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The apicomplexan parasite Cryptosporidium causes significant diarrheal disease worldwide. Effective anticryptosporidial agents
are lacking, in part because the molecular mechanisms underlying Cryptosporidium-host cell interactions are poorly under-
stood. Previously, we identified and characterized a novel Cryptosporidium parvum C-type lectin domain-containing mucin-like
glycoprotein, CpClec. In this study, we evaluated the mechanisms underlying interactions of CpClec with intestinal epithelial
cells by using an Fc-tagged recombinant protein. CpClec-Fc displayed Ca2�-dependent, saturable binding to HCT-8 and Caco-2
cells and competitively inhibited C. parvum attachment to and infection of HCT-8 cells. Binding of CpClec-Fc was specifically
inhibited by sulfated glycosaminoglycans, particularly heparin and heparan sulfate. Binding was reduced after the removal of
heparan sulfate and following the inhibition of glycosaminoglycan synthesis or sulfation in HCT-8 cells. Like CpClec-Fc binding,
C. parvum attachment to and infection of HCT-8 cells were inhibited by glycosaminoglycans and were reduced after heparan
sulfate removal or inhibition of glycosaminoglycan synthesis or sulfation. Lastly, CpClec-Fc binding and C. parvum sporozoite
attachment were significantly decreased in CHO cell mutants defective in glycosaminoglycan synthesis. Together, these results
indicate that CpClec is a novel C-type lectin that mediates C. parvum attachment and infection via Ca2�-dependent binding to
sulfated proteoglycans on intestinal epithelial cells.

Cryptosporidium is an apicomplexan parasite that causes signif-
icant diarrheal disease worldwide (1). It is endemic to many

resource-limited countries and causes recreational water out-
breaks in industrialized nations (2). Disease is self-limiting in im-
munocompetent hosts but can be debilitating, even fatal, in im-
munocompromised individuals, particularly untreated AIDS
patients (3) and malnourished children (1) in resource-limited
areas. Cryptosporidium is one of four pathogens responsible for
most cases of moderate-to-severe diarrhea in young children in
Asia and Africa and is the second leading cause of diarrheal disease
and death in these children (4). Still, no consistently effective ther-
apies exist for these vulnerable populations (5), making it urgent
to identify molecular targets for the development of novel inter-
ventions.

Proteins involved in mediating Cryptosporidium-host cell in-
teractions are potential targets for intervention, but few have been
characterized. Until recently (6, 7), the inability to propagate
Cryptosporidium in vitro and the lack of a system for genetic ma-
nipulation have hindered the discovery and validation of new mo-
lecular targets. Still, many studies, including our own, have dem-
onstrated the importance of mucin-like glycoproteins and lectins
in mediating Cryptosporidium infection in vitro and in vivo (8, 9).

Previously, we reported the identification and characterization
of a C-type lectin domain (CTLD)-containing protein from Cryp-
tosporidium parvum named CpClec (10). CTLD-containing pro-
teins are calcium-dependent, glycan-binding proteins ubiquitous
among both vertebrates and invertebrates (11). They play essen-
tial roles in cell-cell interactions, with diverse functions ranging
from pathogen recognition and immune activation to microbial
adhesion and host cell invasion. CpClec is the first CTLD-contain-
ing protein reported in a protozoan. It is a type 1 transmembrane
protein that contains, in addition to a CTLD, a mucin-like domain

predicted to be O glycosylated and a tyrosine-based sorting motif
in the cytoplasmic tail (10). Native CpClec is �120 kDa, larger
than the predicted size of 86 kDa, likely because of glycosylation.
Expression of CpClec is developmentally regulated, and the pro-
tein localizes to the apical region and dense granules in sporozo-
ites and merozoites, as well as to the feeder organelle in intracel-
lular stages, suggesting possible roles in host cell attachment,
invasion, and/or intracellular development. We identified a single
CTLD-containing protein in multiple Cryptosporidium spp. and
in all cyst-forming, gut-invading apicomplexans (10), including
the early-branching gregarines (J. G. Ludington and H. D. Ward,
unpublished data), suggesting that these are evolutionarily con-
served proteins that may be important in infection of the intestine.

Proteoglycans consist of a core protein attached to a glycosami-
noglycan (GAG) (12). They can be membrane bound, intracellu-
lar, or secreted into the extracellular matrix. Differences in core
proteins, along with variations in the type(s) and stoichiometry of
attached GAG chains, create significant structural and functional
diversity (12). Most relevant to this study are the heparan sulfate-
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containing proteoglycans (HSPGs) in the small intestine (13).
These can be secreted into the overlying mucus layer or function
as membrane-bound components of the intestinal glycocalyx.

Many pathogens utilize proteoglycans during infection (14),
including HIV (15), Borrelia burgdorferi (16, 17), Plasmodium spp.
(18, 19), and Toxoplasma gondii (20–23). Recently, Inomata et al.
reported that heparin mediates C. parvum invasion in vitro via
interaction with elongation factor 1� (24). Still, the precise role of
GAGs during C. parvum infection and the mechanisms underly-
ing these interactions are poorly understood.

