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Blastocystis is a ubiquitous enteric protozoan found in the intestinal tracts of humans and a wide range of
animals. Evidence accumulated over the last decade suggests association of Blastocystis with gastrointestinal
disorders involving diarrhea, abdominal pain, constipation, nausea, and fatigue. Clinical and experimental
studies have associated Blastocystis with intestinal inflammation, and it has been shown that Blastocystis has
potential to modulate the host immune response. Blastocystis is also reported to be an opportunistic pathogen
in immunosuppressed patients, especially those suffering from AIDS. However, nothing is known about the
parasitic virulence factors and early events following host-parasite interactions. In the present study, we
investigated the molecular mechanism by which Blastocystis activates interleukin-8 (IL-8) gene expression in
human colonic epithelial T84 cells. We demonstrate for the first time that cysteine proteases of Blastocystis ratti
WR1, a zoonotic isolate, can activate IL-8 gene expression in human colonic epithelial cells. Furthermore, we
show that NF-kB activation is involved in the production of IL-8. In addition, our findings show that treatment
with the antiprotozoal drug metronidazole can avert IL-8 production induced by B. ratti WR1. We also show
for the first time that the central vacuole of Blastocystis may function as a reservoir for cysteine proteases. Our
findings will contribute to an understanding of the pathobiology of a poorly studied parasite whose public

health importance is increasingly recognized.

Blastocystis is a ubiquitous protozoan parasite found in the
intestinal tracts of humans and a wide range of animals (46,
49). Blastocystis infections have a worldwide distribution, and
incidences of up to 60% have been reported in tropical, sub-
tropical, and developing countries (49). Blastocystis is also of
special clinical relevance to developed countries, since millions
of travelers going to developing countries are at risk of infec-
tion (44). The clinical symptoms of Blastocystis infections are
mainly diarrhea and abdominal pain, as well as nonspecific
gastrointestinal symptoms, such as nausea, vomiting, bloating,
and anorexia (12, 31, 44). Intriguingly, even though it was first
described almost a century ago (1, 7), the pathogenic mecha-
nisms of this enteric protozoan remain elusive. In recent years,
many reports have shown that Blastocystis is associated with
intestinal disorders (2, 16, 23). Patients with human immuno-
deficiency virus infections undergoing immunosuppressive
therapy were reported to be more susceptible to Blastocystis-
associated diarrhea (18, 20, 38). Similar to giardiasis, most of
the people infected with Blastocystis are asymptomatic, and
infection frequently resolves spontaneously (46).

We recently reported that Blastocystis ratti WR1, an isolate
with zoonotic potential (32, 51), can induce contact-indepen-
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dent apoptosis and disrupt barrier function in IEC-6 cells (35),
and it possesses proteases (43) that can degrade human secre-
tory immunoglobulin A (36). Reports have suggested that this
parasite can cause acute and chronic gastroenteritis (31), and
inflammation of the intestinal mucosa has been associated with
Blastocystis infections (19, 21, 39, 54). Intense infiltration of
inflammatory cells in the colon was shown after Blastocystis
infection in mice (26), and it was reported that Blastocystis
modulates interleukin-8 (IL-8) response in intestinal epithelial
cells (24); however, nothing is known about the parasitic viru-
lence factors and the early events occurring in host cells fol-
lowing Blastocystis-host interactions. Proteases from protozoan
parasites are known to play significant roles in pathogenesis
(25, 40), and proteases from some pathogens have been re-
ported to induce the production of proinflammatory cytokines
from host cells (6).

IL-8 (CXCLS) is a CXC chemokine that attracts polymor-
phonuclear leukocytes to the site of inflammation, activates
monocytes, and is considered to play an important role in the
pathogenesis of inflammatory diseases (8, 34). Expression of
the IL-8 gene is regulated by a number of pathways, and its
promoter region has binding sequences for a range of tran-
scription factors, including NF-kB, NF-IL-6, and AP-1 (28). In
most cell types, activation of NF-«B is the most important step
for IL-8 gene transcription (27). In unstimulated cells, NF-xkB
exists in an inactive form in the cytoplasm, bound to inhibitory
proteins called IkBs. Stimulation by various inducers may ac-
tivate a signaling cascade that culminates in the phosphoryla-
tion of IkBs, resulting in the degradation of IkB proteins (11),
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and the released NF-«B translocates to the nucleus to activate
target genes. Numerous pathogens, such as Helicobactor pylori
(4), Escherichia coli (10), and Bacteroides fragilis (22), have
been shown to induce IL-8 production from host cells via
NF-«B activation.

In the present study, we demonstrate for the first time that
B. ratti WR1 cysteine proteases can activate IL-8 gene expres-
sion in human colonic epithelial cells. Furthermore we show
that NF-kB activation is involved in the production of IL-8. In
addition, our findings show that treatment with the antiproto-
zoal drug metronidazole can decrease IL-8 production induced
by B. ratti WR1. We also show for the first time that the central
vacuole of Blastocystis contains cysteine proteases.

