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PURPOSE. Acanthamoeba plasminogen activator (aPA) is a serine protease elaborated by
Acanthamoeba trophozoites that facilitates the invasion of trophozoites to the host and
contributes to the pathogenesis of Acanthamoeba keratitis (AK). The aim of this study was to
explore if aPA stimulates proinflammatory cytokine in human corneal epithelial (HCE) cells
via the protease-activated receptors (PARs) pathway.

METHODS. Acanthamoeba castellanii trophozoites were grown in peptone-yeast extract
glucose for 7 days, and the supernatants were collected and centrifuged. The aPA was purified
using the fast protein liquid chromatography system, and aPA activity was determined by
zymography assays. Human corneal epithelial cells were incubated with or without aPA (100
lg/mL), PAR1 agonists (thrombin, 10 lM; TRAP-6, 10 lM), and PAR2 agonists (SLIGRL-NH2,
100 lM; AC 55541, 10 lM) for 24 and 48 hours. Inhibition of PAR1 and PAR2 involved
preincubating the HCE cells for 1 hour with the antagonist of PAR1 (SCH 79797, 60 lM) and
PAR2 (FSLLRY-NH2, 100 lM) with or without aPA. Human corneal epithelial cells also were
preincubated with PAR1 and PAR2 antagonists and then incubated with or without PAR1
agonists (thrombin and TRAP-6) and PAR2 agonists (SLIGRL-NH2 and AC 55541). Expression
of PAR1 and PAR2 was examined by quantitative RT-PCR (qRT-PCR), flow cytometry, and
immunocytochemistry. Interleukin-8 expression was quantified by qRT-PCR and ELISA.

RESULTS. Human corneal epithelial cells constitutively expressed PAR1 and PAR2 mRNA.
Acanthamoeba plasminogen activator and PAR2 agonists significantly upregulated PAR2
mRNA expression (1- and 2-fold, respectively) (P < 0.05). Protease-activated receptor 2
antagonist significantly inhibited aPA, and PAR2 agonists induced PAR2 mRNA expression in
HCE cells (P < 0.05). Protease-activated receptor 1 agonists, but not aPA, significantly
upregulated PAR1 mRNA expression, which was significantly inhibited by PAR1 antagonist in
HCE cells. Acanthamoeba plasminogen activator and PAR2 agonists stimulated IL-8 mRNA
expression and protein production, which is significantly diminished by PAR2 antagonist (P <
0.05). Protease-activated receptor 1 antagonist did not alter aPA-stimulated IL-8 mRNA
expression and protein production in HCE cells. Flow cytometry and immunocytochemistry
showed that aPA and SLIGRL-NH2 (PAR2 agonist) upregulated PAR2 surface protein as
compared to that in unstimulated HCE cells. Thrombin, but not aPA, stimulated PAR1 surface
protein in HCE cells.

CONCLUSIONS. Acanthamoeba plasminogen activator specifically induces expression and
production of IL-8 in HCE cells via PAR2 pathway, and PAR2 antagonists may be used as a
therapeutic target in AK.
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Acanthamoeba keratitis (AK) is a sight-threatening corneal

infection that is caused by the ubiquitous free-living species

of pathogenic amoebae belonging to the genus Acanthamoe-

ba.1 It can be found commonly in water, soil, air, cooling

towers, heating/ventilating/air conditioning (HVAC) systems,

and sewage systems.2,3 The first case of AK was reported by

Naginton et al.4 in 1974 in the United Kingdom and shortly

thereafter, in 1975, by Jones et al.5 in the United States. The

incidence of this disease has been augmented with an increase

in the number of contact lens (CL) wearers, with an estimated

annual incidence of CL-related AK in the United States of 1 or 2

cases, in England 1.4 cases, in The Netherlands 3.06 cases, and

in the west of Scotland 149 cases per million CL wearers.6

However, an increased incidence of AK has been recognized as

an important cause of keratitis in non-CL lens wearers.7 It has

been suggested that ocular exposure to Acanthamoeba species

is more common than previously believed because trophozoites

can produce mild corneal infections that escape diagnosis.8
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More recently, the Centers for Disease Control and Prevention
has reported that the incidence of AK has increased in several
states in the United States.9 At present, diagnosis of AK is not
straightforward, and therefore extreme disparities in the
incidence of AK have been estimated.10,11 Treatment of AK is
very demanding, consisting of hourly applications of brolene,
polyhexamethylene biguanide, and chlorhexidine for several
weeks. Even with such therapies, Acanthamoeba species can
cause severe damage to the corneal epithelium and stroma,
resulting in the need for corneal transplantation.12

