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IL-9 promotes methicillin-resistant Staphylococcus aureus
pneumonia by regulating the polarization and phagocytosis

of macrophages
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ABSTRACT In this study, we examined the effect of //9 deletion on macrophages in
methicillin-resistant Staphylococcus aureus (MRSA) infection. MRSA-infected mice were
employed for the in vivo experiments, and RAW264.7 cells were stimulated with MRSA
for the in vitro experiments. Macrophage polarization was determined by flow cytom-
etry and quantitative real-time PCR; macrophage phagocytosis was assessed by flow
cytometry and laser scanning confocal microscopy; cell apoptosis was assessed by flow
cytometry and western blotting. /|9 deletion markedly elevated macrophage phagocy-
tosis and M2 macrophages in MRSA infection, which was accompanied by elevated
expression of /70 and Arg1 and reduced expression of Inos, tumor necrosis factor-a
(Tnfa), and Il6. 119 deletion also inhibited macrophage apoptosis in MRSA infection, which
was manifested by elevated B-cell ymphoma 2 (BCL-2) protein level and reduced protein
levels of cleaved cysteine protease 3 (CASPASE-3) and BCL2-Associated X (BAX). Both
the in vivo and in vitro experiments further showed the activation of phosphoinositide
3-kinase (PI3K)/AKT (also known as protein kinase B, PKB) signaling pathway in MRSA
infection and that the regulation of /9 expression may be dependent on Toll-like
receptor (TLR) 2/PI3K pathway. The above results showed that //9 deletion exhibited a
protective role against MRSA infection by promoting M2 polarization and phagocytosis
of macrophages and the regulation of //9 partly owing to the activation of TLR2/PI3K
pathway, proposing a novel therapeutic strategy for MRSA-infected pneumonia.
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neumonia is one of the main causes of death in children under 5 years old world-

wide (1). Staphylococcus aureus has long been recognized as an important patho-
gen of pneumonia. However, with the extensive use of antibiotics, methicillin-resistant
Staphylococcus aureus (MRSA) is prevalent and has been a major threat in recent decades
(2). Most people have Staphylococcus aureus colonies, but only a few exhibit clinical
diseases. Thus, enhancing the immune response is the key to solving MRSA infection
rather than antibiotic treatment.

Mammalian immunity against extracellular bacterial infection can be divided into
innate immunity and adaptive immunity (3, 4). Macrophages play an important role
in innate immunity (5). Phagocytosis is an ancient and highly conserved process by
which macrophages respond to bacterial infection through innate immune responses,
and this process is accompanied by the secretion of proinflammatory and inflammatory
cytokines, which is also an important feature of host resistance against pathogenic
microorganisms (6, 7). In addition to innate immunity, adaptive immunity is recruited
later to mediate long-term immune memory responses. Macrophages not only play
an important role in the phagocytosis of bacteria but also act as antigen-presenting
cells to activate T and B cells into effector cells (8). Generally, microbial pathogens are
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intended to destroy the host defense system; therefore, a clear understanding of the
interaction between MRSA and macrophages will provide a novel idea for the prevention
and treatment of MRSA. However, there is a lack of previous studies on the regulatory
mechanism of macrophages in MRSA infection.

Our previous study found that interleukin (IL)-9 was highly expressed in the serum,
bronchoalveolar lavage fluid, and lung tissue of MRSA-infected mice, and pretreatment
with an IL-9 neutralizing antibody largely reduced the number of macrophages and
proinflammatory cytokines after MRSA infection (9), suggesting the participation of
macrophages in MRSA infection. However, the effect of IL-9 on macrophage phagocyto-
sis and polarization of S. aureus is still unclear. IL-9 is involved in the regulatory net-
work of the phosphoinositide 3-kinase (PI3K)/AKT (also known as protein kinase B, PKB)/
mammalian target of rapamycin (mTOR) signaling pathway (10). Toll-like receptor (TLR) 2
signaling, the main signaling pathway for the recognition of gram-positive bacteria, was
confirmed to be associated with the activation of the PI3K/AKT pathway (11). Thus, we
speculated that the TLR2-PI3K/AKT-IL-9 axis was involved in MRSA infection by regulating
the polarization and phagocytosis of macrophages.

