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ABSTRACT: This study was undertaken to observe the effects of hydro-
gen peroxide on Cryptosporidium parvum oocysts with respect to pro-
tease activity in comparison to known protease inhibitors. In assessing
the possible mechanisms of action of hydrogen peroxide, treatment ef-
fectiveness was analyzed using 3 assays and the potential roles of pro-
teases and cations were considered. Treatment of C. parvum oocysts
with hydrogen peroxide inhibited protease activity up to 50% compared
with untreated controls. Treatment of oocysts with chemicals that affect
sulfhydryls, including N-ethylmaleimide and dithiolthreitol, inhibited
protease activity by >90%. Treatment of oocysts with these chemicals,
along with the protease inhibitors, phenylmethylsulfonyl fluoride
(PMSF), ethylenediamine-tetraacetic acid, and cystatin, inhibited pro-
tease activity as well as in vitro excystation and infection in a cell
culture assay. Several mechanisms may result in the successful inhibi-
tion of infection and excystation by hydrogen peroxide treatment, in-
cluding: oxidation of oocyst wall proteins or lipids, chelating of cations
necessary for infection, or hydroxyl radical-induced DNA damage to
sporozoites, or both.

Cryptosporidium parvum is an intestinal apicomplexan parasite,
which can cause severe illness in immunocompetent individuals (Tzi-
pori, 1988) and life-threatening disease in immunocompromised indi-
viduals (Current and Garcia, 1991) and malnourished children (Griffiths
et al., 1994). Outbreaks of cryptosporidiosis result from water- and
food-borne transmission of the small (4-5 n.m), environmentally resis-
tant oocyst stage (Fayer et al., 2000). Fecal-borne C. parvum oocysts
are infectious immediately on passage from the body. When ingested
by a susceptible person or animal, oocysts pass to the intestine where
the sporozoites that are held within the oocyst wall excyst, enter enter-
ocytes, and generate a predetermined series of life cycle stages. Excys
tation (release of the sporozoites from the oocyst) may be mediated by
a combination of internal and externa effects that have not been thor-
oughly described. Cryptosporidium parvum excystation has been ob-
served in vitro by incubation at 37 C; it is enhanced by preincubation
in a low-pH suspension medium and by addition of trypsin and bile
salts to the suspension medium (Fayer and Leek, 1984; Kato et al.,
2001).

It has been proposed that specific proteases are involved in the ex-
cystation process and at least 1 step of the parasite invasion—infection
process may be mediated by protease activity (Forney et al., 1996a,
1996b). These protease-mediated or protease-dependent mechanisms

have been studied more extensively in related apicomplexan parasites,
including Plasmodium knowlesi, Plasmodium falciparum, Eimeria te-
nella, and Eimeria vermiformis (Dluzewski et al., 1986; Adams and
Bushell, 1988; Fuller and McDougald, 1990; Que et al., 2002). Prote-
ase-mediated events are believed to include host cell attachment (Adams
and Bushell, 1988; Arroyo and Aldrete, 1989), host membrane penetra-
tion (Hadley et a., 1983; Fuller and McDougald, 1990), host protein
degradation used for parasitic growth (Chappell and Dresden, 1986),
tissue migration (Moda et al., 1988; McKerrow et a., 1990; Moda and
Doenhoff, 1994a; Morris and Sakanari, 1995; Yenbuter and Scott,
1995), parasite development (Richer et al., 1993), and mechanisms used
to fight and evade the host immune system (Maizels et al., 1993; Pupkis
et al., 1986; Moda and Doenhoff, 1994b). Proteases, classified by the
active group, are divided into 3 types: cysteine, serine, and metallopro-
teases. Because serine and cysteine proteinases increase in concentration
during incubation at 37 C before excystation, they are thought to func-
tion in excystation of C. parvum oocysts and cleavage of oocyst wall
proteins (Forney et al., 1996a). Because the invasion process has been
shown to be both pH- and metallodependent (Hamer et al., 1994), pro-
teases may be involved in this process also.

