett post hoc test.

Enumeration data were assessed using chi-square test to
evaluate differences among groups. The survival curve was
drawn by Kaplan-Meier and the difference of survival rate
was scaled by the log-rank test. p < 0.05 showed significant
difference.

RESULTS

Downregulation of Beclin1 and Activation of the PI3K/
AKT Pathway Are Found in Reinfection Pneumonia

Bacterial pathogens in BALF collected from pa-
tients with CAP were detected, and the results
showed that compared with the sputum sample, the
positive rate of disease diagnosis was significantly
higher by using BALF (Table 2). By detecting the
respiratory viruses in the clinical samples of BALF,
we found that 31 cases (51.67%) were positive in the
sputum sample while 45 cases (75.00%) were posi-
tive in BALF sample (p < 0.05; Table 3). These re-
sults suggested that BALF sampling was superior to
traditional sputum sampling in the detection of bac-
terial pathogens in pneumonia. In order to investigate
whether the pathogenesis of reinfection pneumonia
was related to the Beclin1-PI3K/AKT signaling path-
way, we examined the expression of related genes in
alveolar epithelial cells of BALF in 16 viral positive
patients. The expression of Beclin1 in BALF was
significantly lower than that in sputum of patients
with reinfection pneumonia (p < 0.05), and the ex-
pression of Beclin1 in BALF of viral positive pa-
tients further decreased (p < 0.05; Fig. 1a). Five cases were
randomly selected from each group, and then determination
of the Beclin1-PI3K/AKT pathway-related proteins
(Fig. 1b, c) suggested that in contrast to the normal group,
levels of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR
increased while the protein expression of Beclin1 decreased
in the Pne and the Flu + Pne group (all p < 0.05). Relative to
the Pne group, levels of p-PI3K/PI3K, p-AKT/AKT, and p-
mTOR/mTOR further increased while the expression of

Table 2. Detection Rate of Streptococcus pneumoniae Between Samples of Sputum and Bronchoalveolar Lavage Fluid in Mice (n = 60)

Causative agent Sputum sample
positive (strain)

Bronchoalveolar lavage
fluid positive (strain)

X2 p

Streptococcus pneumoniae 39 53 7.873 0.005
Rate 65.00% 88.33%

Note: n = 60, enumeration data were assessed using chi-square test to evaluate differences among groups
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Beclin1 further decreased in the Flu + Pne group (all
p < 0.05), suggesting that Beclin1 is downregulated and
the PI3K/AKT pathway is activated in reinfection
pneumonia.

A Mouse Model of Influenza Virus/S. pneumoniae
Infection Is Successfully Established

In order to verify whether the Beclin1-PI3K/AKT
signaling pathway was involved in influenza virus/
S. pneumoniae reinfection in mice, relevant mouse
model was established. The results in the detection of
survival rate of mice in each group suggested that
during infection, no mice died in the control group or
in the Flu group. Compared with the control group and
Flu group, the survival rate of mice significantly de-
creased in the SP group, and further decreased in the
Flu + SP group (p < 0.05; Fig. 2a). The amount of virus
detected in the lungs of the mice showed that the
number of H1N1 influenza viruses in the Flu and Flu
+ SP groups increased significantly on the 5th day

compared with the 1st day (Fig. 2b). Based on the
findings in the detection of the population of
S. pneumoniae, compared with the 1st day, the number
of S. pneumoniae in the SP and Flu + SP groups
increased significantly on the 5th day (p < 0.05). And
the detective population of S. pneumoniae in the Flu +
SP group was significantly higher than that in the SP
group (p < 0.05; Fig. 2c). In terms of MPO activity, the
measurement results showed that the activity of MPO
in the SP and Flu + SP group was significantly higher
than that in the control group (p < 0.05; Fig. 2d). Ac-
cording to the results observed by hematoxylin and
eosin (HE) staining, we found that in the control group,
the lung tissue of mice showed normal state. However,
in the SP group, inflammatory cell infiltration, alveolar
collapse, perivascular, and peribronchiole edema were
found in the lung tissue of mice. What is more, the lung
injury in the Flu + SP group was more serious than that
in the SP group (Fig. 2e). These results suggest that we
successfully established a mouse model of influenza
virus/S. pneumoniae infection.

