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A B S T R A C T

Keratitis induced by Pseudomonas aeruginosa (P. aeruginosa) is an acute and serious corneal
inflammation. As a family of gene regulators, miRNAs play a crucial role in modulating host
response after microbial invasion. However, their functions in P. aeruginosa keratitis remain
largely unclear. In the present study, we demonstrated that miR-155 expression was significantly
increased in macrophages and corneal tissue after P. aeruginosa infection. In vivo studies
demonstrated that mice with miR-155 knockdown displayed more resistance to P. aeruginosa
keratitis, with a lower bacterial burden. In addition, in vitro and in vivo studies indicated that miR-
155 enhanced apoptosis of macrophages after P. aeruginosa infection, and resulted in a susceptible
phenotype of P. aeruginosa keratitis. Moreover, miR-155 induced apoptosis through reducing
activation of PI3K-Akt signaling pathway. Our data provided evidence of miR-155 mediated
apoptosis of macrophage in P. aeruginosa keratitis, which may be an underlying target for the
therapy of P. aeruginosa keratitis and other infectious diseases.

1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a versatile Gram-negative bacterium that can cause a wide range of infections. As an
opportunistic pathogen, it contributes to serious life-threatening infections and increasing mortality in immunocompromised in-
dividuals. P. aeruginosa infection is the most common cause of bacterial keratitis associated with contact-lens use [1]. P. aeruginosa
corneal infection (keratitis) is characterized by rapid onset and progression with epithelial defects, underlying stromal infiltration,
tissue destruction and corneal ulceration [2]. Strong inflammation and ulceration lead to more severe complications, including
anterior chamber hypopyon and descemetocele formation, corneal scarring, and even perforation [3]. Increasing evidence suggest that
the severe keratitis caused by P. aeruginosa resulted from not only the high-virulence characteristics of the bacteria itself, but also from
the excessive host immune inflammatory response [4–6].

The host defense system utilizes a number of strategies to sense and defense against pathogens. However, the immune response to
P. aeruginosa is not always protective. For instance, macrophages are crucial for bacterial clearance [7]. The role of the macrophage in
the host response to P. aeruginosa ocular challenge was tested in mice by depletion of macrophages before infection using
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subconjunctival injections of liposomes containing [8]. Depletion of macrophages impaired bacterial clearance, increased
pro-inflammatory response and promoted neutrophils chemotaxis in the cornea, which resulted in enhanced incidence, severity and
chronicity of keratitis [8]. Recently, infection-induced extensive immune cell death including apoptosis, necrosis and pyroptosis, was
identify as a major contributor to the overwhelming host immune response in bacterial infectious diseases [9,10]. A large quantity of
damage-associated molecular patterns (DAMPs) released from immune cell death could be recognized by pattern recognition receptors
(PRRs), such as Toll-like receptors (TLRs), NOD-like receptors, DNA sensors, C-type lectin receptor, and contribute to enhance immune
activation [11]. Therefore, strictly control and regulate the extensive immune cell death is beneficial for the bacterial clearance.
However, the mechanism of how bacterial infection leads to extensive immune cell death is still not fully understood.

MicroRNAs (miRNAs) have been emerged as important gene regulators of many physiological and pathological processes,
including proliferation, apoptosis, differentiation, cell fate determination [12]. Several miRNAs, including miR-155 [13], miR-125b
[14], miR-21 [15], miR-146 [16], miR-9 [17], and miR-132 [18] have been identified to be involved in infectious diseases. Their
expression could be regulated by various stimuli, such as microbes and inflammatory cytokines (e.g., tumor necrosis factor (TNF)-α,
interleukin (IL)-6) [19]. As the first identified inflammatory miRNA, miR-155 is recognized to be an important regulator of inflam-
mation and immune response. miR-155 has been shown to regulate a wide array of genes, including chemokines, cytokines, and
transcription factors [20–22]. However, the role of miR-155 in cell death (e.g. apoptosis and necrosis) is intricate. On one hand,
miR-155 has been reported to enhanced B-cell immortalization [23], up-regulated breast cancer cell survival [24], induced prolif-
eration and decrease apoptosis of osteosarcoma cells [25]. On the other hand, Levati et al. reported that miR-155 impaired the pro-
liferation and induced the apoptosis of melanoma cells [26]. Likewise, it was also found that miR-155 elevated apoptosis of immune
cells such as human dendritic cells (DC) [27] and macrophages [28]. These studies together illustrated that miR-155 had different
functions inmodulating cell death. However, the role of miR-155 in immune cell death during P. aeruginosa keratitis remains unknown.

