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MRP8/14 Enhances Corneal Susceptibility to
Pseudomonas aeruginosa Infection by Amplifying
Inflammatory Responses

Qiuchan Deng,1–3 Mingxia Sun,3–5 Kun Yang,1,2 Min Zhu,1,2 Kang Chen,1,2 Jin Yuan,5

Minhao Wu,*,1,2 and Xi Huang*,1,2,4,5

PURPOSE. We explored the role of myeloid-related protein 8 and
14 (MRP8/14) in Pseudomonas aeruginosa (PA) keratitis.

METHODS. MRP8/14 mRNA levels in human corneal scrapes
and mouse corneas infected by PA were tested using real-time
PCR. MRP8/14 protein expression in C57BL/6 (B6) corneas
was confirmed using Western blot assay and immunohisto-
chemistry. B6 mice were injected subconjunctivally with
siRNA for MRP8/14, and then infected with PA. Bacterial plate
counts and myeloperoxidase assays were used to determine
the bacterial load and polymorphonuclear neutrophil (PMN)
infiltration in infected B6 corneas. Pro-inflammatory cytokine
levels in vivo and in vitro were examined with PCR and ELISA.
In murine macrophage-like RAW264.7 cells, phagocytosis and
bacterial killing were assessed using plate count assays, and
reactive oxygen species (ROS) and nitric oxide (NO) levels
were tested with flow cytometry and Griess assay, respec-
tively.

RESULTS. MRP8/14 expression levels were increased significant-
ly in human corneal scrapes and B6 corneas after PA infection.
Silencing of MRP8/14 in B6 corneas significantly reduced the

severity of corneal disease, bacterial clearance, PMN infiltra-
tion, and pro-inflammatory cytokine expression after PA
infection. In vitro studies demonstrated further that silencing
of MRP8/14 suppressed pro-inflammatory cytokine produc-
tion, bacterial killing, and ROS production, but not phagocy-
tosis or NO production.

CONCLUSIONS. Our study demonstrated a dual role for MRP8/14
in bacterial keratitis. Although MRP8/14 promotes bacterial
clearance by enhancing ROS production, it functions more
importantly as an inflammatory amplifier at the ocular surface
by enhancing pro-inflammatory cytokine expression, thus
contributing to the corneal susceptibility. (Invest Ophthalmol

Vis Sci. 2013;54:1227–1234) DOI:10.1167/iovs.12-10172

Pseudomonas aeruginosa (PA) is a common Gram-negative
bacteria associated with microbial keratitis, especially in

users of soft contact lenses.1 PA keratitis is a rapidly
progressive corneal disease that often causes inflammatory
epithelial edema, stromal infiltration, corneal ulceration,
tissue destruction, and vision loss.2 Pathogenesis of PA
keratitis is an intricate process that depends largely on the
interaction between the host and invading pathogens. Apart
from bacterial virulence factors, immunopathologic damage
resulting from excessive host inflammation is thought to be
another major pathogenic mechanism of PA keratitis.3

Innate immunity is the first line of host defense against
microbial infection. When pattern-recognition receptors
(PRRs) recognize invading microbes, inflammatory cells,
including polymorphonuclear neutrophils (PMNs) and mono-
cytes/macrophages, are recruited to the infection sites.4,5

These inflammatory cells engulf bacteria with the help of
different phagocytic receptors6 and then kill the bacteria
intracellularly using either the oxygen-dependent microbicidal
system, consisting of reactive oxygen species (ROS) and
reactive nitrogen species (RNS),7,8 or an oxygen-independent
system, such as lysozymes and antimicrobial peptides.9

However, persistence of inflammatory cells and sustained
production of pro-inflammatory cytokines also may lead to
serious pathologic damage,10,11 including corneal ulceration
and stromal destruction. Therefore, corneal inflammation must
be balanced appropriately to facilitate bacterial clearance and
tissue repair; otherwise, excessive inflammation may result in a
susceptible disease outcome.

