Al

Journals.ASM.org

Cysteine Protease Activity of Feline Tritrichomonas foetus Promotes
Adhesion-Dependent Cytotoxicity to Intestinal Epithelial Cells
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Trichomonads are obligate protozoan parasites most renowned as venereal pathogens of the reproductive tract of humans and
cattle. Recently, a trichomonad highly similar to bovine venereal Tritrichomonas foetus but having a unique tropism for the in-
testinal tract was recognized as a significant cause of colitis in domestic cats. Despite a high prevalence, worldwide distribution,
and lack of consistently effective drugs for treatment of the infection, the cellular mechanisms of T. foetus pathogenicity in the
intestinal tract have not been examined. The aims of this study were to determine the pathogenic effect of feline T. foetus on por-
cine intestinal epithelial cells, the dependence of T. foetus pathogenicity on adhesion of T. foetus to the intestinal epithelium,
and the identity of mediators responsible for these effects. Using an in vitro coculture approach to model feline T. foetus infec-
tion of the intestinal epithelium, these studies demonstrate that T. foetus promotes a direct contact-dependent activation of in-
testinal epithelial cell apoptosis signaling and progressive monolayer destruction. Moreover, these pathological effects were
demonstrated to be largely dependent on T. foetus cell-associated cysteine protease activity. Finally, T. foetus cysteine proteases
were identified as enabling cytopathic effects by promoting adhesion of T. foetus to the intestinal epithelium. The present stud-

ies are the first to examine the cellular mechanisms of pathogenicity of T. foetus toward the intestinal epithelium and support
further investigation of the cysteine proteases as virulence factors in vivo and as potential therapeutic targets for ameliorating

the pathological effects of intestinal trichomonosis.

Trichomonads are ancient eukaryotic protists. They survive by
obligate colonization of warm, moist, and anaerobic mucosal
environments within their vertebrate hosts. Numerous species of
trichomonads exist, including both pathogenic and presumably
commensal organisms (1). Among these, trichomonads infecting
the reproductive tract are the most widely studied. Trichomonas
vaginalis is the most common nonviral sexually transmitted dis-
ease, and it infects an estimated 248 million people worldwide (2).
Tritrichomonas foetus, a trichomonad causing similar pathology, is
avenereal pathogen of cattle and can result in considerable repro-
ductive and economic losses in infected herds. Recently, a
trichomonad highly similar to bovine venereal T. foetus but having
a unique tropism for the intestinal tract was recognized as a sig-
nificant cause of diarrhea in domestic cats (3—6). This same organ-
ism is also documented in the colon of pigs (7, 8).

In contrast to venereal trichomonosis, there are currently no
mechanistic studies using intestinal epithelial cell lines that exam-
ine the virulence factors responsible for disease pathogenesis of
trichomonads infecting the gastrointestinal tract. Such studies are
needed to better understand the pathological significance of these
infections and to enable the development of novel treatment strat-
egies to prevent or ameliorate their clinical effects. This is partic-
ularly true for feline intestinal T. foetus, where infection causes a
lifelong recurrent diarrhea that is difficult to treat (5, 6, 9-14).

A key observation of T. foetus in infected cats is an intimate asso-
ciation of the organisms with the lumen and crypt epithelium of the
colonic mucosa and concurrent infiltration of inflammatory cells
into the subepithelial lamina propria. Using a coculture assay ap-
proach, we have previously demonstrated that feline T. foetus adheres
to intestinal epithelial monolayers in vitro by kinetics that suggest a
specific interaction of T. foetus with the epithelium (15). In venereal
trichomonosis, adherence of trichomonads to the urogenital epithe-
lium and elaboration of proteases are recognized as central events in
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mediating host cellular pathogenicity (16-18). Therefore, the
aims of the present study were to determine if feline T. foetus
mediates cytotoxic effects on intestinal epithelial cells, the depen-
dence of T. foetus pathogenicity on adhesion to the epithelium,
and the identity of pharmacologically targetable mediators re-
sponsible for these effects. Our results support a central role for
cysteine proteases in promoting adhesion-dependent cytotoxicity
of feline T. foetus to the intestinal epithelium and support further
investigation of the cysteine proteases as virulence factors in vivo;
therefore, they are potential therapeutic targets for ameliorating
the pathological effects of intestinal trichomonosis.

MATERIALS AND METHODS

IPEC-J2 cells. A nontransformed intestinal epithelial cell line (IPEC-J2)
was used for these studies. This line was originally isolated from neonatal
piglet jejunum and was obtained as a gift from Helen M. Berschneider.
IPEC-]2 cells were grown in a coculture media, which included advanced
Dulbecco’s modified eagle medium-nutrient mixture F-12 (DMEM-F12)
supplemented with 5 pg/ml each of insulin, transferrin, and selenium, 5
ng/ml epidermal growth factor (EGF), 100 TU/ml penicillin, 100 mg/ml
streptomycin, and 5% fetal bovine serum, and incubated at 37°C in 5%
CO,. Prior to adhesion studies with trichomonads, ~4 X 10° IPEC-J2
cells/well were seeded onto permeable polycarbonate filters (0.4-m pore
size, 4.67 cm*; Corning Incorporated, Lowell, MA) and cultivated until
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FIG 1 Representative photomicrographs of colonic mucosal biopsy specimens obtained from a normal cat (first panel) and a cat with naturally occurring T.
foetus infection on which estimates of the multiplicity of infection in vivo were based (second through fourth panels). Biopsy specimens were formalin fixed,
paraffin embedded, sectioned at a thickness of 7 pm, and stained with a modified hematoxylin and eosin stain.

confluent and averaging 39 X 10* = 10 X 10* IPEC-J2 cells per well. For
microscopic examination of trichomonad-induced cytotoxicity, ~5 X
10* IPEC-J2 cells/well were seeded onto Laboratory-Tek chamber slides
(Nalge Nunc International, Rochester, NY) or 24-well polystyrene plates
(Corning Incorporated, Lowell, MA) and grown to confluence at an av-
erage of 20 X 10* = 3 X 10" cells per well. IPEC-J2 cells were used at
passage numbers 38 to 60.