Table 3. Virus Detection Rate Between Samples of Sputum and Bronchoalveolar Lavage Fluid in Mice (n = 60)

Group Sputum sample
positive (strain)

Bronchoalveolar lavage
fluid positive (strain)

X2 p

Virus 31 45 6.065 0.014
Rate 51.67% 75.00%

Note: n = 60, enumeration data were assessed using chi-square test to evaluate differences among groups
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Activated PI3K/AKT Signaling Pathway and Aggra-
vated Cell Inflammation Are Presented in Reinfection
of S. pneumoniae After Influenza Virus Infection in a
Mouse Model

To investigate whether the Beclin1-PI3K/AKTsignal-
ing pathway was involved in the disease process, we
examined the expression of related genes. The results
based on the western blot analysis indicated that relative
to the control group, levels of p-PI3K/PI3K, p-AKT/AKT,
and p-mTOR/mTOR significantly increased while Beclin1
expression decreased significantly in the Flu, SP, and Flu +
SP groups (all p < 0.05). Compared with the Flu and SP
groups, levels of p-PI3K/PI3K, p-AKT/AKT, and p-
mTOR/mTOR in the Flu + SP group further increased,
and the expression of Beclin1 protein further decreased (all
p < 0. 05; Fig. 3a, b). The expression of Beclin1 in lung

tissue of each group of mice was examined by immuno-
histochemistry, and the results were consistent with those
of western blot analysis (Fig. 3c, d). These results suggest
that the Beclin1-PI3K/AKT signaling pathway is involved
in the process of influenza A virus infection. The expres-
sion of inflammatory factors in BALF of each group was
detected. The findings revealed that in contrast to the
control group, the expression of TNF-α, IL-6, and IFN-
γ in the SP and Flu + SP group significantly increased
(all p < 0.05). Meanwhile, the expression of the above
inflammatory factors in the Flu + SP group was signif-
icantly higher than those in the SP group (all p < 0.05;
Fig. 3e–g). Altogether, it is suggested that PI3K/AKT
signaling pathway is activated and cell inflammation is
aggravated in reinfection of S. pneumoniae after influ-
enza virus infection in a mouse model.
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Inhibition of the PI3K/AKT Signaling Pathway or
Overexpression of Beclin1 Inhibits Reinfection of
S. pneumoniae After Influenza Virus Infection

PI3K inhibitor or Beclin1 lentivirus vector was used
in nasal cavity inhalation to evaluate the expression of
related protein and lung tissue injury in mice. The results
of RT-qPCR showed that the expression of Beclin1 in lung
tissue of mice in the oe-Beclin1 group was significantly
higher than that in the oe-NC group (p < 0.05; Fig. 4a),
suggesting that lentivirus infection was effective. Based on
the results of western blot analysis, it showed that the levels
of p-AKT/AKTand p-mTOR/mTOR in the PI3K inhibitor
+ SP and PI3K inhibitor + Flu + SP group were signifi-
cantly lower than those in the DMSO + SP or DMSO + Flu
+ SP group, while the expression of Beclin1 significantly
increased (all p < 0.05; Fig. 4b, c). Besides, the
S. pneumoniae bacteria in lung tissue of mice in each group
at 48 h after infection was detected, and the corresponding
results suggested that compared with the DMSO + Flu +
SP group, the bacterial count in the PI3K inhibitor + Flu +
SP group was significantly lower than that in the DMSO +
Flu + SP group (p < 0.05). Relative to the oe-NC + Flu +
SP group, the number of bacteria in lung tissue of mice in
the oe-Beclin1 + Flu + SP group decreased significantly

(p < 0.05; Fig. 4d). Meanwhile, the activity of MPO was
measured at 48 h after infection. In comparison to the
DMSO + SP group or DMSO + Flu + SP group, the
activity of MPO in the PI3K inhibitor + SP group or the
PI3K inhibitor + Flu + SP group significantly decreased
(p < 0.05). Furthermore, in contrast to the oe-NC + SP
group or the oe-NC + Flu + SP group, the activity of
MPO in lung tissue of mice in the oe-Beclin1 + SP group
or the oe-Beclin1 + Flu + SP group decreased significantly
(p < 0.05; Fig. 4e). The pathological changes of lung tissue
of mice were determined by HE staining, which showed
that compared to the DMSO + SP group or the DMSO +
Flu + SP group, as well as the oe-NC + SP group or the oe-
NC + Flu + SP group, the degree of injury in the lung tissue
of mice significantly decreased in the PI3K inhibitor + SP
group or the PI3K inhibitor + Flu + SP group, as well as in
the oe-Beclin1 + SP group or the oe-Beclin1 + Flu + SP
group (Fig. 4f). Considering inflammatory response, we
found that the expression of TNF-α, IL-6, and IFN-γ
decreased in lung tissues of mice in the PI3K inhibitor +
SP group or the PI3K inhibitor + Flu + SP group relative to
the DMSO + SP group or DMSO + Flu + SP group (all
p < 0.05). The expression of TNF-α, IL-6, and IFN-γ also
decreased in lung tissues of mice in the oe-Beclin1 + SP