Although C. parvum oocysts are resistant to disinfection with con-
centrations of chlorine that readily render bacteria and viruses nonvia-
ble, other oxidizing agents, including ozone and hydrogen peroxide,
more readily inhibit viability (Vassal et al., 1998; Rennecker et al.,
2001). Treatment of C. parvum oocysts with a low concentration of
hydrogen peroxide, i.e.,, 0.03%, inhibited excystation (Kniel et al.,
2003). The amino acid cysteine is highly reactive and susceptible to
oxidation. Cysteine-dependent enzymes are rendered inactive by |oss of
their free sulfhydryl group (reduced form), making cysteine proteases
potential targets for chemotherapeutic attack. Hydrogen peroxide read-
ily oxidizes sulfhydryl groups and could inhibit C. parvum excystation
by affecting cysteine proteases previously identified as involved in ex-
cystation (Forney et al., 1996a).

The purpose of this study was to better understand the possible modes
of action of hydrogen peroxide, including the action in relation to pro-
tease activity and that compared with known chemical inhibitors. The
protease activity of hydrogen peroxide at concentrations known to effect
oocyst development was compared with that of untreated oocysts along
with protease-inhibiting chemicals. The following 3 assays were used
for thisanaysis, i.e., an HCT-8 cell culture infectivity assay, an in vitro
excystation assay, and an in vitro proteolytic activity assay.
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Cryptosporidium parvum oocysts (Beltsville isolate) were obtained
from infected dairy calves and processed at the Environmental Micro-
bial Safety Laboratory, United States Department of Agriculture, Belts-
ville, Maryland (Fayer et al., 2001). Oocysts were purified from fecal
material as described previously (Kilani and Sekla, 1987) and quantified
with the aid of a hemacytometer. Cryptosporidium parvum oocysts (5
X 10° per treatment) were treated with 0.525% sodium hypochlorite at
4 C for less than 5 min and washed twice with Hanks Balanced Salt
Solution (HBSS; Mediatech, Cellgro, Herndon, Virginia). Oocysts were
then treated with protease inhibitors or related chemicals at specified
concentrations for 30 min at 22 C or with specified concentrations of
hydrogen peroxide in water for 2 hr at 4 C. Oocysts were washed twice
with HBSS after treatment. Oocysts washed with sodium hypochlorite
and HBSS served as controls. Protease inhibitors and sulfhydryl re-
agents including hydrogen peroxide (Sigma, St. Louis, Missouri), N-
ethylmaleimide (NEM, Sigma), dithiolthreitol (DTT, Sigma), ethylene-
diamine-tetraacetic acid (EDTA), cystatin (Sigma), and phenylmethyl-
sulfonyl fluoride (PMSF, Sigma) were dissolved in phosphate-buffered
saline (PBS). PMSF was first dissolved in dimethylsulfoxide (DM SO)
and diluted to desired concentrations in PBS. Control assays were pre-
pared in both PBS and DM SO (final concentrations equal to those of
diluted PMSF).

Infection was analyzed using Human ileocecal adenocarcinoma cells
(HCT-8 cells) (ATCC CCL-244, American Type Culture Collection,
Manassas, Virginia), which were maintained in Roswell Park Memorial
Institute 1640 medium (Mediatech Cellgro) supplemented with L-glu-
tamine (300 mg/L; Mediatech Cellgro) and N-2-hydroxythylpiperazine-
N’-2-ethane-sulfonic acid (25 mM; Mediatech Cellgro). For normal cell
maintenance medium was supplemented with 5% fetal bovine serum
(Biofluids Inc., Rockville, Maryland) and increased to 10% fetal bovine
serum for parasite infection (Upton et al., 1995). Stock HCT-8 cells
were maintained in 75-cm? tissue culture flasks in a 5% CO, atmosphere
at 37 C and 100% humidity and passaged every 3-5 days. Cells were
lifted from the surface with a solution of 0.25% (wt/v) trypsin and 0.53
mM EDTA in PBS (Mediatech Cellgro). Trypsinization required 10- to
12-min incubation in the solution at 37 C to assist disruption of the cell
monolayer. The cells were collected and pelleted by centrifugation for
10 min at 1,000 g, resuspended in maintenance medium, and split 1:
10. Cell viability was assessed with trypan blue exclusion (0.02% in
PBS) and cells counted with a hemacytometer.