Trichomonads. Isolation and culture of feline T. foetus and Pen-
tatrichomonas hominis isolates were performed as previously described
(15). Trichomonads were harvested in mid- to late-logarithmic phase by
centrifugation at 250 X g and washed twice in Hanks’ balanced salt solu-
tion (HBSS). The trichomonads were resuspended in HBSS at desired
concentrations for experimental purposes. One P. hominis and four T.
foetus (F, Sti, D, and A) isolates from five different naturally infected cats
having clinical signs of diarrhea were used for comparative studies of
protease activity and cytotoxicity. For use in coculture experiments with
intestinal epithelial cells, T. foetus and P. hominis were used at a multiplic-
ity of infection (MOI) of 50:1. This MOI maximum was based on esti-
mates obtained from 9 archival light microscopic photomicrographs of
colonic mucosa from 4 naturally infected cats demonstrating an average
number of 12.5 trichomonads per epithelial cell (range, 2 to 47) (Fig. 1).

Protein extractions. Trichomonads (20 X 10°) in mid-logarithmic
phase were washed twice in HBSS, lysed in radioimmunoprecipitation
assay (RIPA) buffer (1X PBS, 1% Igepal, 0.5% sodium deoxycholate,
0.1% SDS), sonicated twice, and incubated for 30 min at 4°C. Superna-
tants were collected following centrifugation at 15,800 X g for 10 min at
4°C. Protein lysate concentrations were determined by bicinchoninic acid
(BCA) assay (Thermo Fisher Scientific, Rockford, IL) using bovine serum
albumin as a standard. Lysates were diluted in lithium dodecyl sulfate
(LDS) buffer in the absence of a reducing agent and immediately used for
substrate-gel electrophoresis or were stored as single-use samples of ap-
proximately 400 g at —80°C. Secreted components for substrate-gel
electrophoresis assays were prepared from trichomonads as previously
described (19, 20). T. foetus cells (1 X 10®) were washed once in HBSS and
then incubated in 1 ml Dulbecco’s phosphate-buffered solution supple-
mented with 0.1% L-cysteine hydrochloride and 0.02% ascorbic acid (pH
7.2) at 37°C for 3.5 h. After incubation, trichomonads were centrifuged at
1,000 X g for 10 min, the supernatant was aspirated and filtered through
a 0.22-pm-pore-size filter, and filtered supernatants were centrifuged at
15,000 X g for 10 min at 4°C prior to use in substrate-gel electrophoresis.
Supernatants were used only when obtained from trichomonads that re-
tained a minimum of 95% motility as assessed by light microscopy.

Substrate-gel electrophoresis. Trichomonad proteases were sepa-
rated and analyzed under nondenaturing and nonreducing conditions in
10% Tris-glycine gels containing 0.1% gelatin (Life Technologies, Carls-
bad, CA) as the protein substrate. Protein samples were electrophoreti-
cally separated at a voltage of 125 V for 90 min. Following electrophoresis,
gels were immersed in a nonionic detergent renaturing buffer (Novex
zymogram renaturing buffer; Life Technologies, Carlsbad, CA) for 30 min
at 25°C to allow proteases to become activated. Following renaturing, gels
were equilibrated in a divalent metal cation-repleting developing buffer
(Novex zymogram developing buffer; Life Technologies, Carlsbad, CA)
for 30 min at 25°C, followed by an overnight incubation at 37°C in fresh
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developing buffer. After overnight incubation, gels were washed 3 times in
deionized water (dH,0) for 5 min each and then stained for a minimum of
7 h in Coomassie blue (Coomassie blue staining kit; Life Technologies,
Carlsbad, CA). Gels were then incubated in dH,O overnight as suggested
by the manufacturer to minimize background staining. Proteolysis was
visualized as clear bands against a stained background. Identification of
protein classes was determined by pretreatment of live trichomonads or
protein lysates with class-specific protease inhibitors immediately prior to
electrophoresis. Cysteine (0.015 to 1.0 mM E64), metallo- (0.015 to 5.0
mM EDTA), serine (0.1 to 10 mM phenylmethylsulfonyl fluoride
[PMSF], 0.01 to 10 mM diisopropylfluorophosphate [DFP], 0.015 to 1
mM 4-(2-aminoethyl) benzenesulfonyl fluoride [AEBSF]), or aspartic
(0.01 to 1.5 mM pepstatin A) protease inhibitor each was applied for 15
min at 37°C. As negative controls, protein extracts were treated identically
with the respective protease inhibitor diluents.