MATERIALS AND METHODS

Parasite culture and preparation of lysate. B. ratti WR1, an axenized zoonotic
isolate, was used in this study and cultured as described previously (35). In brief,
parasites were cultured in prereduced Iscove’s modified Dulbecco’s medium
supplemented with 10% inactivated horse serum (Gibco) and incubated anaer-
obically at 37°C in an Anaerojar (Oxoid, United Kingdom). Four- to 5-day-old
parasites at log phase were washed two times in ice-cold T84 cell complete
medium at 500 X g for 10 min at 4°C. The pellet was resuspended in T84 cell
medium supplemented with only 0.5% fetal bovine serum, the parasites were
counted with a hemocytometer, and the concentration was adjusted to 1 X 107
parasites/ml. The parasites were examined microscopically for their viability in
this T84 cell medium and were found to be viable for >48 h under T84 growth
conditions (data not shown). Parasite lysates were prepared by three freeze-thaw
cycles in liquid nitrogen and a 37°C water bath, respectively.

Measurement of the protease activity of Blastocystis by azocasein assay. The
protease activity of B. ratti WR1 was determined by the azocasein assay as
previously described by us (43). In brief, 4 X 10° parasites were washed two times
in phosphate-buffered saline (PBS) (pH 7.4), and lysates were prepared by three
freeze-thaw cycles in liquid nitrogen and a 37°C water bath, respectively. Parasite
lysates were preincubated with 2 mM dithriothreitol (Sigma) at 37°C for 10 min
to activate protease activity. One hundred microliters of 5-mg/ml azocasein
(Sigma) solution was prepared in PBS (pH 7.4) and incubated with 100 pl of
parasite lysate for 1 h at 37°C. The reaction was stopped by adding 300 p.l of 10%
trichloroacetic acid, and samples were incubated on ice for 30 min. Undigested
azocasein was removed by centrifugation (5,000 X g; 5 min), and the resulting
supernatant was transferred to a clean tube containing 500 pl of NaOH (525
mM). Absorbance was measured at 442 nm on a spectrophotometer (Tecan
Magellan). For controls, lysates were boiled at 90°C for 15 min to inactivate the
proteases, and 100 pl trypsin (2.5 mg/ml) was used as a positive control. To
determine the types of proteases that are present in B. ratti WRI1, the effects of
protease inhibitors on the protease activity of B. ratti WR1 were studied by
adding one of the following inhibitors during a 1-h incubation of parasite lysate
with azocasein: E-64, iodoacetamide, EDTA, phenylmethylsulfonyl fluoride
(PMSF) (all 1 mM), and pepstatin A (100 pg/ml). All inhibitors were purchased
from Sigma except pepstatin A (Chemicon), iodoacetamide (MP Biomedicals,
LLC), and PMSF (BDH).

Cellular localization of cysteine proteases. The cellular localization of cysteine
proteases in living Blastocystis parasites was determined as described previously
(41). Briefly, cells were incubated at room temperature in PBS (pH 7.0) con-
taining 5 mM of the substrate Arg-Arg-4-methoxy-2-naphtylamide and 2.5 mM
5-nitro-2-salicylaldehyde. After 2 h, the cells were spun down and washed four
times in PBS at 2,500 rpm in a benchtop centrifuge. Smears were made on a glass
slide and viewed under a fluorescence microscope using 360- to 430-nm excita-
tion and 550- to 600-nm emission. For inhibition of cysteine proteases, parasites
were preincubated for 1 h in PBS containing iodoacetamide (50 pnM).

Colonic-cell culture, inoculation protocol, and experimental planning. T84
human colonic carcinoma epithelial cells were obtained from the American Type
Culture Collection. T84 cell stock was maintained in T-75 flasks in a humidified
37°C incubator with 5% CO,, and passages 20 to 25 were used for all experi-
ments. The complete growth medium consisted of a 1:1 mixture of Dulbecco
modified Eagle medium and Ham’s F-12 (Sigma) supplemented with 5% heat-
inactivated fetal bovine serum (Gibco). Cell viability was analyzed by trypan blue
assay, and cell cultures with >95% viability were used for the experiments. The
cells were trypsinized with 0.25% trypsin-EDTA (Gibco), seeded in six-well
plates (Costar), and grown to 75 to 80% confluence for all experiments. In some
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assays, cells were grown to confluence on collagen (BD)-coated 12-mm glass
coverslips in 12-well tissue culture plates (Costar). As described previously (35),
a concentration of 1 X 107 parasites or equal parasite lysate per 1 ml medium was
used for all experiments. Either live parasites or parasite lysate was added to T84
cells grown in 6-well or 12-well plates and coincubated for the indicated times in
a humidified 37°C incubator with 5% CO,. The culture medium was changed 1
day before experiments, and fresh complete medium supplemented with only
0.5% heat-inactivated fetal bovine serum was used during incubation with par-
asites or parasite lysate.