Our studies revealed that miR-155 expression was up-regulated in macrophages and corneal tissue after P. aeruginosa challenge. In
addition, mice with miR-155 knockdown displayed a resistant phenotype to P. aeruginosa corneal infection, accompanied with reduced
pathology score and bacterial burden. Moreover, miR-155 knockdown decreased apoptosis of infiltrated macrophages in corneal tissue
as well as macrophage in vitro during P. aeruginosa challenge. Moreover, miR-155 elevated apoptosis of macrophages by inhibiting the
activation of the PI3K/Akt pathway. Collectively, these data demonstrated that miR-155 increased corneal susceptibility by promoting
macrophage apoptosis, which may provide potential targets for treatment of P. aeruginosa keratitis as well as other infectious diseases.

2. Materials and methods

2.1. Ethics statement

This project has been approved by the Ethics Committee of the Zhongshan City People’s Hospital (Zhongshan, China) and in
accordance with the Helsinki Declaration (IRB No. 00142).

2.2. Mice and reagents

Eight-week-old C57BL/6 mice were purchased from Jackson laboratory (Bar Harbor, ME). PA strain 19660 and RAW264.7 strain
TIB-71 were ordered from the American Type Culture Collection (ATCC). Pseudomonas isolation agar (PIA) (Cat.# BD-292710) was
purchased from BD Difco Laboratories (Sparks, MD). miR-155 and control mimic (Cat.# MC13058), LNA-miR-155 inhibitor and LNA-
control inhibitor (Cat.# AM13058) were purchased from Applied Biosystems (Foster, CA). DeadEnd™ Fluorometric TUNEL System
(Cat.#G3250) was purchased from Promega (Medison, WI). Annexin V-FITC Apoptosis Detection Kit (Cat.# KGA108) was ordered
from KeyGEN (Nanjing, China). Protease Inhibitor Cocktail kit (Cat.# 87786) was purchased from Thermo Scientific (Rockford, IL).
Quick-start Bradford assay was obtained from Bio-Rad (Hercules, CA). Rabbit anti mouse pAKT antibody (Cat.# ab38449) was pur-
chased from Abcam (Burlingame, CA). Rabbit anti mouse antibodies against Akt (Cat.# 9272), c-Jun N-terminal kinase (JNK) (Cat.#
9252), pJNK (Cat.# 4668), extracellular signal-regulated kinase (ERK) (Cat.# 9102), pERK (Cat.# 4370) and cleaved caspase-3 (Cat.#
9664) were ordered from Cell Signaling Technology (Danvers, MA). Secondary fluorescence Ab (Cat.# 926–68071) was purchased
from LI-COR (Lincoln, NE). Phosphatidylinositol-3,4,5-triphosphate (PIP3) (Cat.# P-3900) was obtained from Echelon Biosciences
(Salt states, UT). Lipofectamine™ 2000, DMEM medium, FBS, and penicillin-streptomycin were purchased from Life Technologies
(Grand Island, NY). Ficoll was ordered from TBDsciences (Shanghai, China). Unless otherwise indicated, all other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA). FITC anti-mouse CD45 antibody (Cat.# 157214), APC anti-mouse CD11b anti-
body (Cat.# 101212), Pacific Blue™ anti-mouse F4/80 antibody (Cat.# 123124) was purchased from Biolegend (California, USA). PE
Mouse Anti-Akt (pS473) (Cat.# 561671) and Viability Stain 780 (Cat.# 565388) was purchased from BD biosciences (New Jersey,
USA).

