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ABSTRACT 

Cryptosporidiosis, caused by the apicomplexan parasite Cryptosporidium parvum, 

has become a well recognized diarrheal disease of immunodeficient humans and other 

mammals throughout the world. Specific therapy and immunoprophylaxis are currently 

unavailable, but passive immunization with C. /^arvum-specific monoclonal antibodies 

(mAbs) has demonstrated efficacy in immunocompromised hosts. In particular, mAbs 

eliciting the circumsporozoite precipitate (CSP)-like reaction protected against C. parviim 

infection. The circumsporozoite-like antigen (CSL), an -1,300 kDa apical glycoprotein 

of sporozoites and merozoites, is the molecular species mechanistically bound by mAbs 

having the ability to elicit the CSP-like reaction. These findings indicated that CSL has a 

functional role in sporozoite infectivity. In the present study, a quantitative in vitro 

sporozoite infectivity assay was developed to evaluate neutralizing activity of mAbs. 3E2, 

a mAb which elicited the CSP-like reaction, demonstrated the greatest level of 

neutralizing activity against C. parvum infections. Here, I report that CSL has properties 

consistent with being a sporozoite ligand for epithelial cells. For these studies, CSL was 

isolated from sporozoites by isoelectric focusing (lEF). The 1,200-1,400 kDa Mr region 

containing CSL in SDS-PAGE of sporozoites was comprised of 31 species when 

analyzed by two-dimensional electrophoresis. Eight species were present in lEF-isolated 

CSL. CSL specifically bound to Caco-2 cells in a dose-dependent, saturable, and self-

displaceable maimer with high afBnity. CSL bound to Caco-2 cells inhibited the 
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attachment and invasion of sporozoites in a dose-dependent manner. Characterization of 

the epitope recognized by 3E2 in a dot immunoblot indicated a P-glucose component. 

Sporozoites having undergone the CSP-like reaction after incubation with CSL-reactive 

3E2, did not attach to or invade Caco-2 cells. These findings indicated that at least 1 of 8 

CSL species isolated by lEF was a sporozoite ligand. The Caco-2 cell receptor for CSL 

was comprised of 16, 51, and 85 kDa molecules. Further, sporozoites incubated with 

isolated Caco-2 receptors failed to attach to and invade Caco-2 cells. Finally, CSL bound 

distinctly to receptors present on calf ileum. Based on these findings, I concluded that 

CSL ligand function is amenable to targeted disruption by CSL-reactive mAbs and that it 

is a rational target for immunization against cryptosporidiosis. 
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BACKGROUND AND SIGNIFICANCE 

Cryptosporidium parvum is a coccidian protozoal parasite that commonly 

causes diarrhea in humans, calves, and other mammals (25,70,114). In humans or other 

animals with competent immune systems, cryptosporidiosis is self limiting, but in 

immunodeficient hosts the disease can be persistent and life threatening 

(1,8,18,25,30,42,53,61,62,75,78,88,100,115,116,128). C. parvum infection is 

established through either fecal-oral, food borne or water bome transmission (25) and is 

initiated by the infectious sporozoite upon release from the oocyst. Difficulties in 

treating a C parvum infection with conventional anti-coccidial or other anti-protozoal 

drugs may relate to autoinfective loops in the parasite life cycle, superficial localization 

of developing stages within the host cell, organelles specific for apicomplexan parasites 

and unique metabolic pathways (112). Because neutralization of the sporozoite stage 

would prevent initiation of the life cycle, this was my primary focus for determining a 

mechanism of neutralization. Development of purification processes for the infectious 

stages allowed identification of zoite derived antigens and subsequent neutralization 

studies by other investigators (5,85,88). The ability of monoclonal antibodies (mAbs) 

to neutralize both sporozoites and merozoites has been demonstrated (5,85,88). A 

limited number of mAbs reactive with sporozoite surface and internal antigens were 

produced by immunizing mice with whole C. parvum sporozoites (5,85). These 
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included C4A1, a mAb with significant neutralizing activity (5). mAb C4AI 

recognizes a broad range of sporozoite glycoprotein antigens ranging from 25 to >200 

kOa, which have been designated GP25-200. Two additional neutralization-sensitive 

sporozoite antigens, CPS-500 (84) and P23 (5) were also identified by mAbs. To 

further define the relationship among the multiple immunoreactive bands of GP25-200, 

map neutralization-sensitive epitopes, and generate a panel of mAbs to screen libraries 

for recombinant protein expression, mAb C4A1 was used to isolate native GP25-200 

from C. parvum oocysts and sporozoites by immunoaffinity chromatography 

(85,87,89). Mice immunized with purified GP25-200 produced a panel of mAbs 

specific for these antigens. Resulting anti-GP25-200 mAbs were subjected to C. 

parvum neutralization studies. One generated mAb, 3E2, characteristically neutralized 

up to 20 times the 50% infectious dose of sporozoites for mice in vivo. 3E2 represents 

the highest neutralizing activity of all C. parvum mAbs generated by our laboratory 

(89). In indirect immunofluorescence assays (IFA), 3E2 recognizes the apical complex, 

sporozoite and merozoite surface, excysted oocyst shells and exoantigen released by 

sporozoites (87,89). 3E2 generates distinctive morphologic change in sporozoites and 

merozoites (87,89). These rapid changes are characterized by progressive posterior 

movement of membranous zoite antigen-mAb complexes that are eventually released 

from the sporozoite or merozoite (86). This membranous shedding event results in 

neutralization of sporozoite infectivity and is designated the circumsporozoite 

precipitate (CSP) -like reaction (86), after the malaria CSP reaction (16,68). The CSP-

like reaction was first described for C parvum when sporozoites were exposed to 
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hyperimmune bovine coiostrai antibody obtained from cattle immunized with whole C 

parvum (86). Both mAb 3E2 and coiostrai antibody recognize a broad range of 

antigens that co-migrate in 4-20% and 2-12% gradient SDS-PAGE gels. Of greatest 

interest is the circumsporozoite-like antigen (CSL), a 1,200-1,400 kDa sporozoite 

glycoprotein exoantigen detected by both mAb 3E2 and hyperimmune bovine coiostrai 

antibody (89). CSL is the molecular species mechanistically bound by mAb having the 

ability to elicit the CSP-like reaction and protect against C parvum infection (89). 

Characterization of CSL and determination of mechanisms of neutralization involving 

this antigen are relevant based on the fact that anti-CSL mAbs possess the highest 

neutralizing activity against C. parvum infection in mice when compared to mAbs 

generated against other C. parvum antigens. Further, CSL is conserved among C. 

parvum isolates and is expressed in both sporozoites and merozoites, creating an 

excellent target for vaccine development. CSL is limited to sporozoite and merozoite 

dense granules, a subset of micronemes, surface membrane and the membranous 

precipitates released during the CSP-like reaction as determined by immunoelectron 

microscopy (87,89). CSL expresses a repetitive neutralization sensitive epitope (87,89) 

as demonstrated by a two-site immunoradiometric assay. Additionally, Westem 

immunoblotting and radio-immimoprecipitation of sporozoite culture supernatant 

demonstrates CSL to be soluble, and released constituitively from active sporozoites in 

vitro in the absence of antibody (89). The epitope recognized by 3E2 is carbohydrate-

dependent as determined by susceptibility to N-glycosidase F and periodate, but not 

proteinase K (87,89). 



Interestingly, C. parvum CSL appears to be functionally similar to the 

circumsporozoite protein (CS) of Plasmodium falciparum (16,21,68,69,83). The 

attachment mechanism used by the apicomplexan parasite P. falciparum involves CS 

antigen of the apical complex. A key observation was that neutralizing mAbs 

recognizing CS antigen elicit the CSP reaction, diminishing sporozoite infectivity 

(16,68,69). CS antigen cross-linked with neutralizing antibodies is thought to mimic the 

host cell binding event which triggers the process normally used by the parasite to 

attach to and invade a host ceil. These similarities provided the rationale for further 

investigation and characterization of CSL in the present study. 

Attachment and invasion mechanisms of parasites related to C. parvum were 

determined through the use of mAbs against epitopes involved in these processes. 

Through such studies, glycoprotein ligands were described in protozoal parasites related 

to C. parvum. In particular, Trypanosoma cruzi and Leishmania donovani use 

glycoproteins for attachment to and invasion of host cells (46,73,81). T. cruzi's 3F6-Ag 

is a stage-specific surface glycoprotein which facilitates entry of parasites into host cells 

(81). In addition, soluble 3F6-Ag binds to host cells in a dose dependent and saturable 

manner (81). Soluble fucose mannose ligand of L donovani greatly inhibits parasite 

penetration of the host cell (73). 

CS antigen, in addition to being the target of the CSP reaction, has been 

implicated as a sporozoite ligand for attachment to hepatocyte receptors on the target 

cells (14,15,28). The binding portion is within region II of the CS antigen, located at 

the COOH terminus (14,28). Region II is the most highly conserved sequence among 
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the different malaria species, creating an excellent target for immunologic control. 

Binding of the ligand is characterized by attachment of CS to glycosaminoglycan chains 

of hepatocyte heparan sulfate proteoglycans on the hepatocyte surface, but also involves 

the low-density lipoprotein receptor-related protein (14,83,98). The rapidity and cell 

specificity displayed by sporozoites during invasion correlates with the strong tropism 

of CS antigen for hepatocytes, demonstrated both in vivo and in vitro. Human 

hepatoma (HepG2) cells bind CS protein in vitro in a dose dependent and saturable 

manner (28). Similar binding results are observed in vivo when mice are injected with 

portions of CS region II (14). The region II antigen rapidly clears firom circulation, 

specifically localizes on the basolateral surface of hepatocytes, and bypasses all other 

organs examined. These observations indicated that an adhesion mechanism facilitates 

specific attachment of CS region 11 to the target host cell receptor. The cell adhesion 

theory is further supported by conservation of a four amino acid sequence (VTCG) in 

CS protein, thrombospondin. a thrombospondin-related anonymous protein, and 

properdin. Because all four of these molecules possess adhesion properties, VTCG 

may be a critical sequence needed for adhesion (83). The corresponding hepatocyte 

host cell receptor is probably not CD4, CD8 or any of the class I major 

histocompatibility complex antigens because these are not expressed by cells during 

VTCG-mediated cell attachment (83). The CS protein ligand-hepatocyte receptor 

relationship has been targeted in many therapeutic attempts to control malaria with 

relative success (3,34,48,105,122). 
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The high conservation of the CS protein between malaria species may suggest a 

non-variant region among apical antigens of apicomplexan parasites in general. Recent 

findings on CSL in our laboratory suggests functional similarities between Plasmodium 

CS (83) and C. parvum CSL antigens (89). In addition, the specificity with which C. 

parvum zoites invade host cells supports the hypothesis that there is a strong tropism for 

mucosal epithelial cells (121). This tropism could be the result of a ligand-receptor 

relationship as described for Plasmodium. Based on these observations, I hypothesize 

that attachment to and invasion of mucosal epithelial cells by C. parvum sporozoites 

can be inhibited by blocking the putative CSL ligand-host cell receptor relationship 

with anti-CSL antibodies. 
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I. QUANTITATIVE IN VITRO ASSESSMENT OF SPOROZOITE INFECTIVITY 

AND NEUTRALIZATION 

Introduction: 

An in vitro C. parvum sporozoite infectivity assay was developed to allow time 

efBcient initial screening of multiple mAbs for neutralizing activity and reduce the use 

of costly animal models. Additionally, an in vitro assay would allow monitoring of 

infection processes not easily evaluated in vivo. Development of such an assay is 

critical in that hundreds of mAbs against C. parvum sporozoites had been previously 

produced and needed to be evaluated for neutralizing activity. Once mAbs with 

neutralizing activity are identified in die initial in vitro assay, they can then be subjected 

to definitive in vivo evaluations. 

At least seven neutralization sensitive C. parvum antigens defined by mAbs 

have been previously identified (5,7,60,77,84,85,109), and 3 of these antigens were 

selected for this study. Hyperimmunization of BALB/c mice with viable sporozoites 

produced 2 mAbs, 18.44 and 17.41, which recognize an antigen designated CPS-500 

(85). mAb 18.44 and mAb 17.41 detect distinct molecules on sporozoites (74,85) and 

merozoites (7,74) and neutralize the infectivity of both stages. Hyperimmunization of 

BALB/c mice with excysted oocyst preparations produced 3 mAbs, C6B6, C8C5, and 

C4A1 (5,6). mAb C6B6 and mAb C8C5 recognize a 23 kDa sporozoite antigen 

designated P23 and bind difhisely to the sporozoite and merozoite membrane (5,6,60). 



mAb C4A1 recognizes sporozoite antigens of 25 to >200 kDa in Western immimbiot, 

which are designated GP25-200 and bind to the anterior pole of sporozoites and 

merozoites in immunofluorescence assays (IFA) (5,60). BALB/c mice were immunized 

with C6B6-afBnity chromatography-purified native P23 or C4AI-afSnity 

chromatography-purified native sporozoite antigen which produced a panel of mAbs 

specific for these antigens (77,87,89). Development and validation of a quantitative in 

vitro sporozoite infectivity assay was achieved using anti-CPS-500 (18.44), anti-P23 

(7D10), and anti-GP25-200 (3E2 and 1B5) mAbs fi-om the expanded panel. These 4 

mAbs neutralize infectivity of sporozoites, as previously shown (77,84,89). In early 

investigations, sporozoite neutralization was evaluated by an ex vivo mouse assay in 

which sporozoites were incubated with mAbs and then infused per anus into intestinal 

tracts of neonatal BALB/c mice (74,84.85). While this assay gave insight to mAb 

neutralizing ability, it was not representative of what would occur during natural 

infection conditions. Therefore, an in vivo oocyst challenge assay was developed to 

more closely simulate natural infections while investigating neutralizing activity of 

mAbs (74). Neonatal mice were inoculated by gastric intubation with oocysts 

resuspended in mAb solution, followed by oral treatment with mAbs every 12 hours 

(74,89). In both assays, intestinal sections were collected at 94 h post inoculation and 

histologically examined for presence of intracellular C. parvum stages. To further 

simulate persistent infections occurring in immunodeficient hosts and evaluate mAb 

neutralizing ability under chronic conditions, an adult SCDD or nude mouse model was 

used. Immunocompromised mice were inoculated by gastric intubation with oocysts. 



23 

Once infection was established, mice were treated with mAb continuously for 10 days 

to 2 weeks (9,30,76,86,109). While the above described assays are excellent indicators 

of sporozoite neutralization and infection levels, they do not allow stringent 

quantitation of infection and are very time consuming. Therefore, numerous 

investigators began to focus on development of neutralization assays completed entirely 

in vitro which would allow rapid identification of mAbs displaying neutralizing activity 

prior to in vivo experiments. Early in vitro neutralization assay attempts included 

metabolic incorporation of [^H]-uracil (118,121, Langer unpublished observation) and 

[^H]-hypoxanthine (Langer unpublished observation) by C. parvum intracellular stages. 

However, the inability of C parvum intracellular stages to incorporate exogenous 

radiolabel eliminated this option of quantitation used to evaluate many other parasitic 

infections (80,94,96). As a result of the intense focus on development of an in vitro 

assay, many investigators produced an enzyme linked immunoabsorbent assay (ELISA) 

(121,124,129). However, these assays differ from the ELISA developed here, in that 

inoculation of C. parvum is done with oocysts instead of sporozoites. Inoculation with 

sporozoites instead of oocysts assures that all cultures being compared start with the 

same infectious dose. Inoculation with oocysts can be subjective, due to percent 

excystation of oocysts and oocyst shells sticking to cell surfaces creating a 

misinterpretation for intracellular stages when quantitated by ELISA. 