K3IP

K3IP-p

TKA

TKA-p

ROTm

ROTm-p

1nilceB

HDPAG
0.0

0.5

1.0

1.5
Control
Flu

SP
Flu + SP

Con
tro

l
Flu SP

Flu 
+ S

P

A B C

Be
cl

in
1 

po
si

tiv
e 

ce
ll 

ra
te

 
%

Control

Control

Flu

Flu

SP Flu + SP

Control Flu SP Flu + SP Control Flu SP Flu + SPControl Flu SP Flu + SP

D

TN
F-

α 
(p

g/
L)

0

100

200

300

400

500

*
*

*
#

E

IL
-6

 (p
g/

L)

0

100

200

300

400

*
*

*
#

F

IN
F-

γ 
(n

g/
L)

0

50

100

150

200

250
G

*
*

*
#

p-P
I3K

/PI3K

p-A
KT/AKT

p-m
TOR/m

TOR

Bec
lin

1
0

20

40

60

*
*

*
#

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

* *
*
#

* *

*
#

*
*

*
#

* *
*
# SP Flu + SP

25 μm

25 μm

25 μm

25 μm

Fig. 3. Activation of the PI3K/AKTsignaling pathway and aggravation of cellular inflammation during reinfection of Streptococcus pneumoniae in a mouse
model after influenza virus infection. a, bDetermination of Beclin1 and the PI3K/AKTsignaling pathway-related proteins inmice by western blot analysis. c,
d The expression of Beclin1 in lung tissue of each group examined by immunohistochemistry (× 400). e–g ELISA used to detect the expression of TNF-α,
IL-6, and IFN-γ in bronchoalveolar lavage fluid of mice. *p < 0.05 vs. the control group. The measurement data were expressed in the form of mean ±
standard deviation, and the comparison among multiple groups should be based on one-way analysis of variance, followed by Dunnett’s post hoc test. The
experiment was repeated 3 times. N = 10. SP, Streptococcus pneumoniae; ELISA, enzyme-linked immunosorbent assay.

1748 Yang, Zou, Feng, Zhan, Xiong, and Lang



R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 o
f B

ec
lin

1

oe-NC oe-Beclin1
0

1

2

3

4
*

BA
AKT

p-AKT

mTOR

p-mTOR

Beclin1

GAPDH
0.0

0.5

1.0

1.5

2.0

DMSO + SP
PI3K inhibitor + SP
DMSO + Flu + SP
PI3K inhibitor + Flu + SP

DMSO + 
SP

PI3K
 in

hib
ito

r +
 SP

DMSO + 
Flu 

+ S
P

PI3K
 in

hib
ito

r +
 Flu 

+ S
P

C

O
ut

 g
ro

w
th

 o
f S

 p
ne

um
on

ia
e 

C
FU

 μ
/L

0

20

40

60

80
*

*
D

IL
-6

 (p
g/

L)

0

100

200

300

400
H

*
*

*
*

IN
F-

γ 
(n

g/
L)

0

50

100

150

200

250

*

* *
*

I

DMSO + SP

DMSO + SP

PI3K inhibitor + SP

PI3K inhibitor + SP

DMSO + Flu + SP

DMSO + Flu + SP

PI3K inhibitor + Flu + SP

PI3K inhibitor 
+

 Flu + SP

oe-NC + SP

oe-NC + SP

oe-Beclin1 + SP

oe-Beclin1 + SP

oe-NC + Flu + SP

oe-NC + Flu + SP

oe-Beclin1 + Flu + SP

oe-Beclin1 
+

 Flu + SP

M
PO

 a
ct

iv
ity

 (U
/g

)