For inoculation, HCT-8 cells were seeded on sterile 22-mm? glass
coverslips in six-well cluster plates (Corning, Corning, New York) at 1
X 10¢ cells per well and grown to ~95% confluence in maintenance
medium (48 hr). Cryptosporidium parvum oocysts were treated as stated
above. For infection of monolayers and before inoculation with oocysts,
the maintenance medium was removed and 3 ml growth medium added
to each well in six-well cluster plates. Cells were then incubated with
treated or nontreated (positive control) oocysts (10° oocysts in 1 ml
growth medium) for 120 min. After 2 hr, unexcysted oocysts, oocyst
walls, and other materials that may have been liberated from the ex-
cysted oocysts were removed from the monolayers by washing each
inoculated well twice with HBSS. Cells in cluster plates were then
placed back in the incubator for 48 hr with 3—4 ml maintenance medium
per well.

Parasite infection was assessed 48 hr after infection using an im-
munohistochemistry stain (Phelps et a., 2001). Coverslips in six-well
cluster plates were fixed with 100% methanol for 20-30 min and
washed twice for 5 min each with PBS. Coverslips were removed from
cluster plates and processed on slides, first with arabbit anti—C. parvum
primary antibody followed by a biotinylated anti-rabbit secondary an-
tibody and an avidin biotinylated complex (Vectastain ABC Kit, Vector
Laboratories, Burlingame, California). Life cycle stages were observed
with an immunoperoxidase stain using hydrogen peroxide (Sigma), dia-
minobenzidine tetrahydrochloride (Sigma), with hematoxylin (Fisher
Scientific, Pittsburgh, Pennsylvania) used as a counterstain. Treatment
effectiveness was determined by counting the number of positive fields
(any field containing a C. parvum life cycle stage) out of 100 tota fields
observed with X400 magnification. Each individual experiment was
performed in triplicate. Percent reduction compared with untreated oo-
cysts was determined using the following equation: ([Control — Treat-
ed]/Control) X 100. Data are expressed as the mean percent inhibition
followed by the standard deviation.

Cryptosporidium parvum homogenate was prepared from treated and
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Ficure 1. Inhibition of development in HCT-8 cell monolayers after

exposure of C. parvum oocysts to protease inhibitors. Percent inhibition
of infection by treated oocysts was determined compared with control
oocysts and represented by an average from 3 replicate experiments
with standard deviation shown. No viable life stage was observed in
cells infected with oocysts treated with hydrogen peroxide (*). Treat-
ments were significantly different from each other with 2 exceptions (as
indicated by the same symbols): hydrogen peroxide treatments; 1.0 mM
DTT and 25 pg/ml cystatin.

untreated oocysts as described (Forney et al., 1996a). Oocysts (10°)
suspended in 1 ml of liquid were snap frozen in liquid nitrogen after
treatment, then thawed in a 37 C water bath twice, and then sonicated
6 X 1 min in an ice-cooled water bath sonicator to produce the ho-
mogenate (Forney et al., 1996a). The homogenate was used in an assay
for protease activity using azocasein (Sigma) as the substrate (Plantner,
1991; Forney et a., 1996a). Briefly, 2 mg/ml azocasein in 100 mM
sodium phosphate buffer was prewarmed to 37 C for 15 min, and 50
wl of C. parvum homogenate added, incubated at 37 C for 10-11 hr.
After incubation, 40 wl of cold 50% trichloroacetic acid (Sigma) was
added to each sample to precipitate any undigested azocasein. Samples
were incubated on ice for 60 min and then centrifuged at 2,000 g for
10 min. The supernatant was removed to a microtiter plate already
containing 200 wl of 10 N NaOH in each well. Absorbance was mea-
sured at 450 nm with an automated microtiter plate reader (Bio-Tek
Instruments, Winooski, Vermont). Diluted trypsin was used as a control,
as suggested by Forney et al. (1996a). Protease activity readings from
treated and untreated oocysts were compared and the percent inhibition
determined.