In brief, infectious sporozoites were exposed to either anti-C parvum or isotype 

control mAbs in vitro, inoculated onto mucosal epithelial cell monolayers and 

incubated for 48 hours prior to examination by ELISA. Treatment groups were then 
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quantitatively assessed for infection levels by ELISA to identify mAbs with neutralizing 

activity. mAbs possessing significant neutralizing activity in vitro were then evaluated 

for ability to control infection in vivo. 

Materials and Methods: 

Cell Culture. Caco-2 cells, of human colonic adenocarcinoma origin (ATCC, 

HTB 37), or MDBK cells, of Madin Darby Bovine Kidney epithelial origin (ATCC, 

CCL 22) were selected for assay development. Caco-2 cells were used for cover slip 

cultures due to their intestinal origin, slow growth rate and previous success of others in 

cultivation of C parvum (10,66,119,121). MDBK cells were chosen for ELISA 

development due to high infection levels previously described and the ability to 

manipulate and treat monolayers without cell loss, due to strong adherence properties 

(118,119,121). Cells were maintained (10% COi, 37° C) in plastic flasks (25 cm") on 

complete medium (minimum essential medium [MEM], containing 10% [v/v] heat-

inactivated fetal bovine serum [FBS], 1% [v/v] MEM nonessential amino acids, 

penicillin [100 U/ml], and streptomycin [100 jig/ml]). During each passage, MDBK 

cells were seeded into 96 well plates (3 X 10" cells/ well) for ELISA development. In 

parallel, 24 well plates containing glass cover slips (12 mm, round) were seeded with 

Caco-2 and MDBK cells (1.2 X 10^ cells/well) for direct microscopic evaluation. Plated 

cells were maintained as described above for 7-9 days prior to inoculation. 

Isolation of C. parvum. The Iowa C. parvum isolate used in the present study 

was originally obtained from Dr. H. Moon (National Animal Disease Center, Ames, 
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Iowa) (37,117). Pathogenicity of this isolate has been previously described (37,38.84). 

The isolate was maintained in 2.5% (w/v) potassium dichromate solution (4° C), and 

was passed every three months in newborn Cryptospondium-^ce, colostrum-deprived 

calves as previously described (84). Oocysts were isolated from infected calf feces by 

sieving and sucrose gradient centrifugation as previously described (84). To obtain 

sporozoites, oocysts (shed approximately I month earlier) were aseptically sodium 

hypochlorite treated (84), washed and excysted (45 min, 37° C) in WRC 935 Medium 

containing 0.75% (w/v) taurocholic acid (54). After excystation, sporozoites were 

separated from intact oocysts and excysted oocyst shells by passage through a sterile 

polycarbonate filter (2.0 |im pore size, Poretics) attached to a 1 ml syringe. Isolated 

sporozoites were diluted in MEM (1:10) and used for culture inoculation immediately 

following isolation. 

Inoculation of monolayer and cover slip ceil cultures. Purified sporozoites 

(1.2 X 10^/well, in 10 |j.l MEM) were incubated (15 min, 37° C. 10% CO2) with anti-C 

parvum mAbs defining distinct sporozoite epitopes or isotype control mAbs of 

irrelevant specificity (each at I|j,g/well). All mAbs were in Dulbecco's Modified 

Eagle's Medium (DMEM) and derived from culture supernatant. mAbs against each of 

the neutralization sensitive epitopes were tested and included 1) anti-GP 25-200 mAbs 

1B5 (IgM) and 3E2 (IgM), 2) anti-P23 mAb 7D10 (IgG,), 3) anti-CPS-500 mAb 18.44 

(IgGs), 4) isotype matched control mAbs, Thyo (IgM), 5.90.1 (IgGi), and 8.1.1 (IgGs) 

of irrelevant specificity, or 5) MEM. At completion of incubation, the sporozoite/mAb 
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mixtures were inoculated onto confluent Caco-2 or MDBK cell cultures in replicates of 

10 for 96 well plates and 3 for cover slip cultures. At 4 h post inoculation, sporozoite 

challenge doses were aspirated and cultures fed complete medium. Cultures were 

incubated (10% CO2, 37° C) for a total of 48 h, a time point which should have allowed 

su£Gcient developmental time for life cycle stages. Medium was aspirated, monolayers 

gently washed with tris-bufifered saline (TBS) (20 mM Tris, 150mM NaCl, [pH 7.5]), 

and then methanol-fixed for ELISA or microscopic examination. 

ELISA for quantitation of infection. Fixed monolayers were washed (5X) 

with TBS, blocked (30 min, 37° C) with TBS containing 3.2% (v/v) fish gelatin and 

2% (w/v) bovine serum albumin (BSA), and incubated (30 min, 37° C) with mAb 3E2 

(10 ^g/ml in DMEM). Anti-CSL mAb 3E2 was chosen from a panel of mAbs, known 

to detect intracellular C. parvum stages, due to its high affinity binding of CSL which is 

conserved among life cycle stages. Following incubation with 3E2, monolayers were 

washed (lOX) with blocking buffer, incubated (30 min. 37° C) with affinity-purified 

alkaline phosphatase-conjugated goat anti-mouse IgM (1:250, Cappel) in TBS, washed 

(lOX) with blocking buffer, and developed with pNPP substrate. Optical densities 

(OD, 405 nm) were determined with automated ELISA plate reader (SLT Instruments), 

and mean OD for each mAb treatment group were statistically analyzed with Student's 

one tailed t test for significant differences. 

Microscopic determination of presence or absence of infection. Cover slip 

cultures prepared as described above were evaluated by inmiunofluorescence 



microscopy using mAb 4B10 to directly quantitate intracellular stages. In brief, 

methanol-fixed cover slip cultures were blocked, then incubated (30 min, 37° C) with 

anti-C parvum, anti-GP25-200 mAb 4B10, which recognizes intracellular stages 

through at least 72 h of development (54), or an isotype-matched control mAb, Thyo, 

of irrelevant specificity. Cover slip cultures were then washed with blocker, incubated 

(30 min, 37° C) with fluorescein labeled goat anti-mouse IgG, IgM and IgA antibody 

(1:60, containing 0.1% [w/v] Evan's Blue), washed, and observed by epifluorescence 

microscopy (lOOOX, Nikon). The total number of intracellular C. parvum stages for 

each replicate in a treatment group was quantitated by systematic examination of the 

entire cover slip. The means for each treatment group were statistically analyzed with 

Student's one tailed t test for significant differences. 

Ex vivo C. parvum neutralization assay. Ex vivo assays to determine 

sporozoite-neutralizing activity of selected mAbs were performed as previously 

described (74,84,85). Purified sporozoites (2 X 10^ in 10^1 of Hanks balanced salt 

solution) were incubated (30 min, 5% CO2, 37° C) with 1B5, 3E2, 18.44 or isotype 

matched control mAbs, HL113 (IgM), HL245 (IgGi) and HL296 (IgGs) of irrelevant 

specificity (each at 25 |ig/ml in DMEM), derived from culture supernatant. mAb-treated 

sporozoites were infused per anus into the intestinal tract of BALB/c mice (6 days old). 

The jejimum, ileum, cecum and colon were collected at 94 h post inoculation and 

examined histologically for presence of C. parvum stages. Scores of 0, I, 2, or 3 (0, no 

infection; 1, < 33% of mucosa infected; 2, 33-66% of mucosa infected; 3, > 66% of 



mucosa infected) were assigned to longitudinal sections representing the intestine, then 

summed to obtain an infection score for each mouse. Mean infection scores were 

analyzed by Student's one-tailed t test for significant differences. 

In vivo C. parvum neutralization assay. In vivo assays to determine 

sporozoite-neutralizing activity of selected mAbs were performed as previously 

described (74,89). Neonatal BALB/c mice (6 days old) were inoculated intragastrically 

with peracetic acid-disinfected oocysts (IX 10"* in 10 |il PBS) concurrently with 1B5, 

3E2, 7D10, 18.44 or isotype matched control mAbs, HLl 13 (IgM), HL245 (IgGi) and 

HL296 (IgGs) of irrelevant specificity (75 jal, each at 1.7 mg/ml, ascites fluid). At 2 h 

and every 12 h thereafter, mice received an additional 75 |il ascites fluid by gastric 

intubation. Intestinal tracts were examined histologically at 94 h after inoculation and 

scored as described above. Mean infection scores were analyzed by Student's one-

tailed t test for significant differences. 

Results: 

A quantitative sporozoite infectivity ELISA was developed and validated using 

mAbs that were previously tested with in vivo and ex vivo mouse models. IB5 {P < 

0.000, P < 0.000) (Langer unpublished observation) and 3E2 (P < 0.000, P < 0.000) 

(89) significantly neutralized C. parvum infection in both in vivo and ex vivo mouse 

models respectively when compared to isotype control mAbs. In the in vivo assay, 

7D10 (77) neutralization {P < 0.001) was statistically significant when compared to 

isotype control mAb treatment. Anti-CPS-500 mAb 18.44 significantly neutralized C. 
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parvum infection when evaluated ex vivo (P < 0.002) (84), but had no affect on 

infection levels in vivo (P < 0.348) (74). Quantitation of C. parvum infection levels 

following mAb treatment generally agreed when comparing the sporozoite 

neutralization ELISA and IF As to the previously described in vivo and ex vivo mouse 

models (Table 1.1). ELISA and IFA neutralization by 1B5 (ELISA P < 0.000, EFA P < 

0.000) and 7D10 (ELISA P < 0.003, IFA P < 0.007) paralleled neutralization levels 

seen in both in vivo and ex vivo mouse assays (Table 1.1). However, discrepancies of 

neutralization levels presented for 2 of the mAbs. 3E2 did not neutralize C. parvum 

infection {P < 0.254) in the sporozoite neutralization ELISA which differed from the 

statistically significant neutralization levels calculated for both in vivo (P < 0.000) and 

ex vivo {P < 0.000) mouse assays and sporozoite neutralization IFA {P < 0.000) (Table 

1.1). Further, 18.44 neutralized C. parvum infection in the ex vivo mouse assay {P < 

0.002), but had scores not significantly different from isotype control mAbs in the 

sporozoite neutralization ELISA (P < -0.025), sporozoite neutralization IFA {P < 

0.669) and in vivo mouse assay {P < 0.348) (Table 1.1). Direct quantitation of 

infectivity by sporozoite neutralization IFA demonstrated that precipitates shed by 3E2-

treated sporozoites were present on the cell surfaces. In addition intracellular stages 

were present in cultures receiving 18.44-treated sporozoites but these stages appeared 

morphologically aberrant. 



30 

Discussion: 

Four anti-C parvum mAbs recognizing 3 different neutralization sensitive 

epitopes (5.74.77,84,89) previously characterized by in vivo and ex vivo neutralization 

studies were selected to develop and validate a sporozoite infectivity ELISA. mAbs 

selected included 3E2 (89) which induces the CSP-like reaction, 1B5 which recognizes 

CSL but does not elicit the CSP-like reaction, 18.44 (74,84), and 7D10 (77). Each mAb 

decreases C parvum infection in either the ex vivo, in vivo or both mouse models 

(74,77,84,89). While neutralization studies performed in mice allowed insight into 

neutralization capabilities, the animal model was costly and very time inefficient for 

preliminary screening of large numbers of mAbs. Therefore, a sporozoite infectivity 

ELISA was developed to have a rapid screening assay for initial characterization of 

hundreds of anti-C. parvum mAbs. While P values were not exactly the same between 

the ELISA, IFA, ex vivo mouse assay, and in vivo mouse assay, the statistical 

significance of neutralization seen between the assays was very similar (Table 1.1). 

Once mAbs were preliminarily characterized for neutralizing activity by ELISA, they 

could then be evaluated in the in vivo mouse assay. By using the ELISA as a initial 

screening test for neutralizing activity, the expensive mouse assay could be used to 

focus on mAbs already showing preliminary neutralizing activity. 

However, two P values were noted to be exceptions from the statistically 

significant neutralization found for the mAbs within the 4 assays. mAb 3E2 displays 

complete neutralization in vivo (87,89) and ex vivo (89), but had no neutralizing ability 

in the sporozoite infectivity ELISA. In addition, 18.44, which neutralizes sporozoites 
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in the ex vivo mouse assay (84), had no neutralizing effects when evaluated by 

sporozoite neutralization ELISA or the in vivo mouse assay (74). To determine the 

reason for disagreement between these assays, sporozoite neutralization was quantitated 

by direct microscopic examination of cultures inoculated with mAb-treated sporozoites. 

IFA analysis of cover slip cultures inoculated with 18.44-treated sporozoites contained 

intracellular stages which appeared morphologically aberrant when compared to 

intracellular stages present in isotype control mAb-treated cultures (Langer unpublished 

observation). Because 18.44 neutralizes C. parvum infection ex vivo (84), the presence 

of intracellular stages in IFA and ELISA cultures may suggest arrestment of 

development as a mechanism of neutralization for 18.44. By the time intestinal sections 

are collected in the ex vivo assay, infection is either resolved or at very low levels 

indicating significant neutralization. However, both IFA and ELISA cultures are 

stopped at earlier time points and may have developmentally arrested intracellular 

stages which are still immunoreactive, resulting in infection scores not significantly 

different fi-om isotype control mAb-treated cultures. Additionally, 18.44's neutralizing 

ability differed between the ex vivo and in vivo mouse assays, which might be 

accounted for by experimental differences such as sporozoite versus oocyst inoculation 

and exposure of the parasites to mAb in vitro or in vivo. 18.44 demonstrated no 

neutralizing ability when evaluated in vivo (74). This could be due to mAb degradation 

in the intestinal tract, time dependent exposure of sporozoites and merozoites to mAb, 

and ratio of mAb to sporozoite concentrations. Cultures inoculated with 3E2-treated 

sporozoites contained significantly fewer intracellular stages as detected by IFA. In 



addition, antigen/antibody complexes (Fig. 1.1 A) from the CSP-like reaction were 

identified in IFA cover slip cultures inoculated with 3E2-treated sporozoites. This 

material was deposited on the cell surface and resembled previously described 

precipitates shed from 3E2-treated sporozoites (89). These precipitates were not 

present in cultures inoculated with sporozoites treated with other mAbs examined, 

further suggesting the phenomenon was associated with the 3E2 elicited CSP-like 

reaction. Differentiation of shed precipitates (Fig. 1.1 A) from intracellular stages (Fig. 

I.IB) was easily achieved at high magnification (lOOOX) based on morphological 

features, eliminating misinterpretation of precipitates as intracellular stages. However, 

the presence of these immunoreactive precipitates in ELISA wells inoculated with 3E2-

treated sporozoites is the most likely explanation for false positive values. This would 

result in a misinterpretation of neutralization by ELISA, since the automated plate 

reader cannot differentiate between intracellular stages and precipitates. Analysis of 

multiple mAbs by ELISA and EFA, for sporozoite neutralization, indicated false 

positives results for the ELISA were limited to mAbs eliciting the CSP-like reaction 

and those recognizing excessive exoantigen deposited on cell surfaces (Langer 

unpublished observation). Therefore, the ELISA, developed herein, can be used to 

accurately quantitate sporozoite neutralization by mAbs which do not target 

exoantigens. 

Although sporozoite neutralization was statistically significant for all 4 mAbs 

in 1 or more assay formats when compared to isotype control treated cultures, one mAb 

consistently stood out above the others. Infection scores for 3E2-treated sporozoites 
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were significantly lower than infection scores obtained for other mAbs previously, 

demonstrated to have neutralizing activity, such as 1B5 and 7D10. Therefore, 3E2 was 

selected for studies further in part n of this dissertation to define the mechanism of 

neutralization. 
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n. CRYPTOSPORIDIUMPARVUMCSL FUNCTIONS AS A SPOROZOITE 

LIGAND. 