2.3. PBMC isolation and macrophage differentiation

Human peripheral blood sample and AB-type serum were obtained from Guangzhou Blood Center (Guangdong, China). The pe-
ripheral blood mononuclear cells (PBMCs) were isolated by using Ficoll density gradient centrifugation, seeded (5 × 106 per well) in
24-well plates, cultured in DMEMmedium supplemented with 10 % human AB-type serum, and incubated in a standard tissue culture
incubator at 37 ◦C with an atmosphere of 5 % CO2 and 95 % air. Human monocyte-derived macrophages (MDMs) were prepared as
described by others before [29]. Change the medium every three days to remove non-adherent cells, after 9 days, MDMs (>90 %
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purity) were used for in vitro studies.

2.4. Isolation of peritoneal macrophages

Peritoneal macrophages were isolated from C57BL/6 mice. Briefly, mice were intraperitoneally injected with 1 ml of 3 % Brewer’s
thioglycollate medium (Difco). After 5 days, peritoneal exudate cells were collected by peritoneal lavage with DMEM, stained with
trypan blue, and viable cells (>95 %) were enumerated using a hemocytometer. After a differential cell count, cells were seeded (1 ×

106 per well) in 12-well plates and incubated at 37 ◦C. Non-adherent cells were removed 4 h later and isolated macrophages (>90 %
purity) were used for in vitro studies.

2.5. Keratitis model and clinical examination

The left cornea of the mice was infected by PA. Briefly, after mice were anesthetized with ethyl ether, the left central cornea was
scarified with a 25-gauge needle, and a 5-μL aliquot containing a 1 × 106 CFU/μl of bacterial suspension was applied. LNA-miR-155
inhibitor or LNA-control inhibitor were subconjunctivally injected into the left eye (5 μl/mouse) once a week for three times after
ocular infection. Bacterial load was assessed by plate count, as described by previous study [29]. Briefly, corneal tissues were lysed,
and bacterial colony-forming units (CFU) were determined by a plate count assay. Corneal disease was graded using an established
scale [29]: 0, clear or slight opacity partially or fully covering the pupil; +1, slight opacity partially or fully covering the anterior
segment; +2, dense opacity partially or fully covering the pupil; +3, dense opacity covering the entire anterior segment; and +4,
corneal perforation or phthisis. Mice were housed in a facility accredited by the American Association of Laboratory Animal Care
according to the National Institutes of Health guidelines. Procedures conformed to the Association for Research in Vision and
Ophthalmology (ARVO) Resolution on the Use of Animals in Research (https://www.arvo.org/About/policies/statement-for-the-
use-of-animals-inophthalmic-and-vision-research/) and were approved by Animal Care Committee of Zhongshan City People’s Hos-
pital (Zhongshan, China) (No. K2019-011).

2.6. TUNEL assay and hematoxylin-eosin (H&E) staining

Normal uninfected and infected eyes from C57BL/6 mice (n = 5/group/time) were enucleated at 1 and 5 days postinfection (p.i.).
TUNEL staining was performed by using DeadEnd™ Fluorometric TUNEL System according to the manufacturer’s instruction. Eyes
were fixed in a 3.7 % formaldehyde solution and embedded in paraffin. Four micrometer–thick sections were cut, deparaffinized,
rehydrated, and rinsed with DNase-free water. Then, sections were permeabilized using proteinase K solution for 15 min, followed by
quenching of endogenous peroxidase with 3 % H2O2 in methanol for 5 min. Sections were incubated with 1 × terminal deoxy-
nucleotidyl transferase (TdT enzyme) solution at 37 ◦C for 1 h to label DNA nick ends, and then treated following the manufacturer’s
protocol. Control samples were treated similarly but without TdT enzyme treatment.

2.7. RAW264.7 cell culture, transient transfection, and real-time

PCR. RAW 264.7 is a macrophage cell line that was established from a tumor in a male mouse induced with the Abelson murine
leukemia virus. RAW264.7 cells were cultured in DMEMmedium supplemented with 10 % FBS and 1 % penicillin-streptomycin. Cells
were transiently transfected with 30 nM miR-155 or control mimic by using Lipofectamine™ 2000 following the manufacturer’s
instruction. After 24 h of transfection, cells were washed twice with phosphate buffered saline (PBS) and then challenged with live PA
at indicated multiplicity of infection (MOI). Real-time PCR analysis of miR-155 was performed using the TaqMan microRNA Assay kit
(Applied Biosystems, Foster City, CA).