Many studies have been conducted on the pathogenesis and
treatment of AK; however, the pathogenesis, diagnosis, and
treatment of AK are not fully explored.13–23 We have shown
that Acanthamoeba trophozoites secrete a serine protease,
Acanthamoeba plasminogen activator (aPA), that is involved in
the pathogenesis of AK.17,18 The parasite-derived enzyme has a
molecular mass of approximate 40 kDa and produces a single
band of lysis on fibrinogen-agarose zymographs.17 Activity of
this enzyme is completely inhibited by treatment with
diisopropylfluorophosphate (DIFP), indicating that it is a
serine protease; however, aPA activity is not inhibited by
amiloride, which is a strong inhibitor of urokinase-type
plasminogen activator. Additionally, the activity of this enzyme
is not inhibited by plasminogen activator inhibitor-1, which is
the primary physiological inhibitor of both urokinase and
tissue-type plasminogen activator. It does not cross-react with
antibodies specific for human urokinase or tissue-type plas-
minogen activator.17 Acanthamoeba plasminogen activator
activates plasminogen from several mammalian species,
including human, cow, and pig.17 Moreover, the aPA is a 40-
kDa serine protease elaborated from the pathogenic, but not
nonpathogenic, strains of Acanthamoeba.17,18 How aPA
interacts with the corneal epithelial cells and stimulates
inflammation in AK is unknown.

Protease-activated receptors belong to a unique family of G
protein–coupled receptors that are cleaved at an activation site
within the N-terminal exodomain by a variety of proteinases,
essentially of the serine (Ser) proteinase family. After cleavage,
the new N-terminal sequence functions as a tethered ligand
that binds intramolecularly to activate the receptor and initiate
signaling.24–28 To date, four members of the protease-activated
receptors (PARs) family have been identified: PAR1, PAR2,
PAR3, and PAR4.24–27 Among these, PAR1 has been implicated
as a key mediator in cellular functions and is activated by the
PAR1 agonist, thrombin, as well as by serine proteases, and
PAR2 is activated by trypsin-like serine proteases.25–27 It has
been demonstrated that PAR1 and PAR2 are involved in
multiple biological as well as inflammatory and immune
responses upon stimulation with thrombin and trypsin-like
proteases, respectively.24–28 Recent studies have shown that
human corneal and conjunctival epithelial cells express
functional PAR1 and PAR2.28,29 Moreover, activation of PAR1
and PAR2 on human corneal epithelial (HCE) cells by thrombin
and trypsin resulted in the secretion of proinflammatory
cytokines such as IL-6, IL-8, and TNFa.28 It is not known
whether the proteinase released from the microorganism can
activate PARs and whether it triggers the inflammatory
responses. Since serine protease, aPA, is produced by a
pathogenic strain of Acanthamoeba, we hypothesized that
aPA activates PAR1 or PAR2 on the corneal epithelial cells,
resulting in signal transduction and production of proinflam-
matory cytokine IL-8 that modulates corneal inflammation in
AK. In this study, we demonstrated that PAR2 mRNA and
protein are upregulated by aPA and PAR2 agonists and induce
IL-8 production in HCE cells.

Thus, disruption of PAR2 activity might have a major impact
on preventing inflammatory responses in AK. The present
study is the first to illustrate that proteinase released from the

microorganism can activate PAR2 and that it triggers inflam-
matory responses in the corneal epithelial cells.

MATERIALS AND METHODS

Amoebae and Cell Line

Acanthamoeba castellanii (ATCC 30868), isolated from a
human cornea, was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). Amoebae were grown
as axenic cultures in peptone-yeast extract glucose (PYG) at
358C with constant agitation on a shaker incubator at 125
rpm.30 Human telomerase-immortalized corneal epithelial
(HCE) cells31 were a generous gift from James Jester
(University of California, Irvine). The HCE cells were cultured
in keratinocyte medium (KGM-2 Bullet Kit; Lonza, Walkersville,
MD, USA) containing 10% fetal bovine serum (HyClone, Logan,
UT, USA) at 378C in a humidified 5% CO2 atmosphere.

Acanthamoeba Plasminogen Activator

A. castellanii trophozoites were cultured for 7 days in PYG
medium at 358C, and the supernatants were collected and
centrifuged as described previously.17 The aPA was purified
using the fast protein liquid chromatography system (FPLC;
ÄKTAFPLC, GE Healthcare Bio-Sciences AB, Uppsala, Swe-
den).17 Production of aPA was quantified by zymography
assays,17,32 and the activity of aPA was determined by radial
diffusion in fibrinogen-agarose clots.33 Protein concentrations
were determined using the bicinchoninic acid (BCA) protein
assay.34

HCE Cell Cultures and Treatment Experiments

Human corneal epithelial cells were cultured in 24-well plates
at ~90% confluence in KGM-2 medium and incubated with or
without aPA (100 lg/mL), PAR1 agonists (thrombin, 10 lM;
TRAP-6, 10 lM; Tocris Bioscience, Bristol, UK), and PAR2
agonists (SLIGRL-NH2, 100 lM; AC 55541, 10 lM; Tocris
Bioscience) for 24 or 48 hours. Inhibition of PAR1 and PAR2
involved preincubating the HCE cells with the antagonist of
PAR1 (SCH 79797, 60 mM; Tocris Bioscience) and PAR2
(FSLLRY-NH2, 100 lM; Tocris Bioscience). Human corneal
epithelial cells were pretreated with either PAR1 or PAR2
antagonist for 1 hour and then incubated with or without aPA,
thrombin, TRAP-6, SLIGRL-NH2, and AC 55541 for 24 or 48
hours. Human corneal epithelial cells without treatment with
aPA and PAR1 and PAR2 agonists/antagonists served as the
untreated control group.