As members of the calcium-binding S100 protein family,
MRP8 (S100A8) and MRP14 (S100A9) are expressed mainly in
phagocytic myeloid cells, such as PMNs and macrophages, and
they often form a functional MRP8/14 heterodimer in various
inflammatory and infectious situations,12–14 including cystic
fibrosis,15 inflammatory bowel disease,16 and rheumatoid
arthritis.17,18 Nonetheless, the role of MRP8/14 in modulating
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the inflammatory response remains controversial. Several
studies have suggested that MRP8/14 functions as an important
damage/danger-associated molecular pattern (DAMP) and an
inflammatory amplifier in some inflammatory disorders19 by
promoting the expression of pro-inflammatory cytokines and
adhesion molecules.20,21 However, others have reported that
MRP8/14 suppresses indirectly the inflammatory response by
neutralizing extracellular pro-inflammatory cytokines in lipo-
polysaccharide-induced liver injury and autoimmune myocar-
ditis.22,23

Moreover, MRP8/14 possesses a broad spectrum of antimi-
crobial activities against microorganisms, such as Escherichia

coli,24 Candida albicans,25 and Listeria monocytogenes.26

Regarding its bactericidal mechanism, Akerström et al. found
that MRP8/14 kills Finegolidia magna by interacting with the
cell membrane and lysing the bacteria,27 and Simard et al.
demonstrated that MRP14 stimulates PMN microbicidal activ-
ity, killing Escherichia coli by elevating phagocytosis.28 In
addition, Steinckwich et al. reported that MRP8/14 promotes
IgG-opsonized zymosan internalization in PMNs by modulating
calcium signaling and phagosomal ROS production.29 Together,
these studies indicate that MRP8/14 executes their antimicro-
bial functions through different mechanisms that might be
determined by the species of the pathogen.

The potential role of MRP8/14 in microbial keratitis remains
unknown. In our study, we found that MRP8 and MRP14
expression levels were upregulated after PA infection in human
corneal scrapes and mouse corneas. In vivo and in vitro
knockdown studies indicated that although MRP8/14 promot-
ed bacterial killing of PA, it more importantly enhanced corneal
inflammation and, therefore, resulted in corneal susceptibility
(perforation). Our study suggested that modulation of MRP8/
14 is a potential target for promoting corneal healing and visual
recovery during PA keratitis, but further work is required to
develop strategies to reduce the concurrent enhanced bacterial
burden.

MATERIALS AND METHODS

Patients and Tissue Specimens

PA keratitis patients at the Zhongshan Ophthalmic Center (Sun Yat-sen

University, Guangzhou, China) from January 2010 to December 2010

were included in our study. Inclusive criteria were defined as clinically

diagnosed PA keratitis and experimentally confirmed by microbial culture

of corneal scrapes. Based upon the infection time, these patients were

divided into 3 groups (each with 8 patients) as follows: Group1: 1 to 6

days postinfection (p.i.), including 6 male and 2 female patients 27 to 60

years old; Group 2: 7 to 14 days p.i., including 5 male and 3 female

patients 19 to 71 years old; and Group 3: 15 to 30 days p.i., including 5

male and 3 female patients 22 to 76 years old. Corneal scrapes from the

patients with PA keratitis were collected before their first treatment in

Zhongshan Ophthalmic Center and analyzed using real-time PCR.

Controls were normal corneal buttons from transplants. Donor corneas

were procured within 6 hours of the donor’s death, kept in a special

storage reagent at low temperature to maintain biologic activity, and

confirmed to be free of any detectable prior pathologic conditions. For

the use of these clinical materials for research purposes, the patient’s

consent and approval from the Institutional Research Ethics Committee

were obtained. All research with human subjects adhered to the tenets of

the Declaration of Helsinki.

Ocular Infection and Clinical Examination

Female C57BL/6 (B6) mice (Jackson Laboratory, Bar Harbor, ME) 8 weeks

old were anesthetized with ether and placed beneath a stereoscopic

microscope (Motic SMZ-168 Stereo Zoom Microscope; Motic China

Group Co., Ltd., Shenzhen, China) at 340 magnification. The cornea of

the left eye was wounded with three 1-mm incisions using a sterile 25-

gauge needle. A 5 lL aliquot containing 1 3 106 CFU of PA (American

Type Culture Collection strain 19660; American Type Culture Collection

[ATCC], Manassas, VA) was applied topically to the ocular surface. Eyes

were examined at 1 day p.i. and/or at times described below to ensure

that mice were similarly infected and to monitor the disease. Corneal

disease was graded using an established scale30–33: 0, clear or slight

opacity, partially or fully covering the pupil;þ1, slight opacity, partially or

fully covering the anterior segment; þ2, dense opacity, partially or fully

covering the pupil; þ3, dense opacity, covering the entire anterior

segment; and þ4, corneal perforation or phthisis. A clinical score was

recorded for each mouse after infection for statistical comparison of the

disease severity, and photography with a slit-lamp was used to illustrate

the disease response. Animals were treated humanely and in compliance

with the ARVO Statement for the Use of Animals in Ophthalmic and

Vision Research.