MATERIALS AND METHODS
Animals

Male BALB/c mice (6-10 weeks) were obtained from the Laboratory Animal Center of
Anhui Medical University.

The establishment of pneumonia mouse model

The mouse model of pneumonia was established as previously described (9). A single
colony of MRSA ST239 strain (ATCC, Manassas, USA) was grown to logarithmic phase in
trypsin soy broth, and then the culture was resuspended in phosphate-buffered saline
after the centrifugation. Finally, 5 x 10° colony-forming units (CFU) of ST239 strain were
intranasally injected into the anesthetized BALB/c mice.

Experimental grouping

We divided BALB/c mice into four groupsvia different intravenous injection 24 h before
MRSA infection: uninfected group (100 pL saline, n = 6), MRSA-infected group (100 pL
saline, n = 6), IgG group (100 pL saline with 2 ug IgG, n = 6), and anti-IL-9 group (100 pL
saline with 2 pg goat anti-mouse IL-9 neutralizing antibody, n = 6). After the infection, the
mental state, appearance changes, and deaths of all mice were observed and recorded
for 8 days.

Cell transfection

Short interfering RNAs (siRNAs) targeting /19 (/19 siRNA) and TIr2 (TIr2 siRNA) and their
corresponding controls were purchased from GenePharma (Shanghai, China). For cell
transfection, when the confluence of RAW264.7 cells reached 70%, /19 siRNA or TIr2 siRNA
was transfected using Lipofectamine 3000 according to the manufacturer’s protocols
(Invitrogen, Carlsbad, CA).

Bacterial counting

Briefly, the homogenized lung tissues were plated evenly on the surface of tryptic soy
broth plates at 37°C for 24 h, and then the colonies were counted.

Hematoxylin-eosin (H&E) staining

For H&E staining, 4-um-thick sections were cut from paraffin-embedded lung tissues, and
the sections were processed using an H&E staining kit (Sigma-Aldrich, St Louis, USA) and
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scored by two blinded pathologists. The degree of lung injury was evaluated by the sum
of severity score and range score as follows: severity score: 0 (no), 1 (mild), 2 (moderate),
3 (severe), 4 (extremely severe); range score: 0 (no), 1 (small range), 2 (large range).

Enzyme-linked immunosorbent assay (ELISA)

The lung tissues were homogenized and centrifuged at 4000 X g for 15 min at 4°C. The
levels of transforming growth factor-beta (TGF-f), interferon-gamma (IFN-y), IL-4, and
IL-17 in the supernatant were measured using ELISA kits according to the manufacturer’s
instructions.

M1/M2 macrophage detection by flow cytometry

The proportions of M1 macrophages and M2 macrophages were measured by flow
cytometry. Briefly, forward scatter (FSC) and side scatter (SSC) gates were used to remove
cell debris and clumped cells to circle the target cell population. Then, FSC-A and FSC-H
gates were used to circle the single-cell population. The cross gates of CD86 and F4/80
were used to circle M1 macrophages, namely F4/80°CD86" cells, and the cross gates of
CD206 and F4/80 were used to circle M2 macrophages, namely F4/80°CD206" cells.

Phagocytosis experiments

Flow cytometry was performed to assess the phagocytic ability of macrophages. Firstly,
FSC and SSC gates were used to remove cell debris and clumped cells to circle the target
cell population. FSC-A and FSC-H gates were used to circle the single-cell population,
and the cross gates of CD11b and F4/80 were used to circle macrophages. Then,
according to the ratio of cell:bacteria (1:20), prestained Staphylococcus aureus with
fluorescein 5-isothiocyanate (FITC) was added to macrophages for 30 min, and then
5 mM EDTA was added to stop the experiments. The cross gates of FITC and F4/80 were
used to circle the FITC- and F4/80-positive cells, namely, FITC'F4/80* cells. Additionally,
laser scanning confocal microscopy was also employed to determine FITC- and F4/80-
positive cells. However, neither flow cytometry nor laser scanning confocal microscopy
differentiated surface-bound and internalized bacteria.