Isolation of RNA

Human corneal epithelial cells were collected from 24-well
plates at the indicated times after treatments. The total cellular
RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions as
reported previously.22 The quality of the extracted RNA was
assessed spectrophotometrically using the A260/A280 ratio
that in all samples was between 1.8 and 2.0, and the RNA
integrity was confirmed by 1% agarose gel electrophoresis for
the presence of 28S and 18S rRNA bands. Typical RNA
concentrations from TRIzol RNA extraction protocol ranged
between 250 and 1250 ng/lL with a 50-lL elution volume.

Real-Time Quantitative RT-PCR (qRT-PCR)

Complementary DNA was synthesized from 2 lg total RNA
using the RT2 First Strand Kit (Qiagen, Valencia, CA, USA) by
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C1000 Thermal Cycler RT-PCR system (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer’s protocol.
Briefly, reactions were heated at 428C for 5 minutes in a total
volume of 10.0 lL in the presence of 2.0 lL 53 gDNA
elimination buffer and placed on ice immediately for at least 1
minute. Then, a RT cocktail (Qiagen) consisting of 4 lL BC3
(53 first-strand buffer), 2 lL RE3 (Reverse Transcriptase Mix), 1
lL P2 (primer and external control mix), and 3 lL nuclease-
free water was added. The mixture was then incubated at 428C
for exactly 15 minutes; then the reaction was immediately
stopped by heating to 958C for 5 minutes. RNase-free water (91
lL) was added to each 20 lL cDNA synthesis reaction.

Polymerase chain reaction was performed using the CFX
Connect Real-Time System (Bio-Rad Laboratories) with SYBR
green fluorescent dye. The reactions were conducted in a total
volume of 25 lL containing 12.5 lL 23 RT2 SYBR Green
Mastermix (Qiagen), 2.5 lL sense and 2.5 lL antisense primers
of 0.5 lM, 5 lL cDNA, and 2.5 lL RNase-free water, all in Low
Tube Strip, CLR (0.2 mL, Bio-Rad Laboratories). After PCR,
melting curves were acquired stepwise from 658C to 958C to
ensure that a single product was amplified in the reaction. Data
were calculated using the 2�DDCT method.35 The primers used
in this study are listed in the Table.

Flow Cytometric Analysis

Human corneal epithelial cells were cultured in six-well plates
(1 3 106 cells/well) with and without aPA (100 lg/mL), PAR1
agonist (thrombin, 10 lM), and PAR2 agonist (SLIGRL-NH2,
100 lM) for 24 hours. Human corneal epithelial cells without
treatment with aPA, thrombin, and SLIGRL-NH2 served as
control untreated group. Cells were processed for PAR1 and
PAR2 surface protein expression at indicated times after
treatments. Briefly, cells were incubated with Fc receptor
blocking antibodies (Human TruStain FcX; BioLegend, San
Diego, CA, USA) in 0.5% BSA at 48C for 30 minutes. Cells were
then immunostained for 30 minutes in the dark with the
following antibodies: PE-labeled mouse IgG2b anti-human
PAR1 and PE-labeled mouse IgG2a anti-human PAR2 (R&D
Systems, Minneapolis, MN, USA). As a control, cells were
stained with the appropriately matched antibodies, PE-labeled
mouse IgG2a and PE-labeled mouse IgG2b (BioLegend). The
samples were analyzed by Beckman Coulter Cytomics FC500,
Flow Cytometry Analyzer (Beckman Coulter, Inc., Miami, FL,
USA), and results were processed using CXP2.2 analysis
software (Beckman Coulter). For each sample, 50,000 ungated
events were acquired. Protease-activated receptor 1 and PAR2
expression in untreated HCE cells was compared with that in
treated HCE cells. The results were expressed in normalized
median fluorescence intensity (nMFI)36 of positively stained
HCE cells with PE-labeled antibody subtracted from MFI of
unstained HCE cells, nMFI ¼MFIPositive �MFINegative.