Cell Culture

Human monocytic THP-1 cells (TIB-202; ATCC) were cultured in 1640

medium supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin (Invitrogen, Carlsbad, CA). Murine macrophage-

like RAW264.7 cells (TIB-71; ATCC) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) medium supplemented with 10%

FBS and 1% penicillin-streptomycin. Cells were cultured in a standard

tissue culture incubator at 378C, and in an atmosphere of 5% CO2 and

95% room air.

RNA Interference

siRNA for mouse MRP8 and MRP14 (siMRP8/14) or the appropriate

scrambled control (siCTL) were purchased from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA). Either siMRP8/14 or siCTL

was injected subconjunctivally (5 lL/mouse at a concentration of 10

lM) into the left eye of B6 mice (n ¼ 5/group/time) 1 day before

infection and then applied topically onto the infected corneas (5 lL/

mouse per time at a concentration of 5 lM, once on the day of

infection, and twice on 1 and 3 days p.i.). For in vitro silencing,

cells were transfected transiently with siMRP8/14 or siCTL using

Lipofectamine 2000 (Invitrogen) following the manufacturer’s

instruction. siRNAs targeting human MRP8 (5 0 -CCUUGAACUCUAUC

GACGUCUA-3 0) and human MRP14 (5 0-CCAUCAUCAACACCUUCCAC

CAAUA-3 0) were synthesized by Invitrogen.

Real-Time PCR

Total RNA was isolated from individual corneas or cell pellets using

TRIzol (Invitrogen) according to the manufacturer’s recommendation,

and quantitated using a NanoDrop 2000C Spectrophotometers (Thermo

Scientific, West Palm Beach, FL). Total RNA (1 lg) was reverse-transcribed

to produce cDNA, which was amplified using SYBR Green Master Mix

(Takara BIO, Inc., Mountain View, CA) as suggested by the manufacturer.

Quantitative real-time PCR reactions were performed using the CFX96

Real-Time PCR System (Bio-Rad, Hercules, CA). Relative mRNA levels

were calculated after normalization to b-actin. Primer sequences are

listed in the Table.

Western Blot

Whole corneas (n ¼ 5/group/time) from normal uninfected and

infected B6 mouse eyes were collected and pooled at 1, 3, and 5 days

p.i. Pooled corneas were lysed and homogenized using a tissue lyser

(Qiagen, Valencia, CA) in 13 lysis buffer (1 mM EDTA, 20% glycerol,

0.5% NP-40, 1% protease inhibitor cocktail, 1 mM dithiothreitol [DTT],

1 mM phenylmethanesulfonylfluoride [PMSF]). Debris was collected by

centrifugation for 5 minutes at 10,000g, and the protein concentration

of the supernatant was determined by Bradford protein assay (Bio-Rad).

1228 Deng et al. IOVS, February 2013, Vol. 54, No. 2



Corneal protein samples (5 lg) were separated on a 15% SDS-PAGE,

and then transferred to a supported polyvinylidine difluoride (PVDF)

membrane. After blocking in a 5% solution of nonfat dry milk prepared

in 13 PBS with 0.05% Tween-20 (PBST), blots were incubated with

primary goat-antimouse MRP8 antibody and goat-antimouse MRP8

antibody (0.2 lg/mL; R&D, Minneapolis, MN) at 48C overnight, washed

three times with PBS, incubated in secondary antibody (donkey-

antigoat IgG-HRP, 1:1000; R&D) for 1 hour at room temperature, and

developed using an ECL kit (KeyGEN, Nanjing, China) following the

manufacturer’s protocol.

Immunohistochemistry

Normal uninfected and infected eyes from B6 mice were enucleated (n

¼ 3/group/time) at 5 days p.i., immersed in 1 3 PBS, embedded in

Tissue-Tek OCT compound (Miles, Elkhart, IN), and frozen in liquid

nitrogen. Then, 8 lm thick sections were cut and mounted to

polylysine-coated glass slides. Immunohistochemical staining was

performed with the UltraSensitive SP Immunodetection Kit (Maixin,

Inc., Fuzhou, China) according to the manufacturer’s instructions.