Introduction: 

Based on the statistically significant neutralization results of 3E2 presented in 

Part I, I hypothesized that 3E2 was inhibiting the attachment and invasion of 

sporozoites to host cells. As previously described, 3E2 recognizes an antigen that is 

limited to the micronemes, dense granules, and surface membranes of sporozoites (89). 

Apical complex and surface molecules of apicomplexan sporozoites are involved in 

attachment, invasion, and intracellular development and may be targeted by protective 

inmiune responses (22,57,93). 3E2 elicits distinctive morphologic change in 

sporozoites and merozoites, which is designated the CSP-Iike reaction (89) after the 

Plasmodium CSP reaction (16,27). Sporozoite infectivity is significantly reduced after 

in vitro exposure to 3E2 and occurrence of the CSP-Iike reaction (54,89). Isolation of 

precipitates released from sporozoites after incubation with 3E2 demonstrates that CSL, 

a ~l,300 kDa glycoprotein is functionally involved in the CSP-Iike reaction (87,89). 

Characterization of CSL and mechanisms of neutralization involving this antigen are 

relevant because anti-CSL mAbs are the strongest neutralizers of C. parvum infection 

when compared to mAbs recognizing other neutralization-sensitive epitopes such as 

CPS-500 (74,84) or P23 (5,77). 3E2 recognizes a carbohydrate dependent epitope as 

determined by antigen susceptibility to N-glycosidase F and periodate, but not 

proteinase K (89). CSL appears to share characteristics with other high molecular 
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weight glycoproteins identified for C. parvum (54,59,79,89,90,111,125,127). These 

high molecular weight glycoprotein antigens are ail glycosylated, localized to the apical 

complex and/or surface membrane, and defined by high molecular weights (>200 kDa) 

(127). A functional role for these molecules is suggested by the fact that mAbs 

recognizing these high molecular weight glycoproteins inhibit attachment and invasion 

in vitro (127). Therefore, I investigated the role of CSL as a sporozoite ligand. 

Here I report that CSL bound specifically to Caco-2 cells and reduced their 

permissiveness to C. parvum sporozoites in a dose dependent manner. CSL bound with 

high affinity to a receptor on the surface of Caco-2 cells displaying negative 

cooperativity. In addition, CSL bound to host cells is self-displaceable. 3E2 bound to 

sporozoite surface CSL blocked the attachment and invasion processes as observed by 

video microscopy. Further, I have shown that up to 6 species of the complex CSL 

molecule are critical for the CSP-like reaction. I conclude that CSL is a C. parvum 

sporozoite ligand which facilitates the attachment to and invasion of host cells. 

Materials and Method 

Isolation of CSL and control glycoproteins CPC205 and Tfl90. For CSL 

isolation, C. parvum oocysts (Iowa isolate) were purified (85), excysted and solubilized 

in lysis buffer (50 mM Tris [pH 8.0], 5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride 

[AEBSF], 0.3 (iM aprotinin, 10 |iM E-64, 0.01 mM leupeptin, 5 mM EDTA, 130 ^M 

bestatin, and 1% [w/v] octyl-glucoside) as previously described (54). C. parvum 

molecules in the soluble fraction were then separated by preparative isoelectric focusing 
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(lEF) according to the manufacturer's protocol (12 W, 4 h, Rotofor, BioRad). Pi range 

was enriched for, but not limited to pH 3.5-5.0. Fractions were analyzed for the 

presence of CSL by dot immunoblot using 3E2 as previously described (54). 3E2-

positive fractions from the dot immunoblot were combined and concentrated by 

centrifiigation (Centriprep 30, Amicon, 10,000 X g, 4° C, 10 min). Purity of isolated 

CSL was determined by silver staining the preparation after resolving in 10-20% and 2-

12% gradient SDS-PAGE reducing gels (54). Immunoreactivity and identity of 

isolated CSL was determined by Western immunobiotting of the preparation resolved in 

10-20% and 2-12% gradient SDS-PAGE reducing gels (54). Lanes were probed with 

3E2 or isotype control mAb (each at S^g/ml), followed by affinity-purified phophatase-

conjugated goat anti-mouse IgM (Zymed) and phosphatase substrate. 

Two additional glycoproteins were isolated for use as negative controls in 

experiments to assess binding specificity for CSL. CPC205, the first control 

glycoprotein, is a 205 kDa C. parvum oocyst wall molecule defined by mAb 4D3. 4D3 

(IgM) recognizes a broad range of oocyst wall antigens (25-200 kDa), which are 

periodate sensitive. For isolation of CPC205, oocysts were excysted (2 h, 37° C, in 5 

ml WRC 935 Medium containing 0.75% [w/v] taurocholic acid), layered onto a Percoll 

(Pharmacia) gradient (Percoll [9 parts], lOX Alsever's solution [1 part], IX Alsever's 

solution [9 parts]) and centrifuged (40,000 X g, 30 min, 4° C). Gradient fractions (1 

ml) were examined by phase-contrast microscopy to identify fractions containing oocyst 

shells, but not intact oocysts or sporozoites. Oocyst shell-containing fractions were 
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then pooled, washed four times with PBS (16,000 X g, 10 min, 4° C), resuspended in 

SDS-PAGE sample buffer (0.06 M Tris HCl [pH 6.8], 2% [w/v] SDS, 5% [v/v] beta-

mercaptoethanol, 10% [v/v] glycerol, 0.025% [w/v] bromophenol blue), and resolved 

with the Prep Cell (Biorad) in a 4% SDS-PAGE gel. CPC205 was isolated by 

preparative electroelution of the antigen from the Prep Cell, according to the 

manufacturer's protocol. Fractions containing CPC205 were identified and evaluated 

for purity by silver staining the preparations resolved in 10-20% and 2-12% gradient 

SDS-PAGE reducing gels. Immunoreactivity and identity of isolated CPC205 was 

determined by Western immunoblotting of the preparation resolved in 10-20% and 2-

12% gradient SDS-PAGE reducing gels as previously described (77). Lanes were 

probed with mAb 4D3 or isotype-matched control mAb, Thyo, of irrelevant specificity 

(each at 8 |ig mAb/ml) followed by alkaline phosphatase-conjugated goat anti-mouse 

IgM secondary antibody (Zymed) and phosphatase substrate. The second negative 

control glycoprotein for use in binding assays is TfI90, an adhesion molecule of 

Tritrichomonas foetus defined by IgGi mAb 32.3B3 (11,97). To isolate Tfl90, T. foetus 

(KV-1 isolate) organisms were cultured in Diamonds medium (48 h, 37° C) (20), 

centrifuged (15,000 X g, 10 min), resuspended in lysis buffer, and solubilized by 

sonication (4° C). The soluble fraction was collected following ultracentrifiigation 

(50,000 X g, 30 min, 4°C), diluted with sample buffer (0.06 M Tris HCl [pH 6.8], 2% 

[w/v] SDS, 10% [v/v] glycerol, 0.025% [w/v] bromophenol blue) and resolved in a 2-

12% gradient SDS-PAGE non-reducing gel. A strip of gel, 180-200 kDa region 
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containing Tfl90, was removed and eiectroeluted according to the manufacturer's 

protocol (Six-Pack gel eluter, Hoefer Scientific). Purity of isolated Tfl90 was 

determined by silver staining the preparation after resolving in a 7.5% SDS-PAGE non-

reducing gel. Immunoreactivity and identity of isolated Tfl90 was determined by 

Westem immunoblotting of the preparation resolved in a 7.5% SDS-PAGE non-

reducing gel. Westem immunoblotting was performed as previously described (11,97) 

using mAb 32.3B3 or an isotype-matched control mAb of irrelevant specificity (each at 

1 fig mAb /ml). 

To determine if the neutralization sensitive species of CSL, defined by 3E2, had 

been isolated following lEF, and to see if CPC205 and Tfl90 would non-specifically 

interfere with 3E2's neutralization-sensitive epitope, the ability of the preparations to 

competitively inhibit the CSP-like reaction was evaluated as follows. Viable 

sporozoites (1.2 X 10") isolated by filtration through a polycarbonate filter (2.0 fom 

pore size, Poretics) were incubated (30 min, 37° C) with 1) 3E2 (0.5 ^g), 2) isotype-

matched control mAb, Thyo (0.5 ^g), 3) 3E2 (0.5|ig) and lEF-isolated CSL (2.5 |ag), 4) 

3E2 (0.5 ^g) and CPC205 (2.5 ng), 5) 3E2 (0.5 ^g) and Tfl90 (2.5 ^g), or 6) 3E2 (0.5 

^g) and solubilized C. parvum sporozoites (2.5 ^g). A C. parvum sporozoite 

preparation was obtained by resuspending purified sporozoites in lysis buffer and 

solubilizing with sonication (4° C) and fi-eeze thaw cycles. Concentrations of all 

antigen samples were determined by micro bicinchoninic acid method (Pierce) using 

bovine glycoprotein purified firom Cohn fi^ction VI (Sigma GP014) as a standard. 
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Samples were then observed by phase contrast microscopy to quantitate the percentage 

of sporozoites undergoing the CSP-like reaction (number sporozoites undergoing CSP-

like reaction / total number of sporozoites counted X 100). A total of 200 sporozoites 

was counted for each sample in two replicate experiments. 

2-Dimensional electrophoretic analysis of whole C. parvum and isolated 

CSL. Because more than one CSL species or multiple CSL isoforms differing in states 

of glycosylation could have been isolated by lEF but not identified in silver stained 

SDS-PAGE gels or Westem immunoblots, further characterization was required. 

Therefore, the identity and immunoreactivity of CSL in EF-isoIated preparations was 

compared to that of whole C. parvum by two-dimensional electrophoresis. Excysted 

oocysts were solubilized in 2-D sample buffer (0.06 M Tris [pH 6.8], 5% [w/v] SDS, 

5% [v/v] beta-mercaptoethanol, 10% [v/v] glycerol) by sonication (4° C) and freeze-

thaw, after which the soluble fraction was obtained by ultracentrifugation (50,000 X g, 

30 min). First dimension tube gels (9.2 M urea, 4% [w/v] acrylamide, 20% [v/v] Triton 

X-100, 1.6% [v/v] Biolyte 5/7, 0.4% [v/v] Biolyte 3/10, 0.01% [w/v] ammonium 

persulfate, 0.1% [v/v] TEMED) were cast in I mm (I.D.) glass capillary tubes and 

loaded with either excysted C. parvum oocysts or Rotofor-isolated CSL, prior to lEF (6 

h, 750 V). At completion of lEF, tube gels were laid over 2-12% gradient SDS-PAGE 

reducing gels and resolved in the second dimension (200 V, 1 h). One set of gels was 

then transferred (100 V, 1 h) to polyvinyl diflouride (PVDF) membranes for Westem 

immunoblot development. Another set of gels was placed in gel fixative (40% [v/v] 

methanol, 10% [v/v] acetic acid) for silver stain development. The number of 1,200-
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1,400 kDa species in excysted oocyst preparations (3 X 10^) or Rotofor-isoiated CSL 

(10 ^g) was determined by silver staining of gels according to manufacturer's protocol 

(BioRad). The identity of species in excysted oocysts preparations (5 X 10^ or Rotofor-

isoiated CSL (6 ^,g) recognized by 3E2 was determined by Western immunoblot of 

PVDF membranes. Briefly, after incubation (1 h, 24° C) with 3E2 (50 ^g/ membrane), 

the membrane was washed 12 times with Buffer B (0.17 M NaCl, 0.01 M Tris Base 

[pH 7.5], 0.1% [v/v] SDS, 0.1% [v/v] Triton X-100, 1 mM EDTA) containing nonfat 

dry milk (NDM, 5% [w/v]), incubated (1 h, 24° C) with affinity-purified alkaline 

phosphatase-conjugated goat anti-mouse IgM (Zymed), washed 4 times with Buffer B 

containing 5% [w/v] NDM, 4 times with Buffer B without NDM and 2 times with O.l 

M Tris (pH 9.0), and then developed with chemiluminescent substrate. After probing 

with 3E2, PVDF membranes were stripped (O.IM Tris [pH 6.7], 20% [w/v] SDS, 0.7% 

[v/v] beta-mercaptoethanol) (31) (14 h, 22° C) and re-probed with isotype-matched 

control mAb of irrelevant specificity, or mAb 4D10. 4D10, included for comparison to 

3E2, reacts with peptide epitopes of lEF-purified CSL, but does not elicit the CSP-like 

reaction. The 2-dimensional immunoreactivity patterns of 3E2 with whole C. parvum 

or EEF-purified CSL were then compared to those of 4D10. 

Effect of 3E2 on sporozoite attachment and invasion. An in vitro sporozoite 

neutralization assay was performed to evaluate differential neutralizing activity of 

mAbs recognizing known neutralization sensitive antigens, GP25-200, P23, and CPS-

500. Isolated sporozoites (1.2 X 10^) were incubated (15 min, 37° C, 10% CO2) with 
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anti-GP25-200 tnAb 3E2, which elicits the CSP-Iike reaction, anti-GP25-200 mAb 1B5 

which does not elicit the CSP-iike reaction, anti-P23 reactive 7D10, anti-CPS-500 

mAb 18.44, or isotype-matched control mAbs, Thyo, HL296, or HL245, of irrelevant 

specificity (1.0 |ag of each mAb in 200 ^1 MEM). Each mAb neutralizes sporozoite 

infectivity as previously determined (77,84,89). Sporozoite-mAb preparations were 

then inoculated onto confluent Caco-2 cell cover slip cultures in triplicate. At 24 h 

post-inoculation, cover slip cultures were processed for IFA development as described 

in Part I. Cover slips were microscopically analyzed by systematic coverage of the 

entire cover slip counting intracellular stages as previously described (54). To further 

determine the effect of 3E2 on sporozoite attachment and invasion, purified sporozoites 

were incubated (15 min, 37° C) with 3E2 or isotype-matched control mAb, Thyo, (each 

at 22 fag/ml) and then inoculated onto confluent Caco-2 cell cultures. mAb-treated 

sporozoites were observed (30 min, 24° C) for interactions with host cells by inverted 

Nomarksi DIC microscopy (Ziess, 600X) and captured by time lapse video 

photography. 

Effect of CSL, bound to Caco-2 cells, on sporozoite attachment and 

invasion. To determine if CSL could bind to Caco-2 cells as a ligand, an in vitro 

binding assay was performed as previously described (54). Following 

ultracentrifugation (50,000 X g, 30 min) to remove insoluble particulates and dialysis 

(12-14 kDa molecular weight cut off membrane) against PBS, 2 ^g of solubilized 1) 

lEF-purified CSL, 2) CPC205, 3) C. parvum sporozoites, or 4) Tfl90 were incubated 
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(15 min, 24° C) with viable Caco-2 cell cultures. Cultures were washed 6 times with 

PBS and methanol-fixed. Immunofluorescence microscopy was then performed to 

assess binding specificity using mAb 3E2 for cultures incubated with CSL or 

solubilized sporozoites, mAb 4D3 for cultures incubated with CPC205, or mAb 32.3B3 

for cultures incubated with Tfl90. Additionally, isotype-matched control mAbs, Thyo 

or 5.90.1, of irrelevant specificity were tested for cultures incubated with CSL, 

solubilized sporozoites, CPC205, or Tfl90. 

