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Cryptosporidium parvum is an intracellular protozoan parasite that causes a severe diarrheal illness in
humans and animals. Previous ultrastructural studies have shown that Cryptosporidium resides in a unique
intracellular compartment in the apical region of the host cell. The mechanisms by which Cryptosporidium
invades host intestinal epithelial cells and establishes this compartment are poorly understood. The parasite
is separated from the host cell by a unique electron-dense structure of unknown composition. We have used
indirect immunofluorescence microscopy and confocal laser scanning microscopy to characterize this struc-
ture. These studies indicate that host filamentous actin is assembled into a plaque-like structure at the
host-parasite interface during parasite invasion and persists during parasite development. The actin-binding
protein a-actinin is also present in this plaque early in parasite development but is lost as the parasite
matures. Other actin-associated proteins, including vinculin, talin, and ezrin, are not present. We have found
no evidence of tyrosine phosphorylation within this structure. Molecules known to link actin filaments to
membrane were also examined, including a-catenin, 3-catenin, plakoglobin, and zyxin, but none was identified
at the host-parasite junction. Thus, Crypfosporidium induces rearrangement of the host cell cytoskeleton and

incorporates host cell actin and «-actinin into a host-parasite junctional complex.

Cryptosporidium parvum is an intracellular protozoan para-
site that is an important cause of diarrheal illness worldwide
(7). Humans are susceptible hosts in a variety of settings in-
cluding people with AIDS, children in developing countries,
and immunocompetent hosts of waterborne illness. Despite
the medical importance of this infection, the pathogenesis is
poorly understood (4).

Cryptosporidiosis is initiated when a host ingests oocysts
from the environment. Once in the bowel, these oocysts release
sporozoites, which rapidly invade the epithelial cells lining the
intestines. There, the parasite completes both the asexual and
sexual phases of its life cycle. During the invasion process
Cryptosporidium establishes a unique intracellular compart-
ment within the host cell in which it divides. This unique
compartment has been termed intracellular but extracytoplas-
mic, since it appears to be separated from the apical host cell
cytoplasm and bulges into the lumen of the gut (Fig. 1) (28).

During Cryptosporidium invasion and intracellular develop-
ment, several elements of host cell cytoskeleton appear to be
disrupted. First, the microvilli which normally cover the intes-
tinal epithelial cell are absent in the area of parasite invasion
(18, 21). Second, the normally columnar epithelial cells are
often significantly shortened after invasion by Cryptosporidium
(15, 19). Third, a unique structure is formed at the host-para-
site interface during invasion, containing an electron-dense
band of unknown composition and an adjacent filamentous
network (Fig. 1) (18, 21, 29). We have undertaken this study to
better understand the cytoskeletal changes that occur in Cryp-
tosporidium-infected cells.
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MATERIALS AND METHODS

Experimental murine infections. BALB/c mouse pups were infected with ap-
proximately 5,000 oocysts (AUCp-1 isolate) at 48 h of age and sacrificed 72 h
later. Small intestinal tissue was harvested and fixed in 4% paraformaldehyde
plus 1% glutaraldehyde. The tissue was postfixed in osmium tetroxide for 1 h and
embedded in Epon. Sections of 80 nm were cut, and transmission electron
photomicrographs were obtained using a Hitachi H-600 electron microscope.

Experimental infection of HCT-8 cells. The human colonic adenocarcinoma
cell line HCT-8 (ATCC CCL-244) was purchased from the American Type
Culture Collection (ATCC; Manassas, Va.) and grown according to ATCC
instructions on 22-mm? glass coverslips in six-well plates. Confluent HCT-8 cells
were infected with 2 X 10° C. parvum oocysts/well (Towa isolate; Pleasant Hill
Farm, Troy, Idaho) 24 h after plating on glass coverslips. When indicated,
intracellular parasites were hypotonically extracted from host cells by gently
washing cells in phosphate-buffered saline (PBS), incubating them on ice for 2
min, dipping coverslips in distilled H,O for 10 s, incubating cells in PBS for 5
min, and then fixing cells as described below. This hypotonic extraction is a
modification of a protocol provided by Margaret Perkins, Columbia University.