In protease inhibition experiments, parasite lysates were preincubated for 1 h in
T84 complete medium containing one of the following inhibitors: EDTA, E-64,
pepstatin A (all 10 pM), PMSF (1 pM), or iodoacetamide (50 wM). For antipro-
tozoal drug treatment, live parasites were pretreated in complete medium with 10
pg/ml metronidazole (Sigma) prior to the experiments. In some experiments, for
NF-«B inhibition, T84 cells were pretreated for 3 h in complete medium containing
30 .M BAY11-7082 (Sigma). Cholera toxin (5 wg/ml) was added to the medium in
some experiments as a positive control for the production of IL-8.

ELISA and real-time reverse transcription (RT)-PCR for IL-8. An IL-8 en-
zyme-linked immunosorbent assay (ELISA) kit (R&D) was used to measure IL-8 in
the supernatants of T84 cell cultures coincubated with live B. ratti WR1 parasites or
parasite lysates for various times. For real-time PCR, total cellular RNA was ex-
tracted by a single-step method using Trizol reagent (Invitrogen). First-strand cDNA
was synthesized with 1 pg RNA using SuperScript II reverse transcriptase (Invitro-
gen) following the manufacturer’s instructions. The quantitative real-time PCR was
performed with an Applied Biosystems 7500 instrument (Applied Biosystems) using
Sybr green PCR core reagents (Applied Biosystems). The reaction conditions were
designed as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of
15 s at 95°C and 1 min at 60°C, and finally 15 s at 95°C, 1 min at 60°C, and 15 s at
95°C. Relative quantitation of IL-8 mRNA was calculated by the AAC; method, and
the amount of the target relative to the B-actin mRNA was expressed as 2~ 24¢7,
The primers used were IL-8 sense (5" ATGACTTCCAAGCTGGCCGTGGCT 3')
and antisense (5" TCTCAGCCCTCTTCAAAAACTTCTC 3') and B-actin sense
(TGACGGGGTCACCCACACTGTGCCCATCTA 3') and antisense (5" CTAGA
AGCATTGCGGTGGACGATGGAGGG 3').

Western blotting for IkB-o. T84 cells grown on six-well plates were first lysed in
cell lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM EDTA, 1% Triton X-100, 0.5%
sodium dodecyl sulfate, and protease inhibitor cocktail) and then exposed to live B.
ratti WR1 parasites and parasite lysate for 6 h. Equal amounts of proteins were
loaded on 10% polyacrylamide gels for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis in a Mini-Protean II system (Bio-Rad) and blotted onto nitrocellu-
lose membranes (Amersham). After being blocked with 5% nonfat milk in 10 mM
Tris-HCI, pH 7.5, 100 mM NaCl, and 0.1% Tween 20, the membrane was probed
first with rabbit anti-IkB-a antibody (Santa Cruz) and then with horseradish perox-
idase-conjugated goat anti-rabbit secondary antibody (Santa Cruz). Rabbit anti-actin
antibody (Sigma) was used as a loading control. The blots were developed on
Hyperfilm ECL (Amersham) using chemiluminescent ECL Plus Detection Reagent
(Amersham). The densities of bands were quantified with a gel documentation and
analysis system (Gel Doc XR; Bio-Rad).

EMSA and measurement of NF-kB activation by ELISA. Nuclear extracts were
prepared using an NE-PER nuclear and cytoplasmic extraction reagent kit (Pierce),
and electrophoretic mobility shift assays (EMSA) were performed according to the
manufacturer’s protocol using a LightShift chemiluminescent EMSA kit (Pierce).
Target DNA sequences were used as described previously (47). Oligonucleotide
duplexes containing either a wild-type NF-«B binding site (sense strand, 5" GATC
CGTGGAATTTCCTCTG 3') present in the IL-8 promoter or a mutant NF-kB
binding site (sense strand, 5" GATCCGTTAACTTTCCTCTG 3') were biotinylated
at the 3’ end (synthesized by 1st Base, Singapore).

In a separate experiment, the NF-kB activity was measured with a commercial
ELISA kit (TransAM NF-kB p65 Assay Kit; Active Motif) as described by the
manufacturer. In brief, this assay uses a 96-well plate coated with an oligonu-
cleotide containing the NF-«kB consensus binding site (5'-GGGACTTTCC-3").
The active form of NF-kB in the nuclear extracts binds to the consensus site and
is detected by a primary antibody specific for the activated p65 of NF-kB. A
horseradish peroxidase-conjugated secondary antibody is then used for colori-
metric quantification by spectrophotometry at 450 nm. The results are expressed
as the increase over the control group.

