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Cryptosporidium parvum induces moderate levels of apoptosis of cultured human intestinal epithelial cells,
which are maximal at 24 h after infection. Apoptosis is further increased in C. parvum-infected cells by
inhibition of NF-kB. C. parvum infection also attenuates epithelial apoptosis induced by strongly proapoptotic
agents. The data suggest C. parvum has developed strategies to limit apoptosis in order to facilitate its growth
and maturation in the early period after epithelial cell infection.

The protozoan parasite Cryptosporidium parvum causes di-
arrhea in both immunocompetent and immunosuppressed
hosts. The primary site of C. parvum infection is the epithelium
of the intestine, although epithelial cells in extraintestinal sites,
including the stomach and biliary and respiratory tract, can
also be infected (13, 27, 35). The infective stage of C. parvum
is the oocyst, which usually contains four sporozoites. Follow-
ing excystation, sporozoites attach to the intestinal epithelium,
are enveloped by the apical membrane, and reside in an intra-
cellular, extracytoplasmic parasitophorous vacuole (15, 21, 28).
C. parvum undergoes a series of asexual reproductive stages in
the first 48 h after infection in vivo and in cell culture (34).
Infection of the intestinal epithelium with C. parvum can result
in blunting of intestinal villi, crypt hyperplasia, and cytoskeletal
remodeling, as well as decreased sodium absorption, increased
prostaglandin production, and epithelial chemokine secretion
(1, 2, 11-13, 24, 25, 33). C. parvum infection of intestinal
epithelial cells in vitro also results in cell detachment and the
apical release of the cytosolic enzyme lactate dehydrogenase
(14, 25), but the exact nature of this cytopathic effect is poorly
understood. Apoptosis is a regulated process of cell death that
can be signaled from the external environment or from within
the cell and, in contrast to intestinal epithelial cell necrosis,
results in little disruption of intestinal epithelial barrier integ-
rity (18). Apoptosis occurs in response to infection with several
invasive and noninvasive microbial pathogens of the human
gastrointestinal tract, including Salmonella spp., Shigella spp.,
enteropathogenic Escherichia coli, human immunodeficiency
virus type 1, and Helicobacter pylori (6, 8, 17, 22, 23). Since C.
parvum resides and undergoes critical phases of its life cycle
within the intestinal epithelium, we investigated whether this
pathogen has developed strategies to alter epithelial cell apo-
ptosis that may enhance its survival within that environment.

Cells of the human ileocecal adenocarcinoma line HCT-8
(ATCC CCL 244) and colonic adenocarcinoma line Caco-2
(ATCC HTB 37) were grown in RPMI 1640 or Dulbecco’s
modified Eagle’s medium, respectively, supplemented with
10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 U
of penicillin G per ml, and 50 pg of streptomycin per ml (23,
24). Calpain-1 inhibitor was from Calbiochem, La Jolla, Calif.,
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and etoposide, S-fluorouracil, and staurosporine were from
Sigma Chemical Co., St. Louis, Mo. C. parvum was maintained
and oocysts were isolated and used for infection as described
before (24, 25). Recombinant adenovirus containing an
IkBa-AA superrepressor (Ad5IkB-A32/36) was constructed as
described before (9). Monolayers of HCT-8 or Caco-2 cells at
80 to 100% confluency in six-well Costar tissue culture plates
were infected with oocysts at a ratio of three oocysts per one
cell for 5 h, after which cells were washed and fresh supple-
mented medium was added. Cells were then incubated for an
additional 12 to 48 h, after which nonadherent and adherent
cells were removed, the latter by treatment with 0.25% tryp-
sin—1 mM EDTA for 5 min. To detect epithelial cell apoptosis,
cells were pooled, fixed with 4% formalin, stained with the
DNA binding dye Hoechst 33258 (4 png/ml), deposited on glass
microscope slides by a cytocentrifuge, and analyzed by epiflu-
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FIG. 1. Time course of apoptosis in HCT-8 cells infected with C. parvum.
Apoptotic cells were determined by staining with Hoechst 33258 dye. The per-
centage of apoptotic cells is shown for C. parvum-infected cells (@) and unin-
fected control cells (O). Data are means * standard errors of four repeated
experiments. Similar findings were obtained by assessing caspase cleavage of
keratin 18 as a measure of apoptosis (data not shown).
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FIG. 2. Colocalization of C. parvum infection and apoptosis in HCT-8 cells. Confluent monolayers of uninfected (A and B) and C. parvum-infected (C and D)
HCT-8 cells were fixed 24 h after infection and stained for C. parvum and with Hoechst 33258 dye. Panels A and C are photomicrographs obtained with an Omega
optical XF34 fluorescence filter to visualize C. parvum staining, while panels B and D are photomicrographs from the respective identical fields obtained with an Omega
optical XFO5 filter to visualize staining with Hoechst dye. A cell infected with C. parvum and undergoing apoptosis is indicated by the arrows, and a nonapoptotic cell
infected with C. parvum is indicated by the solid arrowheads. Panels E and F display triple staining of uninfected (E) and C. parvum-infected (F) HCT-8 cultures.
C. parvum was stained with Cy3-conjugated secondary antibody (red), nuclear morphology was stained with Hoechst 33258 dye (blue), and cleaved cytokeratin 18 was
detected with a Cy2-conjugated secondary antibody (green), which was visualized with an Omega optical XF23 filter. Triple-staining images were layered by using the
program Adobe Photoshop. The arrow depicts a C. parvum-infected cell undergoing apoptosis, as indicated by apoptotic nuclear morphology and the presence of
cleaved cytokeratin 18. Overlapping areas of green and red appear as yellow. Original magnification, X630.