0

5

10

15

20

*
*

*
*E

F

DMSO + SP
PI3K inhibitor + SP
DMSO + Flu + SP
PI3K inhibitor + Flu + SP
oe-NC + SP
oe-Beclin1 + SP
oe-NC + Flu + SP
oe-Beclin1 + Flu + SP

TN
F-

α 
(p

g/
L)

0

100

200

300

400

500
G

*
*

* *

DMSO + SP
PI3K inhibitor + SP
DMSO + Flu + SP
PI3K inhibitor + Flu + SP
oe-NC + SP
oe-Beclin1 + SP
oe-NC + Flu + SP
oe-Beclin1 + Flu + SP

DMSO + SP
PI3K inhibitor + SP
DMSO + Flu + SP
PI3K inhibitor + Flu + SP
oe-NC + SP
oe-Beclin1 + SP
oe-NC + Flu + SP
oe-Beclin1 + Flu + SP

DMSO + SP
PI3K inhibitor + SP
DMSO + Flu + SP
PI3K inhibitor + Flu + SP
oe-NC + SP
oe-Beclin1 + SP
oe-NC + Flu + SP
oe-Beclin1 + Flu + SP

25 μm 25 μm 25 μm 25 μm

25 μm 25 μm 25 μm 25 μm

p-A
KT/AKT

p-m
TOR/m

TOR

Bec
lin

1

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

* *
*

*

#

#

* #

*

Fig. 4. Inhibition of the PI3K/AKT signaling pathway or overexpression of Beclin1 suppress reinfection of Streptococcus pneumoniae after influenza virus
infection. aDetermination of mRNA expression of Beclin1 by RT-qPCR. b, cDetermination of the PI3K/AKTsignaling pathway-related proteins in mice by
western blot analysis, *p < 0.05 vs. the DMSO + SP group, #p < 0.05 vs. the DMSO + Flu + SP group. d Measurement of Streptococcus pneumoniae in
bronchoalveolar lavage fluid of mice. eMeasurement of MPO activity in bronchoalveolar lavage fluid of mice. fObservation of pathological changes of lung
tissue in mice by HE staining (× 400). g–i ELISA used to determine the expression of TNF-α, IL-6, and IFN-γ in bronchoalveolar lavage fluid of mice.
*p < 0.05 vs. the NC group or the DMSO group in d–i. The measurement data were expressed in the form of mean ± standard deviation, and the comparison
between two groups was analyzed by the nonpaired t test. The experiment was repeated 3 times. N = 10. SP, Streptococcus pneumoniae; ELISA, enzyme-
linked immunosorbent assay; RT-qPCR, reverse transcription quantitative polymerase chain reaction; NC, negative control; MPO, myeloperoxidase; HE,
hematoxylin and eosin; DMSO, dimethyl sulfoxide.

1749PI3K/AKT Pathway or Beclin1 in SCAP



group or the oe-Beclin1 + Flu + SP group in comparison to
the oe-NC + SP group or the oe-NC + Flu + SP group (all
p < 0.05; Fig. 4g–i). These results suggest that the inhibi-
tion of the PI3K/AKTsignaling pathway or overexpression
of Beclin1 in a mouse model can inhibit reinfection of
S. pneumoniae after influenza virus infection and thus
alleviate the degree of injury.

DISCUSSION

The gram-positive pathogen S. pneumoniae is
regarded as one of the main causative agents of CAP, and
the incidence of pneumococcal pneumonia has been de-
creased due to the development and widespread applica-
tion of antibiotics and pneumococcal vaccine [30]. Due to
the increasing resistance among respiratory pathogens,
together with the fact that S. pneumoniae is considered as
the most common etiologic agent that is identified in CAP,
the strategies for antimicrobial therapy should no doubt
based upon the causative pathogen, local resistance

patterns as well as the risk factors for infection with resis-
tant bacteria [3]. However, the causative agents of CAP
have not been routinely determined in China, especially in
some severe cases. In this present study, we aim to discuss
the molecular mechanism of reinfection of bacteria plus
virus, figuring out the role of Beclin1-PI3K/AKT axis in
reinfection of S. pneumoniae after influenza A virus. Col-
lectively, we came to a conclusion that the inhibition of the
PI3K/AKT signaling pathway or overexpressed Beclin1 is
in favor of suppressing the reinfection of S. pneumoniae
after influenza A virus infection in SCAP.