For excystation, 1 X 10° C. parvum oocysts were washed and treated
as those used for cell culture infectivity assays described above. Then,
oocysts were incubated in 0.75% taurochloric acid (Sigma) for 30 min
at 37 C. The excystation solution was observed at X400 and x1,000
magnification using differential interference contrast microscopy (DIC).
A total of 100 shells and oocysts was counted. Samples were evaluated
in triplicate. Oocysts containing sporozoites were considered unexcyst-
ed. Oocysts containing no sporozoite, also called shells, was considered
excysted. The extent of excystation was calculated by the Woodmansee
method (Woodmansee, 1987; Finch et al., 1993): excystation = ([oo-
cysts excysted/total oocysts counted] X 100).

Data from individual experiments were considered independent and
were performed at least in triplicate. Experiments and controls were
analyzed for significant differences using PROC GLM in SAS statistical
software (SAS Institute, Cary, North Carolina). Effects of each treat-
ment on parasite viability were considered to be significant when P <
0.05. Treatments were separated using Tukeys test for significant dif-
ferences.

HCT-8 cells support complete development of C. parvum (Upton et
al., 1995) and were found to mimic human infection more closely than
animal infection assays. The percent inhibition of cell culture infectivity
by various treatments was observed and compared with infection with
untreated oocysts (Fig. 1). No developmental life cycle stage was ob-
served after oocysts were treated with any concentration of hydrogen
peroxide tested (2 hr, 4 C). Inhibition of in vitro development after
treatment of oocysts with EDTA was closest to that caused by hydrogen
peroxide, with only a few developing stages observed. EDTA chelates
cations (Ce?*) and inhibits metalloproteases (Nesterenko et al., 1995).
Hydrogen peroxide may disrupt intracellular calcium levels (Lipton and



TasLE |. Effect of protease inhibitors on Cryptosporidium parvum oo-
cysts indicated by in vitro protease activity.
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TasLE Il. Effect of protease inhibitors on Cryptosporidium parvum oo-
cysts indicated by in vitro excystation.

Chemical
inhibitor Concentration % Inhibition (SD)
H,0, 0.3 mg/ml 24.18 (1.53)
0.5 mg/ml 40.4% (5.94)
10 mg/ml 47.7% (5.09)
NEM 1.0 mM 90.4t (17.1)
5.0 mM 98.4* (6.36)
DTT 5.0 mM 90.8*t (12.2)
Cystatin 50 mg/ml 88.81 (7.56)
EDTA 1.5mM 40.1% (5.43)
PMSF 10 mM 90.3*t (2.10)

The average above was obtained from 3 replicate experiments. Treatments with
the same symbol were not significantly different from each other (P < 0.05).

Nicotera, 1998), which may result in the reduced infection observed
because calcium is necessary for proper cell invasion by C. parvum
(Hamer et a., 1994; Upton et al., 1995). Treatments are significantly
different from each other (P < 0.05), with 2 exceptions. (1) hydrogen
peroxide treatments are identical to each other regardless of concentra-
tion and (2) inhibition by 1.0 mM DTT and 25 pg/ml cystatin was not
significantly different (P > 0.05). DTT reduces sulfhydryls and can
inhibit cysteine proteases at relatively high concentrations (5 mM),
whereas cystatin is a known cysteine protease inhibitor.

Table | shows the percent inhibition resulting from chemical treat-
ment of oocysts. Protease activity was significantly reduced in homog-
enates prepared from oocysts that were chemically treated compared
with those prepared from oocysts treated with HBSS.

Findings in this study, in which oocysts were exposed to protease
inhibitors, appear to parallel those in which oocyst homogenates were
exposed to inhibitors (Forney et al., 1996a). Inhibition levels were sim-
ilar for oocysts treated with 10 mM PMSF a serine protease inhibitor,
and those treated with cysteine protease inhibitors (NEM, DTT, cysta-
tin). Both serine and cysteine proteinases are believed to be associated
more with the sporozite outer membrane than with the oocyst mem-
branes (Powers et al., 1993; Okhuysen et al., 1996; Nesterenko et al.,
1995). Exposure to PMSF results in an inhibition of 90.3%, which sug-
gests that some chemicals, such as PMSF, may act within hypochlorite-
permiabilized oocysts although no statistical difference was observed
between oocysts that received the <5-min pretreatment and those that
did not (data not shown). Inhibition by NEM (5.0 mM) and DTT (5.0
mM) were similar, and both treatments affect sulfhydryls and inhibit
cysteine protease activity. Inhibition of protease activity by hydrogen
peroxide (0.5 and 10 mg/ml) was similar to that by EDTA (1.5 mM).
Both chemicals may inhibit sporozoite activity by chelating calcium
ions.