Primary antibodies (goat-antimouse MRP8 or goat-antimouse MRP14)

were purchased from R&D. Controls were similarly treated, but the

primary antibody was replaced with isotype-matched goat IgG. All

sections were visualized with a Zeiss microscope (Zeiss microscope

AXIO Imager A1; Carl Zeiss, Inc., Oberkochen, Germany).

ELISA

Corneas from siMRP8/14- or siCTL-treated B6 mice were collected at

1 and 5 days p.i. (n¼ 5/group/time), and the protein levels of MIP-2,

TNF-a, IL-6, and IL-1b were tested using ELISA kits (R&D). The

reported sensitivity of these assays is <1.5 pg/mL for MIP-2, <5.1

pg/mL for TNF-a, 1.3 to 1.8 pg/mL for IL-6, and <3.0 pg/mL for IL-

1a.

Myeloperoxidase (MPO) Assay

Corneas from siMRP8/14- or siCTL-treated B6 mice were collected at 1

and 5 days p.i. (n¼ 5/group/time), and homogenized in PBS. Then, the

MPO concentration in each sample was assayed by using the Zen

Myeloperoxidase ELISA Kit (Invitrogen) according to the manufactur-

er’s recommendations.

Bacterial Plate Counts

Corneas from siMRP8/14- or siCTL-treated B6 mice were collected at 1

and 5 days p.i. (n ¼ 5/group/time), and individual corneas were

homogenized in sterilized water containing 0.85% (wt/vol) NaCl and

0.25% BSA. Serial 10-fold dilutions of the samples were plated on

Pseudomonas isolation agar (BD Biosciences, Sparks, MD) in triplicate,

and the plates were incubated overnight at 378C. The results are

reported as 105 CFU per cornea 6 SEM.

Phagocytosis Assay

Phagocytosis was assayed by flow cytometry as described previously.34

In brief, PA was incubated with Filmtracer Green Biofilm (FTGB, 1:50;

Invitrogen) at room temperature for 30 minutes protected from light,

and then rinsed gently with sterilized water. RAW264.7 cells were

transfected with siMRP8/14 or siCTL for 24 hours, and then challenged

with FTGB-stained PA at a multiplicity of infection (MOI) of 25. After 1

hour of incubation, the cells were washed three times with cold PBS to

remove nonadherent bacteria. Extracellular fluorescence was

quenched by the addition of 0.1% trypan blue (Sigma, St. Louis, MO)

in PBS for 15 minutes. Cells were collected and analyzed using a

Beckman Coulter EPICS XL/MCL (Beckman Coulter, Inc., Fullerton,

CA) instrument.

Intracellular Bacterial Killing Assay

Intracellular bacterial killing was assessed by plate count as described

previously.35 In brief, RAW264.7 cells were transfected with siMRP8/

14 or siCTL for 24 hours, and then challenged with PA at an MOI of

25. After 1 hour, cells were treated with gentamicin (Sigma) at 300

lg/mL for 30 minutes to kill the extracellular bacteria, and then

washed with PBS for three times. Afterwards, one of the duplicate

wells was lysed with 0.1% Triton-X, and the duplicate well was

incubated at 378C for an additional 1 hour and then lysed with 0.1%

Triton-X. Serial 10-fold dilutions of each sample were plated on

Pseudomonas isolation agar in triplicate and incubated overnight at

378C. For intracellular bacterial killing, the efficiency was calculated

using the following equation: Intracellular bacterial killing ¼ ðCFU

½1h� � CFU ½2h�Þ=CFUð1hÞ3 100%:

ROS Measurement by Flow Cytometry

RAW264.7 cells were transfected with siMRP8/14 or siCTL for 24

hours. After PA challenge, cells were incubated with a ROS-sensitive

probe, 20,70-dichlorofluorecscin diacetate (H2DCFDA; Invitrogen), at a

final concentration of 10 lM. Then, cells were collected and analyzed

using a Beckman Coulter EPICS XL/MCL (Beckman Coulter, Inc.). ROS

levels were determined by the fluorescence of dichlorofluorecscin

(DCF), the deacetylated and oxidized product of H2DCFDA.

Griess Assay

RAW264.7 cells were transfected with siMRP8/14 or siCTL, and the

supernatant of each sample was collected at 6, 18, and 36 hours after

PA challenge. Nitric oxide (NO) levels were determined by measuring

the levels of the stable end product, nitrite, using a Griess reagent

(Sigma). The results were expressed as the mean micromoles of nitrite

per sample 6 SEM.