Immunocytochemistry Method

Human corneal epithelial cells were grown to confluence in
four-well chamber slides (Thermo Fisher, Rochester, NY, USA).
Human corneal epithelial cells were stimulated with aPA (100
lg/mL), PAR1 agonist (thrombin, 10 lM), and PAR2 agonist
(SLIGRL-NH2, 100 lM) for 24 hours at 378C. Human corneal
epithelial control cells were left untreated for 24 hours at 378C.
After the incubation period, cells were fixed with 4%
paraformaldehyde, washed with PBS, blocked with 5% goat
serum (Vector Laboratories, Inc., Burlingame, CA, USA) in
phosphate-buffered saline (PBS), washed, and then incubated
with primary antibodies, including polyclonal rabbit anti-
human PAR1 antibody and anti-PAR2 antibody (Alomone Labs,
Jerusalem, Israel). Anti-PAR1 antibody was diluted 1:250 in

blocking solution at 0.8 mg/mL, and anti-PAR2 antibody was
diluted 1:500 in blocking solution at 0.6 mg/mL overnight at
48C. Human PAR1 (61–76) peptide and rat PAR2 (368–382)
peptide (antibody control antigen; Alomone Labs) were used as
absorption control, to demonstrate that PAR1 and PAR2
antibodies were binding specifically to the antigen of interest.
Primary antibodies (anti-PAR1 and anti-PAR2) were preincu-
bated with the control antigen (10:1 [molar ratio] working
dilution of antigen to antibody mixture) for 2 hours at 378C.
The preabsorbed antibody was then incubated with HCE cells
in place of the primary antibody alone, overnight at 48C. The
slides were then washed three times with 1% goat serum in
PBS. A secondary antibody (Alexa Fluor 488-conjugated goat
anti-rabbit antibody; BioLegend) was diluted with blocking
solution (1:500) and incubated on the slides for 2 hours at 378C
in a lightproof chamber. Cells without primary antibody
incubation were used as a negative control. The sections were
counterstained for 3 minutes in 300 ng 4,6-diamidino-2-
phenylindole, dilactate (DAPI; Calbiochem, Darmstadt, Ger-
many) for nuclei staining and washed with PBS. Three slides in
each group were viewed using fluorescence microscopy.
Images were captured with an Olympus AX70 Fluorescence
Microscope (Olympus Optical Co. Ltd., Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay (ELISA)

Interleukin-8 was quantified from cell supernatants using
ELISA.22,37 Briefly, cell culture supernatants were collected at
the indicated times after treatments and centrifuged at 2000g

for 10 minutes at 48C to remove cell debris. Level of IL-8 was
determined by ELISA test kit (R&D Systems) according to the
manufacturer’s instructions. The absorbance was measured at
450 nm using a microplate reader (Gen51.10; BioTek
Instruments, Inc., Winooski, VT, USA). The minimum detect-
able level of IL-8 by ELISA was 3.5 pg/mL. The results were
expressed in pg/mg protein of IL-8.

Statistics

All experiments were performed in triplicate, and results are
presented as mean 6 SEM. Differences between two groups
were determined by unpaired Student’s t-test. P values < 0.05
were considered statistically significant.

RESULTS

Protease-Activated Receptor PAR2, but Not PAR1, Is
Upregulated by Acanthamoeba Plasminogen
Activator in HCE Cells

To determine whether PAR1 and PAR2 are involved in aPA-
induced stimulation in corneal epithelial cells, HCE cells were
incubated with or without aPA (100 lg/mL), PAR1 agonists
(thrombin, 10 lM; TRAP-6, 10 lM), and PAR2 agonists (SLIGRL-
NH2, 100 lM; AC 55541, 10 lM) for 24 hours. Inhibition of
PAR1 and PAR2 involved preincubating the HCE cells for 1
hour with the antagonist of PAR1 (SCH 79797, 60 lM) or PAR2
(FSLLRY-NH2, 100 lM) with or without aPA. Human corneal
epithelial cells also were preincubated with PAR1 or PAR2
antagonists and then incubated with or without PAR1 agonists
(thrombin and TRAP-6) and PAR2 agonists (SLIGRL-NH2 and
AC 55541) for 24 hours. Expression of PAR1 and PAR2 was
examined by qRT-PCR (Figs. 1A, 1B).

Acanthamoeba plasminogen activator significantly upregu-
lated a PAR2 mRNA expression (2.5-fold) that was significantly
inhibited by PAR2 antagonist, FSLLRY-NH2, in HCE cells (P <
0.05) (Fig. 1B). However, aPA did not stimulate PAR1 mRNA
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expression in HCE cells (Fig. 1A). Protease-activated receptor 1
and PAR2 mRNA were significantly upregulated by PAR1
agonists and PAR2 agonists, respectively, in HCE cells as
compared to untreated HCE cells (P < 0.05). Upregulated
transcripts of PAR1 and PAR2 by their specific agonists were
significantly inhibited by PAR1 antagonist (SCH 79797) and
PAR2 antagonist (FSLLRY-NH2), respectively (P < 0.05) (Figs.
1A, 1B). These results demonstrate that HCE cells express both
PAR1 and PAR2 mRNA; however, serine aPA upregulates PAR2
mRNA in HCE cells that was inhibited by specific PAR2
inhibitor.