In this report, we characterize the mechanisms underlying
CpClec interactions with host cells by using an Fc-tagged recom-
binant protein. Our results indicate that CpClec is a novel C-type
lectin that mediates C. parvum infection by binding to HSPGs on
intestinal epithelial cells.

MATERIALS AND METHODS
C. parvum. C. parvum (Iowa isolate) oocysts were obtained from Bunch
Grass Farms, Deary, ID. Prior to use, oocysts were surface sterilized with a
10% (vol/vol) commercial bleach solution (sodium hypochlorite).

Cell lines. HEK 293T cells were provided by Linden Hu (Tufts Uni-
versity, Boston, MA). CHO cell lines K1 (wild type), pgsA-745 (deficient
in xylosyl transferase I) (25), and pgsD-677 (deficient in N-acetylgluco-
saminyltransferase and glucuronosyltransferase) (26) were provided by
John Leong (Tufts University, Boston, MA). The intestinal epithelial cell
lines HCT-8 and Caco-2 were provided by Doug Jefferson (Tufts Univer-
sity, Boston, MA). CHO cell lines were maintained at 37°C in 5% CO2 in
Ham’s F12 medium (Life Technologies, Grand Island, NY) containing
10% fetal bovine serum (FBS), 2 mM glutamine, and 25 mM HEPES. All
other cell lines were maintained at 37°C in 5% CO2 in Dulbecco’s modi-
fied Eagle medium (DMEM; Life Technologies) containing 10% FBS and
25 mM HEPES.

CpClec-Fc cloning, expression, and purification. The DNA sequence
encoding the extracellular C-type lectin and mucin-like domains of
CpClec were amplified from a T. gondii pHLEM expression vector con-
taining the full-length sequence (S. Bhalchandra and H. D. Ward, unpub-
lished data) with the following primers (restriction sites are underlined):
forward, GGGGATATCAGGAGATACTGGCCATGCAAT; reverse, GG
GAGATCTTGGCCTAAGAGTGGTTGT. The sequence was amplified
with an Mx3000P thermocycler (Stratagene, San Diego, CA) with cycling
conditions of 95°C for 10 min; 35 cycles of 94°C for 30 s, 58°C for 30 s, and
72°C for 30 s; and 72°C for 10 min. The product was cloned into the
pCR-2.1-TOPO vector (Life Technologies, Grand Island, NY). Con-
structs containing the correct sequences were inserted into the pFUSE-
mIgG2a-Fc vector (InvivoGen, San Diego, CA) by using EcoRV and
BglII (New England BioLabs, Ipswich, MA). DNA sequencing was per-
formed on a Perkin-Elmer ABI 377 sequencer at the Tufts University
Core Facility.

The pFUSE-mIgG2a-Fc plasmid encoding CpClec-Fc or Fc alone was
transfected into HEK 293T cells with polyethyleneimine (Sigma, St. Louis,
MO). Recombinant proteins were purified from supernatants of trans-
fected cells by protein G affinity chromatography (GE Healthcare Life
Sciences, Pittsburgh, PA). Dialyzed recombinant proteins were stored
at �80°C in phosphate-buffered saline (PBS) containing an EDTA-free
protease inhibitor cocktail (Sigma) and 0.02% sodium azide.

Protein concentration was determined with a BCA assay kit (Life
Technologies), and purity and molecular weight were determined by 10%
SDS-PAGE under reducing conditions, followed by Coomassie blue stain-
ing and/or immunoblotting with horseradish peroxidase-conjugated an-
ti-mouse IgG (Vector Laboratories).

For deglycosylation, 10 �g of CpClec-Fc or Fc alone was denatured at
95°C for 10 min; this was followed by incubation with neuraminidase and
O-glycosidase (Sigma) or peptide N-glycosidase F (Sigma) for 4 h at 37°C.

Changes in protein size were evaluated by SDS-PAGE and Coomassie blue
staining.

Glycan array analysis. To determine if CpClec binds to known
mammalian glycans, 40 �g of purified CpClec in PBS was submitted to
the Consortium for Functional Glycomics (CFG; http://www
.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp) for an
alysis on the CFG mammalian glycan array, version 5.2 (27).