Immunostaining for NF-kB nuclear translocation. T84 cells grown on colla-
gen-coated glass coverslips were exposed to B. ratti WR1 parasite lysate for 6 h
and fixed in 2% paraformaldehyde for 30 min. All procedures were carried out
at room temperature. Monolayers were permeabilized with 0.25% Triton X-100
for 15 min and washed three times with PBS (1 min each). The monolayers were
blocked with blocking solution (Protein Block; Dako) for 10 min, and the solu-
tion was decanted. The monolayers were incubated for 1 h with 1:100 dilutions
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FIG. 1. Protease activity of B. ratti WR1 and cellular localization of cysteine proteases. (A) Protease activity was determined with azocasein as
a substrate. Lysates from 4 X 10° parasites were used for each sample. The assay was performed with and without protease inhibitors as described
in Materials and Methods. Significant inhibition of protease activity could be noticed with cysteine protease inhibitors (iodoacetamide and E-64),
and less significant inhibition was seen with the aspartic inhibitor pepstatin A. The metalloprotease inhibitor EDTA and the serine inhibitor PMSF
showed no inhibition. One azocasein unit was defined as the amount of enzyme producing an increase of 0.01 optical density units/h. The values
are means * standard deviations (n = 3). #, P < 0.01 versus the negative control; *, P = 0.058 versus lysate; **, P < 0.01 versus lysate.
(B) Representative fluorescence, light, and merged micrographs show the activities and localization of cysteine proteases in live parasites. Parasites
were incubated in a cysteine protease substrate, Arg-Arg-4-methoxy-2-naphtylamide, as described in Materials and Methods. All parasites showed
fluorescence (arrowhead, first column on the left), and the higher-magnification (X400) images in the second column show that fluorescence was
limited to the central vacuole (arrow) of the parasite. Treatment of parasites with the cysteine inhibitor iodoacetamide resulted in diminished
fluorescence (third column). Control parasites without cysteine protease substrate showed no fluorescence (fourth column). (Magnification in first,
third, and fourth columns, x<100).

of rabbit anti-NF-kB p50 antibody (Santa Cruz) diluted in 0.2% bovine serum
albumin and were subsequently washed three times with PBS (5 min each). Cells
were incubated for 30 min in the dark with 1:200 dilutions of a Cy3-conjugated
sheep anti-rabbit secondary antibody (Sigma) diluted in 0.2% bovine serum
albumin. The monolayers were washed four times with PBS (5 min each) and
mounted with mounting medium (Vectashield) with 4',6-diamidino-2-phenylin-

RESULTS

B. ratti WR1 contains mainly cysteine proteases. We em-
ployed an azocasein assay for the determination of parasite
protease activity. Azocasein consists of casein conjugated to

dole (DAPI) to counterstain the nucleus. The monolayers were visualized with a
fluorescence microscope (Olympus), and images were captured using Image Pro
software.

Statistical analysis. The means of experimental groups were compared by
one-way analysis of variance with Tukey’s posttest using GraphPad Prism soft-
ware. Differences were considered significant at the level of a P value of <0.05.

azo dye and serves as a substrate for proteolytic enzymes.
Degradation of casein liberates free azo dye into the superna-
tant, which can be quantitatively analyzed. Figure 1A shows
the protease activity of WR1 represented in azocasein units.
One azocasein unit was defined as the amount of enzyme
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FIG. 2. Induction of IL-8 production in human intestinal epithelial
T84 cells by B. ratti WR1. T84 cells were coincubated with B. ratti WR1
for 12, 24, and 48 h. The IL-8 concentrations in the supernatants were
measured by ELISA. Live WR1 parasites and lysate induced signifi-
cant increases in IL-8 production in a time-dependent manner (%, P <
0.05 versus the negative control for each time point). Use of a protease
inhibitor cocktail reduced the WRI1 lysate-induced IL-8 production
significantly (#*, P < 0.05 versus WR1 lysate). Pretreatment of live
parasites with the antiprotozoal drug metronidazole significantly re-
duced the IL-8 production induced by live WR1 parasites (#, P < 0.05
versus live WR1 parasites). Treatment of cells with only protease
inhibitor cocktail did not show any significant effect on the baseline
production of IL-8. To confirm that IL-8 can be induced in T84 cells,
purified cholera toxin was used as a positive control. The values are
means * standard deviations (n = 3).

producing an increase of 0.01 optical density units per hour.
Lysates of B. ratti WR1 showed significant protease activity
(35.3 = 3.2; P < 0.01) in comparison to the control (0.8 = 0.1).
A significant inhibition of the protease activity of WR1 lysate
was observed with the use of the cysteine protease inhibitors
iodoacetamide (4.1 = 0.8; P < 0.01) and E-64 (9.8 £ 2.9; P <
0.01) (Fig. 1A). Partial inhibition was noticed with the aspartic
protease inhibitor pepstatin A (25.1 = 1.3; P = 0.058), and
insignificant inhibition was seen with the metalloprotease in-
hibitor EDTA and the serine inhibitor PMSF. These findings
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suggested that the protease activity of B. ratti WR1 is mainly
due to cysteine proteases of the parasite.

