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ABSTRACT 

Cryptosporidixim parvum infects numerous species of mammals, including man, and 

is a frequent cause of diarrhea. It can be life threatening to immimoccmpromised individuals. 

The mechanisms responsible for its pathogenesis are not completely understood. Differences 

between isolates originating from animal and human sources are not completely defined. 

Six isolates of human or bovine origin from different geographical areas were examined by 

various protein analysis (immunofluorescence assay, SDS-polyacrylamide gel 

electrophoresis, isoelectrofocusing) and nucleic acid (restriction fragment length 

polymorphism and random amplified polymorphic DNA) methods. Differences were 

observed between human and bovine isolates when examined by RFLP and by using series 

of primers in RAPDs but not in their protein profiles. 

The mechanisms of parasite invasion and replication are not well defined due to the 

lack of a defined in vitro cultivation system for £. parvum. An in vitro cultivation system 

for this parasite was developed using the Caco-2 cell line. Optimum infection was obtained 

using 1x10^ purified sporozoites and maximal yield of intracellular parasites were obtained 

45 hrs. PI. This system was used to evaluate the in vitro neutralization of Cryptosporidium 

infection using hyperimmune chicken egg yolk and hyperimmime bovine colostrum. 

Also, paromomycin, clarithromycin and 14-OH-cIarithromycin were evaluated alone and 

in combinations using this in vitro system. Paromomycin was more effective, but when 

combined with clarithromycin and 14-OH-cIarithromycin, a synergistic effect in promoting 

parasite death was observed. 
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The merozoite is a pivotal life cycle stage in the asexual development of £. 

parvum. The mass production of purified merozoites from infected animals depends 

largely on the infection dynamics occurring within individual animals Mass production 

of merozoites in vitro simplifies the process of purification and permits fiuther smdies 

aimed toward interrupting parasite invasion and proliferation. Various strategies for mass 

production were tested. The use of a collagen coated Dacron tube allowed the growth of 

Caco-2 cells on the inner surface area. After confluency, purified sporozoites were allowed 

to infect the cells. This system proved to be efGcient because of its large inner surface 

area, small amount of media required, permeability, flexibility of the mbing and ease of 

handling the system. 
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INTRODUCTION 

Cryptosporidium parvum is a protozoan that primarily inhabits the brush borders of 

enterocytes and has been found to cause diarrheal disease in various mammalian species. In 

humans, the organism primarily causes illness among travelers, immunocompromised 

individuals, the malnourished, and children in day-care centers (Zu et al., 1992). 

Currently, there is no effective ther^y for cryptosporidiosis. Immunotherapy as an 

alternative is been tested by different investigators. Hyperimmune colostrum, egg yolk and 

parasite specific monoclonal antibodies neutralize parasite infectivity in animal models 

(Arrowood et al., 1989; Bjomeby et al., 1991; Cama and Sterling, 1991; Payer et al., 1989; 

Payer et al., 1990; Louie et al., 1987).The mechanism by which Cryptosporidium causes 

disease in humans is unknown. The production of toxins has been suggested, but not 

conclusively demonstrated. The lack of a well defined in vitro model has severely 

han^red research on the biology of host cell invasion and intracellular development. The 

study of immunogens and factors involved in the pathogenesis of this parasite has been 

limited due to the difficulty of obtaining sufficient parasite numbers or their products in 

the different life cycle stages. 

Taxonomy 

Crvptosporidium was first described by Tyzzer in the peptic glands of a mouse 

(Tyzzer, 1907). Cryptosporidium parvum has an apical complex with apical rings, 

micronemes and subpellicular microtubules. These characteristics place £. parvum in the 
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phylum Apicomplexa. The life cycle includes merogony, gametogony and sporogony 

(subclass Coccidiasina). Merogony occurs within the vertebrate host (order 

Eucoccidiorida). Gametes develop independently (suborder Eimeriorina) and the life cycle 

is completed in one host. The oocyst has four sporozoites, but sporocysts are absent 

(family Cryptosporidiidae). Currently, seven species are recognized and include 

Crvptosporidium muris (mice and cattle), C- parvum (mammalian species), Q. bavlevi 

(chickens), Q. melagridis (turkeys), Q. serpentis (snakes), £. wrairi (guinea pigs) and Q. 

nasorum (fish) (Payer, 1990). Most of these species were named according to the host in 

which the parasite was found. 

Comparisons of the sequence of the small ribosomal subunit of £. parvum with 

sequences of other eukaryotes has shown that Crvptosporidium is closely related to the 

protozoans Tetrahymgna and Plasmodium (Johnson et al., 1990). Crvptosporidium parvum 

is the only species currently known to infect humans. 