CpClec-Fc binding assays. For immunofluorescence-based binding
assays, HCT-8, CHO K1, CHO pgsA-745, or CHO pgsD-677 cells were
grown to confluence on 12-mm coverslips in 24-well plates at 37°C in 5%
CO2. Cells were incubated with 200 nM CpClec-Fc or Fc alone in serum-
free DMEM containing 0.1% normal goat serum (NGS), 1 mM CaCl2, 1
mM MnCl2, and 0.2% sodium azide for 1 h at 4°C. Cells were washed three
times with PBS and fixed with ice-cold 100% methanol for 10 min at room
temperature (RT). After three washes with PBS, cells were incubated with
goat anti-mouse IgG conjugated to Alexa Fluor 488 (Life Technologies).
The coverslips were mounted on microscopy slides with Vectashield
mounting medium containing 4=,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories, Burlingame, CA) and examined by fluorescence mi-
croscopy with a Zeiss Axio Imager Z.1 fluorescence microscope (Carl
Zeiss Microscopy, Jena, Germany). Images were captured with an IEEE
1394 digital charge-coupled device camera (Hamamatsu, Hamamatsu
City, Japan), and localization of fluorescence was achieved with Volocity
software (Improvision Inc., Lexington, MA).

For enzyme-linked immunosorbent assay (ELISA)-based binding as-
says, cells were grown to confluence in 96-well plates at 37°C in 5% CO2.
For live-cell assays, HCT-8 cells were incubated with various concentra-
tions of CpClec-Fc or Fc alone in serum-free DMEM containing 0.1%
NGS, 1 mM CaCl2, 1 mM MnCl2, and 0.2% sodium azide for 1 h at 4°C.
For fixed-cell assays, HCT-8, Caco-2, or CHO cells were fixed with 1%
glutaraldehyde in PBS for 30 min at RT, quenched with 0.1 M glycine in
PBS, and washed twice with serum-free DMEM. Nonspecific binding was
blocked with serum-free DMEM containing 5% NGS for 4 h at RT. Cells
were washed once with serum-free DMEM and incubated with various
concentrations of CpClec-Fc or Fc alone in serum-free DMEM containing
0.1% NGS, 1 mM CaCl2, and 1 mM MnCl2 for 1 h at RT. Following
incubation, cells were washed three times with serum-free DMEM and
fixed with ice-cold 100% methanol for 10 min at RT. Cells were washed
three times with Tris-buffered saline (TBS; 50 mM Tris-HCl, 150 mM
NaCl, pH 7.4), and nonspecific binding was blocked with TBS containing
2% NGS overnight at 4°C. Cells were washed three times with TBS, and
bound proteins were quantified by ELISA with biotinylated anti-mouse Fc
IgG (Vector Laboratories), followed by streptavidin-conjugated alkaline
phosphatase (Vector Laboratories) and p-nitrophenylphosphate (Sigma)
substrate. Binding was detected by measuring A405 with a Wallac Victor2

1420 multilabel counter (PerkinElmer, Waltham, MA).
To evaluate calcium dependence, 200 nM CpClec-Fc or Fc alone was

incubated with increasing concentrations of EGTA for 30 min at RT and
binding was measured by ELISA. To assess whether Ca2� could reverse
inhibition by EGTA, 200 nM CpClec-Fc or Fc alone was incubated with 5
mM EGTA for 30 min at RT; this was followed by incubation with increas-
ing concentrations of CaCl2 for an additional 10 min at RT, and binding
was measured by ELISA. To control for a possible effect of calcium on the
binding of biotinylated anti-mouse Fc IgG to Fc-tagged proteins, 10
�g/ml mouse IgG (Sigma) diluted in 0.05 M sodium carbonate-bicarbon-
ate buffer, pH 9.6, was allowed to adsorb to Nunc-Immuno MaxiSorp
96-well plates (Thermo Fisher Scientific, Waltham, MA) overnight at 4°C.
Wells were washed three times with TBS, and nonspecific binding was
blocked with TBS containing 5% NGS for 2 h at RT. Wells were washed
three times with TBS, and binding of biotinylated anti-mouse Fc IgG
preincubated with increasing concentrations of EGTA for 30 min at RT
was measured by ELISA.

For glycan-binding assays, 200 nM CpClec-Fc or Fc alone was prein-
cubated with 500 mM monosaccharides (glucose, fructose, galactose, N-
acetylgalactosamine, sialic acid) or disaccharides (sucrose, lactose, malt-
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ose); increasing concentrations of heparan sulfate, heparin, chondroitin
sulfate A, chondroitin sulfate B, hyaluronic acid, or fucoidan (all from
Sigma); or medium alone as a control for 20 min at RT. This was followed
by incubation with fixed HCT-8 or Caco-2 cells grown to confluence in
96-well plates. Binding was measured by ELISA.

HCT-8 cells grown in 96-well plates were incubated with 0.5 U/ml
heparinase II (Sigma) in lyase buffer (serum-free DMEM containing 1%
BSA and EDTA-free protease inhibitor cocktail (Fisher Scientific, Pitts-
burgh, PA) or with lyase buffer alone as a control for 2 h at 37°C or with 30
mM NaClO3, 30 mM NaCl, 2 mM 4-nitrophenyl-�-D-xylopyranoside
(�-xyloside; Sigma), or 2 mM 4-nitrophenyl-�-D-xylopyranoside (�-xy-
loside; Sigma) in complete DMEM as a control for 12 h at 37°C in 5% CO2.
Cells were fixed, and CpClec-Fc or Fc binding was measured by ELISA.
CHO cell lines grown to confluence in 96-well plates at 37°C in 5% CO2

were fixed as described above; this was followed by incubation with 200
nM CpClec-Fc or Fc alone, and binding was measured by ELISA.