Culture of GFP-actin-expressing cell line. The cells and their culture methods
have been previously published (25). Briefly, clone A10 is a Madin-Darby canine
kidney (MDCK) clone expressing human cytoplasmic (i.e., nonmuscle) B-actin
fused in frame with the enhanced green fluorescent protein (GFP) gene in the
Clontech pEGEP-C1 vector. The clone was cultured in low-glucose Dulbecco
modified Eagle medium with 10% fetal bovine serum, antibiotics, and Geneticin
(G418; 300 p.g/ml). Three days before experiments were performed, the medium
containing G418 was replaced with G418-free medium. Cells were maintained in
10-cm plates in 5.5% CO, at 37°C and subcultured 1:5 when confluent.

Fluorescence microscopy. In preparation for staining, 24 h postinfection
HCT-8 cell monolayers were washed in PBS, fixed for 10 min in 3.7% formal-
dehyde (J. T. Baker, Phillipsburg, N.J.), washed again, and permeabilized for 10
min in 0.1% Triton X-100 (Sigma, St. Louis, Mo.). The monolayers were then
blocked for 10 min in 1% bovine serum albumin (BSA; Sigma) and incubated for
45 min with primary antibody plus 4,'6’-diamidino-2-phenylindole dilactate
(DAPI; 5 pg/ml; Molecular Probes, Eugene, Oreg.), 1% BSA, and 3% goat
serum (Sigma) in PBS. Monolayers were then washed in blocking solution and
incubated for 30 min with secondary antibody and fluorescein isothiocyanate
(FITC)-phalloidin (5 pg/ml; Sigma) or tetramethylrhodamine B isothiocyanate-
phalloidin (5 pg/ml; Sigma) plus 1% BSA and 3% goat serum in PBS. Mono-
layers were then washed again, postfixed with 3.7% formaldehyde, and mounted.
Negative controls omitted the primary antibody. The following antibodies (each
monoclonal unless indicated otherwise) were used: antiactin (polyclonal,
against a 13-amino-acid N-terminal actin peptide; A5060; Sigma), 1:200;
anti-a-actinin (A5044; Sigma), 1:200; anti-a-catenin (C21620; Transduction
Laboratories, Lexington, Ky.), 1:250; anti-B-catenin (13-8400; Zymed, San Fran-
cisco, Calif.), 1:200; antiezrin (E53020; Transduction Laboratories), 1:250; anti-
keratin AE1/AE3 (1124 161; Boehringer Mannheim, Indianapolis, Ind.), 1:2,000;
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FIG. 1. Transmission electron micrograph of a murine small intestinal epithelial cell infected by Cryptosporidium. Note the electron-dense band (arrow) separating
the parasite from the host cell cytoplasm and the filamentous network immediately beneath this structure (brackets). Magnification, X15,000.

anti-mouse-Cy3 (711-165-152; Jackson ImmunoResearch Laboratories, West
Grove, Pa.), 1:250; anti-pan-tubulin rabbit antiserum (a gift from Doug Mur-
phy), 1:50; antiphosphotyrosine (03-7700; Zymed), 1:200; antiplakoglobin
(C26220; Transduction Laboratories), 1:400; anti-rabbit-Cy3 (711-165-152;
Jackson ImmunoResearch Laboratories), 1:250; anti-rat-FITC (712-095-150;
Jackson ImmunoResearch Laboratories), 1:250; antitalin (T3287; Sigma), 1:40;
antivillin (V34420; Transduction Laboratories), 1:100; antivimentin (18-0052;
Zymed), 1:50; antivinculin (V9131; Sigma), 1:400; and antizyxin (Z45420; Trans-
duction Laboratories), 1:2,000.