2.8. Flow cytometry

The cell staining procedure used in this study was described previously [30]. For macrophage staining, corneal cells were stained
with anti-CD45, CD11b, F4/80 mAbs. For phosphorylated AKT staining, corneal cells were treated with the intracellular fix-
ation/permeabilization buffer set (eBioscience, CA, USA) and then stained with AKTmAbs. Flow cytometric analysis was performed on
FACS Canto II (BD, NJ, USA), and the data were analyzed using FlowJo software (Tree Star).

2.9. Apoptosis assay

Cell apoptosis was respectively assessed by flow cytometry (FCM) and TUNEL staining. For FCM, phosphatidylserine on the outer
cell membrane was measured using an Annexin V-FITC Apoptosis Detection Kit, according to the manufacturer’s instruction. In brief,
2× 105 RAW264.7 cells were treated with miR-155 mimic or LNA-miR-155 inhibitor for 24 h and then infected with PA for 24 h. Cells
were washed, resuspended in 500 μl binding buffer, and labeled with 5 μl Annexin V-FITC and 5 μl Propidium Iodide (PI) for 15 min on
ice. Then, the labeled cells were analyzed by flow cytometer (Beckman Coulter EPICS XL/MCL, Fullerton, CA). For TUNEL staining,
DNA strand breaks were assessed with a DeadEnd™ Fluorometric TUNEL System. In brief, 2× 105 RAW264.7 cells treated with above
procedure were fixed in cold paraformaldehyde, washed with PBS, and permeabilized overnight in cold 0.2 % Trition®X-100 in PBS.
After incubation with 1× balance buffer, slices were incubated with 1× TdT enzyme solution at 37 ◦C in a humidity chamber for 1 h to
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label the DNA nick ends, and then the reaction was stopped with 2 × saline-sodium citrate buffer. Control cell slices were treated
similarly but without TdT enzyme. Slices were photographed under a microscope (Axiophot; Carl Zeiss, Oberkochen, Germany) with
digital imagery (Axiocam; Carl Zeiss).

2.10. RT-qPCR

Reverse transcription was performed using a PrimeScript RT Reagent Kit (Cat.# RR037A, Takara). The expression levels of human
or mouse miRNA-155 was measured using hsa-miR-155 (Cat.# 002287) or mmu-miR-155 (Cat.# 002571) from TaqMan MicroRNA
Assays (ThermoFisher). The relative expression level of microRNAs was normalized by U6 (Cat.# 001973, Applied Biosystems).

2.11. Western blotting

Cells were washed twice with ice-cold PBS and lysed with lysis buffer containing 1 % (v/v) protease inhibitor cocktail, 1 mM
phenylmethylsulfonyl fluoride, and 1 mM DL-Dithiothreitol (DTT). The protein concentration in cell lysates was determined by Quick-
start Bradford assay. Cell lysates with equivalent protein amounts (20 μg) were loaded, separated by 12 % SDS-PAGE, and then
transferred to a supported NC membrane. After blockage, blots were incubated with primary Ab overnight, followed by secondary
fluorescence Ab for 1 h, and detected using LI-COR ODY-2391 (Lincoln, NE) following the manufacturer’s protocol.

2.12. Statistical analysis

Two-tailed Student’s t-test was used to analyze the data of real-time RT-PCR and apoptosis assay. Data were represented as the
mean ± SEM (n = 5) and considered statistically significant at p < 0.05.