To determine if CSL would affect sporozoite attachment and/or invasion, Caco-

2 cell monolayers were incubated as above with MEM, or increasing quantities of CSL, 

CPC205, or Tfl90. Monolayers were then inoculated, in triplicate, with purified 

sporozoites (1.2 X lOVmonolayer), incubated (24 h, 37° C, 10% CO2), washed with 

PBS, methanol-fixed, and examined by epifluorescence microscopy using mAb 7B6 to 

quantitate intracellular stages (54). 7B6, produced against a neutralization sensitive 

glycolipid antigen CPS-500, recognizes intracellular stages through at least 72 hours 

development, but is non-reactive with CSL. Because there was potential for CSL to be 

bound to host cell surfaces, 7B6 was selected to facilitate accurate quantitation of 

intracellular stages only. To determine if any effect of the glycoproteins examined on 

attachment and/or invasion was specific and not due to toxicity, cell viability was 

quantitated in parallel monolayers after incubation. A minimum of 200 cells was 

observed for each preparation by epifluorescence microscopy using acridine orange and 

ethidium bromide (17) and the number of viable and nonviable cells recorded. 
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Characterization of CSL binding kinetics to Caco-2 cells. To characterize 

binding kinetics, CSL was radioiodinated using the lODO-BEAD method (Pierce). 

Briefly, lODO-BEADS, lEF-isolated CSL (100 ^g) and '"^I-Na (NEN) (0.5 mCi) were 

incubated (30 min, 4° C) with rocking, after which KI (0.5 mM) was added and the 

supernatant collected. '^^I-CSL was then dialyzed (12-14 kDa molecular weight cut-off 

membrane, 4° C) against PBS. Specifically incorporated radioactivity quantitated by 

trichloroacetic acid (TCA) precipitation was 233 counts per minute (CPM)/fil of CSL 

(32). To determine if CSL binding was affected by radioiodination, '"^I-CSL was 

incubated with Caco-2 cells (4 ^g/ monolayer) and evaluated by IFA with 3E2 as 

described above. 

For all binding kinetics experiments, Caco-2 cells were seeded in 96 well plates 

and cultured to confluency prior to use. In experiment one, Caco-2 cells were incubated 

(30 min, 4° C) in quadruplicate with increasing quantities (0.06 |ig - 4.0 ^g/ monolayer) 

of '^^I-CSL in PBS (200 fil) to construct a binding curve. Unlabeled CSL (0.25 |ig/ 

monolayer) was included with '"^I-CSL in the upper half of the titration (1.0 jig, 2.0 ng, 

and 4.0 |ig) to create a leveling effect for the binding curve (95). At completion of 

incubation, cells were transferred to microfuge tubes, centriftiged (14,000 X g, 10 min, 

4° C) to remove incubation medium, then washed 3 times with PBS (200 ^1, 4° C). 

Cells were then resuspended in PBS (100 |il), placed in scintillation tubes and CPM 

determined with a gamma counter. In experiment 2, nonspecific binding was 

determined by incubating monolayers with unlabeled CSL (7.0 (ig/ monolayer) 
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exceeding the amount required for saturation, as determined in the preceding 

experiment, and repeating the titration with increasing quantities of '^^I-CSL. These 

data were used to create a binding curve corrected for nonspecific binding (12,55). To 

determine if *^^I-CSL could be self-displaced, and to obtain data required for 

calculation of specific activity, a titration with unlabeled CSL was performed as follows 

(12,55). Monolayers were incubated (30 min, 4° C) in quadruplicate with a fixed 

quantity of '~^I-CSL (0.25 ^g/ monolayer) and increasing quantities of unlabeled CSL 

(0.06 ^g - 4.0 ^g/ monolayer). Following incubation, monolayers were processed and 

boimd CPM quantitated. Finally, maximal binding capacity of '^^I-CSL was determined 

as follows (12). Increasing numbers of Caco-2 cells (10 ^ - 5 X 10^) were incubated 

(30 min, 4° C) with '"^I-CSL (1 ixg) in PBS, washed 3 times with PBS, and bound CPM 

determined. To determine if CSL binding was saturable, B/F ratios were plotted against 

the quantity of '^^I-CSL added to each culture. The corresponding Scatchard plot was 

created using the B/F ratios and the corrected specific radioactivity bound when '"^I-

CSL was added in increasing quantities. All data from binding kinetics experiments 

were analyzed by non-linear least square fit using the program LIGAND (65) for 

calculation of association and dissociation constants. 

Effect of glycosidase treatment of CSL on reactivity with 3E2 and binding 

to Caco-2 cells. To determine the carbohydrate composition of the proteinase K-

resistant, periodate- and N-glycosidase F- sensitive epitope recognized by 3E2, EF-

isolated CSL was treated with N-glycosidase F or individual glycosidases and then 
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assessed for reactivity with 3E2 in a dot inununobiot. Individual glycosidases were 

chosen based on composition of Turbo cornums "mixed" glycosidases (ICN) which has 

also been demonstrated to eliminate 3E2 reactivity with CSL (Langer unpublished 

observation). CSL (0.15 fig) was incubated (14 h, 37°C) with N-glycosidase F (1.3 U) 

(Boehringer Mannheim), (3-xylosidase (0.05 U) (Sigma), P-mannosidase (0.25 U) 

(Sigma), a-mannosidase (1.0 U) (Sigma), P-glucosidase (0.42 U) (Sigma), a-

glucosidase (0.42 U) (Sigma), a-galactosidase (0.1 U) (Sigma), a-L-fucosidase (0.01 

U) (Sigma), a-N-acetylgalactosaminidase (0.17 U) (Sigma), or |3-N-

acetyiglucosaminidase (1.0 U) (Sigma) in buffer (50mM HEPES, 5 mM MgCl? [pH 

5.3]), or in buffer lacking glycosidases and then dotted onto nitrocellulose membranes. 

Membranes were fixed, blocked with Buffer B containing NDM (5% [w/v]), and 

probed with 3E2, peptide-reactive mAb 4H7 or isotype-matched control mAb, L6G6, of 

irrelevant specificity (each 4)ag/ml). Dots were then washed, incubated with affinity-

purified alkaline phosphatase-conjugated goat anti-mouse IgM (1:1000) (Zymed), 

washed and developed with phosphatase substrate. 4H7, an IgM mAb prepared against 

C4A1-affinity-purified sporozoite antigens, recognizes a peptide epitope on CSL. The 

epitope recognized by 4H7 was determined to be a peptide based on resistance to 

periodate, sensitivity to proteinase K, and reactivity with recombinant C. parvum 

protein. Once the carbohydrate component of the CSL epitope recognized by 3E2 was 

identified based on susceptibility to P-glucosidase, its role in CSL binding to Caco-2 

cells was determined as follows. lEF-isolated CSL (0.15 ^g) was incubated (14 h, 
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37°C) with N-glycosidase F (1.3 U) or p-glucosidase (0.42 U) and then microdialyzed 

(12 h, 4° C) against PBS (250 kDa [p-glucosidase] or 100 kDa [N-glycosidase F] 

molecular weight cut off membrane) to remove cleaved glucoses and N-glycosidase F 

or |3-glucosidase. In parallel, CSL was incubated identically in buffer without N-

glycosidase F or P-glucosidase and dialyzed. Following dialysis, N-glycosidase F 

treated CSL, f3-glucosidase treated CSL, and untreated CSL were assessed by IFA for 

ability to bind to Caco-2 cells as described above, using 3E2, 4H7 or isotype-matched 

control mAb, L6G6, of irrelevant specificity. In addition, to verify a molecular weight 

shift after treatment with N-glycosidase F, treated CSL was evaluated by Western 

immunoblotting of the preparation resolved in a 2-12% gradient SDS-PAGE reducing 

gel. Lanes were probed with mAb 3E2, 3D 11 which is CSL reactive and peptide 

specific or isotype-matched control mAb, L6G6, of irrelevant specificity (each at 

S^ig/ml). 

Results: 

Isolation of CSL and control glycoproteins. The potential utility of lEF for 

isolation of CSL from whole C. parvum was reported in a preliminary communication 

(54) and confirmed in the present study. lEF-isolated CSL co-migrated with an ~1,300 

kDa molecule in solubilized whole C. parvum and was relatively free of contaminating 

glycoproteins as determined by silver staining of the preparation resolved in SDS-

PAGE gels (Fig 2.1.1 A and B). Isolated CSL retained immunoreactivity with 3E2, co-

migrated with an -1,300 kDa molecule in whole C. parvum recognized by 3E2, and 
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was free of other glycoprotein species recognized by 3E2 in Western immunoblots (Fig 

2.1.2 A and B). 

In silver stained SDS-PAGE gels of isolated CPC205, a 205 kDa band was 

identified (Fig. 2.2A). CPC205 (lane 2) co-migrated with a 205 kDa molecule in 

solubilized whole C. parvum (lane 1) and was relatively free of contaminating proteins 

(Fig.2.2A). In Western immunoblots of isolated CPC205, a 205 kDa band recognized 

by mAb 4D3 (Fig. 2.2B, lane 3), co-migrated with a 205 kDa molecule in whole C. 

parvum recognized by mAb 4D3, and was free of other glycoprotein species recognized 

by mAb 4D3 and 3E2 (data not shown). Isolated Tfl90 (Fig. 2.3A, lane 2) contained a 

190 kDa band and was relatively free of contaminating glycoproteins in silver stained 

preparations resolved in SDS-PAGE (Fig. 2.3A, lane 2). Isolated Tfl90 co-migrated 

with a 190 kDa molecule in solubilized whole T. foetus (Fig. 2.3A, lane 1). Identity and 

immunoreactivity of Tfl90 was confirmed by Western immunoblotting of the isolated 

preparation with mAb 32.3B3 (Fig. 2.3B). Isolated Tfl90 was immunoreactive with 

mAb 32.3B3 (lane 3), co-migrated with a 190 kDa molecule of whole T.foetus (lane 1) 

and was free of other glycoprotein species recognized by mAb 32.3B3 in western 

immunoblots. 

lEF-isolated CSL, but not CPC205 or TfI90, when co-incubated with viable 

sporozoites and 3E2, inhibited the CSP-like reaction in 100% of the sporozoites (Table 

2.1). This observation indicated that the relevant CSL species mechanistically involved 

in the CSP-like reaction elicited by 3E2 had been isolated. Further, the inability of 
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CPC205 and Tfl90 to affect the CSP-like reaction confirmed there was no interference 

with 3E2's epitope by these control glycoproteins. 

2-Dimensionai electrophoretic analysis of CSL before and after isolation. 

2-D analysis identified 31 1,2-1,400 kDa protein stained species in whole C. parvum 

(Fig. 2.4A). A broad range of species spanning the entire width of the gel was 

recognized by 3E2 in Western immunoblots of 2-D gels (Fig 2.4C). 2-D analysis 

identified 8 1.2-1,400 kDa protein stained species in lEF-purified CSL (Fig. 2.4B). Six 

of the species were recognized by 3E2 in Western immunoblots of 2-D gels (Fig. 2.4E). 

A broad range of species spanning the entire width of the gel was recognized by 4D10 

in Western immunoblots of whole C. parvum resolved in 2-D gels (Fig. 2.4D). 

Immunoreactivity pattems of whole C. parvum for 3E2 and 4D10 were very similar 

when compared by 2-D analysis. However, only 4 of 8 lEF-isolated CSL species were 

recognized by peptide reactive 4D10 in Western immunoblots of 2-D gels (Fig. 2.4F). 

3E2 inhibits sporozoite attachment and invasion. In a preliminary 

communication, we reported that 3E2 inhibits invasion of C. parvum sporozoites into 

Caco-2 cell cultures (54). Here we confirmed and extended those findings and 

demonstrated differential sporozoite neutralization by 3E2 and mAbs recognizing other 

neutralization sensitive epitopes (P23 and CPS-500) of C parvum. Caco-2 cell cultures 

inoculated with 3E2 (P < 0.000), 1B5 (P < 0.000), or 7D10 (P < 0.007) -treated 

sporozoites contained significantly fewer intracellular stages than monolayers 

inoculated with isotype control mAb-treated sporozoites (Table 2.2). However, Caco-2 

cell cultures inoculated with 3E2-treated sporozoites (92%) displayed the greatest 
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percent reduction in intracellular stages when compared to monolayers inoculated with 

isotype control mAb-treated sporozoites or monolayers inoculated with 1B5 (74%), 

7D10 (25%) or 18.44 (3%) -treated sporozoites (Table 2.2). The magnitude of 

reduction in intracellular stages suggested that attachment and/or invasion processes 

were inhibited. Therefore, 3E2-treated sporozoites were observed by DIC video 

microscopy to determine if any interactions took place between the mAb-treated 

sporozoites and host cells. As observed by DIC video microscopy, 3E2-treated 

sporozoites (Fig 2.5), but not isotype matched control mAb-treated sporozoites (Fig 

2.6) failed to attach to and invade Caco-2 cells. 3E2- and isotype matched-control mAb-

treated sporozoites were repetitively observed for up to 30 minutes for Caco-2 cell 

interaction, consistently yielding results representative of those reported in this study. 

Sporozoite attachment and invasion are inhibited following specific binding 

of CSL to Caco-2 cells. In a preliminary communication, we reported that isolated 

CSL or the soluble fraction from whole sporozoites binds to live Caco-2 cells in vitro 

(54). Here we confirmed and extended those findings by demonstrating that CSL 

binding was specific. Binding of CSL (Fig. 2.7C) to Caco-2 cells was observed by IFA 

as multifocal areas of immunofluorescence detected with mAb 3E2. CPC205 (Fig. 

2.7A) and Tfl90 (Fig. 2.7B) did not bind to Caco-2 cells as observed by IFA detected 

with mAbs 4D3 and 32.3B3 respectively. Further, cultures incubated with CSL (0.5 

fig, LO fig, and 2.0ug) prior to inoculation with sporozoites contained significantly 

fewer intracellular stages than cultures incubated with CPC205, Tfl90 or MEM (Fig 

2.8). lvalues of < 0.384, < 0.026, < 0.019, and < 0.001 were calculated respectively 
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for CSL at 0.25 ^g, 0.5 ^g, I.O ^g, and 2.0 ^g when compared to the mean combined 

infectivity scores of MEM, Tfl90, and CPC205. MEM, Tfl90, and CPC205 scores 

were not significantly different from one another. Inhibition of infection by CSL was 

dose dependent (Fig. 2.8). Because Caco-2 cell viability exceeded 90% for each 

preparation incubated with 2.0 ng of antigen (CSL = 93%, CPC205 = 91%, Tfl90 = 

91% and MEM 92%), observed reductions in infection levels in CSL-treated cultures 

were not caused by reduced cell viability. 

CSL specifically binds to Caco-2 cells with high affinity and negative 

cooperativity. TCA precipitation of radiolabeled CSL indicated 40% specific 

incorporation, resulting in 233 CPM/(aI CSL. When Caco-2 ceils were incubated with 

increasing quantities of '"^I-CSL, dose dependent binding was observed (Fig. 2.9A). 

Titration experiments using increasing quantities of unlabeled CSL and fixed quantities 

of '"^I-CSL indicated self displacement when the two preparations reached equal 

quantities as evidenced by a significant reduction in bound CPM (Fig. 2.9B). These 

findings further support the specificity of CSL binding. 

Specific radioactivity of the '^^I-CSL (0.48 ^Ci/fjg) calculated from data 

obtained by TCA represented an average specific radioactivity of all molecules 

comprising the preparation, assuming 100% maximal bindmg capacity (95). A more 

accurate specific radioactivity (0.42 jiCi/^g) was obtained by determining the actual 

maximal binding capacity, which was 88% (Fig. 2.9C). Quantity of '^^I-CSL added to 

cultures plotted against B/F ratios indicated that binding is saturable based on leveling 
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of the B/F value with increasing '^^I-CSL (Fig. 2.9D). Concave curvature of the 

Scatchard plot indicated that CSL bound to Caco-2 cells with negative cooperativity 

(Fig. 2.9E)(55). Ka and Kd were calculated at 3.65 X 10® M"' and 2.74 X lO"^ M 

respectively (Fig. 2.9E). 