Cysteine proteases are confined to the central vacuole. To
determine the cellular localization of cysteine proteases, we
incubated live parasites in PBS containing the substrates Arg-
Arg-4-methoxy-2-naphtylamide and 5-nitro-2-salicylaldehyde.
5-Nitro-2-salicylaldehyde forms an insoluble adduct with the
proteolytically released naphtylamine derivative. Our fluores-
cence microscopy results (Fig. 1B) showed that fluorescence
was clearly localized within the central vacuole of the parasite.
This suggests that cysteine proteases are mainly confined to
this organelle. Almost no fluorescence was observed when
parasites were pretreated with the cysteine protease inhibitor
iodoacetamide.

Cysteine proteases of B. ratti WR1 induce IL-8 production.
To assay for IL-8 protein in culture supernatants, T84 cells were
incubated with B. ratti WR1 live cells or lysates for various times.
As shown in Fig. 2, significant production of IL-8 protein oc-
curred 12, 24, and 48 h after stimulation with B. ratti WR1 live
parasites (166 = 22, 482 = 58, and 620 = 60 pg/ml, respectively;
P < 0.05) and with parasite lysates (260 * 25, 654 = 64, and
802 = 87 pg/ml, respectively). B. ratti WR1-induced increase in
IL-8 was significantly inhibited with the use of protease inhibitor
cocktail for 12, 24, and 48 h (149 = 16, 395 * 27, and 492 + 34
pg/ml, respectively; P < 0.05 in comparison to lysate). These
observations suggest that B. ratti WR1 proteases are involved in
the induction of IL-8 from T84 cells. Pretreatment of live B. ratti
WRI1 parasites with the antiprotozoal drug metronidazole signif-
icantly retarded the ability of the parasites to induce an increase
in IL-8 production at 12, 24, and 48 h (111 = §, 289 * 26, and
429 = 15 pg/ml, respectively; P < 0.05).

To study the particular type of protease involved, different
protease inhibitors were used, and it was found that the cys-
teine protease inhibitors iodoacetamide (243 + 9 pg/ml; P =
0.002) and E-64 (265 = 23 pg/ml; P = 0.007) significantly
inhibited IL-8 increase induced by parasitic lysates at 24 h (Fig.
3). A less significant reduction in IL-8 production was also seen
with the aspartic protease inhibitor pepstatin A (426 = 57; P =
0.048). Insignificant inhibition was noticed with serine and
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FIG. 3. Effects of protease inhibitors on IL-8 production from T84 cells induced by B. ratti WR1. T84 cells were coincubated for 24 h with WR1
lysate pretreated with one of several protease inhibitors. Cysteine protease inhibitors, iodoacetamide and E-64, most significantly reduced
WRI1-induced IL-8 production from T84 cells (*, P = 0.002, and **, P = 0.007, versus WR1 lysate). Considerable reduction in IL-8 production
was seen with the aspartic inhibitor pepstatin A (##, P = 0.04 versus WR1 lysate). Minimal inhibition was observed with serine and metallo-
protease inhibitors, PMSF and EDTA, respectively. The values are means = standard deviations (n = 3). #, P < 0.02 versus the control.
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FIG. 4. B. ratti WR1 induces up-regulation of IL-8 mRNA levels in T84 cells. T84 cells were coincubated with live WR1 parasites or parasite
lysate for 12 h. Total cellular RNA was isolated, and IL-8 and B-actin mRNA levels were measured by quantitative real-time RT-PCR as described
in Materials and Methods. WR1 lysate caused a significant increase in IL-8 mRNA levels. A significant decrease in IL-8 mRNA levels was noticed
after treatment with the NF-kB inhibitor BAY11-7082 and the cysteine protease inhibitor iodoacetamide. The increase in IL-8 mRNA relative to
untreated T84 cells was calculated for each experiment based on internal B-actin controls. The values are means = standard deviations (n = 3).

#, P < 0.05 versus the control; #, P < 0.05 versus WRI1 lysate.

metalloprotease inhibitors, PMSF and EDTA, respectively.
These findings suggest that B. ratti WR1 cysteine proteases are
mainly responsible for the induction of increased IL-8 from
T84 cells and that aspartic proteases also contribute to some
extent to IL-8 production.