C. parvum attachment and infection assays. For attachment assays,
hypochlorite-treated oocysts were incubated in 0.75% sodium tauro-
cholate in PBS for 30 min at 37°C. Excysted sporozoites were labeled with
10 �M Vybrant carboxyfluorescein diacetate succinimidyl ester (CFSE;
Life Technologies) (28). Sporozoites were purified by filtration through a
3-�m filter (Millipore, Billerica, MA). For attachment inhibition assays
with CpClec-Fc, HCT-8 cells grown to confluence on 12-mm coverslips in
24-well plates were fixed with 2% paraformaldehyde (PFA) for 15 min at
RT, nonspecific binding was blocked with serum-free DMEM containing
4% BSA for 4 h at RT, and fixed cells were incubated with increasing
concentrations of CpClec-Fc or Fc alone in serum-free DMEM containing
0.1% BSA, 1 mM CaCl2, and 1 mM MnCl2 for 1 h at RT. For attachment
inhibition assays with GAGs, sporozoites were incubated with increasing
concentrations of GAGs in serum-free DMEM containing 0.1% BSA for
20 min at 4°C prior to incubation with HCT-8 cells. In addition, HCT-8
cells were treated with 0.5 U/ml heparinase II, 30 mM NaClO3, 30 mM
NaCl, 2 mM �-xyloside, or 2 mM �-xyloside; washed three times with
serum-free DMEM; and fixed with 2% PFA. CHO cell lines were grown to
confluence and fixed as described above. A total of 4 � 105 sporozoites
were incubated with HCT-8 or CHO cells for 1 h at 37°C in 5% CO2,
washed twice with PBS, and fixed with ice-cold methanol for 10 min at RT.
Cells were washed three times with PBS, and coverslips were mounted on
slides with Vectashield mounting medium containing DAPI (Vector Lab-
oratories) and examined by fluorescence microscopy. For quantitation of
attachment, images of three separate 10� fields were captured per slide
and numbers of CFSE-labeled sporozoites per field were quantitated by
Volocity point measurement analysis.

Infection assays were adapted from those of Bessoff et al. (29) and Gut
and Nelson (30). Hypochlorite-treated oocysts were incubated with
0.75% sodium taurocholate in DMEM containing 2% FBS, 2 mM glu-
tamine, and 25 mM HEPES (infection medium) for 10 min at 15°C (30)
and diluted in infection medium prior to use. HCT-8 cells were grown to
confluence in complete DMEM on 12-mm coverslips in 24-well plates at
37°C in 5% CO2. For infection inhibition assays with CpClec-Fc, cells
were preincubated with 200 nM CpClec-Fc or Fc alone in complete
DMEM or medium alone as a control for 1 h at 37°C in 5% CO2 and
washed three times with infection medium. For infection inhibition assays
with GAGs, oocysts were incubated with increasing concentrations of
GAGs in infection medium or in infection medium alone as a control for
30 min at 37°C prior to incubation with HCT-8 cells. HCT-8 cells were
treated with 0.5 U/ml heparinase II, 30 mM NaClO3, 30 mM NaCl, 2 mM
�-xyloside, or 2 mM �-xyloside and washed three times with infection
medium. For all experiments, HCT-8 cells were incubated with 1 � 105

oocysts in infection medium for 3 h at 37°C in 5% CO2. Cells were washed
three times with complete DMEM and incubated in complete DMEM for
another 24 h at 37°C in 5% CO2. Cells were washed once with PBS, fixed
with 4% PFA in PBS for 15 min at RT, permeabilized with 0.25% Triton
X-100 in PBS for 10 min at 37°C, and washed three times with 0.1% Tween
20 in PBS. Nonspecific binding was blocked with PBS containing 4% BSA

for 2 h at RT. Cells were washed three times with PBS and incubated with
biotinylated Vicia villosa lectin (VVL; Vector Laboratories), which recog-
nizes sporozoites and intracellular stages (30), and streptavidin-conju-
gated Alexa Fluor 568 (Life Technologies) in PBS containing 0.1% Tween
20 and 1% BSA for 1 h at RT. Cells were washed three times with PBS,
mounted with Vectashield mounting medium containing DAPI (Vector
Laboratories), and examined by fluorescence microscopy. For quantita-
tion of infection, images of three separate 10� fields per slide were cap-
tured and numbers of VVL-stained parasites per field were quantified by
Volocity point measurement analysis.

To compare C. parvum infection of HCT-8 and CHO K1 cells, cells
were grown to confluence in complete DMEM or Ham’s F12 medium,
respectively, in 24-well plates at 37°C in 5% CO2, and infection was eval-
uated as described above.