Labeling of trichomonads. Labeling of trichomonads was performed
as previously described (15). Briefly, trichomonads were harvested in the
late logarithmic phase of growth and inoculated into modified Diamond’s
media containing 4 pCi/ml [*H]thymidine (17 Ci/mmol) (American
Radiolabeled Chemicals). After 36 h, the radiolabeled trichomonads were
washed three times by centrifugation (250 X g) and reconstituted in HBSS
to remove unassociated radioactive tracer. Trichomonads were counted
using a hemocytometer and resuspended in IPEC-J2 media at the desired
concentrations.

Coculture adhesion assay. Adhesion assays were performed as de-
scribed previously (15). For coculture adhesion assays, 20 X 10° [*H]
thymidine-labeled T. foetus cells were inoculated into the apical media of
confluent, polarized (transepithelial electrical resistance, =2,000 ) - 4.67
cm?) IPEC-]2 epithelial monolayers seeded onto polycarbonate inserts.
Cocultures were incubated at 37°Cin 5% CO, for 6 h. Following adhesion,
monolayers were washed twice with sterile HBSS to remove unbound
trichomonads. The inserts then were excised using a scalpel blade and placed
in 20-ml scintillation vials containing Econo 2 fluid (Fisher Scientific, Pitts-
burgh, PA). Radioactive emissions were counted using a Wallac 1209 liquid
scintillation counter and expressed in counts per minute (cpm). Radioactive
emissions measured from serial dilutions of the radiolabeled trichomonads
were used for each assay to generate a standard curve of cpm per
trichomonad. Numbers of trichomonads adhered to cell monolayers were
calculated by applying the cpm measured to the standard curve.

Light microscopy. For examination of T. foetus-induced epithelial
cytotoxicity, IPEC-J2 cells were grown to confluence on chamber slides
and inoculated with 10 X 10° T. foetus cells that were pretreated with E64
(300 wM) or vehicle (dH,0). Uninfected epithelial cells and cells infected
with P. hominis were incubated for up to 36 h at 37°C and used in control
experiments. At the end of the incubation period, the wells were gently
washed twice with warm HBSS to removed nonadherent trichomonads
and cellular debris. The remaining epithelial cells were fixed with 10%
neutral buffered formalin for 10 min at room temperature (RT) prior to
examination using a Nikon inverted light phase-contrast microscope.

Crystal violet assay. To provide a quantitative analysis of T. foetus-
induced epithelial cytotoxicity, IPEC-J2 cells were grown to confluence on
24-well polystyrene plates and either left uninfected or infected with 10 X
10° T. foetus or P. hominis cells at 37°C for periods ranging from 0 to 36 h.
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FIG 2 Feline T. foetus induces cytopathic effects on intestinal epithelial cells. IPEC-]2 cells were grown to confluence on chamber slides in the absence (A) or
presence of coculture with feline T. foetus (B) or feline P. hominis (C) for a duration of 36 h. (B) T. foetus results in extensive destruction of the monolayer.
Trichomonads (arrowhead) are observed adhering to the glass slide in areas that have become devoid of epithelial cells. (C) P. hominis infection is not associated
with overt monolayer destruction, and trichomonads are observed to adhere to the epithelial cells (arrowheads) (X40 magnification).

At the end of the desired incubation period, the epithelial monolayers
were gently washed with HBSS to remove detached epithelial cells, fixed
with 2% paraformaldehyde in PBS for 15 min at RT, washed with HBSS,
and stained with 100 pl of 0.13% crystal violet solution dissolved in a 5:2
(vol/vol) ethanol-paraformaldehyde solution. The monolayers were gen-
tly washed twice with dH,0 and allowed to air dry. Stained cells were
solubilized in 100 pl 1% SDS in 50% ethanol and transferred to 96-well
plates. The intensity of staining was quantified using a spectrophotometer
at a wavelength of 570 nM with a reference wavelength of 650 nM to
account for optical interference.

Apoptosis signaling. For examining the effect of T. foetus on apoptosis
signaling by intestinal epithelial cells, monolayers of IPEC-]J2 epithelial
cells were grown to confluence on polycarbonate inserts and then infected
with T. foetus (20 X 10°) for durations of 0, 6, 12, 24, and 36 h. T. foetus
cells were left untreated or were pretreated with the cysteine protease
inhibitor E64 (300 uM) or vehicle (sterile dH,0) for 2 h at 37°C and
washed with HBSS prior to infection of IPEC-]J2 cell monolayers. The
isolated effect of T. foetus secretory proteins was determined by coculture
of IPEC-J2 cells with 20 X 10° T. foetus cells that were separated at a
distance of 2 to 3 mm from the surface of the epithelial monolayer by
superimposition of a 10-pm-thick culture plate insert (0.4-pm pore size;
Corning Incorporated, Lowell, MA) or by inoculation of epithelial mono-
layers with conditioned media containing 2 mg/ml secreted proteins of T.
foetus. T. foetus conditioned media was prepared as previously described,
with minor modifications (21, 22), and using numbers of T. foetus (i.e.,
20 X 10° trichomonads) identical to those used for concurrent coculture
studies. Briefly, T. foetus cells were washed once in HBSS and then incu-
bated in 250 wl DMEM-F12 supplemented with 10 mM L-cysteine hydro-
chloride and 10 mM ascorbic acid (pH 7.2) at 37°C for 2 h. After incuba-
tion, trichomonads were centrifuged at 1,000 X g for 10 min, and the
supernatant was aspirated and filtered through a 0.22-pm-pore-size filter.
The filtered supernatant was centrifuged at 15,000 X g for 10 min at 4°C,
inoculated into 750 ul IPEC media, and added to the apical surface of the
IPEC monolayer. Supernatants were used only when obtained from
trichomonads that retained a minimum of 95% motility as assessed by
light microscopy. The effect of experimental conditions on trichomonad
viability was examined by counting the number of trichomonads present
at the endpoint of coculture.