Acanthamoeba Plasminogen Activator Stimulates
PAR2 Surface Protein Expression in HCE Cells

To confirm that aPA specifically activates PAR2, but not PAR1,
in HCE cells, HCE cells were incubated with or without aPA,
PAR1 agonist (thrombin), and PAR2 agonist (SLIGRL-NH2) for
24 hours. Surface protein expression of PAR1 and PAR2 in HCE
cells was determined by flow cytometry (Fig. 2). Thrombin,
but not aPA, stimulated PAR1 surface protein (1.5-fold change
in nMFI) as compared to unstimulated HCE cells stained with
an anti-PAR1 antibody (P < 0.05) (Fig. 2A). Flow cytometry
results showed that aPA and SLIGRL-NH2 (PAR2 agonist)
upregulated PAR2 surface protein (2.5–3.5-fold change in
nMFI) as compared to unstimulated HCE cells stained with
anti-PAR2 antibody (P < 0.05) (Fig. 2B). Protease-activated
receptor 1 and PAR2 isotype control antibodies served as
negative control for all experiments (Figs. 2A, 2B). These
results suggest that aPA specifically stimulates PAR2 in HCE
cells.

Acanthamoeba Plasminogen Activator–Induced
Upregulation of PAR2 Surface Expression in HCE
Cells

Immunocytochemistry was used to confirm the cell surface
expression of PAR1 and PAR2 on HCE cells by aPA stimulation.
To establish the positive distribution of PAR1 and PAR2 on HCE
cell surfaces, HCE cells were treated with thrombin (PAR1
agonist) and SLIGRL-NH2 (PAR2 agonist). In control (untreat-
ed) HCE cells, few cells expressed PAR1 and PAR2 on the cell
membrane (Fig. 3). Thrombin- but not aPA-treated HCE cells
showed PAR1 staining on the cell surface; however, PAR1
control peptide (human PAR1 [61–76] peptide) neutralized the
PAR1 cell surface expression on HCE cells treated with
thrombin. These findings indicated that thrombin, but not
aPA, stimulates PAR1 expression on HCE cell surface and
demonstrated that aPA is not a PAR1 ligand like thrombin (Fig.
3A). Acanthamoeba plasminogen activator– or SLIGRL-NH2
(PAR2 agonist)–treated HCE cells showed PAR2 staining on cell

surface as compared to negative control (staining without anti-
PAR2 antibody) or untreated HCE cells. Protease-activated
receptor 2 control peptide (rat PAR2 [368–382] peptide)
neutralized the PAR2 cell surface expression on HCE cells
treated with aPA or SLIGRL-NH2. These results reveal that aPA
functions similarly to PAR2 agonist (Fig. 3B). Collectively, these
results indicate that aPA stimulates HCE cells via PAR2 pathway
(Fig. 3).

Acanthamoeba Plasminogen Activator Upregulates
Proinflammatory Cytokine IL-8 Expression in HCE
Cells by PAR2 Pathway

It has been shown that activation of PAR1 and PAR2 on HCE
cells by thrombin and trypsin resulted in the secretion of
proinflammatory cytokines such as IL-6, IL-8, and TNFa.28 We
aimed to examine whether PAR1 or PAR2 is involved in the
induction of IL-8 by aPA in HCE cells. Human corneal epithelial
cells were incubated with or without aPA (100 lg/mL) and
PAR1 agonists (thrombin, 10 lM; TRAP-6, 10 lM) for 48 hours.
Human corneal epithelial cells were also incubated with or
without aPA (100 lg/mL) and PAR2 agonists (SLIGRL-NH2, 100
lM; AC 55541, 10 lM) for 24 hours. For the inhibition assay,
cells were preincubated with PAR1 or PAR2 antagonist for 1
hour as described in Materials and Methods. Human corneal
epithelial cells also were preincubated with PAR1 and PAR2
antagonist and then incubated with or without aPA, PAR1, and
PAR2 agonists for 24 or 48 hours. Interleukin-8 mRNA
expression and protein production in HCE cells were
measured by real-time qRT-PCR and ELISA, respectively.

Preincubation of HCE cells with SCH 79797 (PAR1
antagonist) did not abolish IL-8 mRNA expression and protein
production, which is significantly induced by aPA as compared
to that in untreated HCE cells (P < 0.05). However, PAR1
antagonist (SCH 79797) significantly inhibited IL-8 transcrip-
tion and protein production induced by PAR1 agonists
(thrombin and TRAP-6) (P < 0.05). Treatment with PAR1
antagonist alone had no significant effect on IL-8 expression in
HCE cells (Figs. 4A, 4B).