Statistical analysis. Data presented are representative of at least two
independent experiments, each performed with three or more replicates.
Data are expressed as the mean 	 the standard error of the mean (SEM).
Statistical analyses were performed in GraphPad Prism version 6 for Mac
(GraphPad Software, San Diego, CA). Statistical significance was deter-
mined with Student’s t test.

RESULTS
CpClec-Fc binding to intestinal epithelial cells is specific, sat-
urable, and calcium dependent. In order to characterize inter-
actions of CpClec with intestinal epithelial cells, we generated,
expressed, and purified an Fc-tagged recombinant protein con-
taining the extracellular C-type lectin and mucin-like domains of
CpClec (Fig. 1A). As a control, we expressed and purified the Fc
tag alone. CpClec-Fc and Fc migrated with molecular masses of
�140 and �30 kDa, respectively, on SDS-PAGE and immuno-
blotting (Fig. 1B), larger than the predicted sizes of �80 and �25
kDa, suggesting that the proteins undergo posttranslational mod-
ification. CpClec contains 40 residues predicted to be O-glycosy-
lated and 7 residues predicted to be N-glycosylated (10). The Fc
tag contains a single N-glycosylation site (31). It is therefore pos-
sible that the increased sizes of native CpClec and recombinant
CpClec-Fc are due to O-glycosylation and/or N-glycosylation. Re-
moval of O-glycans decreased the molecular mass to �130 kDa,
while removal of N glycans decreased the molecular mass to �110
kDa (see Fig. S1 in the supplemental material). Removal of O-
glycans from recombinant Fc alone had no effect on protein size,
while removal of N-glycans decreased the molecular mass to �25
kDa. Together, these data demonstrate that CpClec-Fc undergoes
N-glycosylation of both the Fc and CpClec regions and O-glyco-
sylation of the CpClec region. Still, deglycosylation did not reduce
CpClec-Fc to the predicted size of �80 kDa. This may be due to
protein charge, which can affect mobility during SDS-PAGE, or to
other forms of posttranslational modification.

Binding of CpClec-Fc to live and fixed intestinal epithelial
HCT-8 cells was punctate, dose dependent, and saturable, in con-
trast to the negligible binding observed with Fc alone (Fig. 1C and
D). To determine whether CpClec requires calcium for host cell
binding, similar to traditional C-type lectins (11), CpClec-Fc was
preincubated with EGTA, a Ca2�-specific chelator, before incuba-
tion with HCT-8 cells. EGTA inhibited the binding of CpClec-Fc
in a dose-dependent manner, with complete inhibition observed
at a concentration of 5 mM. Binding was completely reconstituted
upon the addition of 25 mM calcium chloride (CaCl2) (Fig. 1E),
though binding decreased in the presence of higher concentra-
tions of CaCl2, possibly because of the changes in ionic strength
affecting protein conformation and/or binding (32). EGTA treat-
ment did not affect the binding of anti-mouse IgG to mouse IgG
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Fc (data not shown). Binding of CpClec-Fc to Caco-2 cells, an-
other intestinal epithelial cell line, was also dose and Ca2� depen-
dent (see Fig. S2A and B in the supplemental material). Taken
together, these results suggest that CpClec binds to a specific li-
gand(s) on the intestinal epithelial cell surface and requires cal-
cium for binding.

CpClec-Fc competitively inhibits attachment and infection
of C. parvum in vitro. To determine whether CpClec mediates C.
parvum attachment to and infection of intestinal epithelial cells,
we attempted to competitively inhibit these processes in the pres-
ence of CpClec-Fc. Attachment of C. parvum sporozoites to
HCT-8 cells was inhibited in a dose-dependent manner, with
�50% inhibition observed in the presence of 400 nM CpClec-Fc

(Fig. 2A). C. parvum infection of HCT-8 cells was reduced to an
even greater extent than attachment alone, with �70% inhibition
observed at the highest concentration of CpClec-Fc tested (Fig.
2B). Inhibition of attachment or infection in the presence of Fc
alone was insignificant, indicating that the effect of CpClec-Fc was
specific. These data show that CpClec plays a role in the attach-
ment and invasion of C. parvum in vitro.