N-glycosidase F or (3-glucosidase treatment of CSL destroys the epitope 

recognized by 3E2, but does not affect CSL binding to Caco-2 cells. In dot 

immunoblots, 3E2 reactivity was destroyed after treatment of CSL with (3-glucosidase, 

indicating the epitope of interest was glucose dependent. Both 3E2 and 4H7 reacted 

with untreated CSL (Fig. 2.10). Following treatment of CSL with p-glucosidase, 3E2 

but not 4H7 reactivity was destroyed. Next (3-glucosidase- or N-glycosidase F-treated 

CSL was analyzed in EFA binding assays to determine if only the glucose portion of the 

epitope recognized by 3E2 or the entire N-linked sugar was responsible for binding to 

Caco-2 cell surfaces. Untreated CSL, incubated in control buffers without enzymes, 

was detected by both 3E2 and 4H7 bound to the surface of Caco-2 cells. Following N-

glycosidase F or P-glucosidase treatment, CSL bound to Caco-2 cells was not detected 

by 3E2, but was detected by 4H7. Evaluation of N-glycosidase F-treated CSL by 

Western immunoblotting indicated a molecular weight shift from ~ 1,300 kDa 

preglycosidase-treatment to 173 kDa post treatment. 

Discussion: 

CSL, an ~ 1,300 kDa apical complex and surface glycoprotein identified by mAb 

3E2, was the primary focus of this chapter because it is the molecular species 
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mechanistically involved in the CSP-like reaction (89). Because Plasmodium spp. 

sporozoites are neutralized after the CSP reaction (68) and region II-plus of the P. 

falciparum CS protein contains a sporozoite ligand for hepatocyte receptors 

(14,15,28,83), I investigated CSL further. Specifically, I examined the role of CSL in 

sporozoite attachment and invasion since apical complex and surface molecules of 

apicomplexan parasites are involved in these processes (22,57,93). 

To perform the fimctional studies reported herein, isolation of native CSL with 

retention of biological activity was required. An lEF method was used and allowed 

adequate recovery of native CSL. lEF-purified CSL retained biological activity as 

evidenced by its ability to inhibit the CSP-like reaction when incubated with 3E2 and 

viable sporozoites. 

Two-dimensional electrophoretic analysis of whole C parvum identified 31 

species in the 1,200-1,400 kDa range known to contain CSL, all of which were 

recognized by 3E2. All dots in the 1,200-1.400 kDa region were considered as 

individual species, but the large number and smeared patterns are often indicative of 

glycoproteins (67,72). Heterogeneity in 2-D electrophoresis patterns between gels may 

arise from differences in sialysation and/or giycosylation (67,72). The isoelectric point 

of glycoproteins is strongly influenced by sialic acid content because it is the only 

negatively charged monosaccharide occurring in glycoproteins (72). Therefore, 

variances in 2-D electrophoresis patterns of glycoproteins are most often affected by the 

altered presence or absence of sialic acid, which causes structural changes (72). 

Previous analysis of CSL indicates the epitope recognized by 3E2 is periodate sensitive 
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(89), suggesting strong involvement of sialic acids. lEF-isolation of CSL obtained 8 of 

the 31 species identified in 2-dimensional electrophoresis of whole C. parvum. Pi's of 

the 8 species were below 6.5, which is similar to Pi values of other functional molecules 

described for C. parvum (110). Six of the 8 lEF-isolated CSL species were 

immunoreactive with 3E2, while only 4 species were recognized by 4D10. These data 

suggest that species #5 and #6 (Fig. 4E) of the 8 purified species are mechanistically 

important for the CSP-like reaction, since these 2 species are not co-recognized by the 

peptide reactive 4D10 which does not elicit the CSP-like reaction (Fig. 4F). 

lEF-isolated CSL specifically bound to Caco-2 cells and decreased their 

permissiveness to C. parvum sporozoites. Control glycoproteins, CPC205 and Tfl90, 

did not bind to Caco-2 cells fiirther supporting the specificity of binding observed for 

CSL. In addition, CSL bound, in increasing quantities, to Caco-2 cells decreased host 

cell permissiveness to C. parvum sporozoites in a dose-dependent manner. Taken 

together these data suggest that CSL may be a sporozoite ligand for Caco-2 cells. In 

binding kinetics studies, CSL bound to Caco-2 cells in a dose-dependent, saturable, and 

Q 
self-displaceable manner with high affinity (Ka = 3.65 X 10 ). Curvature of the 

Scatchard plot suggests binding with negative cooperativity, resulting in an increasing 

Kd as Caco-2 receptor occupancy by CSL increases. Negative cooperativity could 

indicate the use of multiple ligands by the parasite. Whether the observed negative 

binding was the result of true or apparent cooperativity was not investigated (55). 

After treatment with 3E2, and occurrence of the CSP-like reaction, sporozoite 

infectivity was greatly reduced as determined by in vitro neutralization assays. The 
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magnitude and significance of reduction in intracellular stages for Caco-2 cell cultures 

inoculated with 3E2-treated sporozoites suggested blockade of the attachment and/or 

invasion process. To determine whether attachment, invasion, or both were affected by 

3E2, sporozoite interactions with host cells following treatment with 3E2 were 

monitored by video microscopy. 3E2 treated sporozoites undergoing the CSP-like 

reaction did not probe the surface of Caco-2 cells and failed to attach, unlike 

sporozoites treated with isotype control mAb. The fact that some intracellular stages are 

detected in 3E2 treated cultures evaluated by IFA can be attributed to multiple factors. 

For example mAb concentration, subpopulations of sporozoites expressing different 

ligands, mechanisms of immime evasion and/or CSL resynthesis could all play roles in 

magnitude of 3E2 neutralization. 

Glycoprotein ligands have been described for other protozoan parasites. For 

example, both Trypanosoma cruzi and Leishmania donovani both use glycoproteins for 

attachment to and invasion of host cells (46,73,81). The 3F6-Ag of T. cruzi is a stage 

specific trypomastigote surface glycoprotein which facilitates entry of the parasite into 

host cells (81). Soluble 3F6-Ag binds to host cells and reduces infection (81). The 

fiicose mannose ligand (FML) of L donovani is a surface glycoprotein which 

significantly inhibits parasite host cell penetration (73). In addition, attachment and 

invasion molecules have been described for other apicomplexan parasites such as 

Plasmodium, Toxoplasma and Eimeria. MIC2 and EtplOO, microneme proteins of 

Toxoplasma and Eimeria respectively, have been characterized in host cell attachment 

and/or invasion (102). Thrombospondin-related adhesive protein (TRAP) and CS 
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protein, apical complex molecules of P. falciparum, have been characterized as 

sporozoite ligands with adhesive properties for cell attachment (83). A 4 amino acid 

sequence (VTCG) which is conserved among CS protein, TRAP, MIC2, EtplOO is also 

present in the adhesive molecules, thrombospondin, and properdin (83,102). VTCG 

appears to be an important sequence conserved among molecules demonstrating 

adhesive properties. While it is not known if CSL contains the VTCG adhesive motif, a 

recently reported C parvum sporozoite apical protein (TRAP-Cl) encoded a region of 

similarity for the thrombospondin family (102). TRAP-Cl was characterized from an 

expression library, but it is unknown whether the native molecule appearing in the 

parasite has any glycosylated sites resembling CSL. TRAP-C1 is conserved among C. 

parvum isolates (102) and is localized to the apical complex, supporting functional 

roles for this molecule. Interestingly, we recently reported that CSL has many 

functional similarities to CS protein (89). 

The putative ligand role of C. parvum lectins reported by others (44,45,47,125-

127) suggests that C. parvum attachment and invasion may involve multiple ligands. 

For example, sporozoite lectins may fimction in the initial parasite binding to 

carbohydrates in the surface glycocalyx of intestinal epithelial cells. Such an initial 

binding step may bring sporozoites into closer proximity of the host cell plasma 

membrane, allowing binding by additional ligands such as glycoproteins. The finding 

that both N-glycosidase F- or |3-glucosidase -treated CSL retain the ability to bind to 

Caco-2 cells, suggests to me that both carbohydrate and peptide molecules are involved 

in binding. This finding supports the role of a multimolecule attachment and invasion 



56 

process. A role for both carbohydrate and lectin ligands for C. parvum is compatible 

with negative cooperativity binding of CSL reported here. Negative cooperativity may 

result from steric effects of multivalent receptors or ligands, or multiple receptor or 

iigand subpopulations (55). 

In conclusion, I have demonstrated that CSL is involved in sporozoite 

attachment and invasion. Infectivity of 3E2-treated sporozoites, having undergone the 

CSP-like reaction, was significantly reduced. lEF-isolated CSL specifically bound to 

Caco-2 cells and decreased host cell permissiveness to C. parvum sporozoites in a dose 

dependent manner. Further, CSL bound to Caco-2 cells in a dose dependent, saturable, 

and self-displaceable manner with high affinity. These findings strongly support a 

ligand role for CSL. Ligand function validates that CSL is a rational target for passive 

immunization against cryptosporidiosis in the immuno-compromised or neonates and 

active immunization in immunocompetent hosts. Identification and characterization of 

functional molecules such as CSL may provide additional insight into new modalities to 

disrupt their structure and function. 
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m. CHARACTERIZATION OF THE CACO-2 HOST CELL RECEPTOR 

RECOGNIZED BY C PARVUMSfOROZOlTE LIGAND CSL. 

Introduction. 

CSL was described in Part II as a sporozoite ligand for C. parvum sporozoites. 

Therefore, I hypothesized that sporozoite infectivity was facilitated by a host cell 

surface receptor present on permissive mucosal epithelial cells. It was expected that a 

receptor would be expressed on intestinal epithelium, the natural site of infection, and 

other permissive cells of epithelial lineage, including those of respiratory, urinary, 

conjunctiva and biliary mucosa (25). The wide variety of cell types permissive to C 

parvum infection suggests the existence of one or more conserved receptors recognized 

by parasite ligands. Events mediating the direct physical contact between 

glycoproteins, proteins, glycolipids and lectin-binding sites have been described as 

parasite ligand-receptor systems for other apicomplexan parasites such as Trypanosoma 

Plasmodium, Toxoplasma, Eimeria and Neospora (23,28,29,35,107). These receptors 

may be found on numerous tissue types throughout the host and used in multiple host 

cell applications. To evaluate expression of a receptor for CSL, a characterized host 

cell panel of mesenchymal and epithelial cells was analyzed for permissiveness to 

infection and ability to bind soluble CSL. Both epithelial and mesenchymal cells were 

analyzed to determine whether permissiveness was conserved among epithelial cells 

and altered for mesenchymal cells. Representative epithelial (Caco-2) and 



mesenchymal cell (RSE) lines were chosen for further study in identifying molecules 

Involved in the invasion process. The Caco-2 cell line was chosen as the epithelial line 

of focus due to its high infectivity rates, previous characterization by others as a C. 

parvum host cell model, and its slow growth rate (10,66,119,121). The RSE cell line 

was chosen as the mesenchymal line of focus due to low infectivity rates significantly 

reduced ability to bind CSL. Caco-2 cells are a malignant cell line (92), but C. 

parvum's tropism for a wide variety of epithelial cell types in vivo indicates the receptor 

is likely a highly conserved molecule. In addition, the spontaneous high degree of 

enterocytic differentiation demonstrated by Caco-2 cells suggests they are a relevant 

enteric in vitro model (92). Therefore, the use of Caco-2 cells for preliminary definition 

of cellular molecules involved in the infection process is justified. 

Here I report that epithelial cell lines were significantly more permissive to C 

parvum infection than mesenchymal cell lines. Epithelial cell lines bound significantly 

more CSL than mesenchymal cell lines. CSL was detected by 3E2 to be bound to the 

surface of Caco-2 cells after only 2 minutes and was rapidly internalized by 6 minutes. 

85, 51 and 16 kDa Caco-2 cell molecules were immunoprecipitated fi-om cell cultures 

by CSL and 3E2. An 85 kDa Caco-2 cell molecule was isolated by CSL-affinity 

chromotography and inhibited sporozoite infectivity. Further CSL bound to calf 

intestinal tissue, suggesting the receptor recognized by CSL is present on biologically 

relevant tissue. Calf intestinal tissue is biologically relevant in that it is the natural host 

and site of a C. parvum infection. 
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Materials and Methods. 

Assessment of epithelial and mesenchymal cell panel for permissiveness to 

C parvum and ability to bind soluble CSL. Cell panel was comprised of Caco-2 

cells (colonic carcinoma epithelial origin, ATCC HTB37), Henle 407 cells (HIE -

human jejunum and ileum epithelial origin, ATCC CCL6), rat intestinal cells (EC -

ileum epithelial origin, ATCC CRL1592), Madin Darby Bovine Kidney cells (MDBK -

epithelial origin, ATCC CCL22), HCT-8 cells (human ileocaecal epithelial origin, 

ATCC CCL244), African Green Monkey Vero Kidney cells (mesenchymal origin, 

ATCC CRL1587), baby hamster kidney cells (BHK - mesenchymal origin, ATCC 

CRL6282), and rabbit sinusoidal endothelial cells (RSE - mesenchymal origin, ATCC). 

Cells were cultured on cover slips in 24 well plates as previously described to assess 

permissiveness to C. parvum (54). Replicate (6) cover slip cultures for each cell line 

were inoculated with purified sporozoites (1.2 X 10^/ monolayer, in 200 fj,I MEM) as 

previously described (54). At completion of incubation (4 h, 37° C, 10% CO2), 

sporozoite inoculation medium was aspirated and cultures fed 1 ml MEM containing 

10% [v/v] FBS. At harvest (48 hours), 3 cultures for each cell line were tiypsinized and 

individual cells counted to determine the total cell number comprising a monolayer for 

each cell line. Cultures were incubated for 48 hours to allow life cycle stages through 

at least merongomy in permissive cell lines. Following incubation, cover slips were 

rinsed with PBS, methanol-fixed in situ, and washed with PBS. Cover slips cultures 

were then processed for immunofluorescence assays (IFA), to quantitate intracellular 
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parasitic stages as follows. Methanol-fixed cover slip cultures were blocked (PBS 

containing 3.2% [v/v] fish gelatin and 2% [w/v] BSA) and incubated (30 min, 37° C) 

with anti-C. parvum mAb 4B10 (IgM) which recognizes intracellular stages through at 

least 72 hours of development (54). Cover slips were then washed with blocker, 

incubated (30 min, 37° C) with fluorescein-labeled goat anti-mouse IgG, IgM and IgA 

antibody (Kirkegaard and Perry) (1:60, containing 0.1% [w/v] Evan's Blue), and then 

washed with blocker. Cover slips cultures were then observed by epifluorescence 

microscopy to quantitate C. parvum stages. Infection was quantitated by systematically 

counting the number of parasites in the entire culture. This number was corrected for 

the percent of cells infected per culture (total number of intracellular stages per culture/ 

total number of cells per culture X 100). Because the number of cells per culture varied 

among cell lines, correction allowed direct comparison of infection levels between cell 

lines. Mean infection levels were then statistically analyzed with Student's one tailed t 

test for significant differences. 

To assess ability of epithelial and mesenchymal cells in the panel to bind CSL, 

cells were cultured to confluency in 96 well plates in MEM containing 10% (v/v) FBS. 