Fig. 1. miR-155 expression was up-regulated in different macrophages and corneal tissue by P. aeruginosa infection. (A–C) miR-155 expression
levels were measured by real-time PCR after P. aeruginosa challenge at indicated MOI in (A) macrophage-like RAW264.7 cells, (B) murine peritoneal
macrophages, and (C) human monocyte-derived macrophages. (D) miR-155 expression in normal and P. aeruginosa infected mouse corneas 1, 3, and
5 days after infection. Data are mean ± SEM with 5 mice/time points.
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3. Results

3.1. miR-155 expression was up-regulated in P. aeruginosa infected macrophage and keratitis

As an important immune-regulatory microRNA, miR-155 plays a significant role in antimicrobial immune responses. To detect
whether miR-155 expression is induced by P. aeruginosa infection, we tested the expression levels of miR-155 by RT-PCR in different
types of macrophages after P. aeruginosa challenge, including macrophage-like RAW264.7 cells (Fig. 1A), murine peritoneal macro-
phages (Fig. 1B), and human monocyte-derived macrophages (MDMs) (Fig. 1C). The results showed that miR-155 expression was
significantly up-regulated in all three types of macrophages after P. aeruginosa challenge in a dose-dependent manner. Next, we
generated the experimental murine model of P. aeruginosa keratitis according to our previous study [31], and then tested the
expression of miR-155 expression in corneal tissue. The results showed that miR-155 expression was significantly enhanced in mouse
corneas 1, 3, and 5 days after infection (Fig. 1D), which is consistent with the macrophage data.

3.2. miR-155 contributes to corneal susceptibility to P. aeruginosa infection

To investigate whether miR-155 participates in P. aeruginosa keratitis, mice with subconjunctival injection of LNA-miR-155

Fig. 2. miR-155 knockdown mice are resistant to P. aeruginosa corneal infection. (A) Representative photographs of infected eyes in LNA-control
inhibitor or LNA-miR-155 inhibitor treated mice were taken 5 days after P. aeruginosa (PA) infection. (B) Clinical score was recorded for each mouse
1, 3, and 5 days after infection. (C) H&E staining of mouse eye section. (D) Bacterial load in the infected cornea was examined by plate count 5 days
after infection.
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inhibitor or LNA-control inhibitor were infected with P. aeruginosa. miR-155 knockdown (with LNA-miR-155 inhibitor) mice displayed
a highly resistant phenotype against P. aeruginosa ocular infection, compared with control mice (Fig. 2A and B). Representative
photographs of corneas 5 day after infection are provided in Fig. 2A. The result showed that the miR-155 knockdown mice displayed

Fig. 3. miR-155 knockdown decreased P. aeruginosa infection induced macrophage quantity in corneas. (A–C) TUNEL staining was detected in
corneas of LNA-control inhibitor or LNA-miR-155 inhibitor treated mice at 1, 5 day postinfection of PA. (C) TUNEL staining was detected in both
corneas and hypopyon of LNA-miR-155 inhibitor or LNA-control inhibitor treated mice at 5 day postinfection of PA. Images shown are represen-
tative of three individual experiments (n = 5 mice/group/each experiment). (D, E) Live macrophages were detected by flow cytometry in corneas of
LNA-control inhibitor or LNA-miR-155 inhibitor treated mice at 5 day postinfection of PA. Cells were gated as single, live (death dye -) CD45+ cells.
Corneal macrophages were gated as CD11b+F4/80+ cells. (F) The expressions of cleaved caspase-3 were determined by Western blot in corneas of
LNA-control inhibitor or LNA-miR-155 inhibitor treated mice at 1 day postinfection of PA.
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decreased clinical score at 5 day after infection (Fig. 2B). By 5 days after infection, miR-155 knockdown mice displayed less severe
corneal disease (clinical score, +3/+4), whereas corneas from control mice were perforated (clinical score, +2/+3) (Fig. 2B).
Moreover, H&E staining showed that miR-155 knockdown mice had less severe pathology in the corneal tissues than control mice
(Fig. 2C). We next assessed the effect of miR-155 on the bacterial component of disease pathogenesis, using a plate count assay. A
reduced bacterial load was detected in the infected corneas of miR-155 knockdown mice, compared with control mice, 5 days after
infection, whereas no difference between these 2 groups was detected 1 and 3 days after infection (Fig. 2D). These data suggested that