Acanthamoeba plasminogen activator and PAR2 agonist
(SLIGRL-NH2 and AC 55541) treatment significantly upregu-
lated IL-8 mRNA expression and protein production in HCE
cells as compared to untreated HCE cells (P < 0.05). FSLLRY-
NH2 (PAR2 antagonist) significantly attenuated IL-8 mRNA
expression and protein production induced by aPA (P < 0.05).
Moreover, pretreatment of HCE cells with FSLLRY-NH2 (PAR2
antagonist) significantly inhibited IL-8 mRNA expression and
protein production induced by PAR2 agonist (SLIGRL-NH2 and
AC 55541) (P < 0.05). Treatment with a PAR2 inhibitor alone
had no significant effect on IL-8 expression in HCE cells (Figs.
5A, 5B). These results suggest that aPA induces expression and

TABLE. Sequences of Oligonucleotide Primers

Primers Primer Sequence PCR Product

PAR1 Sense: 50-CACCGGAGTGTTTGTAGTCA-30 864 bp

Antisense: 50-TAACTGCTGGGATCGGAACT-30

PAR2 Sense: 50-GTTGATGGCACATCCCACGTC-30 865 bp

Antisense: 50-GTACAGGGCATAGACATGGC-30

IL-8 Sense: 50-ATGACTTCCAAGCTGGCCGTGGCT-30 289 bp

Antisense: 50-TCTCAGCCCTCTTCAAAAACTTCTC-30

GAPDH Sense: 50-ACCACAGTCCATGCCATCAC-30 450 bp

Antisense: 50-TCCACCACCCTGTTGCTGTA-30

All primers were verified by BLAST (Basic Local Alignment Search Tool, available in the public domain at http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Search of the National Center for Biotechnology Information (NCBI) database demonstrated that these primers amplify human PAR1, PAR2, IL-8, and
GAPDH gene products. All primers were from Integrated DNA Technologies, Inc., Commercial Park (Coralville, IA, USA).
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production of proinflammatory cytokine, IL-8, in HCE cells by
PAR2 pathway, but not by PAR1 pathway.

DISCUSSION

Acanthamoeba keratitis is the consequence of inflammation
and tissue damage mediated by factors (preliminary proteases,
MIP-133 and aPA) elaborated by pathogenic, but not nonpatho-
genic, species of Acanthamoeba.17–23 The role of MIP-133 in
pathogenesis of AK has been extensively explored18–23;
however, pathogenic strains of Acanthamoeba utilize aPA to

facilitate invasion of the corneal cells.17 Acanthamoeba

plasminogen activator has been characterized a serine protease
that produces a single band of lysis on fibrinogen-agarose
zymography and is capable of degrading human fibrinogen in
the presence of plasminogen.17 Many proteases secreted by
parasitic protozoan species have been known to play an
important role in the pathogenesis of diseases; however, their
precise mechanisms of action at the molecular level are only
beginning to emerge.38 Pseudomonas aeruginosa virulence
serine protease IV has also been demonstrated to play an
important role in bacterial keratitis.39,40 We have demonstrated
that the pathogenic potential of Acanthamoeba species is
closely correlated with its secreted protease, aPA, which
facilitates penetration of trophozoites through the basement
membrane.18

It is known that plasminogen activators play an important
role in corneal biology,41–45 and PARs are specific targets to
initiate protease-mediated inflammation.24,26 Proteases cleave
PARs molecules at a specific site on the extracellular N-terminal
domain and release a new N-terminal domain for the receptor,

FIGURE 1. Protease-activated receptor (PAR) 2, but not PAR1, is
upregulated by Acanthamoeba plasminogen activator in HCE cells.
HCE cells were incubated with aPA (100 lg/mL), PAR1 agonists
(thrombin, 10 lM; TRAP-6, 10 lM), and PAR2 agonists (SLIGRL-NH2,
100 lM; AC 55541, 10 lM) for 24 hours. Inhibition of PAR1 and PAR2
involved preincubating the HCE cells for 1 hour with the antagonist of
PAR1 (SCH 79797, 60 lM) and PAR2 (FSLLRY-NH2, 100 lM) and then
incubating with or without aPA, PAR1 agonists, and PAR2 agonists for
24 hours. Total RNA was isolated and assessed using qRT-PCR for
mRNA expression of PAR1 (A) and PAR2 (B). Relative fold change of
mRNA expression was quantified by 2�DDCt method.35 The data are
mean 6 SEM of three independent experiments (*P < 0.05). P values
were obtained by unpaired Student’s t-test.

FIGURE 2. PAR2 surface protein expression is upregulated by aPA in
HCE cells. HCE cells were incubated with or without aPA (100 lg/mL),
PAR1 agonist (thrombin, 10 lM), and PAR2 agonist (SLIGRL-NH2, 100
lM) for 24 hours. PAR1 (A) and PAR2 (B) surface protein expression in
HCE cells was examined by flow cytometry. Cells were incubated with
PE-labeled mouse IgG2b anti-human PAR1, PE-labeled mouse IgG2a
anti-human PAR2, and isotype control (PE-labeled mouse IgG2a and
IgG2b) antibody. PAR1 and PAR2 expression in untreated HCE cells was
compared with that in treated HCE cells. The results were expressed as
normalized median fluorescence intensity (nMFI)36 units of positively
stained HCE cells with PE-labeled antibody subtracted from MFI of
unstained HCE cells, MFIPositive�MFINegative. The data are mean 6 SEM
of three independent experiments (*P < 0.05). P values were obtained
by unpaired Student’s t-test.
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which acts as a tethered ligand, binding to the second
extracellular loop of the receptor to induce intracellular
signaling.27 Importantly, pathogen-derived metalloproteinase,