Confluent cultures were incubated (30 min, 4° C) with '"^I-CSL (0.5 ng/monolayer) as 

described in Part II. At completion of incubation, cells were transferred to microfuge 

tubes, centrifuged (14,000 X g, 10 min, 4° C) to remove incubation medium, washed 3 

times with PBS (200 ^1,4° C), resuspended in PBS (100 (il), then placed in scintillation 

tubes for CPM determination with a gamma counter. CPM were interpreted as bound 
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CSL and the mean CPM for each cell line was calculated. Means scores were corrected 

for the percent of bound CSL per culture (total CPM per culture/total number of cells 

per culture X 100) and statistically analyzed with Student's one tailed t test for 

significant differences. 

At the completion of these experiments, data were evaluated for similarities 

between permissiveness of host cell lines and the ability to bind CSL ligand. 

Immunolocalization of CSL bound to the Caco>2 host cell receptor. 

Immunoelectron microscopy was used to localize the site of CSL binding to Caco-2 

cells. Caco-2 cells were cultured to confluency in 16 well chamber slides, then 

incubated (2, 6, or 10 min, 24° C) with lEF-isolated CSL (2.0 ^g/monolayer). At 

completion of incubation, cells were gently rinsed with PBS, fixed (2% [v/v] 

paraformaldehyde, 0.5% [v/v] glutaraldyehyde in PBS, 15 min, 24° C), and embedded 

in LR White resin. Sections (60 to 80 nm) were cut, mounted on nickel grids, blocked 

(15 min, 24° C) with PBS containing 0.1% (w/v) BSA and 0.1% (v/v) Tween 20 and 

then incubated (2 h, 24° C) with 3E2 or isotype-matched control mAb, HLI13, of 

irrelevant specificity (each at 22 fig/ml). Sections were washed with blocker, incubated 

(12 h, 4° C) with affinity-purified goat anti-mouse IgM (Zymed, 1:100), washed, 

incubated (2 h, 24° C) with affinity-purified colloidal gold-conjugated rabbit anti-goat 

IgG (Zymed, 1:40) and washed with blocker. Samples were then post-fixed (2% [v/v] 

glutaraldehyde in O.IM phosphate buffer), washed, stained with a saturated solution of 
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uranyl acetate (10 min) followed by Reynolds lead citrate (1.5 min), and observed and 

photographed with a JOEL 100 CX TEM at 80 kV. 

Determination of molecular weight of the Caco-2 receptor recognized by 

CSL. Following identification of a ligand-receptor relationship, the receptor's 

molecular weight was determined by 3E2 immunoprecipitation of the molecule bound 

by CSL. Caco-2 and RSE ceil surface proteins were radioiodinated by the 

lactoperoxidase technique (32). In brief, cells (92% viable) were cultured as described 

in Part 1 and washed 3X with PBS to remove any extraneous protein prior to labeling. 

Ceil viability was determined by trypan blue exclusion. Lactoperoxidase (50 fil in PBS, 

0.2 mg/ml) was then added to the cells (in 200 ^l PBS) followed by *'^I-Na (0.5 mCi/ 1 

X 10^ cells per line). At one minute intervals, H2O2 (10 jil) was added successively at 

dilutions of 1:27,000, 1:9,000, and 1:3,000. One minute after the last addition, cells 

were washed twice with PBS containing KI (ImM) to terminate the reaction. Cells 

were then solubilized in lysis buffer (1.5 ml) containing 0.5% (v/v) Triton X-100 and 

the insoluble fraction removed by centrifugation (50,000 X g, 30 min, 4° C). 

Radiolabeled soluble proteins were subjected to TCA precipitation to determine 

specifically incorporated CPM as described in Part II (32). 

For immunoprecipitation purposes, 3E2 and L6G6, an isotype-matched control 

mAb of irrelevant specificity, were individually coupled to cyanogen bromide-activated 

sepharose. 3E2 (4 mg/ml) was dialyzed (O.IM NaHCOs, 0.5M NaCl) with 3 buffer 

changes (24 h, 4° C), centrifliged (100,000 X g, 30 min, 4° C) to remove any 
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aggregates, and then combined with cyanogen bromide (CNBr)-activated Sepharose 4B 

(32). The gel-mAb slurry mixed (4 h, 4° C) and coupling monitored every 30 min by 

optical density (280 nanometers) of the soluble phase. When 90% of antibody was 

coupled to the matrix, the reaction was stopped by incubation with IM ethanolamine-

HCL (100 ^1 per ml matrix, 1 h, 4° C). mAb-Sepharose mixture was then washed with 

PBS. L6G6, an isotype-matched control mAb of irrelevant specificity, was coupled to a 

new batch of CNBr-activated Sepharose according to the protocol described for 3E2. 

Total radiolabeled cell lysates (600 ^1) were precleared for non-specific 

Sepharose and non-specific IgM reactive molecules by incubation (2 h, 4° C) with 

CNBr-activated, uncoupled Sepharose (300 p.1), followed by incubation (2 h, 4° C) with 

L6G6-Sepharose (100 fig mAb, 85 ^il). Lysates (1 X 10^ cells) were incubated (30 

min, 4° C) with either CSL (8.0 ^g, 350 |ul) or PBS (350 ^l) then incubated with either 

3E2-Sepharose or L6G6-Sepharose (100 ng mAb, 85 fil) and mixed (1.5 h, 4° C). At 

completion of incubation, mAb-Sepharose preparations were pelleted (200 X 10 min, 

4° C) and supematants discarded. Sepharose pellets were washed 3X (1 ml) with TSA 

buffer (0.0 IM Tris-HCL, 0.5M NaCl, 0.5% [v/v] Triton-X 100, 0.025% [w/v] NaNj), 

3X (1 ml) with dilution buffer (TSA buffer, 0.1% [w/v] bovine hemoglobin), and 3X (1 

ml) with 0.05M Tris-HCL (pH 6.8) by centrifiigation (200 X g, 5 min). SDS sample 

buffer (20 ^1) was then added to each pellet, which was then vortexed, incubated (5 

min, 100° C), and Sepharose pelleted (200 Xg, 1 min). Supematants (1.2 X 10^ CPM 

prior to immunoprecipitation) or radiolabeled whole cell lysates (4.7 X 10'* CPM) were 



loaded onto a 2-12% reducing gradient SDS-PAGE gel and electrophoresed. Gels were 

dried, exposed to X-ray film and analyzed by autoradiography (32). 

Isolation of soluble Caco-2 cell receptor by CSL affinity chromatography. 

The Caco-2 receptor was isolated by CSL affinity chromatography to test functionality 

of the Caco-2 surface molecule recognized by CSL. lEF-purified CSL (100 ^g) was 

coupled by a primary amine (-NH2) to NHS-Sepharose according to manufacturer's 

protocol (Pharmacia). Because NHS-sepharose couples by primary amines, this would 

optimize exposure of CSL carbohydrate moieties to antigen passing over the colunm. 

Confluent Caco-2 cell monolayers were solubilized (1 h, 4° C) in modified lysis buffer 

(PBS, 2% [w/v] octyl-glucoside, 5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride 

[AEBSF], 0.3 (iM aprotinin, 10 fiM E-64, 0.01 mM leupeptin, 5 mM EDTA, and 130 

^M bestatin) and the insoluble fraction was removed by centrifiigation (15,000 X g, 10 

min, 4° C). The soluble fraction from 1.65 X 10^ cells (5 ml) was then passed through 

the NHS-CSL-Sepharose afiSnity column (0.46 ml/min flow rate) followed by 20 

column volumes wash buffer (50 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 0.5% [w/v] 

ocytl-glucoside). Bound material was eluted with 10 column volumes elution buffer 

(50 mM diethylamine, 0.05% [w/v] octyl-glucoside [pH 11.5]) and immediately 

neutralized with O.IM Tris-HCL (pH 6.8). Colunm eluate was dialyzed (4° C, 3.5 kDa 

molecular weight cut off membrane) against PBS and the protein concentration 

determined by micro bicinchonic acid method (Pierce). Column eluate was evaluated 

for number and molecular weight of protein species by silver stain of the preparation 
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resolved in 10-20% gradient SDS-PAGE. To assure CSL was not eluting from column 

with or instead of Caco-2 material recognized by CSL, column eluate was routinely 

evaluated for 3E2 immunoreactivity by Western immunoblotting of the preparation 

resolved in 2-12% gradient SDS-PAGE reducing gels. Lanes were probed with 3E2 or 

isotype control mAb, L6G6, of irrelevant specificity (each at 8 fig/ml). 

Caco-2 protein species isolated by CSL afSnity chromatography were then 

evaluated for functionality. C. parvum sporozoites (6 X 10"^) were incubated (15 min, 

37° C) with either column eluate protein (0.5 |ig in MEM), Caco-2 cell lysate (0.5 ^g or 

250 ^g in MEM) or RSE cell lysate (0.5 ^g or 250 ng in MEM) and then inoculated 

onto confluent Caco-2 cell monolayers cultured on glass cover slips. Cell lysates were 

prepared in modified lysis buffer as described for colunm preparation and were then 

dialyzed against PBS (4° C, 3.5 kDa molecular weight cut off membrane). Monolayers 

were methanol-fixed at 24 hr post inoculation, blocked (PBS containing 3.2 % [v/v] 

fish gelatin and 2% [w/v] BSA), incubated with mAb 4B10, washed, and incubated (30 

min, 37° C) with affinity-purified fluoresceinated goat anti-mouse IgG, M, and A 

(Kirkegaard & Perry, 1:60, containing 0.1% [w/v] Evan's Blue). Cultures were then 

evaluated by epifiuorescence microscopy and C. parvum intracellular stages were 

counted using a systematic coverage of the entire cover slip as described in Part n. 

Mean infection scores infection scores for each treatment group were then analj^ed by 

Student's one-tailed t test for significant differences. To determine if sporozoite 

viability was affected by incubation with column eluate or cell lysates, sporozoites 



66 

incubated with column eluate (0.5 |ig), Caco-2 lysate (250 fag) or RSE lysate (250 |ig) 

were examined by epifluorescence microscopy to determine fluorescein uptake by 

viable sporozoites. Briefly, sporozoites were incubated with column eluate or cell 

lysates as described above and then exposed to fluorescein diacetate (15 min, 24° C). A 

total of 200 sporozoites for each treatment were counted by epifluorescence microscopy 

to quantitate % viability (84). 

Assessment of calf ileum for the ability to bind soluble CSL. 

Cryptosporidium-fcee calves (10-days-old) were necropsied and arbitrary sections of 

terminal ileum were snap-frozen in O.C.T. compound frozen in liquid nitrogen. Frozen 

tissue was later sectioned at 7 fom, fixed in acetone, rehydrated in decreasing 

concentrations of ethanol (100% [v/v], 95% [v/v], 70% [v/v], 10 min, 24° C), and 

washed (10 min, 24° C) with water. Tissue sections were blocked (30 min, 37° C) with 

PBS containing 3.2% (v/v) fish gelatin and 2% (w/v) BSA. Sections were then 

incubated (30 min, 37° C) with CSL, Tfl90, or CPC205, washed, incubated with 3E2, 

32.3B3, or 4D3 respectively or isotype control mAbs of irrelevant specificity, washed, 

incubated with fluoresceinated goat anti-mouse IgG, M, and A (Kirkegaard & Perry, 

1:60, containing 0.1% [w/v] Evan's blue), washed and observed by epifluorescence 

microscopy. 

Results. 

Epithelial cell lines are more permissive to C parvum infection and bind 

more CSL than mesenchymal cell lines.. Epithelial cell lines were more permissive 
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to C. parvum infection than mesenchymal cell lines based on percent infection per 

culture (Fig. 3.1). Among epithelial lines, HIE cells were most permissive, followed by 

Caco-2 cells, MBDK cells, HCT-8 cells and lEC cells. The percent infection per 

culture was significantly reduced for mesenchymal cell lines as a group which included 

Vero cells, RSE cells and BHK cells. When individual cell lines are evaluated against 

each other for statistically significant differences, HIE cells were significantly more 

permissive than HCT-8 (P < 0.033), MDBK {P < 0.027), EEC (P < 0.018), Vero (P < 

0.013), RSE (P < 0.010), and BHK (P < 0.001) cells. Caco-2 cells were significantly 

more permissive than HCT-8 (P < 0.007), Vero (P < 0.000), RSE (P < 0.000), and 

BHK (P < 0.000) cells. HCT-8 cells were significantly less permissive than HIE (P < 

0.033) and Caco-2 (P < 0.007) cells, but were significantly more permissive than Vero 

(P < 0.000), RSE (P < 0.013), and BHK (P < 0.013) cells. MDBK cells were 

significantly less permissive than HIE (P < 0.027) cells, but were significantly more 

permissive than Vero (P < 0.033), RSE (P < 0.035), and BHK (P < 0.034) cells. lEC 

cells were significantly less permissive than HIE (P < 0.018) cells. Vero cells were 

significantly less permissive than HIE (P < 0.013), Caco-2 (P < 0.000), HCT-8 (P < 

0.001), and MDBK (P < 0.033) cells, but were significantly more permissive than RSE 

(P < 0.000) and BHK (P < 0.008) cells. RSE cells were significantly less permissive 

than HIE (P < 0.010), Caco-2 (P < 0.000), HCT-8 (P < 0.012), MDBK (P < 0.035), and 

Vero (P < 0.010) cells, but were significantly more permissive than BHK (P < 0.025) 

cells. BHK cells were significantly less permissive than HIE (P < 0.010), Caco-2 (P < 



0.000), HCT-8 (P < 0.013), MDBK (P < 0.034), Vero (P < 0.008), and RSE (P < 0.025) 

cells. 

The ability of epithelial and mesenchymal cell lines to bind CSL paralleled their 

permissiveness levels (Table 3.1). Mesenchymal cell lines bound significantly less 

CSL when statistically compared to the epithelial cell lines. Caco-2 cells bound the 

most CSL followed by HIE, lEC, MDBK, HCT-8, BHK, Vero and RSE cells. 

CSL binds to the Caco-2 cell surface and is rapidly internalized. 3E2 

immunoelectron microscopy indicated that CSL specifically bound to host cell surfaces, 

including microvilli, after a 2 minute incubation with CSL (Fig. 3.2A,D). CSL surface 

binding was limited to microvilli but was very dense where specific binding occured. 

CSL was quickly internalized as evidenced by intracellular binding throughout the cell 

and dense localization of CSL at the perimeter of the nucleus (Fig. 3.2C) and 

mitochondria (Fig. 3.2B). After a 6 minute incubation, CSL localization appeared to be 

totally intracellular, with no specific organelle targeted (Fig 3.2 E). By 10 minutes, 

CSL binding to host cells was very minimal with only a few random beads located 

intracellularly (Fig. 3.2F). Host cells analyzed at the same time points, but probed with 

isotype matched control mAb of irrelevant specificity displayed very few gold beads 

which were not localized to cells indicating background staining levels (Fig. 3.2G). 

Caco-2 cell receptor for CSL is comprised of multiple species. 3E2-

Sepharose, but not isotype control mAb Sepharose immunoprecipitated molecules of 

85, 51, and 16 kDa fi^om radioiodinated Caco-2 cell surface proteins bound by CSL 

(Fig. 3.3). 3E2-Sepharose immunoprecipitated no molecules firom radioiodinated RSE 
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cell surface proteins incubated with CSL (Fig. 3.3). The combined absence of a receptor 

in isotype control and RSE samples, further confirmed the specificity of CSL and its 

targeted host cell receptor. 