Fluorescence microscopy was performed with a Zeiss Axiovert 135TV
equipped with a Photometrics PXL-1400 CCD camera. Images were histogram
stretched, and the camera and microscope were controlled with IPLab Spectrum
3.1. Confocal micrographs were obtained using an inverted Zeiss LSM 410
confocal microscope with a Zeiss C-Apo 40X water objective. Final image
manipulations were performed using Adobe Photoshop 5.0.

RESULTS

Phalloidin staining of Cryptosporidium-infected cells re-
vealed filamentous actin accumulation at the host-parasite
interface. FITC-phalloidin staining of a Cryptosporidium-in-
fected cell line revealed striking accumulation of filamentous
actin (f-actin) at every focus of parasite invasion. As shown in
Fig. 2B and E, this accumulation appeared as a circumscribed,
circular, plaque-like collection of actin filaments. At early

stages of parasite development (trophozoite stage), which con-
tain a single nucleus, the actin plaque measured approximately
3 wm in diameter and had a central point of intense staining
surrounded by less intense, homogeneous staining (Fig. 2B).
Further in development, after nuclear division had occurred
(meront stage), the f-actin accumulation was larger (approxi-
mately 5 pm in diameter), had lost the intense central point of
staining, and instead appeared homogeneous (Fig. 2B and 2E).
This homogeneous staining pattern strongly suggests that the
structures being stained are not within the individual parasites,
since staining of the two to eight organisms present at the
meront stage would produce a more complex pattern within
the meront. FITC-phalloidin staining of extracellular mero-
zoites is much less intense than the actin plaque staining (data
not shown). Utilizing a protocol employing brief exposure of
the infected monolayer to a hypotonic solution, we removed
many of the intracellular parasites from the host cells, leaving
behind vacant compartments on the host cell surface visible by
differential interference contrast (DIC) microscopy (Fig. 2C).
Host cells subjected to this protocol lost intracellular parasites
(as demonstrated by lack of DAPI-stained parasite nuclei [Fig.
2D]) but retained the FITC-phalloidin-stained f-actin plaque
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FIG. 2. Fluorescence microscopy of a Cryptosporidium-infected cell line stained with DAPI (A) reveals a meront with four nuclei (arrow) and two trophozoites with
single nuclei (arrowheads). FITC-phalloidin staining of the same field (B) demonstrates the circular f-actin plaque associated with each parasite. Note the intense
central staining of one trophozoite-associated plaque (left arrowhead). A DIC image of another field shows four sites of infection (C), with one parasite removed by
exposure to a hypotonic solution (arrowhead). DAPI staining of the same field (D) reveals multiple nuclei within the remaining three parasites. FITC-phalloidin staining
of this field (E) demonstrates the circular f-actin plaque associated with each site of invasion, including the site from which the developing parasite was removed

(arrowhead). Scale bars = 5 pm.

(Fig. 2E), further arguing for host cell localization of the f-
actin. Also, confocal microscopic analysis of longitudinal (x-z
section) images of FITC-phalloidin-stained infected cells sug-
gested that this f-actin plaque was at the host-parasite interface
rather than throughout the parasite (Fig. 3). Several fortu-
itously identified images of merozoites invading host cells in-
dicated that this actin accumulation was an early event in the
invasion process and was initiated before the parasite was
entirely internalized (Fig. 4). No other changes in host cell
f-actin distribution or organization were detected using these
methods.

The Cryptosporidium-induced actin plaque is derived from
host cell actin. Although the previous results suggested that
the f-actin incorporated into the junctional complex was host
cell derived, it remained theoretically possible that we were
observing an accumulation of Cryptosporidium actin at the
host-parasite interface. To test the hypothesis that the actin
plaque was host cell derived, we designed experiments that
used a host cell line (MDCK) constitutively expressing GFP-
actin (25). In this cell line, f-actin-containing structures, such as
microvilli, stress fibers, and adherens junctions, were easily
visualized by fluorescence microscopy (data not shown). Upon
infection with Cryptosporidium, fluorescent plaques were evi-
dent at every site of infection upon fluorescence microscopy,
similar to those seen with phalloidin staining and antiactin
immunofluorescence microscopy (Fig. 5). Uninfected mono-
layers displayed no fluorescent plaques. Obviously, the only
source of fluorescence in the infected cells is host cell GFP-
actin. Indirect immunofluorescence microscopy with anti-GFP
antibodies produced similar results (data not shown).