P. aeruginosa elastase (EPa), potentially silences the function
of PAR2 in the respiratory tract and alters the host’s innate
defense mechanisms and respiratory functions, thus contrib-
uting to pathogenesis of a disease like cystic fibrosis.46 In this
regard, we were particularly interested to determine if the
Acanthamoeba-derived serine proteinase, aPA, contributes to
the pathogenesis of AK by modulating the activity of PAR1 or
PAR2.

Our results indicate that PAR1 and PAR2 transcripts were
constitutively expressed in HCE cells and that aPA induced
significant upregulation of PAR2 but not PAR1 transcript in the
corneal epithelial cells. We have shown that HCE cells

stimulated with PAR2 agonists (SLIGRL-NH2 and AC 55541)

and PAR1 agonists (thrombin and TRAP-6) resulted in

upregulation of PAR2 and PAR1 mRNA, respectively. Moreover,

FSLLRY-NH2 (PAR2 antagonist), but not SCH 79797 (PAR1

antagonist), effectively inhibits PAR2 mRNA expression

induced by aPA. These results indicate that aPA activates

PAR2 similarly to PAR2 agonist. Likewise, upregulated tran-

scripts of PAR1 and PAR2 by their specific agonists were

significantly inhibited by PAR1 antagonist (SCH 79797) and

PAR2 antagonist (FSLLRY-NH2), respectively. Our current

studies are largely in agreement with those of Lang et al.,28

who reported that HCE cells express functional PAR1 and

PAR2, and thrombin and trypsin activate PAR1 and PAR2 on

HCE cells.

FIGURE 3. Acanthamoeba plasminogen activator–induced upregulation of surface PAR2 expression in HCE cells. HCE cells were incubated with or
without aPA (100 lg/mL), PAR1 agonist (thrombin, 10 lM), and PAR2 agonist (SLIGRL-NH2, 100 lM) for 24 hours. PAR1 (A) and PAR2 (B) surface
protein expression in HCE cells was examined by immunocytochemistry using polyclonal rabbit anti-human PAR1 antibody, anti-PAR2 antibody, and
Alexa Fluor 488-conjugated anti-rabbit antibody. Cells without primary antibody incubation were used as a negative control. Human PAR1 (61–76)
peptide and rat PAR2 (368–382) peptide were used as absorption control (to demonstrate that PAR1 and PAR2 antibody are binding specifically to
the antigen of interest). DAPI counterstaining was used to visualize cell location and morphology. Three slides in each group were viewed using
fluorescence microscopy. Images were captured with an Olympus AX70 upright compound microscope.
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Furthermore, HCE cells stimulated with aPA and specific

PAR1 and PAR2 agonist demonstrated that PAR1 and PAR2 are

immunolocalized on cell surface. Thrombin (PAR1 agonist), but

not aPA, stimulates PAR1 expression on HCE cell surface,

which demonstrated that aPA is not a PAR1 ligand like

thrombin. Acanthamoeba plasminogen activator– or SLIGRL-

NH2 (PAR2 agonist)–treated HCE cells induced upregulation of

PAR2 expression on cell surface as compared to negative

FIGURE 4. Acanthamoeba plasminogen activator–upregulated IL-8 is not diminished by PAR1 antagonist. HCE cells were incubated with aPA (100
lg/mL) and PAR1 agonists (thrombin, 10 lM; TRAP-6, 10 lM) for 48 hours. Inhibition of PAR1 involved preincubating the HCE cells for 1 hour with
the PAR1 antagonist (SCH 79797, 60 lM) and then incubating with or without aPA or PAR1 agonists for 48 hours. (A) Total RNA was isolated and
assessed using qRT-PCR for mRNA expression of IL-8. Relative fold change of mRNA expression was quantified by 2�DDCt method.35 (B) Supernatants
were collected from harvested cells and subjected to IL-8 ELISA. The data are mean 6 SEM of three independent experiments (*P < 0.05). P values
were obtained by unpaired Student’s t-test.
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control. These results indicate that aPA is recognized by PAR2
and acts like a PAR2 agonist. Immunolocalization of PAR1 and
PAR2 in HCE cells agrees with surface protein expression of
these receptors in whole human cornea28; however, in our
study, receptors expression was observed upon stimulation by
specific agonists while whole human cornea expressed PAR1
and PAR2 immunoreactivity on the apical surface of the most
superficial corneal epithelial cells in normal condition.28

It is demonstrated that thrombin and trypsin are multi-
functional serine proteinases and that they stimulate proin-
flammatory cytokines by PAR1 and PAR2 pathways,
respectively.28,47–49 We determined the functional activity of