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

We extracted total RNA from lung tissues and RAW264.7 cells using TRIzol reagent
(Invitrogen), and then employed a PrimeScript RT reagent kit (Takara) to obtain cDNA.
The mRNA expression levels of 119, 1110, 116, Inos, Arg1, Tnfa, and TIr2 were measured using
an Applied Biosystems 7500 Real Time PCR System (Applied Biosystems) with SYBR Green
QPCR Master Mix (Invitrogen). The mRNA expression of gene was normalized to Gapdh
using the 22*“ method.

119 (forward): 5"-ACGGTGTGGTACAATCATC-3’

119 (reverse): 5-TTGGTGACATACATCCTTG-3"

Tnfa (forward): 5-AAGCCTGTAGCCCACGTCGTA-3"

Tnfa (reverse): 5-AGGTACAACCCATCGGCTGG-3*

1170 (forward): 5-ATGCTGCCTGCTCTTACTGACTG-3’

1170 (reverse): 5'-CCCAAGTAACCCTTAAAGTCCTGC-3"

Arg1 (forward): 5"-TGTCCCTAATGACAGCTCCTT-3"

Arg1 (reverse): 5'-GCATCCACCCAAATGACACAT-3’

116 (forward): 5°-CTGCAAGAGACTTCCATCCAG-3’

116 (reverse): 5-AGTGGTATAGACAGGTCTGTTGG-3"

Inos (forward): 5-CTCAGCCCAACAATACAAG-3”

Inos (reverse): 5-CTACAGTTCCGAGCGTCA-3’

TIr2 (forward): 5-AGGTGCGGACTGTTTCCTTC-3"

TIr2 (reverse): 5"-AGATTTGACGCTTTGTCTGAGG-3"

Gapdh (forward): 5-TCGTCCCGTAGACAAAATGG-3"
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Gapdh (reverse): 5"-TTGAGGTCAATGAAGGGGTC-3"

Western blot

The total proteins from tissues or cells were extracted by radio immunoprecipitation
assay (RIPA) lysis buffer (Beyotime, China), and the quality of the protein was measured
by bicinchoninic acid disodium (BCA) (Sigma-Aldrich). Equal amounts of proteins were
resolved by SDS-PAGE, transferred onto a nitrocellulose membrane and incubated with
primary antibodies specific for cleaved cysteine protease 3 (CASPASE-3) (ab214430,
1:5,000; Abcam, USA), BCL2-Associated X (BAX) (ab32503, 1:1,000; Abcam, USA), B-cell
lymphoma 2 (BCL-2) (ab182858, 1:2,000; Abcam, USA), PI3K (ab191606, 1:1,000; Abcam,
USA), p-PI3K (ab182651, 1:1,000; Abcam, USA), AKT (sc-5298, 1:500; Santa Cruz Biotech-
nology, CA), p-AKT (sc-514032, 1:500; Santa Cruz Biotechnology, CA), mTOR (sc-517464,
1:1,000; Santa Cruz Biotechnology, CA), and GAPDH (sc-47724, 1:1,000, Santa Cruz
Biotechnology). The secondary antibody was horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (ab150077). The proteins were quantified using Quantity One
software (Bio-Rad Laboratories). GAPDH was the internal control.

Statistical analysis

We analyzed the differences between groups using unpaired Student’s t-tests or one-way
analysis of variance using SPSS software version 19.0 (IBM, Chicago, USA). All results were
expressed as the mean + standard deviation (SD). Significant P-value was less than 0.05.
RESULTS

Anti-IL-9 antibody reduced lung inflammation in MRSA-infected mice

Mice in the control group were normal and did not have any symptoms after inoculation.
However, most of the MRSA-infected mice exhibited poor mental state and less diet
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FIG 1 Anti-IL-9 antibody reduced lung inflammation in MRSA-infected mice. The death rate (A) and the amount of bacteria (B) in the lung tissues of mice in

different groups (n = 6 per group) were calculated. The lung pathological changes were assessed by hematoxylin and eosin staining (C) and pathological score

(D) in different groups, the red arrows indicated the inflammatory infiltration. Scale bar = 50 um. Data were represented as the mean * SD. ***P < 0.001 vs the