orescence microscopy. Cells were defined as apoptotic based
on compaction and segregation of chromatin into dense
masses, segmentation of nuclei, and formation of apoptotic
bodies. Nonapoptotic epithelial cells displayed intact regularly
shaped nuclei and normal chromatin distribution. Five hun-
dred cells were examined (100 in each of five separate fields),
and the number of apoptotic cells was expressed as a percent-
age of the total number of cells examined. Data obtained by
Hoechst staining were confirmed by assessing cleavage of ker-
atin 18 and reorganization of intermediate filaments as a mea-
sure of apoptosis (4). Fragmented cytokeratin 18 was detected
by using acetone-fixed cells with M30 cytoDeath (Roche Mo-

lecular Biochemicals, Indianapolis, Ind.) as the primary anti-
body and Cy2-labeled secondary antibody. To detect C. par-
vum-infected cells, fixed cells were stained with a rat anti-C.
parvum serum (1:500) (24) and a 1:1,000 dilution of Cy3-la-
belled goat anti-rat immunoglobulin G (heavy plus light
chains) (Amersham Corporation, Arlington Heights, Il.), fol-
lowed by staining with Hoechst 33258 (4 pg/ml). Statistical
analysis was performed with a two-tailed Student ¢ test.
Figure 1 demonstrates that the percentage of cells with ap-
optotic morphology significantly increased in C. parvum-in-
fected HCT-8 cultures, compared to control uninfected cul-
tures, over the first 24 h after infection. C. parvum infection
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TABLE 1. Enumeration of apoptotic and nonapoptotic cells in C. parvum-infected HCT-8 cultures”

% of cells
Cells Apoptotic/total cell ratio
Apoptotic Nonapoptotic Total
C. parvum infected 15 70 0.214
Uninfected 1 30 0.033
Total 16 100

“ Apoptosis levels were assessed 24 h after infection by using Hoechst 33258 dye. The results are the means of two separate experiments.

also increased apoptosis of Caco-2 cells (11.7% = 0.9% apo-
ptotic cells in infected cultures versus 1.3% * 0.3% in unin-
fected cultures at 24 h after infection [P < 0.0001, n = 3]). The
percentage of intestinal epithelial cells undergoing apoptosis
and the relatively slow kinetics of apoptosis resemble those
recently reported for C. parvum-infected human biliary tract
epithelial cells (5).

To determine if the epithelial cells undergoing apoptosis
were those directly infected with C. parvum, cells were double
stained for C. parvum and with Hoechst 33258 dye to detect
apoptosis or triple stained additionally with M30 antibody to
detect caspase-cleaved cytokeratin 18 (Fig. 2). More than 93%
of the cells undergoing apoptosis were concomitantly infected
with C. parvum, although only a fraction (21%) of C. parvum-
infected cells exhibited signs of apoptosis 24 h after infection
(Table 1). Nonetheless within C. parvum-infected cultures, ap-
optosis was increased by 6.5-fold in infected compared with
uninfected cells. This suggests that cellular infection is directly
required for the induction of epithelial cell apoptosis and that
the possible release of mediators from infected cells which
might induce apoptosis in adjacent uninfected cells, as has
been demonstrated in Salmonella-infected epithelial cell cul-
tures (23), plays a minor, if any, role in the apoptotic response
to C. parvum.