Isolated Caco-2 cell receptor inhibits C parvum sporozoite attachment and 

invasion. An 85 kDa molecule similar to that identified with 3E2-Sepharose 

immunoprecipitation was also purified from whole Caco-2 cell lysates by CSL-

Sepharose affinity chromatography (Fig. 3.4). Molecules eluting from the CSL column 

were confirmed as being non-CSL related since 3E2 was not inmiunoreactive with the 

molecules in Western immunoblot. Sporozoite infection was significantly reduced 

when sporozoites were incubated with CSL column eluate (0.5 fig) or Caco-2 cell lysate 

(250 fxg) prior to inoculation onto Caco-2 cell monolayers (Table 3.2) in comparison to 

sporozoites incubated with RSE cell lysate or MEM. Viability of sporozoites incubated 

with CSL coluirm eluate or cell lysates exceeded 90% for all proteins (MEM - 96%, 

CSL column eluate - 90%, Caco-2 lysate - 95%, RSE lysate - 92%). 

CSL distinctly binds to calf ileum. CSL bound diffusely to the villous surface 

of frozen calf ileum. Villous bmding of CSL was very distinct and found only on the 

outer perimeter of the villous (Fig. 3.5). Binding of CSL was also localized to the 

crypts. Binding specificity was further confirmed by absence of binding by Tfl90 and 

CPC205. 

Discussion. 

The Caco-2 receptor recognized by the C parvum sporozoite ligand CSL, a 

rational parasite target for passive and active inmiunization studied in Part II, was 
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characterized in the present study. Because CSL is a target for immunization, 

characterization of ceil molecules recognized by CSL during the parasite-host ceil 

interaction was critical. Therefore, I fiirther investigated the Caco-2 receptor recognized 

by CSL. Specifically, I examined expression of the receptor on epithelial and 

mesenchymal cells, immunoprecipitation of the components recognized by CSL, 

functionality of CSL affinity chromatography isolated proteins and finally the ability of 

CSL to bind to biologically relevant intestinal tissue from calves. 

I characterized cells of epithelial and mesenchymal origin for permissiveness to 

C. parvum. Epithelial cells were significantly more permissive to C. parvum infection 

when compared to mesenchymal cell lines, resembling previous reports (119,121). 

However, permissiveness varied among cell lines of epithelial origin, an observation 

which may be attributed to characteristics of the individual cell lines. For instance, one 

difference is the fact that both cancerous and non-cancerous cell lines were used. Our 

findings indicated that HIE and Caco-2 cells were significantly more permissive than 

other epithelial cell lines mvestigated. While HIE cells have not been extensively used 

for in vitro cultivation of C. parvum, both HIE and Caco-2 cells have been described as 

models for C parvum in vitro cultivation (10,52,92,119,121). Statistically speaking 

there was not a large difference between the permissiveness levels of HCT-8 and 

MDBK cells, but they were statistically less permissive than HEI and Caco-2 cells and 

significantly more permissive than mesenchymal cell lines. HCT-8 and MDBK cells 

have been used extensively in the studies of C. parvum (119, 120,121,129). The 

statistical significant differences seen for HCT-8 and MDBK cells when compared to 
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HIE and Caco-2 cells may be attributed to individual cell line characteristics. Intestinal 

HCT-8 ceils produced more mucus than Caco>2, HIE and lEC intestinal cell lines 

investigated (Langer unpublished observation). MDBK cells were of kidney origin, not 

a natural infection site for C. parvum. lEC ceils, despite being of epithelial origin, 

were not significantly more or less permissive from any of the cell lines except HIE 

cells. lEC cells are not statistically different from either epithelial or mesenchymal 

ceils. The fact that DEC cells secrete fibronectin and laminin (33), typical characteristics 

of mesenchymal cells, may play a part in the infectivity levels. Vero, RSE, and BHK 

cells were all significantly less permissive than HIE, Caco-2, HCT-8 and MDBK cells 

when individually evaluated, further supporting the hypothesis that a C. parvum 

receptor is most prominent on mucousal epithelial cells. I am not disputing previous 

reports that certain cell lines may or may not be permissive to C. parvum infections 

(19,52,66,92,119,121,129). Accurate comparisons between the present study and 

others reporting cell line permissiveness are difficult due to variation in assay and 

quantitation format (2,19,44,52,56,63,91,92,119,120,121,129,130). The largest 

differences between assay and quantitation formats are inoculation with either 

sporozoites or oocysts and counting methods used to quantitate the intracellular stages. 

Most in vitro assays are performed by inoculating with oocysts instead of sporozoites. 

However, this could potentially affect accurate quantitation of C. parvum intracellular 

stages between cultures since percent excystation could vary between oocyst 

inoculations causing different infectious doses of sporozoites for each culture. In 

addition, intact oocysts or excysted oocyst walls may stick to ceil surfaces and be 
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misinterpreted as intracellular stages if care is not taken during quantitation. I have 

eliminated this concern by inoculating with sporozoites so that all cultures get the same 

infectious dose. Secondly, quantitation of cultures varies in that random field counts 

are generally done which can be misrepresentative due to focal parasite development 

(121). I have expanded the previous infectivity reports by taking into account the 

varying number of cells for each line investigated since growth rate for cell lines of 

different origins vary significantly in vitro (121). Additionally, all cultures were 

examined in their entirety for counting of intracellular stages to avoid problems 

presented with focal infections. All epithelial and mesenchymal cell lines examined 

had intracellular C parvum stages following sporozoite inoculation, suggesting a 

conserved CSL receptor which may vary in copy number among different cell lines. 

Several other explanations could explain sporozoite infectivity of numerous cell types. 

For instance, expression of receptors may be slightly altered in cells arising from 

adenocarinomas, similar receptors for other ligands may be present, and some cell lines 

may be more susceptible to non receptor-ligand mediated entry. 

It is possible that CSL receptor expression is greatest in epithelial cell lines as 

suggested by greater infection levels and an increased ability of such cells to bind CSL. 

Although the relationship that resulted for permissiveness and CSL binding levels was 

not exactly the same, in both assays there was a significant difference between cell lines 

in the epithelial and mesenchymal categories. Differences in binding scores between the 

two binding experiments can be accounted for by lower cell nimibers and an overall 



lower specific CPM incorporation. Since the experiments were protein concentration 

matched and not CPM matched, resulting CPM differed. 

3E2-based inununoelectron microscopy indicated that CSL boimd diffusely to 

microvilli tips at 2 minutes with rapid internalization of the antigen. In addition, CSL 

was localized at both the nucleus and mitochondria after 2 minute incubations of the 

host cells with CSL. Localization of CSL at the mitochondria correlates with the 

metabolization of carbohydrates for energy occurring within this organelle. After a 6 

minute incubation period, virtually all detected CSL was intracellular with little to no 

surface binding. This result suggests the receptor is not exposed on the siuface at this 

point. After a 10 minute incubation of Caco-2 cells with CSL, minimal CSL was 

detected bound to the cell. Little to no binding was seen on the surface of the cell, and 

CSL which was detected intracellular was not localized to specific organelles. These 

results may indicate that the CSL epitope recognized by 3E2 is quickly broken down 

once the antigen becomes intracellular. Additionally, the absence of CSL surface 

binding at 10 minutes suggests the receptor has not been re-expressed on the cell 

surface. 

Heavy glycosylation of CSL, as determined by a molecular weight shift after 

treatment with N-glycosidase F from ~1,300 kDa to 173 kDa and a P-glucose 

composition of the epitope recognized by 3E2, is compatible with use of a protein 

receptor for sporozoite attachment and invasion. However, existence of glycosylated 

active sites in the receptor cannot be excluded, since p-glucosidase treated CSL is 

detected bound to Caco-2 cell surfaces with peptide specific mAb 4H7. Further 
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supporting the role of a carbohydrate/peptide combination in binding is the fact that N-

glycosidase-F treatment of CSL does not effect binding to host ceils. The Caco-2 

receptor appears to be comprised of multiple species as represented by 16, 51 and 85 

kDa molecules from 3E2 immunoprecipitated samples. A molecule of similar 

molecular weight, 85 kDa, was isolated by CSL afBnity chromatography. The lack of 

the 16 and 51 kDa components in the affinity purified preparation could be attributed to 

antigens which associate with the 85 kDa receptor upon binding of the ligand, but may 

be sterically hindered from binding in the column format. 

The ability of C. parvum to infect intestinal, fallopian, monocytic, urinary, 

biliary and conjunctiva epithelial cells (2,25,52,56,66,91,119,120,121,124,130) 

suggests the existence of one or more conserved receptors recognized by parasite 

ligands. Events mediating the direct physical contact between glycoproteins, proteins, 

glycolipids, and lectin-binding sites have been described as parasite ligand-receptor 

systems for Trypansoma, Plasmodium, Toxoplasma, Eimeria, and Neospora 

(23,29,35,36,39,107). These receptors may be found on numerous tissue types 

throughout the host and used in multiple host cell applications not necessarily related to 

parasite development. Of greatest interest are ligand-receptor systems described for 

intestinal coccidia such as Toxoplasma and Eimeria. Surface antigens of Toxoplasma 

play crucial roles in the invasion process of tachyzoites into host cells (35,36). 

Microneme proteins of Eimeria also interact with the host cells during invasion 

processes (107). 
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While Plasmodium falciparum is not an intestinal parasite, discussion of the 

sporozoite ligand/hepatocyte receptor for this apicompiexan parasite is necessary based 

on the similarities already described between P. falciparum and C. parvum. CS protein 

interacts with liver heparan sulfate proteoglycans, most likely mediated by clusters of 

basic amino acids in the CS protein interacting with negatively charged sulfate groups 

of the heparan sulfate (98). However, it was noted that events of sporozoite invasion 

used additional receptor-ligand interactions, since sporozoite invasion in vitro occurred 

even when surface heparan sulfates were absent (98). It was determined that malaria 

sporozoites use a dual binding system that relies on both heparan sulfate proteoglycans 

and low density lipoprotein receptor-related protein (LRP) (98,99). These findings 

strongly suggest that Plasmodium sporozoites use an established metabolic pathway of 

its mammalian host to selectively invade the target host cells (99). 

LRP is a surface glycoprotein found on numerous cell types (49,51,64,105), but 

is most often associated with the liver and intestine (26,101). LRP is composed of 85 

and 515 kDa molecules which bind and mediate internalization of a diverse array of 

iigands (49,51,64,105). In addition to binding CS protein of Plasmodium, LRP binds 

thrombospondin, a member of the adhesive glycoprotein family which displays the 

adhesive sequence VTCG (64). This sequence is shared by properdin, thrombospondin-

related anonymous protein, and CS protein of Plasmodium spp. (83). We recently 

reported that C parvum's CSL has many similarities to Plasmodium CS protein. While 

it is not known if CSL contains the VTCG adhesive motif, a sequence of C. parvum 

protein has been recently reported to encode a region of similarity for the 
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thrombospondin family (102). This C. parvum molecule of sporozoites is structurally 

related to the micronemal proteins MIC2 of Toxoplasma and EtpIOO of Eimeria, which 

are both involved in host cell attachment and/or invasion (102). It may be plausible that 

CSL, CS, MIC2, EtplOO and the adhesive molecules thrombospondin and properdin are 

binding to a conserved motif present on this multipurpose receptor. Although it is 

speculative at this point whether a conserved receptor by itself or in combination with 

other molecules could play a role in both malaria and Cryptosporidium sporozoite 

invasion, it is worth future investigation. Preliminary characterization of the C. parvum 

receptor indicates a molecular weight of 85 kDa which is similar to that of LRP. While 

molecular weight alone is not strong evidence of similarity, the fact that LRP is present 

in the intestine with greatest expression in the ileum (26) does support a possible 

conservation of receptor for apicomplexan parasites. Of further support is the report 

that Caco-2 cells, the cell line used to characterize the C. parvum sporozoite receptor 

recognized by CSL, express LRP (82,103). 

It is possible that C. parvum uses a dual receptor system as described for 

malaria. Kinetics studies reported in Part II support the role of multiple ligands and 

receptors which is further corroborated by the recent characterization of additional C 

parvum molecules believed to be ligands (47,127). Two main classes of C. parvum 

molecules play roles in sporozoite attachment and invasion. The first class is high 

molecular weight glycoproteins found on the surface and/or apical complex of 

sporozoites and merozoites. mAbs which recognize glycoproteins greater than 200 kDa 

have been characterized by numerous investigators (59,79,90,111,125,127). These 



mAbs recognize epitopes that are either N-glycosidase F or periodate sensitive. The 

mAbs recognizing these high molecular weight glycoproteins have been described to 

inhibit sporozoite infectivity (54,79,127) in vitro and decrease binding of sporozoites to 

fixed cells (127). The relationship among the glycoproteins recognized by these mAbs 

remains to be determined. However, they all have very similar characteristics including 

surface and/or apical complex localization, glycosylation, and high molecular weights. 

The second class of attachment and invasion molecules is Gal/GalNAc-specific lectins. 

A lectin, associated with the sporozoite surface, mediates attachment of sporozoites to 

host cells (44,45,107,125,126). This lectin binds strongly to mucin, which could play a 

crucial role in the mucin-rich environment where the parasite normally exists (127). 

Both mucins and sugars have been observed to inhibit adherence of sporozoites to host 

cells, further suggesting the role of lectins in attachment and invasion (127). A putative 

attachment and invasion mechanism could include binding of sporozoite lectins to 

intestinal mucin which would hold the sporozoite in close proximity of the host cell. 

This preliminary binding event would facilitate further binding of carbohydrates to host 

cell membranes allowing for invasion. 

In conclusion, our results indicate that CSL is bound by receptors which are 

most common on intestinal mucosal epithelial cells, but are also expressed on other cell 

types as evidenced by cell permissiveness and ability to bind CSL. Further, CSL bound 

to molecules of 16, 51 and 85 kDa which are found in high density on the villous 

surface. These molecules inhibited sporozoite attachment and invasion, indicating 

the isolated protein were recognized by sporozoite antigens of functional necessity for 



78 

the infection process. In addition, CSL bound to molecules found on biologically 

relevant intestinal tissue from the natural bovine host. Finally, identification and 

characterization of a host cell receptor recognized by CSL may provide further insight 

into fiinctional molecules used by sporozoites during attachment and invasion, 

allowing disruption or alteration of this critical infection process. 