MRSA group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs the IgG group.
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after the inoculation for 2 days, and the number of deaths peaked on day 6, but the
remaining mice stopped dying after 8 days. To our surprise, the IL-9 neutralizing antibody
significantly reduced the death of MRSA-infected mice, which is illustrated in Fig. 1A.
In addition, the IL-9 neutralizing antibody markedly decreased the number of CFUs in
the lung tissues of MRSA-infected mice after inoculation for 3 and 8 days (Fig. 1B). H&E
staining further revealed the obvious improvement of inflammatory cell infiltration in
the lung tissues of MRSA-infected mice by IL-9 neutralizing antibody (Fig. 1C), which was
further confirmed by the pathological score (Fig. 1D), both on day 3 and day 8 after
inoculation. The above data suggested that IL-9 neutralizing antibody improved lung
inflammation in MRSA-infected mice.

Anti-IL-9 antibody promoted macrophage M1 to M2 polarization in MRSA-
infected mice

Then, we investigated the effect of IL-9 neutralizing antibody on macrophage polariza-
tion in MRSA-infected mice. The results showed that, compared with the IgG group,
the IL-9 neutralizing antibody group showed markedly increased CD206-positive cells
(Fig. 2A and B) but decreased CD86-positive cells (Fig. 2C and D) in the lung tissues of
MRSA-infected mice. In addition, compared with the IgG group, /70 (Fig. 2E) and Arg1
(Fig. 2F) mRNA expression levels were significantly elevated, while Inos (Fig. 2G), Tnfa (Fig.
2H), and /l6 (Fig. 2I) mRNA expression was obviously downregulated in the anti-IL-9
group. The above data suggested that neutralization of IL-9 significantly promoted
macrophage M1 to M2 polarization in the lung tissues of MRSA-infected mice.

Anti-IL-9 antibody promoted phagocytosis and inhibited apoptosis of
macrophages in MRSA-infected mice

Next, we further explored the effect of the IL-9 neutralizing antibody on macrophage
phagocytosis in MRSA-infected mice. Alveolar macrophages isolated from mice were
cocultured with MRSA, and both flow cytometry and laser scanning confocal microscopy
were performed to assess macrophage phagocytosis. The results showed that, compared
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FIG 2 Anti-IL-9 antibody promoted M2 macrophage polarization in MRSA-infected mice. The number of CD86- and CD206-positive cells in the lung tissues of
mice (n = 6 per group) were determined by flow cytometry (A-D), respectively. The mRNA expression levels of /170 (E), Arg1 (F), Inos (G), Tnfa (H), and /l6 (I) in the
lung tissues of mice were determined by qRT-PCR. Data are represented as the mean + SD. *P < 0.05, ***P < 0.001 vs the MRSA group; ##P < 0.01 vs the IgG group.
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= 6 per group) were cocultured with MRSA prestained with FITC, and macrophage phagocytosis was assessed by flow cytometry (A and B) and laser scanning

confocal microscopy (C and D), but they did not differentiate surface-bound and internalized bacteria. The protein levels of cleaved CASPASE-3, BAX, and BCL-2

and the expression of IL-4, TGF-3, IFN-y, and IL-17 in the lung tissues of mice were detected by western blot (E and F) and
represented as the mean £ SD. **P < 0.01, ***P < 0.001 vs the MRSA group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs the IgG group.

with the IgG group, the IL-9 neutralizing antibody group showed markedly enhanced
macrophage phagocytosis (Fig. 3A through D). Furthermore, compared with the IgG
group, the protein levels of cleaved CASPASE-3 and BAX were significantly downregula-
ted, while the BCL-2 protein level was elevated in the anti-IL-9 group, suggesting the
inhibitory effect of the IL-9 neutralizing antibody on macrophage apoptosis in MRSA-
infected mice (Fig. 3E and F). Additionally, significant elevation of IL-4 (Fig. 3G) and
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reduction of TGF-B (Fig. 3H), IFN-y (Fig. 3I), and IL-17 (Fig. 3J) were observed in the lung
tissues of MRSA-infected mice treated with the IL-9 neutralizing antibody.