CpClec-Fc binds to sulfated proteoglycans. C-type lectins tra-
ditionally bind to glycans in a Ca2�-dependent manner (11). Since
CpClec-Fc has a CTLD and displayed Ca2�-dependent binding to
intestinal epithelial cells, it seemed likely that its ligand was a gly-
can on the cell surface. None of the monosaccharides or disaccha-
rides tested inhibited CpClec-Fc binding to HCT-8 cells (data not
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shown), and CpClec-Fc did not display any appreciable binding to
the CFG mammalian glycan array (version 5.2), which contains
�600 known mammalian glycans (see Table S1 in the supplemen-
tal material). Several mammalian C-type lectins, particularly the
selectins, interact with proteoglycans (11). Interestingly, GAGs are
not present on the CFG glycan array (see Table S1). With this in
mind, the ability of GAGs to competitively inhibit CpClec-Fc
binding to host cells was evaluated. Both heparin and heparan
sulfate significantly inhibited the binding of CpClec-Fc to HCT-8
cells at 100 �g/ml (Fig. 3A). Heparin also inhibited the binding of
CpClec-Fc to Caco-2 cells (see Fig. S2C in the supplemental ma-
terial). Dermatan sulfate (chondroitin sulfate B) and chondroitin
sulfate A inhibited binding by �50% and �25%, respectively, but
only at 400 �g/ml (Fig. 3A). Neither hyaluronic acid (a nonsul-
fated GAG) nor fucoidan (a sulfated non-GAG polysaccharide)
inhibited binding at any concentration.

We then evaluated whether alteration of host cell GAGs would
affect CpClec-Fc binding. Treatment of HCT-8 cells with hepari-
nase II to remove heparan sulfate reduced CpClec-Fc binding
by �50% (Fig. 3B), while treatment of HCT-8 cells with �-xylo-
side (an inhibitor of GAG production) (33) or sodium chlorate
(an inhibitor of sulfation) (34) reduced binding significantly more
than treatment with the controls �-xyloside and sodium chloride,
respectively (Fig. 3C and D).

To validate our findings, we evaluated the binding of CpClec-Fc to
CHO cell lines containing genetic defects in GAG synthesis (25,
26). Binding to CHO pgsA-745 (no GAGs) and pgsD-677 (no
heparan sulfate, three times as much chondroitin sulfate) cells was
significantly weaker than binding to the wild-type CHO K1 cell

line (Fig. 3E and F). Together, these results suggest that CpClec is
a C-type lectin that binds to HSPGs on host cells.

C. parvum attachment and infection in vitro are mediated by
sulfated proteoglycans. To determine whether proteoglycans
mediate C. parvum attachment, we evaluated the ability of GAGs
to inhibit the attachment of sporozoites to HCT-8 cells. Attach-
ment was inhibited by �40% and 50% in the presence of 250
�g/ml heparan sulfate and heparin, respectively (Fig. 4A). Derma-
tan sulfate and fucoidan inhibited attachment by �25%, while
there was no significant inhibition of attachment by chondroitin
sulfate A or hyaluronan at the same concentration. Heparan sul-
fate and heparin displayed dose-dependent inhibition of attach-
ment, with �70% inhibition at the highest concentration tested
(Fig. 4B). Treatment of HCT-8 cells with heparinase II reduced
attachment by �30% (Fig. 5A), while treatment of HCT-8 cells
with �-xyloside or sodium chlorate reduced sporozoite attach-
ment by �50% (Fig. 5B and C). As with CpClec-Fc binding,
sporozoite attachment to both CHO pgsA-745 and pgsD-677 cells
was �50% less than that to CHO K1 cells (Fig. 5D).

To determine if the attachment pathway mediated by GAGs is
one that leads to productive infection, we measured the infection
of HCT-8 cells in the presence of GAGs. We found that C. parvum
infection was inhibited by �40 and 50% in the presence of 250
�g/ml heparan sulfate and heparin, respectively. Dermatan sulfate
and fucoidan inhibited infection minimally, while there was no
significant inhibition by chondroitin sulfate A or hyaluronan (Fig.
4A). Inhibition of infection by heparan sulfate and heparin was
dose dependent, with maximal inhibition of �60% and 70%, re-
spectively, at the highest concentration tested (Fig. 4B). Treat-

A

B

CpClec-Fc

Fc aloneCpClec-Fc

Fc alone

FIG 2 CpClec-Fc inhibits C. parvum attachment and infection. (A) Fixed HCT-8 cells were incubated with CpClec-Fc, Fc alone, or medium; this was followed
by incubation with CFSE-labeled C. parvum sporozoites. Attached sporozoites were quantified by fluorescence microscopy. Attachment in the presence of
CpClec-Fc was normalized to attachment in the presence of Fc alone. (B) HCT-8 cells were incubated with CpClec-Fc, Fc alone, or medium; infected with C.
parvum oocysts; fixed; and permeabilized; and infection was quantified by fluorescence microscopy. Infection in the presence of CpClec-Fc was normalized to
infection in the presence of Fc alone. Scale bars � 100 �m. Data represent the mean 	 the SEM. *, P  0.05; ***, P  0.0005 (compared to attachment or infection
in the control [0 nM CpClec-Fc � medium alone]).
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ment of HCT-8 cells with heparinase II, �-xyloside, or sodium
chlorate reduced infection by �50% (Fig. 5A to C). We were un-
able to assess infection of the mutant CHO cells since the parent
K1 cell line did not support C. parvum infection (see Fig. S3 in the
supplemental material). Taken together, these data confirm the
role of sulfated proteoglycans, particularly HSPGs, during C. par-
vum attachment to and infection of intestinal epithelial cells.