Indirect immunofluorescence microscopy confirms the pres-
ence of actin and other actin-associated proteins at the host-
parasite interface. Indirect immunofluorescence of a Crypto-
sporidium-infected cell line using antibodies against actin
revealed a staining pattern similar to the FITC-phalloidin

staining, confirming the previous results (Fig. 6). The staining
pattern of extracellular merozoites with this antibody is ex-
tremely weak and diffuse (data not shown). Because f-actin
organization within cells requires accessory proteins, we per-
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FIG. 3. Confocal laser scanning microscopic longitudinal section through a
DAPI- and FITC-phalloidin-stained Cryptosporidium-infected cell line demon-
strating actin accumulation (arrows and green in composite) at the host-parasite
interface, just below the parasite nuclei (blue in composite). The base of the host
cell is toward the bottom of each photograph. Scale bars = 5 wm.
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FIG. 4. Fluorescence and DIC microscopy of two Cryptosporidium merozoites invading HCT-8 cells. The DIC images show elongated merozoites on the surface of
the host cells, with the partially intracellular apical ends of the parasites indicated by arrowheads. The DAPI images of the same fields reveal the single merozoite
nucleus toward the posterior end of the parasite. FITC-phalloidin stained f-actin is present at the site of invasion (arrowhead). Indirect immunofluorescence indicates
the colocalization of a-actinin with f-actin early in invasion (yellow in composite, upper panel). The anterior portion of extracellular merozoites does not normally
intensely express actin or a-actinin (data not shown). Also, there is no evidence of phosphotyrosine at this point of early invasion (lower panel). The basolateral focal
adhesions, which are known to contain phosphotyrosine, were clearly positive in these cells (data not shown). Composite image: green, FITC-phalloidin; red, secondary
antibody to a-actinin or phosphotyrosine; lavender, DAPI; yellow, colocalization of red and green. Scale bars = 2.5 um.

formed an indirect immunofluorescence analysis of several ac-
tin-associated proteins to better understand the mechanism of
f-actin reorganization in infected cells. Indirect immunofluo-
rescence with antibodies against a-actinin, an f-actin-cross-
linking protein, revealed striking colocalization of a-actinin
with sites of parasite invasion and FITC-phalloidin staining at
the trophozoite stage (Fig. 6). Interestingly, later developmen-
tal stages (meronts), containing multiple nuclei, entirely lacked
staining with this antibody (Fig. 6, insert), suggesting that a-ac-
tinin was initially present but was lost (or masked) as the
parasite developed. Images of merozoites invading host cells

FIG. 5. Fluorescence and DIC microscopy of a Cryptosporidium-infected
MDCK cells constitutively expressing GFP-actin. The DIC image shows a Cryp-
tosporidium meront in the MDCK cell line monolayer. The DAPI image of the
same field reveals two nuclei of the parasite. Indirect immunofluorescence of the
same field using antiactin antibodies highlights the actin plaque beneath the
parasite. Fluorescence microscopy of the same field in the GFP fluorescence
range reveals an image identical to the antiactin immunofluorescence, confirm-
ing the host cell origin of the actin plaque. Indirect immunofluorescence with
anti-GFP antibodies produces identical staining of the actin plaque (data not
shown). Scale bar = 5 pm.