Epithelial monolayers were disrupted with radioimmunoprecipita-
tion assay (RIPA) lysis buffer containing protease inhibitors (halt protease
inhibitor; Thermo Fisher Scientific, Rockford, IL). Protein lysates were
extracted and quantified as previously described for trichomonads. The
lysates were treated with a reducing agent (NuPAGE reducing agent; Life
Technologies, Carlsbad, CA) and LDS buffer (Life Technologies, Carls-
bad, CA) and heated at 70°C for 10 min prior to electrophoresis using 4 to
12% Bis-Tris polyacrylamide gels (Life Technologies, Carlsbad, CA) at
200 V for 1 h. Proteins were transferred to nitrocellulose membranes at 30
V for 1 h. Following transfer, nitrocellulose membranes were blocked
overnight in blocking buffer (Starting Block T20; Thermo Fisher Scien-
tific, Rockford, IL) at 4°C. Immunoblotting was performed using M30
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cytodeath primary antibody (1:500; Roche Diagnostics, Indianapolis, IN)
in Tris-buffered saline with Tween for 4 h at 25°C, followed by goat anti-
mouse horseradish peroxidase-conjugated antibody (1:10,000; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) for 30 min at 25°C. Immuno-
blots were developed using an enhanced chemiluminescent substrate
(Thermo Fisher Scientific, Rockford, IL) and exposed to radiographic
film. Quantitative densitometric analysis of M30 protein bands was per-
formed using SigmaScan software (Systat, Inc., Chicago, IL) and ex-
pressed in arbitrary units. In all assays, Cryptosporidium parvum-infected
IPEC-J2 cells and untreated cells were used as positive and negative con-
trols, respectively, for M30 expression.

Statistical analysis. All data were analyzed for normality (Kolmogo-
rov-Smirnov) and variance (Levene median) using a statistical software
package and tested for significance using parametric or nonparametric
tests as appropriate (Systat, Inc., Chicago, IL). Parametric data were ana-
lyzed using Student’s ¢ test or one-way analysis of variance (ANOVA) with
a post hoc Holm-Sidak test. Nonparametric data were analyzed using
Mann-Whitney rank-sum test or Kruskal-Wallis ANOVA on ranks. Re-
sults are reported as means = standard deviations (SD). For all analyses,
P = 0.05 was considered significant.

RESULTS

T. foetus induces cytopathic effects on intestinal epithelial cells.
The mechanisms of disease pathogenesis of intestinal trichomonad
infection are poorly understood. Therefore, we initially sought to
determine if feline 7. foetus induces direct cytopathic effects on
intestinal epithelial cells. For these studies, confluent monolayers
of IPEC-]2 cells were grown in chamber slides, infected with log-
phase trichomonads for durations ranging from 0 to 36 h and then
examined by means of light microscopy. Infection of IPEC-J2 cells
with T. foetus resulted in a progressive destruction of the epithelial
monolayer with numerous trichomonads observed adhering
to the cells that remained. Compared to T. foetus, an isolate of
feline Pentatrichomonas hominis, a presumably nonpathogenic
trichomonad, adhered poorly to IPEC-J2 cells; following infec-
tion, the epithelial monolayers remained largely intact (Fig. 2).

In order to quantitatively evaluate the cytotoxic effect of T.
foetus on the intestinal epithelium, monolayers were cultivated in
24-well culture plates and stained with crystal violet after 36 h of
coculture with feline T. foetus or P. hominis. Based on loss of crys-
tal violet absorbance, T. foetus severely disrupted IPEC-]2 mono-
layers compared to uninfected monolayers. In contrast, P. hominis
resulted in little destruction of the monolayer (Fig. 3).

T. foetus activates apoptosis of intestinal epithelial cells. To
establish a general and quantifiable mechanism for T. foetus-in-
duced epithelial cytopathogenicity, infected IPEC-J2 cells were
further examined for evidence of activation of apoptosis. For these
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FIG 3 Spectrophotometric analysis of crystal violet absorbance by IPEC-J2
monolayers following coculture in the absence (IPEC-]2) or presence of feline
T. foetus (IPEC-J2 + T. foetus) or feline P. hominis (IPEC-]2 + P. hominis) for
36 h. Data represent n = 6 cultures per treatment and are reported as means +
SD. P < 0.05 (*) and P < 0.001 (***) compared to uninfected IPEC-J2 mono-
layers; ***, P < 0.001 for T. foetus-infected monolayers compared to P. homi-
nis-infected monolayers. (Determined by one-way ANOVA and post hoc
Holm-Sidak test.) Representative wells of each treatment condition after stain-
ing with crystal violet are below the column of each treatment group.

studies, we immunoblotted T. foetus-infected IPEC-J2 monolay-
ers for the presence of a specific epitope of cytokeratin 18 (M30)
that is generated by caspase-mediated cleavage. M30 antigen was
observed in IPEC-]J2 cell lysates beginning at 24 h after infection
with T. foetus, with maximal cleavage occurring at 36 h (Fig. 4A).
In contrast, M30 antigen was detected at only low levels in unin-
fected IPEC-]2 cells over the same time period. M30 reactivity was
not detected in protein lysates from trichomonads alone at any
phase of growth, thereby identifying M30 as being generated by
the intestinal epithelial cells under coculture conditions (Fig. 4B).