First of all, this study demonstrated that BALF sam-
pling was superior to traditional sputum sampling in the
detection of bacterial pathogens in pneumonia. BAL uses
sterile fluid to wash pathogens directly. BAL has been
widely applicable for adults and children in the determina-
tion of the reason of ventilator-associated pneumonia, nos-
ocomial pneumonia, severe CAP, or recalcitrant pneumo-
nia [14]. Additionally, BALF is suggested to be easily
suitable for multiple detection methods, such as microsco-
py, aerobic culture, PCR as well as viral culture [15]. BAL

Fig. 5. The potential molecular mechanism of Beclin1-PI3K/AKT axis in reinfection of S. pneumoniae after influenza A virus. In pneumonia, influenza A
virus infection can promote the reinfection of S. pneumoniae by promoting the activation of PI3K/AKTsignaling pathway and downregulation of Beclin1 in
bronchoalveolar lavage fluid.
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is a noninvasive method, hence safe for patients. A previ-
ous study has suggested that BAL could be a useful tool in
the identification of pathogens in ventilator-associated
pneumonia, or in acute hypoxemic respiratory failure
which requires noninvasive ventilation [31]. Another liter-
ature also has elucidated the utility of BAL acting as a less
invasive option for the assessment of lung pathology,
which could also aids in the diagnosis of Cytomegalovirus
pneumonitis using molecular methods [32]. Therefore,
BAL is an accurate and safe method to validate pathogens
in pneumonia.

In addition, this present study also demonstrated
that the expression of Beclin1 was downregulated and
the PI3K/AKT pathway was activated in reinfection of
pneumonia. Besides pneumonia, similar to our study, a
study revealed that Beclin1 expression was markedly
downregulated in cartilage tissue of osteoarthritis [33].
And it has been reported that Beclin1 is component in
the PI3K complex and it is also a target of the kinase
AKT [19]. Several studies have elucidated that the
activation of PI3K happens in host cells during the
invasive process by Streptococcus agalactiae
(S. agalactiae), and the involvement of PI3K has been
detected during the invasion process of S. agalactiae
together with other human pathogens [34, 35], which
suggests a responsive inflammation occur. A recent
study has suggested that the activation of AKT is of
great importance for engulfment of P. aeruginosa, a
extracellular pathogen, and the loss of bacterial motility
results in a corresponding loss of stimulation and
phagocytosis of AKT [36]. Taken together, the PI3K/
AKT signaling pathway collaborates with Beclin1 to
regulate pneumonia progression.

Furthermore, our study also indicated that the inhibi-
tion of the PI3K/AKT pathway or overexpression of
Beclin1 inhibited the pneumonia symptoms after pathogen
infection. Beclin1 regulates autophagy initiation through
interaction with Atg14/ATG14L/Barkor (Complex I) and
regulates vacuolar protein sorting, cytokinesis as well as
receptor degradation by regulating Vps38/UVRAG (Com-
plex II) [17]. And it is demonstrated that ectopic Beclin1
expression suppressed cancer cell proliferation in vitro and
tumorigenic potential in vivo, thereby implying a role for
autophagy in tumor suppression [18]. As for the
PI3K/AKT/mTOR pathway, it is a signal transduction
pathway that is implicated in the regulation of a great deal
of cellular functions, such as cell proliferation, differentia-
tion, adhesion, and invasion [37]. It is reported that the
PI3K/AKT signaling pathway is frequently initiated
through the regulation of trans-membrane receptor

signaling, which is followed by activation of Src kinases
to recruit and activate PI3K [38]. Kierbal et al. have ob-
served that blockade of cellular PI3K activity is able to
prevent P. aeruginosa entry into both kidney and HeLa
epithelial cells [39]. Therefore, it is promising to target
Beclin1-PI3K/AKT for pneumonia treatment.

CONCLUSION

In conclusion, the novel aforementioned findings
asserted may open novel chapters for future SCAP treat-
ments. Our study demonstrates that BAL is an accurate
method for clinical diagnosis of pneumonia, and the PI3K/
AKT signaling pathway inhibition or Beclin1 is capable of
suppressing the reinfection of S. pneumoniae after influen-
za Avirus infection in SCAP (Fig. 5). However, the poten-
tial mechanism underlying the role of Beclin1 and the
PI3K/AKT signaling pathway require further investigation
in future following studies.
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