DIC DAPI

Anti-Actin GFP-Actin
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FIG. 6. Indirect immunofluorescence of actin and actin-associated proteins in a Cryptosporidium-infected cell line. Photomicrographs of a Cryptosporidium-infected
cell line reveal DIC images of parasites, parasite nuclei (DAPI), and actin plaques at sites of invasion (FITC-phalloidin). Indirect immunofluorescence using antibodies
against actin confirms the presence of actin at each site of invasion in trophozoites (single nuclei) and meronts (center; row 1, column 4). Antibodies against a-actinin
(row 2, column 4) reveal the presence of this molecule at sites of developing trophozoites but no staining associated with meronts (insert). Indirect immunofluorescence
also shows that ezrin (row 3, column 4) and vinculin (row 5, column 4) are clearly absent from sites of invasion. The linear staining pattern of an adherens junction
is shown in the vinculin image (lower right). Although there is some staining by antitalin antibodies (row 4, column 4), the pattern is heterogeneous and is lost when
parasites are removed (arrowhead), suggesting that this antibody cross-reacts with the parasite and does not decorate the actin plaque itself. Scale bars = 5 um.

indicated that a-actinin was present early in the invasion pro-
cess and colocalized with actin at the site of invasion (Fig. 4).
The focal adhesion-associated actin-binding molecules, talin
and vinculin, have previously been identified in the host cell
actin accumulations associated with enteropathogenic Esche-
richia coli (EPEC), Salmonella, and/or Shigella infection (12,
13, 30), but these molecules were not identified in the actin

plaque (Fig. 6). Although there is some cross-reactivity of the
antitalin antibodies with the parasite, this staining is lost when
parasites are hypotonically removed. Staining of basolateral
focal adhesions within host cells served as an internal positive
control. Ezrin, a molecule involved in the cross-linking of f-
actin to integral membrane proteins and found in association
with adherent EPEC (12), was clearly excluded from the host-
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FIG. 7. Indirect immunofluorescence of phosphotyrosine and proteins that link f-actin to membrane in a Cryptosporidium-infected cell line. The DIC, DAPI-stained,
and FITC-phalloidin-stained images are similar to those described in Fig. 5. Indirect immunofluorescence using antibodies to a-catenin (row 1, column 4), B-catenin
(row 2, column 4), phosphotyrosine (row 3, column 4), plakoglobin (row 4, column 4), and zyxin (row 5, column 4), reveal no staining at sites of infection. Internal
positive controls (adherens junctions or focal adhesions) were identified for each stain (data not shown). Scale bars = 5 um.

parasite interface, although it was present in the surrounding
cortical region below microvilli (Fig. 6). Indirect immunofluo-
rescence using antibodies against other cytoskeletal compo-
nents, including vimentin, keratin, villin, and tubulin, failed to
identify any obvious rearrangement of these host cell compo-
nents (data not shown). The villin results are discrepant with
those of Forney et al. (14).

The localization of the actin plaque at the host cell mem-
brane suggests that this process may mimic normal cellular
structures in which actin is linked to the membrane, such as
focal adhesions or adherens junctions. For each of these struc-
tures, a multiprotein complex is formed, linking f-actin to a
transmembrane protein such as an integrin or E-cadherin (3).

Consequently, we examined the actin plaque for evidence of
these membrane-linking proteins. The proteins a- and B-cate-
nin and plakoglobin are involved in linking f-actin, via a-acti-
nin, to E-cadherin (1). Our indirect immunofluorescence stud-
ies found no evidence of a-catenin, B-catenin, or plakoglobin,
or of the focal adhesion-associated protein zyxin, in the region
of the actin plaque (Fig. 7) (2). For these studies, the adherens
junctions or basolateral focal adhesions found in every cell
served as internal positive controls.
Phosphotyrosine-containing proteins have previously been
identified in the host cell actin accumulations associated with
enteropathogenic bacteria and have been implicated in Cryp-
tosporidium invasion by one group (14, 20, 26). As illustrated in
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Fig. 7, we were unable to demonstrate phosphotyrosine at the
site of developing trophozoites or meronts, despite analysis of
numerous parasites. Because tyrosine phosphorylation may
represent an early, transient event in the invasion process, we
also analyzed several invading merozoites. As shown in Fig. 4,
there was no evidence of phosphotyrosine at the site of actin
accumulation early in the invasion process. The basolateral
focal adhesions in the cell line served as internal positive con-
trols for these studies.