Statistical Analysis

The difference in clinical score between siMRP8/14- and siCTL-treated

B6 corneas at 1, 3, and 5 days after PA infection was determined using

the Mann-Whitney U test. An unpaired, two-tailed Student’s t-test was

used to determine the significance of other assays. Data were

considered significant at P < 0.05.

RESULTS

MRP8 and MRP14 Expression Was Elevated after PA
Infection

To determine the relevance of MRP8/14 to PA keratitis, mRNA
levels of MRP8 and MRP14 were examined in PA-infected

FIGURE 1. Expression of MRP8 and MRP14 in human corneas. MRP8
(A) and MRP14 (B) mRNA levels were examined in normal and PA-
infected human corneas at 1 to 6 days p.i. (Group 1), 7 to 14 days p.i.
(Group 2), and 15 to 30 days p.i. (Group 3). Data are the mean 6 SEM
with 8 patients/group.
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human corneal scrapes. PCR data showed that MRP8 and
MRP14 mRNA levels were significantly upregulated in human
corneal scrapes after PA infection (Figs. 1A, 1B). When
compared to normal corneal buttons from transplants, MRP8
expression levels in PA-infected corneas were approximately
30-fold higher at 1 to 6 days p.i., 100-fold higher at 7 to 14 days
p.i., and 300-fold higher at 15 to 30 days p.i. (P < 0.01, P <
0.001, P < 0.01, respectively), and MRP14 expression levels
were approximately 30-fold higher at 1 to 6 days p.i., 100-fold
higher at 7 to 14 days p.i., and 200-fold higher at 15 to 30 days
p.i. (P < 0.01, P < 0.05, P < 0.05, respectively), indicating that
MRP8 and MRP14 expression dynamically follows the disease
progression of PA keratitis.

Furthermore, a well-characterized murine model of PA
keratitis was used to mimic the clinical ocular infection.
Western blot data (Fig. 2A) indicated that the levels of MRP8
and MRP14 protein in B6 corneas were significantly upregu-
lated in a time-dependent manner, peaking at 5 days p.i. The
integrated density value of MRP8 and MRP14 was shown in
Figure 2B. In addition, the MRP8 and MRP14 distribution
pattern in the B6 cornea before and after PA infection was
confirmed further by immunohistochemistry (Fig. 2C). Higher
levels of positive staining for MRP8 and MRP14 (depicted as
brown dots) were detected in the infected B6 corneas at 3 days
p.i., localizing in the corneal epithelium and stroma. Controls,

in which the primary antibody was replaced by isotype-
matched goat IgG, were negative for staining in normal and
infected corneas.

Silencing of MRP8/14 Promoted Host Resistance to
PA Corneal Infection

Since MRP8 and MRP14 expression levels were upregulated
significantly in B6 corneas after PA infection, the next series of
in vivo studies were designed to determine if MRP8 and MRP14
had a role in PA keratitis. B6 mice were injected subconjunc-
tivally and treated topically with siMRP8/14 or siCTL, and they
then were given the ocular infection. Clinical score data (Fig.
3A) showed that mice treated with siMRP8/14 compared to
siCTL exhibited a reduced disease level at 3 and 5 days p.i. (P <
0.01 at both time points), but no differences were detected
between the two groups at 1 day p.i. Figure 3B shows
representative photographs of infected corneas from siMRP8/
14- and siCTL-treated mice at 5 days p.i. Most of the MRP8/14-

FIGURE 2. Expression of MRP8 and MRP14 in mouse corneas. (A)
MRP8 and MRP14 protein levels in B6 corneas were examined using
Western blot before and after PA infection. Equal quantities of protein
(5 lg) were loaded in each lane. The band intensity of MRP8 and
MRP14 (B) was quantitated and normalized to b-actin. Data shown
represent one of three individual experiments, each using 5 pooled
corneas/time. (C) MRP8 and MRP14 protein expression also was
determined by using immunohistochemistry in normal uninfected and
infected B6 corneas at 3 days p.i. Magnifications: 340 (low

magnification), 3100 (large inset).