T. foetus cytopathic effects require direct contact with epi-
thelial cells. Given the presumed importance of trichomonad-
host adhesion to disease pathogenesis in venereal infection, we
next sought to determine if the cytopathic effects of T. foetus were
mediated by direct interaction of trophozoites with intestinal ep-
ithelial cells versus a soluble mediator released by T. foetus. In
contrast to the proapoptotic effects observed when T. foetus was
directly cocultured with IPEC-J2 monolayers, separation of T. foe-
tus from direct contact with the monolayers by imposition of a
filter largely prevented apoptosis activation. Separation of T. foe-
tus from the epithelial monolayer had no effect on the viability or
number of trichomonads surviving over the 36-h period of cocul-
ture (the number of T. foetus cells was 1.1 X 10° = 0.39 X 10°in
direct coculture and 1.0 X 10° = 0.28 X 10° cells in separated
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FIG 4 T. foetus induces contact-dependent activation of apoptosis in intesti-
nal epithelial cells. (A) Immunoblot of IPEC-]2 cells for the M30 antigen of
cleaved cytokeratin 18 after incubation with T. foetus for 6, 12, 24, and 36 h
(termed IPEC-J2 + Tf). (B) M30 was not detected in isolated T. foetus tropho-
zoites in either log-phase cultures (early) or overgrown cultures containing
large numbers of dead organisms (late). (C) Immunoblot for the M30 antigen
following 36 h of coculture of IPEC-]J2 monolayers in direct contact with T.
foetus, indirect contact with T. foetus (filter separated), or T. foetus conditioned
media. Each condition was performed in triplicate. The positive control (+) is
IPEC-J2 cells postinfection with Cryptosporidium parvum.

coculture). There was a similar lack of cytokeratin cleavage (M30)
when T. foetus-conditioned media alone (containing 2 mg protein
in 1 ml) was used to infect IPEC-J2 monolayers (Fig. 4C).

Feline T. foetus expresses multiple protease activities. Cellu-
lar proteases are commonly implicated in the pathogenicity of
trichomonads that cause venereal disease; however, their role in
mediating cytopathic effects of gastrointestinal trichomonads has
not been investigated. To characterize the protease activities of
feline intestinal trichomonads, whole-cell protein lysates from 4
different feline T. foetusisolates and 1 feline P. hominisisolate were
separated under nondenaturing and nonreducing conditions in
10% Tris-glycine gels containing 0.1% gelatin. The proteolytic
activities of each of the feline T. foetus isolates were similar and
characterized by at least five different bands of proteolysis, having
nondenatured molecular masses of approximately 52, 65, 85, 110,
and 120 kDa, and a broader coalescing band of proteolysis with
molecular masses of =30 kDa (Fig. 5A). Compared to T. foetus,
whole-cell lysates of P. hominis revealed weak proteolysis at bands
corresponding to nondenatured molecular masses of approxi-
mately 54, 64, and 85 kDa. The lower-molecular-mass proteolytic
bands observed in feline T. foetus isolates were absent from P.
hominis (Fig. 5A).

T. foetus protease activities are attributed to serine and cys-
teine proteases. To determine the identity of the cellular protease
activities produced by feline T. foetus and P. hominis, protein
lysates were treated with class-specific protease inhibitors or their
diluents prior to use in substrate-gel electrophoresis. Treatment of
both T. foetus and P. hominis protein lysates with PMSF (5 mM) or
DFP (1 mM) inhibited proteolytic bands of 50 kDa and larger,
thereby identifying these activities as attributed to serine pro-
teases. The molecular mass bands of =30 kDa observed in T. foetus
and not in P. hominis protein lysates were inhibited by pretreat-
ment with E64, identifying these activities as attributed to cysteine
proteases (Fig. 5B). Failure of pepstatin A or EDTA to inhibit the
proteolytic activity of either T. foetus or P. hominis suggested the
absence of active aspartic proteases or metalloproteases in whole-
cell lysates of these trichomonads. When live trichomonads rather
than protein lysates were treated with each protease inhibitor,
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FIG 5 Protease activities of feline T. foetus are attributed to serine and cysteine proteases. (A) Representative gelatin zymography of cellular protein lysates (40
pgeach) from feline trichomonad isolates. Lanes 1 to 4, T. foetus isolates (A, D, F, and Sti) from four different domestic cats; lane 5, feline P. hominis. (B) The effect
of inhibitors on protease activity of cellular protein lysates (40 g each) from T. foetus (isolate A). Lanes 1 and 2, no inhibitors (vehicle-treated controls; ethanol
[EtOH], diluent for pepstatin A and PMSF; dH, O, diluent for E64 and EDTA); lane 3, 5 mM PMSF; lane 4, 300 uM E64; lane 5, 10 M pepstatin A; lane 6, 5 mM
EDTA. (C) Lane 1, 40 pg of cellular protein lysate from T. foetus (isolate A); lane 2, 40 g of secretory product from the corresponding isolate; lane 3, 275 pg of
secretory product from corresponding isolate (arrow a, serine protease activity; arrow b, presumptive location of CP30/CP8; arrow ¢, cysteine protease activity).
Results observed with isolate A are representative of assays performed concurrently with isolates D, F, and Sti.

identical inhibitory effects on gel protease activities were ob-
served.