Fig. 4. miR-155 elevated macrophage apoptosis after P. aeruginosa infection. RAW264.7 cell apoptosis levels were determined after treatment with
miR-155 mimic or LNA-miR-155 inhibitor for 24 h and then stimulation with PA for 24 h. Cell apoptosis was detected using Annexin V-FITC/PI
analysis apoptosis kit by flow cytometry (A, B), and TUNEL staining (C) under the Fluorescence microscope. The apoptotic cells were stained in
green. (D) RAW264.7 cells were treated with miR-155 mimic or control mimic for 24 h and then stimulation with PA for 24 h. The expressions of
cleaved caspase-3 were determined by Western blot.
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miR-155 promotes host susceptibility to P. aeruginosa infection.

3.3. miR-155 knockdown mice displayed more apoptosis than control mice in the P. aeruginosa-infected corneas

Next, apoptosis in corneas at 1 and 5 days post infection was examined by TUNEL staining. Apoptotic cells increased in control
corneas at 1 day post infection. While less apoptotic cells were found in miR-155 knockdown (with LNA-miR-155 inhibitor) corneas

Fig. 5. PIP3-mediated Akt activation involved in miR-155 elevated macrophage apoptosis during P. aeruginosa infection. (A, B) RAW264.7 cells
were transfected with miR-155 mimic vs control mimic for 24 h. Then protein levels of total and phosphorylated Akt, ERK, and JNK after PA
stimulation at different time points (0min, 15min, 30min, 3 h, 12 h, 24 h) were detected by western blotting. Data represent three individual
experiments. (C, D) Phosphorylated Akt in macrophages were detected by flow cytometry in corneas of LNA-control inhibitor or LNA-miR-155
inhibitor treated mice at 5 day postinfection of PA. Corneal macrophages were gated as CD11b+F4/80+ cells. Phosphorylated Akt levels were
analyzed in corneal macrophages. (E, F) RAW264.7 cells were transfected with miR-155 mimic for 24 h, treated with PIP3 for 4 h, and then
challenged with PA at MOI 5. Cell apoptosis/necrosis was examined by FCM with Annexin V and PI staining. Data represent three individual
experiments.
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(Fig. 3A and B). At 5 days post infection, although a larger amount of TUNEL-positive cells were detected in corneas and hypopyon
from either miR-155 knockdown or control mice, miR-155 knockdown mice displayed less intense TUNEL-positive cells than did the
control mice (Fig. 3C). These results indicated that miR-155 enhanced apoptosis of infiltrated inflammatory cells in P. aeruginosa
keratitis. To analyze whether miR-155 affected macrophage quantity, we determined the frequency of live infiltrating macrophage in
the corneas of P. aeruginosa keratitis with flow cytometry (Fig. 3D). The results showed that the frequency of live CD11b+F4/
80+macrophage was increased in the corneal tissue of miR-155 knockdown mice (Fig. 3E). Moreover, miR-155 knockdown inhibited
the expression of cleaved caspase-3 in corneal tissue (Fig. 3F). These data indicated that miR-155 promote apoptosis in the
P. aeruginosa-infected corneas.

3.4. miR-155 promoted macrophage apoptosis upon P. aeruginosa infection

To further determine the role of miR-155 on macrophage apoptosis, RAW264.7 cells were transfected with miR-155 mimic or LNA-
miR-155 inhibitor, and stimulated with P. aeruginosa at indicated MOI for 24 h. Apoptosis levels were examined by flow cytometry and
TUNEL staining. When compared to uninfected cells, P. aeruginosa infection increased the percentages of apoptotic cells, and miR-155
overexpression gradually and significantly enhanced the apoptosis of RAW264.7 cells (Fig. 4A). Moreover, LNA-miR-155 inhibitor
reduced the percentages of apoptotic cells compared with the LNA-control treated (Fig. 4B). In addition, the results of TUNEL staining
showed that more TUNEL positive cells were detected in the miR-155 overexpressed RAW264.7 cells compared with the control
(Fig. 4C). Furthermore, miR-155 overexpression promoted the expression of cleaved caspase-3 in RAW264.7 cells (Fig. 4D). These data
together indicated that P. aeruginosa challenge induced macrophage apoptosis in a dose-dependent manner and miR-155 further
enhanced the P. aeruginosa-induced macrophage apoptosis.