B. ratti WR1 cysteine proteases increase IL-8 mRNA levels
in human colonic cells. To determine whether B. ratti WR1 or
its cysteine proteases could increase IL-8 mRNA expression,
T84 cells were cocultured with B. ratti WRI1 live parasites or
lysate for 12 h. Total RNA extracted from the cells was used
for real-time RT-PCR, and B-actin was used as a housekeeping
gene. As shown in Fig. 4, there were marked increases in the
expression of IL-8 mRNA in T84 cells after coincubation with
B. ratti WRI1 lysate (~4-fold) and live parasites (~3-fold).
WRI1 lysate-induced IL-8 mRNA expression levels were signif-
icantly inhibited when a cysteine protease inhibitor, iodoacet-
amide, was used (~1.4-fold). To find out if the NF-«B pathway
was activated upon exposure to B. ratti WR1, T84 cells were
pretreated with an NF-«B inhibitor, BAY11-7082, and coincu-
bated with parasite lysate. BAY11-7082 markedly decreased
the B. ratti WR1-induced increase in mRNA levels (~1.7-fold).
Altogether, these findings indicated that B. ratti WR1 cysteine
proteases are capable of increasing IL-8 mRNA in human
colonic T84 cells with involvement of the NF-kB pathway.

B. ratti WR1 degrades IkB-a and activates NF-kB. One of
the key pathways for NF-kB activation involves the phosphor-
ylation of IkBs, which is followed by degradation of IkBs and
subsequent translocation of NF-kB dimers from the cytoplasm
to the nucleus. Therefore, we examined the kinetics of IkB-a
degradation by Western blot analysis in T84 cells cocultured
with live B. ratti WR1 parasites or lysate for 5 h. As shown in
Fig. 5A, cells incubated with parasite lysate and live parasites
showed significant degradation of IkB-a (74.7% and 55.8%
degradation, respectively). Use of the cysteine protease inhib-
itor iodoacetamide decreased the B. ratti WR1 lysate-induced
degradation of IkB-a (43.5%). Similarly, pretreatment of T84

cells with the NF-«B inhibitor BAY11-7082 also decreased the
B. ratti WR1 lysate induced-degradation of IkB-a (34.7%).

To determine the NF-«kB binding activity with the IL-8 pro-
moter, oligonucleotide duplexes containing a wild-type NF-«kB
binding site in the IL-8 promoter were used in EMSA. Stim-
ulation of T84 cells with B. ratti WR1 lysate for 6 h caused
NF-«kB/DNA binding activity in nuclear extracts of T84 cells
(Fig. 5B). EMSA with a mutant NF-kB oligoduplex did not
show any NF-kB/DNA binding. Decreased NF-kB/DNA bind-
ing activity was noticed when T84 cells were pretreated with
the NF-«B inhibitor BAY11-7082. To measure the NF-kB p65
activity, nuclear extracts were subjected to a specific ELISA.
As shown in Fig. 5C, coincubation of T84 cells with B. ratti
WRI1 lysate caused a significant increase in NF-kB p65 activity
(P < 0.05). Pretreatment of T84 cells with the NF-«B inhibitor
BAY11-7082 significantly inhibited the B. ratti WR1 lysate-
induced increase in NF-kB p65 activity.

Nuclear translocation of NF-kB. The most commonly found
form of NF-kB is a heterodimer composed of the p5S0 and p65
subunits. In unstimulated cells, NF-«B resides in the cytosol in
the inactive form bound to inhibitory IkB proteins. Various
stimuli initiate a series of signaling events that culminate in the
phosphorylation and degradation of IkBs. Activated free
NF-kB translocates to the nucleus and stimulates transcription
by binding to correlated kB sites in the promoter regions of
various target genes. To visualize the nuclear translocation of
NF-kB, we performed immunohistochemistry of T84 cell
monolayers stimulated for 6 h with B. ratti WR1 lysates (Fig.
6). Monolayers were probed with rabbit anti-NF-«kB p50 anti-
body, and a Cy3-conjugated sheep anti-rabbit secondary anti-
body was used for visualization. Nuclei were counterstained
with DAPI to determine the cellular localization of p50. T84
cells exposed to B. ratti WR1 lysate showed nuclear transloca-
tion of the p50 subunit (Fig. 6C). Control cells showed a
normal cytosolic localization of p50 (Fig. 6F). A significant
increase (P < 0.05) in the percentage of cells showing nuclear
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FIG. 5. B. ratti WRI1 exposure to intestinal epithelial cells causes IkB-a degradation and induces NF-«B activation. (A) Live WR1 parasite or
lysate coincubation with T84 cells resulted in IkB-a degradation at 5 h, as shown in a representative result with a B-actin loading conrol. The cell
lysates were analyzed by Western blotting using an anti-IkB-a antibody. Pretreatment of the cells with the NF-«kB inhibitor BAY11-7082 resulted
in decreased IkB-a degradation. Iodoacetamide, a cysteine protease inhibitor, decreased the WR1 lysate-induced degradation of IkB-a. The
histogram represents densitometry values expressed as arbitrary units = standard deviations (SD). (B) A representative EMSA shows NF-«kB/IL-8
promoter binding activity in nuclear extracts of T84 cells coincubated with WR1 lysate for 6 h. No NF-kB/DNA binding was observed in a mutant
NF-«B oligoduplex incubated with nuclear extract, a wild-type NF-«kB oligoduplex without nuclear extract, and the control. Pretreatment of T84
cells with the NF-kB inhibitor BAY11-7082 resulted in decreased WR1-induced NF-kB/DNA binding. (C) Histogram showing the increase in
NF-«B activity in nuclear extracts of T84 cells. The cells were coincubated with WR1 lysate for 6 h, and NF-«B activity was measured by specific
ELISA. The values are means = SD (n = 3). *, P < 0.05 versus the control; #, P < 0.05 versus WRI1 lysate.

translocation of NF-kB p50 was observed after exposure to B.
ratti WR1 lysate (Fig. 6, histogram).