The transcription factor NF-«B has been shown to prevent
apoptosis of tumor necrosis factor alpha-stimulated cells in
several experimental models (3, 26, 36, 37). Moreover, activa-
tion of NF-kB by infection of T cells with the parasite Theileria
parva or endothelial cells with Rickettsia rickettsii protected
infected cells from undergoing apoptosis (7, 16). Since C. par-
vum infection of intestinal epithelial cells is paralleled by the
activation of NF-kB target genes (24, 25, 33), we investigated
whether the relatively low proportion of infected cells under-
going apoptosis in response to C. parvum infection reflects a
protective effect of NF-kB activation. C. parvum-infected
HCT-8 monolayers were treated for 24 h with calpain-1 inhib-
itor (25 pM), a calcium proteinase inhibitor which prevents the
activation of NF-kB by blocking IkB degradation (29). Note
that there was a significant increase in the proportion of cells
undergoing apoptosis in C. parvum-infected cultures treated
with calpain-1 inhibitor, as follows. There was 1.7% * 0.3%
(mean * standard error) apoptosis in control cells (n = 11
experiments) given no treatment versus 11.2% * 1.1% apo-

TABLE 2. A superrepressor of NF-kB activation increases
apoptosis in C. parvum-infected HCT-8 cells

% Apoptosis in HCT-8 cells”

Treatment
Uninfected C. parvum infected
None 1.5+03 9.7+ 1.9
Ad51kB-A32/36 6.7+ 1.5 333+1.2
AdS5 vector control 6.7+ 0.3 10.7 = 2.0

¢ Data are means * standard errors of three repeated experiments.

ptosis in infected cells (n = 11) given no treatment. There was
2.5% = 1.2% apoptosis in control cells treated with calpain-1
inhibitor (n = 4) versus 26.8% =* 6.6% apoptosis in infected
cells treated with calpain-1 inhibitor (n = 4). The difference
between calpain-1 inhibitor-treated and untreated control cells
was not significant, whereas the difference between calpain-1
inhibitor-treated infected cells versus untreated infected cells
was significant (P < 0.05).

Since pharmacologic agents are not always completely spe-
cific, we used an additional approach in which cells were in-
fected with a recombinant adenovirus expressing a mutant
IkBa protein that has serine-to-alanine substitutions at posi-
tions 32 and 36 (Ad5IkB-A32/36) and acts as a superrepressor
of NF-«B activation by preventing signal-induced IkBa phos-
phorylation (9). Subsequent to adenovirus infection, HCT-8
cells were infected with C. parvum, and apoptosis was assessed
24 h later. As shown in Table 2, apoptosis in response to C.
parvum infection markedly increased in AdS5IkB-A32/36-in-
fected cells, but not in cells infected with control adenovirus.
Taken together, these findings suggest that C. parvum-induced
apoptosis is limited by the concomitant activation of NF-kB.
When NF-kB activation is blocked, the apoptosis-inducing ca-
pacity of C. parvum is increased, and a significantly greater
fraction of infected cells undergoes apoptosis.

Pathogens such as Toxoplasma gondii and Chlamydia tracho-
matis, which alone did not significantly induce apoptosis of
target cells, have been shown to decrease apoptosis of infected
cells challenged with apoptosis-inducing agents (7, 10, 30). We
investigated, therefore, whether C. parvum infection of intes-
tinal epithelial cells could attenuate apoptosis in response to
known inducers of apoptosis. For these experiments, HCT-8
monolayers were infected with C. parvum and then challenged
for 24 h with staurosporine, an inhibitor of protein kinase C, or
etoposide, a DNA topoisomerase II inhibitor, or were chal-
lenged for 48 h with 5-fluorouracil, a thymidine monophos-
phate synthesis inhibitor (19, 20, 31, 32). As shown in Table 3,
C. parvum significantly attenuated apoptosis induced by these
agents.

These data show that C. parvum induces a moderate degree
of apoptosis in intestinal epithelial cells yet inhibits apoptosis
of these cells in response to strong proapoptotic stimuli. The

TABLE 3. Apoptosis induction by chemical agents is attenuated in
HCT-8 cells infected with C. parvum

% Apoptosis in HCT-8 cells”

Treatment P (infected vs control)
Control Infected
None 1703 (11) 11.2=1.1(11) <0.001
Staurosporine 41.1 £ 2.8 (11) 22.0 = 2.5 (11) <0.005
Etoposide 355+03(¢4) 18.0x0.5(4) <0.001
5-Fluorouracil 57.8 £3.9(4) 27.0=3.5(4) <0.001

“ Data are means * standard errors for n experiments (indicated in parenthe-
ses).
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most likely explanation for these findings is that C. parvum
prevents induction of high levels of epithelial cell apoptosis
early after infection, when the parasite depends on the host cell
for growth and development. Induction of moderate levels of
epithelial cell apoptosis, rather than necrosis, early after infec-
tion may also limit the host inflammatory response, which
could be detrimental to the survival of the parasite. On the
other hand, deletion of infected epithelial cells by apoptosis
may benefit the host, since it allows maintenance of epithelial
barrier integrity.

This work was supported by National Institutes of Health grant
DK35108.
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