3.5. miR-155 inhibited activation of Akt signal pathway in macrophages after P. aeruginosa infection

To investigate the mechanism of miR-155-mediated induction of macrophage apoptosis, protein levels of total and phosphorylated
Akt, ERK, and JNK were tested by western blotting in miR-155 overexpressed vs control mimic treated RAW264.7 cells after
P. aeruginosa infection. The results showed that phosphorylated Akt levels were significantly inhibited by overexpression of miR-155
after P. aeruginosa infection in each time point (5min, 30min, 3 h, 12 h, 24 h), whereas the levels of phosphorylated ERK and JNK were
comparable between miR-155 overexpressed and control group (Fig. 5A and B). To further confirm the role of miR-155 on Akt signal
pathway in vivo, we determined the phosphorylated Akt in macrophage of corneal tissue with flow cytometry. The results showed that
phosphorylated Akt levels were significantly reduced in macrophage of miR-155 knockdown corneal tissue after P. aeruginosa infection
(Fig. 5C and D). To confirm whether miR-155 enhanced the P. aeruginosa-induced apoptosis of macrophages through inhibiting Akt
activation, RAW264.7 cells were sequentially transfected with miR-155 mimic, treated with PIP3 (an activator of Akt), and then
challenged with P. aeruginosa. Results shown that the percentages of apoptotic cells were reduced after PIP3 treatment, demonstrating
PIP3 reversed the miR-155-promoted apoptosis of macrophages (Fig. 5E and F). These data indicated that Akt signal pathway may be
involved in miR-155-mediated macrophage apoptosis after P. aeruginosa challenge.

4. Discussion

As an immune regulator, miR-155 is highly conserved in many species, broadly expressed in various organs, tissues, and cells, and
plays an important role in antimicrobial immune responses [32,33]. In the present study, we examined the expression of miR-155 in
P. aeruginosa-challenged macrophages, and explored the role of miR-155 in modulating apoptosis of macrophage during P. aeruginosa
keratitis.

Previous studies have demonstrated that miR-155 expression was up-regulated in macrophages infected with Porphyromonas
gingivalis [34], Francisella tularensis [35], Brucella [36], vesicular stomatitis virus [37], Epstein-Barr virus [23], and herpes simplex
virus [38]. Our in vitro data also showed that miR-155 was significantly up-regulated in different types of macrophages after
P. aeruginosa infection, in a dose-dependent manner suggesting the potential role of miR-155 in P. aeruginosa infection. The function of
miR-155 in cell death is complicated [39,40]. Results from treatment with either miR-155 mimic or LNA inhibitor showed that
miR-155 enhanced macrophages apoptosis after P. aeruginosa infection. P. aeruginosa infection induced apoptotic cells and miR-155
knockdown with LNA inhibitor attenuated the apoptosis of macrophages after P. aeruginosa keratitis in vivo. More importantly,
corneal staining displayedmost of the apoptotic cells (as detected by positive TUNEL staining) were located either in the cornea stroma
or anterior chamber, implying that the majority of infiltrated inflammatory cells in the cornea stroma or anterior chamber were at the
stage of apoptosis. These findings indicated that miR-155 involved in immune cell death-related signaling pathways which are acti-
vated by P. aeruginosa infection.

Phosphoinositide 3-kinases (PI3K) can phosphoryle phosphatidylinositol (PtdIns) at its 3′, 4′ and 5’ hydroxyl sites, and the phos-
phorylated product is named PtdIns-3-4-5-P3 (PIP3) [41]. PIP3 is abundant in the plasma membrane of cells as a critical second
messenger in the process of cell growth, proliferation, and survival [42]. This messenger interacts with the proteins containing
PIP3-binding domains such as pleckstrin homology (PH) domain [43]. Akt, the serine/threonine kinase with PH domain, is the major
molecule which can be activated by PIP3 [44]. PI3K-Akt signaling pathway plays a critical role in the regulation of cell death, survival
and proliferation [45,46]. For instance, the activation of PI3K-Akt pathway promoted phosphorylation of BAD to block BAD-induced
cell death, therefore increased cell survival [47]. Moreover, phosphorylated Akt inhibited caspase-9, which is an important molecule of
apoptosis signaling cascade, and thus repressed cell death [48]. Mechanical experiments shown that phosphorylated Akt levels were