T. foetus cysteine protease activity is predominantly cell as-
sociated. Because T. foetus cytopathic effects were observed to be
dependent on direct contact with the intestinal epithelium, we
next sought to determine if either the cysteine or serine protease
activities of T. foetus were largely cell associated rather than se-
creted. Accordingly, we compared the protease activities of whole-
cell lysates of T. foetus to those obtained using T. foetus condi-
tioned media alone. At equal total protein contents, serine
protease activity was demonstrated in both whole-cell-associated
and secretory fractions. However, ~7-fold greater amounts of se-
creted versus whole-cell protein lysate were required to demon-
strate secreted cysteine protease activity (Fig. 5C).

T. foetus cysteine proteases mediate intestinal epithelial cy-
totoxicity. To determine if T. foetus cysteine protease activity me-
diates intestinal epithelial cytotoxicity, live T. foetus organisms
were pretreated with E64 (300 wM) or diluent (dH,0) for a dura-
tion of 2 h prior to coculture in direct contact with IPEC-J2 cells.
Treatment of T. foetus alone with E64 had no adverse effect on
motility or growth of the trichomonads compared to treatment
with vehicle alone for periods of up to 48 h (Fig. 6). However,
inhibition of T. foetus cysteine protease activity prior to coculture
with IPEC-J2 cells significantly reduced epithelial cell apoptosis
signaling, as demonstrated by diminished cleavage of cytokeratin
18 (Fig. 7A and B). Light microscopic examination of IPEC-J2
cells after infection with E64-treated T. foetus revealed ameliora-
tion of monolayer destruction (Fig. 7C). Quantitative examina-
tion of monolayer destruction using crystal violet revealed a sig-
nificant sparing of the monolayers when IPEC-J2 cells were
infected with each of three different isolates of E64-treated T. foe-
tus compared to monolayers infected with vehicle-treated T. foetus
(Fig. 7D and Fig. 8). The contribution of T. foetus cell-associated
serine proteases to epithelial toxicity could not be ascertained in
coculture, because treatment of the trichomonads with serine pro-
tease inhibitors (5 mM PMSF or 1 mM DFP) at concentrations
required to neutralize protease activity was lethal to the tropho-
zoites.
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T. foetus cysteine protease mediates cytopathic effects by
promoting adhesion to intestinal epithelial cells. Based on our
observations that T. foetus cytotoxicity required direct interaction
with the epithelium and was dependent on cysteine protease ac-
tivity, as well as cysteine protease activity being predominantly cell
associated, we hypothesized that cysteine proteases mediate their
cytopathic effects by promoting adhesion of T. foetus to the intes-
tinal epithelium. To test this hypothesis, we determined the effect
of cysteine protease inhibition on adhesion of [*H]thymidine-
labeled T. foetus to IPEC-]2 epithelial monolayers. Inhibition of T.
foetus cysteine protease activity by pretreatment with E64 (300
wM) significantly blocked adhesion of trichomonads to the intes-
tinal epithelium (Fig. 9). This effect was specific to cysteine pro-
teases, because pretreatment of 7. foetus with metalloprotease
(500 wM EDTA) and aspartic protease (100 wM pepstatin A) in-
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FIG 6 Growth curve of feline T. foetus (TF) in the presence of the cysteine
protease inhibitor E64 (300 wM) or vehicle (deionized water; dH,O) over a
period of 48 h. Data points represent the means = standard deviations from 3
replicate cultures at each time point.
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FIG 7 Cysteine protease activity mediates T. foetus cytopathogenicity. T. foetus was pretreated with the cysteine protease inhibitor E64 (300 wM) or vehicle
(dH,0) prior to coculture with IPEC-J2 monolayers for 6, 12, 24, or 36 h. (A) Immunoblot of uninfected IPEC-]J2 monolayers and monolayers following 36 h of
coculture with vehicle-pretreated T. foetus or E64-pretreated T. foetus for the presence of the M30 antigen of cleaved cytokeratin 18. (B) Densitometric analysis
of the 3 immunoblots shown in panel A. **, P < 0.01 compared to vehicle-treated T. foetus (one-way ANOVA and post hoc Holm-Sidak test). Data represent n =
3 cultures per treatment and are reported as means = SD. (C) Representative light microscopy images of uninfected IPEC-J2 monolayers and monolayers
following 36 h of coculture with vehicle-treated T. foetus and E64-treated T. foetus (X40 magnification). (D) Spectrophotometric analysis of crystal violet
absorbance of IPEC-J2 monolayers following coculture with vehicle-treated T. foetus or E64-treated T. foetus (A isolate) for 36 h. Representative wells are shown
below treatment group columns. ***, P < 0.001 for vehicle-treated T. foetus compared to E64-treated T. foetus and compared to uninfected IPEC-J2 monolayers
(one-way ANOVA and post hoc Holm-Sidak test). Data represent n = 6 cultures per treatment group and are representative of 3 different feline T. foetus isolates.