APPENDIX A: ILLUSTRATIONS, TABLES AND GRAPHS 
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Table 1.1 Comparison of Sporozoite Neutralization for mAbs in 4 Different Assays 

Treatment ELISA IFA In vivo Ex vivo 

OD405 IC* Stages ± SD IS''±SD IS±SD 

P P P P 

IBS 0.42 ± 0.04 719±126 2.4 ± 0.52 0.4 ± 0.97 

IsCon' 0.90 ± 0.05 2735 ±210 7.6 ± 0.88 4.5 ± 1.17 

< 0.000 < 0.000 < 0.000 < 0.000 

3E2 0.63 ± 0.26 217 ±23'' 0.6 ± 0.5' 0"= 

IsCon 0.71 ±0.20 2735 ±210 4.5 ± 1.5 4.5 ± 1.2 

< 0.254 S 0.000 < 0.000 < 0.000 

7D10 0.60 ± 0.07 2052 ± 78 

0
 

41 

N/A 

IsCon 0.71 ±0.08 2735 ±210 6.1± 1.4 

< 0.003 < 0.007 < 0.001 

18.44 1.2 ± 0.44 2661± 178 4.3 ± 2.0« 0.89+1.2 

IsCon 1.1 ±0.12 2735 ±217 8.3 ± 0.9 5.5 ± 1.4 

< -0.025 < 0.669 < 0.348 < 0.002 

'10 = Intracellular 
'' IS = Infection score 
' IsCon = Isotype control 
''Langer et al. 1996. J.Eukaryot. Microbiol. 43(5):76S 
'Riggse/a/. 1997. J. Immunol. 158:1787 

Ferryman et al. 1996. Moi Biochem. Parasitol. 80:137 
® Ferryman et al. 1990. Infect. Immun. 58(1):257 
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Figure 1.1. A. Photomicrograph of shed precipitates comprised of antigen/antibody 
complexes found on the surface of cultures which had been inoculated with 3E2-treated 
sporozoites undergoing the CSP-like reaction (arrow). B. Photomicrograph of C 
parvum intracellular stages present in cells inoculated with isotype-matched control 
mAb treated sporozoites (arrow). Bars, 7 ^m. 
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Figure 2.1. lEF-isolation of CSL. 1. Silver stained 2-12% (A) and 10-20% (B) gradient 
SDS-PAGE reducing gels demonstrating isolation of CSL (arrow). Excysted C. parvum 
oocysts (10^) solubilized in lysis buffer (lane 1). Lysis bufiTer-solubiiized C. parvum 
oocysts (2.1 X 10^ aiter dialysis into water, prior to lEF (lane 2). DEF-purified CSL (1.4 
^g) (lane 3). Sample buffer alone demonstrating 44 kDa silver staining artifact (lane 4). 
2. Western immunoblot of 2-12% (A) and 10-20% (B) gradient SDS-PAGE reducing 
gels demonstrating immunoreactivity and identity of isolated CSL (arrow). Excysted C 
parvum oocysts (7 X 10^) solubilized in lysis buffer and probed with mAb 3E2 (lane 1) 
or isotype control mAb (lane 2). Lysis buffer-solubilized C. parvum oocysts (10^) after 
dialysis into water, prior to lEF, probed with mAb 3E2 (lane 3) or isotype control mAb 
(lane 4). lEF-purified CSL (0.5 ng) probed with mAb 3E2 (lane 5) or isotype control 
mAb (lane 6). MW standards are indicated on the left of each figure; titin (2,450 kDa), 
nebulin (770 kDa), myosin (208 kDa), P-galactosidase (144 kDa), BSA (87 kDa), 
carbonic anhydrase (44.1 kDa), soybean trypsin inhibitor (32.7 kDa), lysozyme (17.7 
kDa) and aprotinin (7.1 kDa). 
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Figure 2.2. Preparative-electrophoretic isolation of CPC205. A. Silver stained 10-20% 
gradient SDS-PAGE reducing gel demonstrating isolation CPC205. Excysted C. 
parvum oocysts (1.5 X 10^) (lane 1). Isolated CPC205 (10 ng) (lane 2, arrow). Sample 
buffer alone to identify silver stain artifacts (lane 3). B. Western immunoblot of 10-
20% gradient SDS-PAGE gel demonstrating immunoreactivity and identity of isolated 
CPC205. Excysted C parvum oocysts (1.5 X 10^) probed with 4D3 (lane 1) or isotype 
control mAb (lane 2). Isolated CPC205 (10 |ig) probed with 4D3 (lane 3, arrow) or 
isotype control mAb (lane 4). MW standards (BioRad) are indicated on the left; myosin 
(204 kDa), P-gaiactosidase (121 kDa), BSA (78 kDa). 
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Figure 2.3. Preparative-electrophoretic isolation of control glycoprotein Tfl90. A. 
Silver stained 7.5% gel gradient SDS-PAGE demonstrating purity of isolated Tfl90. 
Whole T. foetus (300 |ig) (lane 1). Isolated Tfl90 (10 fig)(lane 2, arrow). Sample 
buffer alone demonstrating 70 kDa silver staining artifact (lane 3). B. Western 
immunoblot of 7.5% gradient SDS-PAGE gel demonstrating immunoreactivity and 
identity of isolated TFGP190. Whole T. foetus (300 (ig) probed with 32.3B3 (lane I) or 
isotype control mAb (lane 2). Isolated Tfl90 (10 fag) probed with 32.3B3 (lane 3, 
arrow) or isotype control mAb (lane 4). MW standards (Amersham) are indicated on 
the left; myosin (200 kDa), p-galactosidase (97.4 kDa), BSA (69 kDa), carbonic 
anhydrase (46 kDa). 
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TABLE 2.1. Inhibition of the 3E2-eIicited CSP-iike reaction by DEF-isolated CSL. 

Sporozoite Treatment % Sporozoites Undergoing the 

CSP-iike Reaction 

Exp. 1 Exp. 2 

mAb 3E2 78 76 

Isotype Control mAb 0 0 

mAb 3E2+ CSL 0 0 

mAb 3E2 + soiubilized 0.06 0.01 

sporozoites 

mAb 3E2 + CPC205 78 82 

niAb3E2 + Tfl90 79 76 
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Figure 2.4. 2-Diinensional Electrophoretic Analysis of CSL in C parvum before and 
after Rotofor-isoiation. A. Silver stained 2-D gel demonstrating 31 species (Pi 3-10) in 
whole C. parvum (3 X 10^) migrating in the 1,200-1,400 kDa region known to contain 
CSL (arrow). B. Silver stained of 2-D gel demonstrating 8 species in Rotofor-isolated 
CSL (lOng) migrating in the 1,200-1,400 kDa region (arrow). C. Western inmiunoblot 
of 2-D gel of whole C. parvum (5 X 10^) probed with 3E2 (arrow). D. Western 
immnnoblot of 2-D gel of whole C. parvum (5 X 10^) probed with 4D10 (arrow). E. 
Western immunoblot of 2-D gel of Rotofor-isolated CSL (6^g) probed with 3E2 
(arrow). F. Western immunoblot of 2-D gel of Rotofor-isolated CSL (6 fig) probed 
with 4D10. MW standards are indicated on the left; titin (2,450 kDa) and nebulin (770 
kDa). 
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TABLE 2.2. Differential neutralization of C. parvum sporozoites by mAbs against 

GP25-200, P23, and CPS-500. 

Sporozoite Treatment No. Intracellular Stages 

(mean ± SD) 

% Reduction® 

Experiment 1 

Isotj^e control mAb 2735 ± 210 

mAb 3E2 217 ± 23 92 < 0.000 

mAb 1B5 719 ±126 74 < 0.000 

mAb7D10 2052 ± 78 25 < 0.007 

mAb 18.44 2661±178 3 < 0.670 

Exoeriment 2 

Isotype control mAb 1483 ±42 

mAb 3E2 157 ±6 89 < 0.000 

mAb IB5 583 ± 46 61 < 0.000 

mAb 7D10 1174± 121 21 < 0.007 

mAb 18.44 1457 ± 39 2 < 0.231 

Compared to isotype control mAb-treated sporozoites. 
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Figure 2.5. Video photomicroscopic depiction of 3E2-treated sporozoite 
interactions with Caco-2 cells. 3E2-treated sporozoites undergoing the CSP-like 
reaction (arrow), failing to attach to and invade Caco-2 cells. Observed for 30 minutes, 
representative photomicrographs depicted up to 8 minutes. Bars, 7 gm. Time indicated 
as minutes in each frame. 
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Figure 2.6. Video photomicroscopic depiction of isotype control mAb-treated 
sporozoite interactions with Caco-2 cells. Sporozoite probing the cell surface (arrow, 
3.5 minutes). Sporozoite attaching to the cell surface (arrow, 5.5 and 6.0 minutes). 
Sporozoite invading the host cell (arrow, 6.5, 7, 7.5, and 8 minutes). Sporozoite 
completely intracellular (arrow, 8.5 minutes). Bars, 7 |im. Time indicated as 
minutes in each frame. 
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Figure 2.7. A. Photomicrograph of Caco-2 monolayer incubated with CPC205 probed 
with mAb 4D3. Note absence of specific immunofluorescence reactivity. B. 
Photomicrograph of Caco-2 monolayer incubated with Tfl90 probed with mAb 
32.3B3. Note absence of specific inmiunofluorescence reactivity. C. Photomicrograph 
of lEF-isolated CSL specifically bound to Caco-2 monolayer as detected by 
immunofluorescence microscopy using mAb 3E2. Note multifocal immunofluorescent 
areas of CSL binding (arrows). Bars, 7 ^m. 
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Figure 2.8. Dose dependent inhibition of sporozoite infectivity by CSL bound to Caco-
2 cells. Caco-2 cells were incubated with MEM (A) or increasing amounts (0.25 ^g, 
0.50 ^ig, 1.0^g, or 2.0 ^g) of lEF-purified CSL (•), CPC205 (O), or TP GP190 (•) 
prior to inoculation with sporozoites. Infectivity scores of cultures incubated with CSL 
were statistically different at 0.50 jig (P < 0.026), 1.0 ^g (P < 0.019), and 2.0 fig (P < 
0.001) when compared to cultures incubated with MEM, CPC205, and Tfl 09. Bars 
represent standard deviation. 
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Figure 2.9. Binding kinetics of CSL bound to Caco-2 ceils. A. CSL binding curve 
demonstrating dose dependent binding. Increasing quantities (0.06 ng, 0.13 ng, 0.25 
^g, 0.50 jig, l.O jig, 2.0 |ig, or 4.0 |ig) of '^I-CSL were incubated with Caco-2 cells. 
Total (•), nonspecific (•) and corrected (•) binding curves are depicted. B. Self-
displaceabiUt>' of CSL binding. Caco-2 cells were incubated with a constant quantity 
(0.25 lag) of '^^I-CSL and increasing amounts (0.06 ng, 0.13 ng, 0.25 ^g, 0.50 ng, 1.0 
^ig, 2.0 ^g, or 4.0 fig) of unlabeled CSL. C. Maximal binding capacity of biologically 
active '^^I-CSL. Increasing numbers (10^ 2 X 10", 3 X 10\ 4 X 10' and 5 X 10") of 

I 

Caco-2 cells were incubated with a constant quantity (0.25 ^g) of I-CSL. Maximal 
binding capacity was determined from the ordinate of the Y intercept for the best fit 
line (....). D. CSL binds in a dose dependent and saturable manner. Cells incubated 
with increasing quantities (0.06 ^g, 0.13 0.25 ^ig, 0.50 jig, 1.0 ng, 2.0 ng, or 4.0 
^g) of '^'I-CSL and bound to free ratio of '*'I-CSL was determined. E. Scatchard Plot 
demonstrating high affinity binding of CSL to Caco-2 cells with negative cooperativity. 
Best fit line for curvature representing negative cooperativity is depicted (. . . .). Bound 
to free data derived from (D) were plotted against the '*^I-CSL CPM bound assuming 
88% maximal binding. K, = 3.65 X 10* M"' and Kj = 2.63 X 10"* M. Error bars depict 
the greatest standard deviation of data for the binding series. 
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Figure 2.10. Dot immunoblot of untreated CSL (0.15 |ag) probed with 3E2 (Al), 4H7 
(Bl) and isotype matched control mAb of irrelevant specificity (CI). Glucosidase 
treated CSL (0.15 |iig) probed with 3E2 (A2), 4H7 (B2) and isotype matched control 
mAb of irrelevant specificity (C2). 
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Figure 3.1. Epithelial and mesenchymal host cell permissiveness to C. parvum 
sporozoites. Host inoculated with sporozoites and evaluated at 48 h post inoculation for 
number of C. parvum intracellular stages per cell. 
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Table 3.1. Differential Binding of CSL to Epithelial V5. Mesenchymal Cells 

Cell Type '"^I-CSL Bound/ # of cells (X 100) 

Mean CPM ± SD 

Exp. 1 Exp. 2 

HIE 3.29 ± 0.87 0.290 ± 0.015 

Caco-2 5.19 ± 1.38 0.455 ± 0.068 

HCT-8 2.91 ± 0.97 0.269 ± 0.083 

MDBK 3.12 ± 0.53 0.521 ± 0.088 

ffiC 3.82 ± 1.69 0.251 ± 0.031 

Vero 1.36 ± 0.47 0.187 ±0.001 

RSE 1.72 ± 0.64 0.175 ±0.033 

BHK 1.93 ± 0.49 0.118 ±0.009 

P, Epithelial < 0.0009" < 0.0098" 

vs. Mesenchymal 

" Significantly different than value for mesenchymal cells. 
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Figure 3.2 Immunoeiectron microscopic localization of CSL binding to Caco-2 cells 
with mAb 3E2. Caco-2 cells incubated with CSL for 2 min probed with 3E2, low 
magnification for cell orientation (A), CSL perimeter binding of mitochondria (B), and 
nucleus (C). Surface binding of CSL to host cells after 2 minute incubation (D). 
Intracellular localization of CSL after 6 min incubation (E) and diminishing presence of 
CSL after 10 min incubation (F). CSL bound to Caco-2 cells detected with isotype 
control mAb (G). Bars, 1 
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Figure 3.3. SDS-PAGE gel autoradiograph demonstrating immunoprecipitation of 16, 51, 
and 85 kDa molecules recognized by CSL. Caco-2 cell lyaste (4.7 X 10"* starting CPM) 
(lane 1). Caco-2 cell lysate (1.2 X 10^ starting CPM) precipitated with 3E2 (lane 2) and 
isotype control mAb (lane 3). RSE cell lysate (4.7 X 10"* starting CPM) (lane 4). RSE 
cell lysate (1.2 X 10^ starting CPM) precipitated with 3E2 (lane 5) and isotype control 
mAb (lane 6). MW standards are indicated on the left; myosin (200 kDa), p-galactosidase 
(97.4 kDa), BSA (69 kDa), ovalalbumin (46 kDa), carbonic anhydrase (30 kDa), and 
trypsin inhibitor (21.5 kDa). 
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Figure 3.4. Silver-stained SDS-PAGE gel demonstrating isolation of 85 kDa molecule 
fix)m Caco-2 cells by CSL-afBnity chromatography. Caco-2 cell lysate solubilized in 
modified lysis buffer (4.0 (xg) (lane 1). Isolated 85 kDa Caco-2 molecule eluted from CSL 
afBnity column (0.3 fig) (lane 2). Sample bu£fer to identify silver stain artifacts (lane 3). 
MW standards are indicated on the left; myosin (208 kDa), P-galactosidase (127 kDa), 
BSA (85 kDa), carbonic anhydrase (45 kDa), soybean trypsin inhibitor (32.8 kDa), 
lysozyme (18.1 kDa) and aprotinin (7.4 kDa). 
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Table 3.2 CSL column eluate inhibits C. parvum sporozoite infectivity in vitro. 

Sporozoite Treatment No. Intracellular Stages (mean ± SD) 

Experiment 1 

MEM 789 ± I 

CSL column eluate (5 fig) 211 ± 

Caco-2 lysate (5 ^g) 495 ± 27®''' '^ 

RSE lysate (5 ^g) 644 ± 14^" ' 

Caco-2 lysate (250 jig) 326 ± 23^^'^ 

RSE lysate (250 ^g) 627 ± 22^''-^ 

Experiment 2 

MEM 881 ± is''-'"'' 

CSL column eluate (5 fig) 258 ± 

Caco-2 lysate (5 fxg) 517 ± 17^'' '^ 

RSE lysate (5 ^lg) 700 ± 1 

Caco-2 lysate (250 fig) 337 ± 21'^^''^ 

RSE lysate (250|Lig) 717 ± 19^'' '^ 

^Significantly different than value for MEM-treated sporozoites. 

''Significantly different than value for Receptor-treated sporozoites. 

'^Significantly different than value for Caco- (5ng or 250 ^g) treated sporozoites. 

''Significantly different than value for RSE- (5 |ag or 250 ^ig) treated sporozoites. 
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Figure 3.5. Photomicrograph of lEF-isolated CSL specifically bound to frozen calf ileum 

as detected by immunofluorescence microscopy using mAb 3E2 at 600X (A) and lOOOX 

(B). Note multifocal immunofluorescent areas of bound CSL. Photomicrograph of calf 

ileum incubated with Tfl90 C) and CPC205 (D) at lOOOX, detected with mAbs 32.3B3 

and 4D3 respectively. Note absence of specific immunofluorescence reactivity. Bars, 7 

^m. 
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