Q. Fu et al.



Heliyon 10 (2024) e36585

10

significantly decreased in miR-155 overexpression macrophages after PA challenge, and PIP3 reversed the miR-155-promoted
apoptosis in P. aeruginosa stimulated macrophages [49]. Therefore, miR-155 may enhance P. aeruginosa-induced apoptosis of mac-
rophages through inhibiting the activation of PI3K-Akt pathway, which was consistent with previous studies [49]. However, these
findings seemed contradictive to the previous report, which demonstrated that miR-155 repressed expression of SHIP-1 (a negative
regulator of Akt), and thereby improved PI3K-Akt activation [20]. The underlying mechanism needs further investigation.

Mitogen-activated protein kinases (MAPKs) such as ERK, JNK, and p38, have shown to regulate miR-155 expression in different
ways. For example, Yin et al. reported that the activation of B-cell receptor induced miR-155 expression through ERK and JNK
pathways rather than p38 pathway [50]. Rahadiani et al. found that the miR-155 expression was induced by latent membrane
protein-1 (LMP-1) of EB virus primarily through p38 and NF-κB pathways [51]. In the present study, the phosphorylation of ERK and
JNK were comparable between miR-155 overexpressed and control groups, suggesting that ERK and JNK were not involved in the
miR-155 mediated apoptosis of macrophages in P. aeruginosa infection.

Macrophage bacterial clearance is critical to host defense against bacterial infection. For example, alveolar macrophages sensed,
chemotaxed, and, with high efficiency, phagocytosed inhaled bacterial pathogens such as P. aeruginosa and S. aureus [52]. Some
miRNAs (such as miR-9, miR-125b, miR-132) participate in regulating the activation and bactericidal activity of macrophage [53]. In
the present study, in vivo data indicated that miR-155 contribute to the corneal susceptibility in response to P. aeruginosa infection, as
shown by less pathology and increased bacterial burden in miR-155 knockdown corneas compared with WT mice. Therefore, we
hypothesized that miR-155 may accelerate the disease progression of P. aeruginosa keratitis by enhancing apoptosis of macrophage,
which resulted in impairing bacterial clearance.

On the other side, multiple studies have reported the role of macrophages cell death in microbial infections, although the con-
clusions were still intricate. Zhou et al. found that P. aeruginosa susceptible C57BL/6 mice displayed more severe disease (corneal
perforation) with a delayed apoptosis compared with resistant BALB/c mice, indicating that the immune cell apoptosis was protective
against P. aeruginosa infection and keratitis [54]. Moreover, pathogen induced cell lysis or release of pathogen-filled apoptotic bodies
would be rapidly taken up by other immune cells in the infection niche. The large quantity of DAMPs released from immune cell death
could be recognized by PRRs, such as TLRs [55], and contribute to enhance inflammation. Persistent inflammatory cells recruitment
and the consistent excessive inflammation contribute to the severity of P. aeruginosa keratitis.

In conclusion, our study demonstrated that the expression of miR-155 was significantly enhanced in macrophages after
P. aeruginosa infection. Furthermore, miR-155 enhanced macrophage apoptosis after P. aeruginosa infection through suppressing the
activation of PI3K-Akt signaling pathway, thus contributed to a susceptible phenotype of P. aeruginosa keratitis. These data provided
new evidence of miR-155-mediated apoptosis in macrophage, which may be a potential target for treatment of P. aeruginosa keratitis
and other infectious diseases.

5. Conclusion

Our study highlights the importance of the miR-155 in the susceptible phenotype of P. aeruginosa keratitis. These findings provide
insights into the pathogenesis of P. aeruginosa keratitis and offer potential strategies for the clinical translation, which may help
develop new therapeutic interventions for P. aeruginosa keratitis with clinical complications.
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