119 deletion promoted macrophage M1 to M2 polarization in MRSA-infected
RAW264.7 cells

To further determine the promoting effect of //9 loss on M2 macrophages in MRSA-
induced pneumonia, RAW264.7 cells infected with MRSA were adopted for in vitro
experiments, and /19 siRNA was employed to delete //9. As expected, si-II9 significantly
reduced //9 mRNA expression levels in MRSA-infected RAW264.7 cells (Fig. 4A). Si-ll9 also
significantly increased CD206-positive cells (Fig. 4B and C) and decreased CD86-positive
cells (Fig. 4D and E), which were further confirmed by increased mRNA expression
levels of Argl (Fig. 4F) and decreased mRNA expression levels of Inos (Fig. 4G) in
MRSA-infected RAW264.7 cells. Furthermore, compared with the siRNA negative control
(Si-NC) group, significantly elevated mRNA expression levels of //70 and downregulated
mMRNA expression levels of Tnfa and /l6 were also observed in the Si-I/9 group (Fig. 4H).
These data suggested that //9 knockdown elevated M2 macrophages in MRSA-infected
RAW264.7 cells.

119 deletion promoted phagocytosis and inhibited apoptosis of macrophages
in MRSA-infected RAW264.7 cells

Similar to the in vivo experiments, the flow cytometry results of the in vitro experiments
revealed that, compared with Si-NC, Si-l/9 markedly enhanced the phagocytosis of
MRSA-infected RAW264.7 cells (Fig. 5A and B). Flow cytometry results also revealed that
si-l9 markedly inhibited the apoptosis of MRSA-infected RAW264.7 cells (Fig. 5C and
D), which was further confirmed by the significantly elevated BCL-2 protein level and
downregulated protein levels of cleaved CASPASE-3 and BAX in the si-/l9 group (Fig. 5E
and F).
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The regulation of //9 was dependent on the TLR2/PI3K pathway

Additionally, we also observed elevated protein levels of p-PI3K, p-AKT, and mTOR in the
lung tissues of MRSA-infected mice (Fig. 6A and B), suggesting activation of the PI3K/AKT
signaling pathway in MRSA infection. Furthermore, similar results were observed in
RAW264.7 cells treated with peptidoglycan (PGN), which is derived from the Staphylococ-
cus aureus cell wall (Fig. 6C and D). Considering that TLR2 acted as the main signaling
pathway for the recognition of gram-positive bacteria, we speculate that TLR2 may affect
the PI3K/AKT signaling pathway in MRSA infection. Si-TIr2 was used to delete TIr2 in
RAW264.7 cells treated with PGN (Fig. 6E). Furthermore, we found that Si-TIr2 not only
eliminated PGN-induced expression of //9 (Fig. 6F) but also reversed the elevated protein
levels of p-PI3K, p-AKT, and mTOR induced by PGN (Fig. 6G and H).

DISCUSSION

Staphylococcus aureus is the most common pathogenic bacterium in clinical practice.
It stimulates the human immune system to cause organ and tissue infections, includ-
ing skin infections (12), lung infections (13), endocarditis (14), osteomyelitis (15), and
other diseases, triggering a systemic inflammatory response and eventually leading to
multiple organ failure and death. Furthermore, MRSA has severe resistance to -lactams,
aminoglycosides, macrolides, and other antibiotics; thus, it is called “super bacteria,” and
it makes clinical treatment very difficult (16). However, the mechanism of drug resistance
and effective treatment of MRSA have not been elucidated.