DISCUSSION

GAGs are the glycan component of proteoglycans. They consist of
linear polysaccharide chains containing repeating disaccharide
units of an amino sugar (N-acetylgalactosamine [GalNAc] or N-
acetylglucosamine [GlcNAc]) and a uronic acid (glucuronic acid

[GlcA] or iduronic acid [IdoA]) or galactose (Gal) (35). GAGs
include hyaluronan, keratan sulfate, chondroitin sulfate A, der-
matan sulfate/chondroitin sulfate B, heparin, and heparan sulfate.
Structural variations and binding specificities among GAGs are
due to differences in the composition of the disaccharide subunits,
epimerization of GlcA to IdoA, and the degree and pattern of
sulfation. We found CpClec binding to host cells to be mediated
primarily through HSPGs. Heparan sulfate and heparin almost
completely inhibited the binding of CpClec-Fc to HCT-8 cells.
These GAGs are more heavily sulfated and carry a greater negative
charge than the other GAGs tested in this study. Therefore, it
seemed possible that CpClec-Fc binding to host cells could be
mediated through electrostatic interactions, especially since bind-

BA

K1    pgsA-745     pgsD-677

C D E

F

FIG 3 CpClec-Fc interacts with sulfated proteoglycans on intestinal epithelial cells. (A) Fixed HCT-8 cells were incubated with CpClec-Fc or Fc alone in the
presence of GAGs or fucoidan. (B) HCT-8 cells were treated with heparinase II or lyase buffer, fixed, and incubated with CpClec-Fc or Fc alone. (C) HCT-8 cells
were incubated with �-xyloside, �-xyloside, or medium alone; fixed; and incubated with CpClec-Fc or Fc alone. (D) HCT-8 cells were incubated with NaCl,
NaClO3, or medium alone; fixed; and incubated with CpClec-Fc or Fc alone. (A to D) Binding was quantified by ELISA. (E and F) Fixed CHO K1, pgsA-745, and
pgsD-677 cells were incubated with CpClec-Fc or Fc alone. Binding was quantified by ELISA (E) or visualized by fluorescence microscopy (F). Scale bars � 100
�m. For all quantification experiments, binding of CpClec-Fc was normalized to the binding of Fc alone. Quantification data represent the mean 	 the SEM. **,
P  0.05; ***, P  0.0005 (compared to binding in the control [buffer or medium alone or CHO K1 cells]).
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ing of CpClec-Fc was significantly reduced following the treat-
ment of HCT-8 cells with sodium chlorate, an inhibitor of sulfa-
tion. Interestingly, dermatan sulfate inhibited the binding of
CpClec-Fc to a greater extent than chondroitin sulfate A did,
though both are comparable in charge. Dermatan sulfate contains
repeating subunits of GalNAc and IdoA, whereas chondroitin sul-
fate A contains repeating subunits of GalNAc and GlcA (35). Both
heparan sulfate and heparin contain various amounts of IdoA as
well, suggesting that the binding of CpClec-Fc to HCT-8 cells is
dependent on a combination of a sulfate-mediated charge and the
glycan backbone composition, particularly the presence of IdoA.
This idea is further supported by the lack of inhibition seen with
fucoidan, which carries a negative charge but is not a GAG, as well
as the comparably reduced binding of CpClec-Fc to CHO pgsA-
745 and pgsD-677 cells.

Binding of CpClec-Fc to host cells was dependent on both
calcium and cell surface sulfated GAGs, suggesting that CpClec
binds sulfated proteoglycans in a Ca2�-dependent manner. There
are four Ca2� coordination sites conserved among CTLDs of C-
type lectins (36). Sites 1 and 4 help maintain the CTLD structure,
while site 2 has a dual role in maintaining structure and facilitating
carbohydrate binding. The function of site 3 is unknown. Calcium
and glycan binding within site 2 is mediated by three groups of
residues—the EPN/QPD motif, the WND motif, and a glutamic
acid residue directly preceding a conserved cysteine. CpClec does
not contain the EPN/QPD or WND motif (10) but does contain
the glutamic acid residue, suggesting that it may have a novel
Ca2�-dependent glycan-binding motif, a finding reported for
other CTLD-containing proteins (36).

Both CpClec-Fc and sulfated GAGs inhibited C. parvum at-
tachment to and infection of HCT-8 cells, suggesting that CpClec
mediates C. parvum infection through interactions with sulfated
proteoglycans. We previously demonstrated inhibition of C. par-
vum attachment in the presence of gastrointestinal mucins (37),
which can also be heavily sulfated (38). In addition to mediating
C. parvum infection, it is also possible that sulfated glycans or
proteoglycans may serve a protective role by sequestering sporo-
zoites in the lumen of the intestine to facilitate clearance.