Data are reported as means * SD. Data reported from uninfected and T. foetus-infected monolayers are also shown in Fig. 3.

hibitors at standard inhibitory concentrations had no significant
effect on adhesion compared to that of T. foetus treated with
vehicle alone. The contribution of T. foetus cell-associated serine
proteases to epithelial adhesion could not be ascertained, because
treatment of the trichomonads with serine protease inhibitors
PMSF and AEBSF at concentrations required to neutralize pro-
tease activity was lethal to the trophozoites.

DISCUSSION

Considerable research has been devoted to understanding the cel-
lular mechanisms of T. vaginalis and T. foetus pathogenicity in the
reproductive tract. To the authors’ knowledge, this study is
the first to investigate the mechanisms of T. foetus pathogenicity in
the intestinal tract. We have previously demonstrated both in vivo
(6) and using an in vitro coculture model system (15) that feline T.
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foetus has an affinity for adhering to the intestinal epithelium. In
these studies, we used the in vitro coculture model system to in-
vestigate the cytotoxic effects of feline T. foetus on intestinal epi-
thelial cells, the dependence of T. foetus pathogenicity on adhesion
to the epithelium, and the role of T. foetus cellular proteases in
mediating these effects.

These studies were performed using a nontransformed porcine
intestinal epithelial cell line (IPEC-J2) to model the intestinal ep-
ithelium. Because currently there are no feline intestinal epithelial
cell lines with which to conduct these studies, porcine intestinal
epithelial cells represented a compelling alternative, as feline T.
foetus and the trichomonad of pigs, Tritrichomonas suis, are highly
similar organisms that both demonstrate a unique tropism for the
gastrointestinal tract (7, 8). Using this approach, we demonstrated

Infection and Immunity


http://iai.asm.org

. = |PEC-J2
S === |PEC-J2 + T. foetus
g = |PEC-J2 + E-64 T. foetus
5 30
*kk
[0]
2 25
g *kk
5 20
_g *%
< 15/ I
kS
QS 101
>
S 05 A
[
[
O 00

T. foetus Proteases Promote Enterocyte Cytotoxicity

3.0 4
*kk

25 ] —

2.0 *

*k%k

0.5 1

0.0 -

FIG 8 Cysteine protease activity mediates T. foetus cytopathogenicity. Spectrophotometric analysis of crystal violet absorbance of IPEC-J2 monolayers following
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as means * SD.

that T. foetus causes progressive cytotoxicity to the intestinal epi-
thelium characterized by progressive loss of cells from the mono-
layer. An ongoing loss of colonic epithelial cells in vivo in cats
naturally infected by T. foetus is supported by histological lesions
that demonstrate attenuation of the surface epithelium in con-
junction with cellular hyperplasia and hypertrophy and increased
mitotic activity within the crypts (23).

Further investigation into the cytotoxic effects of feline T. foe-
tus on the intestinal epithelial cells demonstrated activation of
apoptosis signaling in association with cell loss. Moreover, these
cytotoxic effects were dependent on a direct interaction of T. foe-
tus with the intestinal epithelium and could not be recapitulated
using T. foetus conditioned media alone. Although the focus of
this study was not to fully characterize the mechanism of epithelial
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FIG 9 Adhesion of T. foetus to intestinal epithelial monolayers is mediated by
cysteine protease activity. Adhesion of [*H]thymidine-labeled T. foetus to
IPEC-J2 monolayers is significantly reduced following pretreatment of
trichomonads with the cysteine protease inhibitor E64 compared to vehicle-
treated (dH,0) T. foetus. No effect is observed on T. foetus adhesion following
pretreatment using protease inhibitors of other classes. *, P < 0.05 compared
to vehicle-treated T. foetus (Mann-Whitney rank-sum test). Each data point
represents 4 to 11 cultures per treatment.
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cell death induced by feline T. foetus, activation of apoptosis has
also been described in human vaginal and Caco-2 epithelial cells
following infection with T. vaginalis (24, 25) and bovine vaginal
and oviduct epithelial cells following infection with bovine T. foe-
tus (26, 27). Further work is needed to determine the exact signal-
ing mechanisms of cell death induced by feline T. foetus.

Based on a precedential interest in the role of cellular proteases
in mediating the pathological effects of trichomonads that infect
the reproductive tract, we focused on characterizing the protease
activities of several different feline T. foetus isolates. Feline T. foe-
tus isolates produced multiple and similar protease activities that
were functionally attributed to serine and cysteine proteases. In
particular, the cysteine proteases are recognized as able mediators
of cytotoxicity in coculture models of venereal trichomonosis (16,
24, 28) and can be found in vaginal secretions from women in-
fected with T. vaginalis (29). Cysteine protease inhibitors were
recently demonstrated to ameliorate cytotoxicity in a murine
model of venereal trichomonosis (19), making this class of pro-
teases an attractive target for investigation as a virulence factor of
feline T. foetus. In testing this hypothesis, we pretreated T. foetus
with the cysteine protease inhibitor E64 prior to infection of the
intestinal epithelium. E64 was chosen in these assays because it is
irreversible, cell permeable, nontoxic, and demonstrated an abil-
ity to inhibit all feline T. foetus cysteine protease activity based on
substrate-gel electrophoresis. Under these conditions, subsequent
enterocyte apoptosis activation and monolayer destruction was
significantly ameliorated. Using our model system, we were un-
able to examine the influence of T. foetus cell-associated serine
proteases on epithelial adhesion or cytotoxicity, because all tested
inhibitors were lethal to T. foetus when used at concentrations
required to neutralize serine protease activity.