DISCUSSION

The interface between Cryptosporidium and the host cell
cytoplasm is morphologically unique among protozoan para-
sites. It is likely to play a structural role in the creation of an
intracellular niche for the parasite, but in theory it may also
modulate molecular interchange with the host or protect the
parasite from host cell defenses. One group has previously
found that the antiparasitic drug paromomycin reaches the
parasite via the apical membranes overlying the parasite,
rather than from the host cell cytoplasm, suggesting exclusion
of this molecule from the parasitophorous vacuole (16). Un-
fortunately, little is known about its composition or the mech-
anism of its formation. We have found that f-actin and a-ac-
tinin are components of this interface complex.

Utilization of host cell actin is a common theme in microbial
pathogenesis and has been observed in E. coli, Salmonella,
Shigella, and Listeria infections (11). Each of these organisms
utilizes host actin for a different purpose and employs different
mechanisms to recruit and assemble actin microfilaments. In
EPEC infections, f-actin forms the scaffolding for a host cell
protuberance to which the bacteria attach (12). In Salmonella
and Shigella infections, the actin microfilaments direct the en-
gulfment of the bacteria by the host cell (5, 13). Listeria and
vaccinia virus nucleate host cell actin on their surfaces to pro-
pel themselves through the host cell cytoplasm (6, 8, 27). Cryp-
tosporidium appears to utilize f-actin as a structural component
of the host-parasite junctional complex. It is also possible that
f-actin may play a more active role in the invasion process.
Although the related parasite Toxoplasma gondii does not re-
quire host cell actin for invasion, it does not form the same
host-parasite junctional complex as Cryptosporidium (9). The
role of host cell a-actinin in the Cryptosporidium invasion pro-
cess is not known. a-Actinin binds f-actin and is a known
actin-cross-linking protein (10); consequently, it may simply be
assembling individual filaments into a larger plaque during
Cryptosporidium development. It is interesting that the appar-
ent disappearance of a-actinin from the actin plaque after the
trophozoite stage of development coincides with the previously
described disappearance of a portion of the parasitophorous
vacuole membrane adjacent to the actin plaque (21). This
suggests that a-actinin may initially link f-actin to a mem-
brane-associated molecule and be shed when the membrane
is lost.

Our studies indicate that the actin plaque is a sharply cir-
cumscribed aggregation of f-actin that is intimately associated
with the host cell plasma membrane, particularly early in the
invasion process. Consequently, it appears that Cryptospo-
ridium may be mimicking a normal host cell structure that links
f-actin to the membrane, such as a focal adhesion complex or
an intercellular adherens junction. In each of these molecular
complexes, f-actin is linked to an integral membrane protein
(E-cadherin or integrins) via an assembly of linker molecules
(a- and B-catenin, vinculin, talin, etc.) (1, 3, 17, 23, 24). Our
studies did not identify any of these linker molecules, other
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than a-actinin, in the actin plaque. Consequently, Cryptospo-
ridium appears to employ a unique mechanism to organize
f-actin at the host-parasite interface.

Recently Forney et al. have also found host cell actin aggre-
gation at the site of Cryptosporidium invasion (14). These in-
vestigators implied that the observed actin aggregation was due
to hypertrophy of host cell microvilli adjacent to the invading
parasite. While we and others have occasionally observed such
microvillus elongation (29; D. A. Elliott and D. P. Clark, un-
published observations), we have now clearly shown that the
observed host cell actin accumulation is a plaque-like accu-
mulation at the host-parasite interface. These investigators
have also suggested that tyrosine phosphorylation is an im-
portant early event in Cryptosporidium invasion. We have
not been able to replicate these results. Interestingly, the
related parasite 7. gondii does not utilize tyrosine phosphor-
ylation during the host cell invasion process (22). Additional
studies are necessary to address the mechanism of this actin
accumulation.
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