Neither attachment nor infection was completely inhibited in
the presence of CpClec-Fc or sulfated GAGs. This is not surpris-
ing, considering that C. parvum, like other apicomplexans, ap-
pears to utilize multiple ligand-receptor interactions for host cell
attachment and invasion (8, 9). CpClec-Fc inhibited C. parvum
infection to a greater extent than attachment alone. The reason for
this is unclear, but considering that CpClec localizes to subcellular
locations such as dense granules and the feeder organelle (10),
both of which are thought to be important during intracellular
development (39, 40), it is possible that the role of CpClec during
infection extends beyond interactions at the cell surface. This idea
is further supported by the finding that treatment of HCT-8 cells
with heparinase II, �-xyloside, or sodium chlorate reduced C. par-
vum infection more than attachment alone. Proteoglycans have
been implicated in the mediation of intracellular development of
T. gondii as well (41). Similar to CpClec-Fc, C. parvum attachment
to CHO pgsA-745 and pgsD-677 was comparably reduced, a find-
ing also reported for T. gondii (21), suggesting that intestinal api-
complexan parasites display a higher affinity for HSPGs during
infection.

A

B

FIG 4 C. parvum attachment to and infection of intestinal epithelial cells are mediated by GAGs. (A and B) HCT-8 cells were incubated with CFSE-labeled
sporozoites or infected with oocysts in the presence of GAGs or fucoidan (A) or increasing concentrations of heparin or heparan sulfate (B), or medium alone.
For all experiments, attachment and infection were quantified by fluorescence microscopy. Data represent the mean 	 the SEM. *, P  0.05; **, P  0.005; ***,
P  0.0005 (compared to the control [buffer or medium alone]).
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Several apicomplexans interact with proteoglycans during in-
fection (14). Heparin has been reported to inhibit Plasmodium sp.,
Babesia sp., and Theileria sergenti growth in vitro and/or in vivo via
inhibition of merozoite invasion of erythrocytes (42–45). P. fal-
ciparum is reported to express a large GAG-binding proteome
consisting primarily of surface proteins involved in attach-
ment, invasion, and tissue sequestration (44, 46). For example,
VAR2CSA, a membrane-associated adhesin, binds a lightly sul-
fated form of chondroitin sulfate A present in the placenta,
thereby mediating the establishment of placental malaria (47).
Circumsporozoite protein, another adhesin, binds to HSPGs on
hepatocytes and mediates infection of the liver (19).

T. gondii infection of host cells has been shown to be both
enhanced and inhibited by GAGs at low and high concentrations,
respectively (20–23, 48). Similar to P. falciparum, it is reported to
contain a large GAG-binding proteome (46), including proteins
involved in host cell attachment and invasion, like SAG1 (48),
SAG3 (23), and P104 (22), as well as proteins believed to be in-
volved in parasitophorous vacuole formation and intracellular de-
velopment, like GRA2 (48). The mechanisms underlying the af-
finities of these proteins for specific GAGs remain poorly
understood, but it has been suggested that they involve (i) a com-
bination of glycan composition and sulfate charge and (ii) presen-
tation (21).

Recently, Inomata and colleagues reported that sulfated GAGs
inhibit C. parvum infection in a dose-dependent manner (24).
They also demonstrated binding of heparin to elongation factor
1�, an adhesin previously implicated in the mediation of C. par-
vum invasion in vitro (49). In this study, we employed a more
comprehensive methodology and independently demonstrated
the role of sulfated GAGs during C. parvum attachment and in-
fection.

This is the first report to demonstrate the binding of a patho-
gen-associated C-type lectin to sulfated proteoglycans on host
cells. However, several mammalian C-type lectins are known to
bind to proteoglycans (11). The selectins (E-, L-, and P-selectin)
are type I transmembrane C-type lectins that bind to sulfated
GAGs such as heparin and heparan sulfate (50). Lecticans are a
group of chondroitin sulfate proteoglycans that also contain a
CTLD and have been shown to bind both sulfated (heparan sul-
fate) and nonsulfated (hyaluronan) GAGs (51, 52).

In conclusion, our results indicate that CpClec is a novel C-
type lectin that mediates C. parvum attachment and infection via
Ca2�-dependent binding of HSPGs on intestinal epithelial cells.
Ongoing studies are directed at determining whether CpClec in-
teracts with specific HSPGs, such as syndecan 1 (53), on intestinal
epithelial cells and elucidating how these interactions mediate
subsequent invasion and/or intracellular development. The recent
development of a system for genetically modifying C. parvum (7)
will be an invaluable tool for studying CpClec and, in combination
with the use of human primary intestinal epithelial cells (54) and
murine models, will be essential for validating the importance of
CpClec interactions with proteoglycans during C. parvum infec-
tion. Our findings provide further insight into the complexity of
Cryptosporidium-host cell interactions and may aid in the devel-
opment of novel GAG-based interventions for cryptosporidiosis.
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