Acanthamoeba proteinase, aPA, in HCE cells. Acanthamoeba

plasminogen activator stimulated proinflammatory cytokine
IL-8 by PAR2 pathway, but not by PAR1 pathway. Moreover,
treatments with aPA, PAR2 agonists (SLIGRL-NH2 and AC
55541), and PAR1 agonists (thrombin and TRAP-6) signifi-
cantly upregulated IL-8 mRNA expression and protein
production in HCE cells; PAR2-specific antagonist, FSLLRY-
NH2, significantly inhibited IL-8 mRNA expression and
protein production stimulated by aPA and PAR2 agonists
(SLIGRL-NH2 and AC 55541). In contrast, PAR1 antagonist,
SCH 79797, inhibited IL-8 mRNA expression and protein
production induced by PAR1 agonists, but not by aPA. These
results suggest that aPA induces expression and production of
proinflammatory cytokine IL-8 in HCE cells by PAR2 pathway,
but not by PAR1 pathway. It is unlikely that the production of
IL-8 induced by aPA is due to activation of TLR2 and TLR4
receptors on HCE cells. We have shown that PAR2-specific
antagonist, FSLLRY-NH2, inhibited IL-8 production in HCE
cells stimulated with aPA. Moreover, aPA-stimulated IL-8
mRNA expression is not inhibited by PAR1 antagonist, SCH
79797, in HCE cells. Our results are in agreement with those
of Lang et al.,28 who demonstrated that trypsin (PAR1 agonist)
and SLIGRL-NH2 (PAR2 agonist) specifically induced secretion
of proinflammatory cytokines such as IL-6, IL-8, and TNFa
protein in HCE cells. Other microorganisms such as Serratia

marcescens (gram-negative enteric bacterium)– and Porphyr-

omonas gingivalis–derived serine proteases induced activa-
tion of PAR2 and promoted inflammatory responses in vitro
and in vivo.50,51 It is possible that other chemokines and
cytokines are involved in inflammatory responses in AK.
However, in this study we focused on IL-8 production since
we have shown that CXCL2 (IL-8 equivalent in rodents) is the
chemokine that plays a major role in attracting inflammatory
cells such as neutrophils at the site of infection in a Chinese
hamster model of AK.52

FIGURE 5. Acanthamoeba plasminogen activator upregulates IL-8 by
PAR2 pathway in HCE cells. HCE cells were incubated with aPA (100
lg/mL) and PAR2 agonists (SLIGRL-NH2, 100 lM; AC 55541, 10 lM) for
24 hours. Inhibition of PAR2 involved preincubating the HCE cells for 1
hour with the PAR2 antagonist (FSLLRY-NH2, 100 lM) and then
incubating with or without aPA and PAR2 agonists for 24 hours. (A)
Total RNA was isolated and assessed using qRT-PCR for mRNA
expression of IL-8. Relative fold change of mRNA expression was
quantified by 2�DDCt method.35 (B) Supernatants were collected from
harvested cells and subjected to IL-8 ELISA. The data are mean 6 SEM
of three independent experiments (*P < 0.05). P values were obtained
by unpaired Student’s t-test.

FIGURE 6. Schematic representation of aPA-induced proinflammatory
cytokine IL-8 by PAR2 pathway in HCE cells. Acanthamoeba

plasminogen activator activates PAR2, but not PAR1, in corneal
epithelial cells, which upregulates IL-8 transcript and protein
production. FSLLRY-NH2 (an antagonist of PAR2) inhibits aPA-induced
PAR2 activation and diminishes IL-8 expression in HCE cells. PAR2
antagonists may be an important therapeutic target in Acanthamoeba

keratitis.
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Our results also demonstrated that FSLLRY-NH2 (PAR2
antagonist) significantly attenuates IL-8 mRNA expression and
protein secretion in HCE cells induced by aPA and PAR2
agonist (SLIGRL-NH2 and AC 55541); however, no significant
inhibition was observed on IL-8 secretion by SCH 79797 (PAR1
antagonist) in HCE cells stimulated by aPA. These results
suggest that aPA plays a role in inflammatory and pathogenesis
of AK through a PAR2 pathway.

Trypsin or PAR2 agonists (SLIGRL-NH2 and AC 55541)
appear to be the specific stimulator of PAR2 in many systems
and activate PAR2 in a variety of cells including HCE cell
lines28,53–55 as well as leading to proinflammatory cytokine
production.28 In this regard, PAR1 and PAR2 may be important
in inflammatory eye diseases. It is possible that PAR3 and PAR4
are involved in recognition of aPA on corneal epithelial cells;
however, PAR3 and PAR4 have not been reported in HCE
cells.28

In summary (Fig. 6), our data indicate that PAR2 activation
via aPA leads to upregulation of IL-8 and that aPA induces
pathogenesis of AK by PAR2 pathway. Protease-activated
receptor 2 antagonists may be used as a therapeutic target in
AK.
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