DISCUSSION

Evidence accumulated over the last decade suggests associ-
ation of Blastocystis with gastrointestinal disorders (44, 49).
Mostly inconclusive clinical and epidemiological studies impli-
cated or exonerated Blastocystis in the etiology of disease.
Unlike most other enteric pathogens, Blastocystis is essentially
considered noninvasive and does not cause any consistent in-
flammatory response. However, it was observed that Blastocys-
tis infections may cause gastrointestinal symptoms similar to
irritable bowel syndrome involving diarrhea, abdominal pain,

constipation, nausea, and fatigue (5, 45, 49, 50). Over the past
few decades, major advances in the epidemiology, phylogeny,
and cell biology of Blastocystis were made, but only a few
studies addressed the parasite’s virulence factors and host re-
sponses against Blastocystis.

We have recently reported the protease activity of Blasto-
cystis hominis B (43) and also showed that B. hominis B and B.
ratti WRI1 proteases can degrade human secretory immuno-
globulin A (36). We also reported that B. ratti WR1 induces
contact-independent apoptosis, F-actin rearrangement, and
barrier function disruption in IEC-6 cells (35). These studies
suggested that B. ratti WR1 secretory products exert detrimen-
tal effects on host cells and warrant further investigations.
Phylogenetic data suggest that Blastocystis is a zoonotic para-
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FIG. 6. Representative micrographs showing nuclear translocation of NF-«kB in intestinal epithelial T84 cells following exposure to B. ratti
WRI1. T84 cell monolayers were grown on collagen-coated glass coverslips and coincubated with WR1 lysate for 6 h. The monolayers were fixed
and incubated first with rabbit anti-NF-«B p50 antibody and then with Cy3-conjugated sheep anti-rabbit secondary antibody. The monolayers were
mounted using mounting medium containing DAPI to counterstain the nuclei and visualized by fluorescence microscopy. (A to C) T84 cells
exposed to WRI1 lysate showed nuclear translocation of the p50 subunit. (D to F) Control cells exhibited normal perinuclear localization of p50.
All of the micrographs were obtained at a magnification of X400. Arrows, p50 localization; arrowheads, nuclei. As shown in the histogram, a
significant increase in the percentage of cells showing nuclear translocation of NF-kB p50 could be seen in cells exposed to WR1 lysate. The
percentage of cells with NF-kB p50 nuclear translocation was calculated from observations of 200 cells in three independent experiments. The

values are means * standard deviations. *, P < 0.05 versus the control.

site, and animal-to-human transmission is common (32, 51).
Intestinal inflammation and edema were reported in patients
infected with Blastocystis (19, 21, 39, 54). In a murine model,
intense infiltration of inflammatory cells into the colon and
inflammation with edematous lamina propria in the cecum and
colon were reported following Blastocystis infection (26). One
in vitro study showed that Blastocystis may modulate the IL-8
response in intestinal epithelial cells (24). Taken together,
these observations suggest that Blastocystis-induced intestinal
inflammation is mediated by IL-8 recruitment of inflammatory
cells and that some secretory parasite factors are responsible
for this.

Our results from the protease profile study showed that B.
ratti WR1 mainly contains cysteine proteases. The active-site
thiol group of cysteine proteases can function only under re-
duced conditions (25), and because Blastocystis is an anaerobic
enteric protozoan, these cysteine proteases may have impor-
tant roles in its life cycle. Most other pathogenic protozoans, such
as Entamoeba, Giardia, Trichomonas, Leishmania, Trypanosoma,
and Plasmodium, are known to possess cysteine proteases (25, 33)
that have been shown to be important for the development, dif-
ferentiation, and pathogenicity of the parasites. These cysteine

proteases can be promising chemotherapeutic or vaccine targets
for many parasites (40). Based on protease activity, we observed
that B. ratti isolate WR1 showed less cysteine protease activity
than that reported for B. hominis isolate B (43). High protease
activity has been reported in amebic clones of high virulence (17),
and it would be interesting to study if high protease activity is
associated with virulence in Blastocystis. Furthermore, cysteine
proteases were suggested to play a role in the survival of Blasto-
cystis in the gut (36).