FIGURE 3. In vivo knockdown studies of MRP8 and MRP14. Clinical
scores (A) showed statistically significant differences in siMRP8/14- and
siCTL-treated corneas at 3 and 5 days p.i. (P < 0.01 for time points).
The horizontal lines among the open and filled dots represent the
means of indicated clinical scores. Three individual experiments were
performed, each with 10 animals per group each time. Data were
generated from one representative experiment. (B) Slit-lamp photo-
graphs of PA-infected eyes at 5 days p.i. displayed reduced disease
severity in siMRP8/14-treated compared to siCTL-treated mice. Most of
the siCTL-treated corneas were perforated at 5 days p.i. (black arrow

highlights the perforation). PCR (C) and Western blot (D) data
confirmed the effect of silencing MRP8 and MRP14 in the B6 corneas
at 5 days p.i. MRP8/14 silencing decreased PMN infiltration as detected
by MPO activity (E) and increased viable bacterial numbers (F) at 5
days p.i. Data are the mean 6 SEM and represent three individual
experiments, each with five animals per group per time per assay.
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silenced corneas presented with decreased disease severity,
whereas the control-treated corneas were perforated. These
results demonstrated clearly that silencing of MRP8/14 shifted
B6 mice from a susceptible to a resistant phenotype in
response to PA corneal infection. The expression level of MRP8
and MRP14 in the infected B6 corneas was tested by PCR and
Western blot, and the data demonstrated that MRP8 and
MRP14 mRNA (Fig. 3C), and protein levels (Fig. 3D) were
greatly reduced after treatment with siMRP8/14, confirming
the efficacy of silencing.

MRP8/14 Silencing Reduced PMN Infiltration and
Bacterial Clearance after PA Infection

To explore the role of MRP8/14 further in PA keratitis, we
assessed further the effect of MRP8/14 silencing on PMN
infiltration and bacterial clearance. PMN infiltration was
detected by MPO activity (Fig. 3E) and was reduced in
siMRP8/14-treated compared to siCTL-treated B6 corneas at 5
days p.i. (P < 0.01), whereas no changes were observed
between the two groups at 1 day p.i. Meanwhile, bacterial
plate count (Fig. 3F) indicated that MRP8/14 silencing elevated
the bacterial load at 5 days p.i. (P < 0.01), suggesting that
MRP8/14 is required for the bacterial clearance of PA.

MRP8/14 Elevated PA-Induced Pro-Inflammatory
Cytokine Production

To ascertain the mechanisms by which MRP8/14 modulates
corneal inflammation, the mRNA expression levels of several
pro-inflammatory cytokines were analyzed using real-time PCR
on samples from siMRP8/14- or siCTL-treated B6 corneas at 5
days p.i. The results indicated that silencing MRP8/14
significantly decreased the mRNA levels of MIP-2, IL-1b, and
TNF-a at 5 days p.i. (P < 0.05, P < 0.01, P < 0.05,
respectively), whereas IL-6 mRNA expression was comparable
between the two groups (Figs. 4A, 4B). Moreover, ELISA data
demonstrated that treatment with siMRP8/14 significantly
downregulated the protein expression levels of MIP-2 and IL-

1b (Fig. 4C, P < 0.01, P < 0.001), and TNF-a and IL-6 (Fig. 4D,
P < 0.001, P < 0.01) at 5 days p.i.

We tested further the effect of MRP8/14 in the PA-induced
inflammatory response by using human monocytic THP-1 cells.
After transient transfection of siMRP8/14, mRNA levels of
MRP8 and MRP14 were reduced significantly in THP-1 cells at 6
and 24 hours p.i. (Figs. 5A, 5B; MRP8 P < 0.05, P < 0.001 at 6
and 24 hours p.i., respectively; MRP14 P < 0.001 at both time
points), when compared to siCTL treatment, confirming the
efficiency of silencing. Moreover, the mRNA expression levels
of MIP-2 (Fig. 5C), IL-1b (Fig. 5D), TNF-a (Fig. 5E), and IL-6 (Fig.
5F) were significantly downregulated in siMRP8/14-treated
compared to siCTL-treated THP-1 cells at 6 and 24 hours p.i.
(MIP-2, IL-1b, and TNF-a, P < 0.01 at both time points; for IL-6,
P < 0.01, P < 0.001 at 6 and 24 hours p.i., respectively).
Together, our in vivo and in vitro data suggested that MRP8/14
elevates PA-induced pro-inflammatory cytokine production.

MRP8/14 Enhanced Intracellular Bacterial Killing
but Not Phagocytosis in PA-Challenged
Macrophages

Because in vivo silencing of MRP8/14 enhanced bacterial load
in the mouse cornea, we assessed further whether MRP8/14
modulates the process of bacterial clearance. Murine macro-
phage-like RAW264.7 cells were transfected with siMRP8/14 or
siCTL, challenged with PA at an MOI of 25, and then bacterial
clearance was assessed using a bacterial killing assay based on
plate counts and a phagocytosis assay based on flow cytometry.