Adhesion to the host epithelium is a critical first step toward
establishing infection and mediating host cell contact-dependent
cytotoxicity in venereal trichomonosis (30). Inhibition of T. vagi-
nalis and bovine T. foetus adhesion results in a significant reduc-
tion in cytotoxicity to human and bovine vaginal epithelial cell
monolayers, respectively (31-33). Two cysteine proteases (CP30
and CP65) have been identified on the plasma membrane surface
of T. vaginalis and demonstrated in vitro to promote binding of
the organisms directly to the surface of HeLa cell monolayers (28,
34). In bovine T. foetus, the role of cysteine proteases as adhesion
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proteins has not been shown but is suggested by studies in a mouse
model of venereal trichomonosis where inhibition of T. foetus
cysteine protease activity resulted in reduced genital colonization
(19). To determine if cysteine proteases mediate the cytotoxic ef-
fects of feline T. foetus by promoting adhesion of trichomonads to
the intestinal epithelium, we examined the effect of cysteine pro-
tease inhibition on adhesion of radiolabeled T. foetus to intestinal
epithelial monolayers using a well-described coculture assay (15).
Inhibition of feline T. foetus cysteine protease activity blocked
adhesion of T. foetus to the intestinal epithelium and significantly
inhibited activation of apoptosis signaling and monolayer de-
struction. Cysteine proteases are unlikely to be the only mediators
of feline T. foetus adhesion, as E64 inhibited adhesion of approx-
imately 50% of the trophozoites. It remains unknown whether
feline T. foetus cysteine proteases directly mediate adhesion to the
intestinal epithelium or rather induce the expression of other ad-
hesins responsible for this effect. One could speculate that reduced
adherence and cytotoxicity is not due directly to a cysteine pro-
tease ligand-dependent binding but altered cell function that re-
duces the expression of other parasite binding molecules, like
sialic acid-binding lectins and lipophosphoglycan-like molecules
(35, 36), or reduced production of secreted proteases or toxins
close to the surface of the epithelial cell that are dependent on
cysteine protease activity. Cysteine proteases of T. vaginalis and
bovine T. foetus have been demonstrated in vitro to contribute to
extracellular matrix degradation, epithelial cell detachment, in-
duction of host cell apoptosis, complement and antibody destruc-
tion, and phagocytosis of host cell elements (22, 28, 37-40). Ac-
cordingly, it seems likely that the cytopathic effects of cysteine
proteases in feline T. foetus are multifactorial.

Under the present study conditions, the cysteine proteases of
feline T. foetus appeared to be predominantly cell associated.
Physical separation of T. foetus from the intestinal epithelium or
the addition of conditioned media containing 7-fold greater
amounts of protein than required to demonstrate soluble cysteine
protease activity did not result in demonstrable cytopathic effects
toward the intestinal epithelium. Cysteine proteases identified in
secretions of venereal trichomonads have been demonstrated to
directly contribute to host cell destruction in human and bovine
trichomonosis (19, 24). Therefore, while the present study iden-
tifies the cell-associated cysteine proteases as largely responsible
for the cytopathic effects of feline T. foetus in coculture with intes-
tinal epithelial cells, a pathogenic role for secreted cysteine pro-
teases in alternative models of infection or in vivo cannot be dis-
counted.

It is compelling to speculate that the presence or identity of
cysteine proteases could account for differences in pathogenicity
between species of trichomonads. While these studies were not
designed to answer this question, we found it notable that a feline
isolate of Pentatrichomonas hominis, a presumably nonpathogenic
intestinal trichomonad with previously reported poor adherence
capabilities (15), had no detectable cysteine protease activity and
was significantly less destructive to intestinal epithelial cell mono-
layers. Determining any association between cysteine protease ac-
tivity and cytotoxicity among the feline T. foetus isolates examined
in this study was not possible due to the lack of variation in cys-
teine protease activity among the isolates. Fifteen cysteine pro-
tease genes have been identified within the genome of bovine T.
foetus (41). Differential expression levels of these cysteine pro-
teases suggests individualized roles for these proteases in the tac-
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tics of the parasite (7). A comparative analysis of 8 different cys-
teine protease coding regions demonstrated 100% identity among
feline isolates. However, Slapeta et al. demonstrated a 1.19% nu-
cleotide difference among the cysteine protease genes of feline
compared to bovine strains of T. foetus, suggesting these genes
play arole in adaptation to their preferred host or niche within the
host (7). Future work will be required to determine the identities
and exact molecular masses of the cysteine proteases responsible
for mediating the pathogenic effects of feline T. foetus and whether
or not they are comparable to those identified for bovine isolates.

Despite a high prevalence, worldwide distribution of infection,
and lack of consistently effective drugs for treatment, the cellular
mechanisms of feline T. foetus intestinal epithelial pathogenicity
have never been studied before (6, 9, 11, 14). In these studies, we
have identified a central role for cysteine proteases in promoting
adhesion-dependent cytotoxicity of feline T. foetus to the intesti-
nal epithelium. These results support further investigation of the
cysteine proteases as virulence factors in vivo and as potential ther-
apeutic targets for ameliorating the clinical signs of feline intesti-
nal trichomonosis in cats with antimicrobial-resistant T. foetus
infection.
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