Considering the severe drug resistance of MRSA, perhaps, enhancing own immunity
is the key to solving MRSA infection apart from antibiotic treatment. Macrophages
play an important role in the immune system against extracellular bacteria, including
innate immunity and adaptive immunity. Our previous study found that IL-9 neutraliz-
ing antibodies largely reduced the number of macrophages and attenuated inflamma-
tion in MRSA-infected pneumonia (9), suggesting the participation of macrophages
in MRSA-infected pneumonia. However, the specific molecular mechanisms related to
macrophages by which IL-9 neutralizing antibodies attenuate pneumonia in MRSA-infec-
ted patients are still unclear. In addition to serving as phagocytes to defend against
bacterial infection, macrophage polarization has also been observed in bacteria-infected
diseases (17-19). Activated macrophages can generally be divided into two groups:
classically activated macrophages (M1) and alternatively activated macrophages (M2).
M1 macrophages are characterized by increased expression of nitric oxide, reactive
oxygen species, and proinflammatory cytokines, such as TNF-q, interleukin-1 (IL-1),
and interleukin-6 (IL-6)(20, 21), while M2 macrophages exhibit immunosuppressive
activity and increased expression of IL-4, IL-10, and Arg-1 (22, 23). For instance, M2
macrophages were beneficial for controlling MRSA infection in mice with severe burn
injury (24); exosomal miR-21 secreted by IL-13-stimulated mesenchymal stem cells
resulted in M2 polarization and ameliorated sepsis (25); and exosomal miR-30d-5p
contributed to sepsis-related acute lung injury (ALl) by inducing M1 macrophage
polarization and priming macrophage pyroptosis through activating nuclear factor-kap-
paB (NF-kB) signaling. The above findings suggest the beneficial role of M2 macrophages
in infection-related diseases. As expected, in this study, the IL-9 neutralizing antibody
not only elevated phagocytosis but also induced M2 polarization of macrophages in
lung tissues of MRSA-infected mice, which were also accompanied by elevated //70 and
Arg1 and downregulated Inos, Tnfa, and /6, in comparison with MRSA-infected mice
treated with 1gG. Additionally, our results also revealed the significant elevation of IL-4
and reduction of TGF-B, IFN-y, and IL-17 in lung tissues of MRSA-infected mice treated
with the IL-9 neutralizing antibody, indicating that IL-9-regulated macrophages may be
a direct regulator of the inflammatory response during MRSA infection. The in vitro
experiments further confirmed the promoting effect of //9 deletion on phagocytosis and
M2 polarization of macrophages in MRSA infection.
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The surface of macrophages contains a large number of pattern recognition
receptors, including Dectin-1, scavenger-like receptors, TLRs, and nucleotide-binding
and oligomerization domain (NOD)-like family receptors, and TLRs can specifically
recognize lipopolysaccharides, flagellins, and hypomethylated DNA glycoskeletons,
among which TLR2 is one of the important immune receptors on the surface of
macrophages and activates innate immune responses by recognizing and binding
pathogen-associated molecular patterns (26, 27). TLR2 can protect against pathogenic
microorganisms by regulating autophagy and phagocytosis by macrophages (28, 29). It
has been reported that TLR2 recruits the transduction molecule myeloid differentiation
factor 88 and subsequently activates the downstream signaling protein PI3K to promote
phagocytosis of murine macrophages (30). PI3K is one of the key enzymes involved
in various intracellular signal transduction and transformation pathways and plays an
important biological role in cell growth, survival, proliferation, apoptosis, and metabo-
lism (31). PI3K also plays an important role in the immune response and participates
in the regulation of inflammatory factors, thereby contributing to the elimination of
invading pathogenic microorganisms (32). However, whether TLR2, on the surface of
macrophages, regulates MRSA-infected inflammation through the downstream PI3K
signaling pathway remains unclear. Thus, we stimulated RAW264.7 cells with PGN and
found that /19 expression and the protein levels of TLR2, p-PI3K, p-AKT, and mTOR were
all markedly elevated. We also found that si-Tlr2 not only reversed the elevated protein
levels of p-PI3K, p-AKT, and mTOR induced by PGN but also eliminated PGN-induced
expression of /9. These results reveal that the regulation of //9 may be dependent on the
TLR2/PI3K pathway in macrophages.

In conclusion, in the present study, our results demonstrate that //9 deletion
significantly promotes phagocytosis and M2 polarization of macrophages in MRSA
infection, which may be dependent on the TLR2/PI3K pathway. However, there are
several limitations in this study. First, more studies on the correlation between the TLR2/
PI3K pathway and /9 are required to make our conclusion more reliable. Moreover, the
specific mechanism by which the TLR2/PI3K pathway regulates the phagocytosis and
polarization of macrophages needs to be further explored.
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