FIGURE 4. MRP8/14 silencing reduced pro-inflammatory cytokine
production in vivo. mRNA expression levels of MIP-2, IL-1b, TNF-a,
and IL-6 (A, B) in siMRP8/14- and siCTL-treated corneas were tested
using real-time PCR at 5 days p.i. The protein expression levels of MIP-
2, IL-1b, TNF-a, and IL-6 (C, D) in siMRP8/14- and siCTL-treated corneas
were tested by ELISA at 5 days p.i. Data are the mean 6 SEM and
represent three individual experiments with five animals per group
each time.

FIGURE 5. MRP8/14 silencing reduced pro-inflammatory cytokine
production in vitro. Human monocytic THP-1 cells were transfected
with siMRP8/14 or siCTL for 24 hours and then challenged with PA.
mRNA expression levels of MRP8 (A) and MRP14 (B) as well as pro-
inflammatory cytokines, including MIP-2 (C), IL-1b (D), TNF-a (E), and
IL-6 (F) were tested using real-time PCR at 6 and 24 hours p.i. Data are
the mean 6 SEM and represent three individual experiments.
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The results showed that silencing of MRP8/14 significantly
reduced intracellular bacterial killing in RAW264.7 cells (Fig.
6A, P < 0.01), although the uptake of PA by RAW264.7 cells
was not affected (Fig. 6B). These data indicated that MRP8/14
enhances macrophage-mediated intracellular killing of PA, but
was not involved in the process of phagocytosis.

MRP8/14 Promoted Macrophage-Mediated
Bacterial Killing by Elevating ROS Levels but Not
NO Production

To explore further the microbicidal mechanisms involved
during PA infection, ROS and NO production were measured in
siMRP8/14- and siCTL-treated RAW264.7 cells after PA chal-
lenge. The results demonstrated that the PA-induced ROS
production (calculated by the percentage of DCF-positive cells
using flow cytometry) was reduced significantly after silencing
MRP8 and MRP14 (Fig. 7A). Moreover, mRNA expression levels
of nicotinamide adenine dinucleotide phosphate oxidase 2
(NOX2), an important enzyme for ROS production, also were
downregulated in siMRP8/14-treated compared to siCTL-
treated RAW264.7 cells at 1 and 2 hours p.i. (Fig. 7B, P <
0.01, P < 0.05, respectively). However, the NO levels
(determined by the stable end product nitrite) were compa-
rable between the siMRP8/14- and siCTL-treated groups in PA-
challenged RAW264.7 cells at 6, 18, and 36 hours p.i. (Fig. 7C),
and inducible NO synthase (iNOS) expression was the same
between the two groups (Fig. 7D). These data indicated that
MRP8/14 promoted macrophage-mediated intracellular killing
of PA by elevating ROS, but not NO production.

DISCUSSION

MRP8/14 (also known as calprotectin) is a functional
heterodimer released by myeloid-derived cells in response to
cell damage, infection, or inflammation.12,13 However, the role
of MRP8/14 in ocular infection remains unclear. Thus, our
study was designed to explore the function of MRP8/14 on
corneal inflammation and bacterial clearance in response to
PA-induced corneal infection.

Our data demonstrated that MRP8 and MRP14 mRNA levels
were enhanced in corneal scrapes (which mainly consist of
infiltrated inflammatory cells and bacteria) from patients with
PA keratitis. Despite the sex and age variations, the increase in
MRP8 and MRP14 expression was associated closely with the
infection time and disease severity. Moreover, MRP8 and

MRP14 expression levels were also upregulated in PA-infected
mouse corneas, which is consistent with our clinical data.
Immunohistochemistry indicated that most of the positive
staining for MRP8 and MRP14 was located in the corneal
stroma, either within or outside the infiltrated inflammatory
cells. These findings support other reports demonstrating that
MRP8/14 is elevated strongly by bacterial infection in the
inflammatory cells,36 and nonsecreted and secreted forms are
expressed to execute intracellular and extracellular activities.13

The PA-induced MRP8 and MRP14 expression on human and
mouse ocular surface indicates the potential association of
MRP8/14 with PA keratitis. Our in vivo study revealed that
silencing of MRP8/14 in B6 mice promoted host resistance to
PA infection, suggesting that MRP8/14 accelerates the disease
progression of PA keratitis.