Blastocystis is a polymorphic organism, and its recognized
forms are vacuolar, granular, amoeboid, and cyst forms. The
vacuolar form is the most common form observed in axenized
cultures. It has a characteristic large central vacuole and a thin
rim of peripheral cytoplasm (49). The exact role of the central
vacuole in Blastocystis is not clear, but it has been suggested
that it may act as a storage organelle for the deposition of
apoptotic bodies during programmed cell death of the parasite
(30). Other reports suggest that the central vacuole may have
a role in schizogony-like reproduction (13, 48). Results from
our study suggest for the first time that the central vacuole may
also function as a reservoir for cysteine proteases.

It has been reported that Entamoeba histolytica cysteine pro-
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teases are involved in the production of IL-8 from intestinal
epithelial cells and that these proteases also induce gut inflam-
mation (53). Our results demonstrate that B. ratti WR1 induces
IL-8 production from colonic epithelial T84 cells in a time-
dependent manner. The use of protease inhibitors showed that
cysteine proteases of B. ratti WR1 were mainly responsible for
the induction of IL-8 production. Moreover, increased cyto-
kine production was paralleled by increased gene transcription.
Numerous pathogenic gastrointestinal pathogens, like E. his-
tolytica (15), Cryptosporidium parvum (42), Salmonella, E. coli
(14), and Vibrio cholerae (37), are known to induce IL-8 pro-
duction from the intestinal epithelium. Intestinal epithelial cell
production of IL-8 causes an influx of inflammatory cells into
the intestinal mucosa with resultant tissue damage and gastro-
intestinal disturbances. It has been reported that invasion of
the intestinal epithelium by pathogens is not necessary for the
induction of inflammation (3), and since Blastocystis is a non-
invasive parasite, secreted products from the parasite might
initiate the inflammatory process by activating cell surface re-
ceptors. Although, E. histolytica is an invasive protozoan, it can
also induce IL-8 secretion from human colonic epithelial cells
without parasite-enterocyte contact (52). Similarly, Blastocystis
proteases may initiate IL-8-mediated inflammatory processes
that ultimately lead to gastrointestinal symptoms.

We observed that metronidazole treatment of live B. ratti
WRI1 parasites markedly reduced the induction of IL-8 pro-
duction from T84 cells. Metronidazole induces programmed
cell death in Blastocystis, and the plasma membrane integrity of
the parasite is preserved (29); therefore, there is minimal leak-
age of intracellular parasite proteases and other products that
could induce a high IL-8 response. However, a pronounced
IL-8 response was observed when T84 cells were exposed to
parasite lysates, as they contain all soluble or insoluble parasite
products. We have previously shown that metronidazole can
avert the adverse effects of B. ratti WR1 on the intestinal
epithelial barrier function (35). Altogether, these findings sug-
gest the therapeutic potential of metronidazole in Blastocystis
infections.

In this study, we investigated the molecular mechanisms by
which IL-8 gene expression is regulated in colonic epithelial
cells after exposure to B. ratti WR1. First, we demonstrated
that B. ratti WRI1 can degrade IkB-a and that the use of a
cysteine protease inhibitor markedly inhibited the degradation
of IkB-a, suggesting the involvement of a parasite-derived
cysteine protease. Secondly, our results from EMSA demon-
strated that NF-«kB is involved in the induction of IL-8 pro-
moter activity in colonic epithelial cells. NF-kB plays a pivotal
role in intestinal inflammation, and both invasive and nonin-
vasive enteric pathogens can trigger the inflammatory cascade
through activation of NF-kB (3). In most cells, including in-
testinal epithelial cells, activation of NF-«B is critical for in-
ducible expression of the proinflammatory response genes.
NF-kB-mediated induction of IL-8 has been reported in nu-
merous enteric pathogens, like H. pylori (4), E. coli (10), and B.
fragilis (22). Protozoan parasites, like E. histolytica (53) and C.
parvum (9), are also capable of activating NF-«B in host cells.
Results from our immunohistochemistry also support these
findings and show nuclear translocation of NF-kB. The finding
that B. ratti WR1 has the ability to activate NF-kB has impor-
tant implications, since other NF-kB-responsive genes, like
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those for IL-1 and IL-6, may also be affected in Blastocystis
infections, which may lead to altered intestinal homeostasis.

In summary, the present study demonstrates for the first
time that B. ratti WR1 cysteine proteases induce IL-8 produc-
tion in colonic epithelial T84 cells and that an NF-kB-depen-
dent transcriptional process is involved. In addition, our find-
ings show that metronidazole treatment can markedly inhibit
the ability of B. ratti WR1 to induce IL-8 production. Further-
more, we demonstrated that the central vacuole of B. ratti
WR1 may act as a reservoir for cysteine proteases. The findings
of this study will certainly help us to understand the pathobi-
ology of a poorly studied parasite whose public health impor-
tance is increasingly recognized.
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