Sporozoites did not spontaneously excyst after oocysts were chemi-
cally treated before incubation with taurochloric acid at 37 C for 30
min. Table Il shows the extent of excystation after oocysts were treated
with inhibitory chemicals. The corresponding log reduction was deter-
mined from the extent of excystation among control oocysts (89 + 5.0).
Intact oocysts, shells, and sporozoites were observed with DIC micros-
copy under X1,000 magnification. Sporozoites from oocysts treated
with hydrogen peroxide did not show any type of motion, i.e., gliding
or flexing, whereas untreated controls were moving. Oxygen radicals
generated from the decomposition of hydrogen peroxide may have pen-
etrated the oocyst wall and damaged the pellicle or subcellular organ-
elles of the sporozoites. Sporozoites derived from oocysts treated with
inhibitory compounds other than hydrogen peroxide were seen moving
and showed no visible physical effect of damage. The extent of excys-
tation among treated oocysts differed significantly from one another,
with few exceptions; no difference was found among hydrogen peroxide
treatments and 5.0 MM NEM versus 10 mM PMSF did not differ sig-
nificantly. EDTA (1.5 mM) inhibited excystation by 70%, close to the
inhibition by hydrogen peroxide. Exposure of oocysts to EDTA and
hydrogen peroxide also significantly reduced or completely inhibited
development in cell cultures (Fig. 1). The cysteine protease inhibitor

Chemical
inhibitor % Excystation
reduction Concentration (SD) Log,
H,O, 0.3 mg/ml 24.4| (5.2) 0.56
0.5 mg/ml 22.2|| (2.5) 0.60
10 mg/ml 17.5| (6.3) 0.70
NEM 1.0 mM 56.7% (6.8) 0.19
50 mM 24.5| (2.0) 0.56
DTT 5 mM 68.2* (7.5) 0.11
Cystatin 50 mg/ml 61.91 (3.0) 0.15
EDTA 1.5 mM 30.78 (6.4) 0.46
PMSF 10 mM 21.0| (4.2 0.62

The average above was obtained from 3 replicate experiments. Treatments with
the same symbol were not significantly different from each other (P < 0.05).

cystatin did not significantly affect excystation, supporting previous ob-
servations (Forney et al., 1996a).

Results of this study indicate that hydrogen peroxide at these con-
centrations penetrates or affects the oocyst wall so that sporozoites are
rendered nonviable. Concentrations used were chosen on the basis of
food additive guidelines and their potential for use in food products
without altering the original food flavor (FDA, 2001; Kniel et al., 2003).
After comparison of the inactivation of cell culture infection, protease
activity, and excystation with known sulfhydryl- (NEM, DTT, cystatin)
and protease (PMSF, EDTA)-reactive agents, the mechanism of action
by hydrogen peroxide still is not clear; however, 2 possibilities are sug-
gested, i.e., sulfhydryl oxidation of proteins on the oocyst surface,
which may be combined with lipid oxidation, or alteration in the move-
ment of cations. Alternatively, hydrogen peroxide may oxidize cysteine
proteases necessary for oocyst wall maintenance thereby reducing wall
strength and lessening oocyst viability. Continuing research in this area
may seek to provide information on the potential roles of chemical
cations and proteases within the mechanisms of oocyst excystation and
infection.

This project was supported in part by CSREES USDA Specia Food
Safety Grant 98-34382-6916, VPI&SU HATCH project 135563, and a
New Initiative Grant from the Virginia—Maryland Regional College of
Veterinary Medicine. Cryptosporidium parvum antibody was provided
courtesy of C. Dykstra, Auburn University, Auburn, Alabama.
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