Our results also demonstrated that MRP8/14 enhanced
corneal inflammation by promoting PMN infiltration, and the
expression of IL-1b, IL-6, TNF-a, and MIP-2. As the hallmark of
acute inflammation,2 PMNs migrate quickly to infection sites
within minutes along the MIP-2 chemotactic gradient.37–39

Despite potent antibacterial activities, PMNs release a large
amount of pro-inflammatory cytokines, which may lead to
tissue damage due to excessive inflammation.40 Moreover,
studies have demonstrated that MRP8/14 can be induced by IL-
1b, IL-6, and TNF-a, and in turn promotes pro-inflammatory
cytokine expression, thereby forming a positive feedback loop
of inflammatory response.41,42 Thus, we hypothesize that in PA
keratitis, the elevated MRP8/14 and pro-inflammatory cyto-
kines also might form a positive feedback loop to amplify the
ocular inflammatory responses.

Furthermore, we observed that in vivo silencing of MRP8/
14 enhanced bacterial load in the mouse cornea, which is
consistent with other reports showing that MRP8/14 has
antimicrobial activity.24–26 Different antimicrobial mechanisms
for MRP8/14 have been reported, such as interacting with
bacterial surface proteins to lyse bacterial cells,27 or enhancing

FIGURE 6. MRP8/14 promoted intracellular bacterial killing but not
phagocytosis in PA-challenged macrophages. RAW264.7 cells were
transfected with siMRP8/14 or siCTL and then challenged with PA. The
killing assay by plate count (A) showed that the killing efficiency of PA
was decreased after silencing MRP8/14, whereas phagocytosis of PA
was comparable in siMRP8/14- and siCTL-treated cells when detected
by the phagocytosis assay with flow cytometry (B). Data represent
three individual experiments.

FIGURE 7. MRP8/14 promoted macrophage-mediated bacterial killing
of PA by enhancing ROS, but not NO production. RAW264.7 cells were
transfected with siMRP8/14 or siCTL and then challenged with PA. (A)
ROS production (as calculated by the percentage of DCF positive cells)
was determined by flow cytometry in siMRP8/14- and siCTL-treated
cells after PA infection. (C) NO production (as indicated by the nitrite
concentration) was tested using the Griess assay in siMRP8/14- and
siCTL-treated cells at 6, 18, and 36 hours p.i. mRNA expression levels
of NOX2 (B) and iNOS (D) also were tested using real-time PCR at 1
and 2 hours p.i. Data represent three individual experiments.
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the phagocytic and phagosomal oxidative activity of phago-
cytes, such as PMNs.28 Our study indicated that MRP8/14
promotes macrophage-mediated intracellular killing of PA, but
has no effect on the process of internalization. It is reported
that MRP8/14 is required for zymosan internalization in HL-60
cells, which were differentiated into the neutrophil lineage.29

Since different phagocytic receptors may be required to
facilitate phagocytosis,6 the different role of MRP8/14 on
bacterial phagocytosis between our observation and others
may be explained partially by the specificity of phagocytes and
pathogens.

In addition, our data demonstrated that silencing MRP8/14
reduced ROS and NOX2 levels in RAW264.7 cells, suggesting
that MRP8/14 may promote macrophage-mediated bacterial
killing of PA by enhancing ROS production. This is supported
by others showing that MRP8/14 increases NOX activity and
ROS production in HaCaT keratinocytes.43 However, in our
study, NO production and iNOS expression were comparable
between MRP8/14-silenced and control-treated RAW264.7 cells
at each time point postinfection, suggesting that NO may not
be involved in MRP8/14-mediated bacterial killing. Pouliot et
al. reported that MRP8/14 induces NO production in
macrophages to control infectious agents,44 while De Lorenzo
et al. found that MRP14 inhibits NO production and suppresses
the activation of macrophages.45 These data together suggest
that the role of MRP8/14 on NO production likely is context-
dependent.

Host inflammation and bacterial virulence contribute to
corneal susceptibility, but treating bacterial infection with
antibiotics commonly does not prevent the ocular patholo-
gy.46,47 Our data demonstrated that silencing of MRP8/14
minimizes corneal damage by limiting the host inflammatory
responses, which may provide a potential candidate for
promoting corneal healing and visual recovery. It is worthwhile
to note that the bacterial load enhanced by siMRP8/14 also is
harmful to the cornea. Therefore, further work is required to
develop strategies to reduce the concurrent enhanced bacterial
burden.
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