Life Cycle and Morphology 

Ingestion of Crvptosporidium thick-walled oocysts of fecal origin initiates the life 

cycle in susceptible hosts. Oocysts excyst in the intestine, releasing sporozoites which 

penetrate ileal enterocytes. The parasite develops in an intracellular but extracytoplasmatic 

location. After colonization, the parasite plasma membrane interfacing the host cell 

cytoplasm develops into an elaborate feeder organelle that presumably is used to obtain 

nutrients from the host cell. 
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Asexual reproduction occurs next and results in the production of 6-8 type I 

merozoites that may either recycle or form type II merozoites. Type n merozoites invade 

enterocytes to become macrogametocytes (female) or microgametocytes (male), which 

mature to become miacrogamonts and microgamonts respectively. Each microgamont 

produces about 16 microgametes. A microgamete fertilizes the macrogamete producing a 

diploid zygote that later becomes either a thick-walled (80%) or thin-walled oocysts(20%). 

Oocysts sporulate before leaving the host, producing four haploid infectious sporozoites. 

Thick walled oocysts pass in the feces and may infect other hosts. Thin-walled oocysts 

presumably cause reinfection within the same host (Current, 1988). Some antigens present 

in sporozoites seem to be shared in the other life cycle suiges (Robert et al., 1994). 

Conserved antigens has also been detected in the oocyst wall and sporozoite stages using 

monoclonal antibodies. These monoclonal antibodies also recognized antigens from the 

parasitophorous vacuole membrane (McDonald et al., 1995). 

trophozoite 
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Clinical Presentation and Pathology 

Cryptosporidiosis is characterized by a profuse watery diarrhea with concomitant 

shedding of oocysts. Enteritis and colitis with villous atrophy and fusion may be present. 

Crypts may become dilated and hypercellular (Current, 1988). 

In man, the prepatent period is 2-10 days. The duration of infection is from 1 to 

3 weeks in inmiunocon:q)etent hosts and oocyst shedding may persist for 1 to 4 weeks after 

symptoms resolve. In most well nourished persons, infections last from 3-12 days 

(Current, 1988). The jejunum and ileum are most heavily colonized during infections of 

immunocompetent hosts whereas in immunocompromised individuals the parasite can 

colonize from the pharynx to the rectum. Regardless of the patient's inomunological status, 

partial to moderate villus atrophy occurs along with infiltration of mononuclear and 

neutrophil cells into the lamina propria. The mucosa may be edematous and hyperemic. 

Malabsorption of serum retinol, retinyl palmitate and vitamin A was observed in 

calves that were infected with Q. parvum (Holland et al., 1992). Experimentally infected 

piglets showed high numbers of inflammatory cells in the lamina propria and a decrease 

of glucose sodiimi/stimulated absorption (Moore et al., 1995). 

Cramping, mild fever, nausea, vomiting, neuralgia, fatigue and anorexia was 

observed. Immunocompetent individuals usually develop a mild to profuse watery 

diarrhea. Rarely, feces contaia blood or leukocytes. Intermittent diarrhea and constipation 

sometimes coincide with infection in immunocompetent patients (Carter and Anziinlt, 

1986; Crawford and Vermond, 1988; Payer et al., 1986). 
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In immunosuppressed or immunodeficient individuals, Cryptosporidia! infections 

are usually chronic and accon^anied by persistent clinical symptoms and oocyst shedding. 

Diarrhea in immunocompromised patients is often severe and may lead to death because 

of attendant dehydration. Stool volume may exceed 6 liters per day. Colonization of 

extraintestinal sites has been reported in these individuals. Infections of the gall bladder 

and bile duct epithelium may cause cholangitis. Pancreatitis may be caused by colonization 

of the pancreatic ducts. Infections in the respiratory tract have been reported with 

symptoms such as coughing, crouping, wheezing, hoarseness, and shortoess of breath 

(Petersen, 1992). 

Infections in children may be severe due to the diarrhea which may last for more 

than a month and can lead to death due to dehydratation. Vomiting, fever, anorexia and 

diarrhea may be dangerous among children with poor nutritional status and limited access 

to clean drinking water (Guerrant, 1990). Impaired cell mediated immunity in 

malnourished children seems to increase the susceptibility to Crvptosporidixmi infections. 

Children that attend day care facilities are more prone to cryptosporidiosis than non-day 

care children (McFarlane et al., 1987). 

Epidemiology and Transmission 

Transmission is initiated through the release of thick walled oocysts into the 

environment via feces. The prevalence of infection in industrialized countries, determined 

by observation of oocysts in human fecal specimens, is about 2.1%, being more frequent 



in children (3%) than adults (0.8%). Developing countries with poor sanitation have stool 

positivity rates of up to 8.5%. In general, the seropositivity rates in individuals of 

different countries is higher than the percentage that present with symptoms (Crawford and 

Vermund, 1988). Very young and malnourished children, as well as immunosupressed 

individuals, will have severe symptoms (Petersen, 1993). The reported prevalence of 

chronic cryptosporidiosis in the AIDS population is 3.6% in the US and 30-50% in 

developing countries (Crawford and Vermund, 1988). In individuals with diarrhea, a 

seroprevalence rate of 25-35% was observed in the US while in developing countries it 

was 64%, suggesting that infection with Crvptosporidium is common in healthy people 

(Petersen, 1992). In a survey, 71% of asymptomatic adult cattle had Q. parvum with a 

seroprevalence of 63% by IFA and 51% by ELISA (Lorenzo-Lorenzo et al., 1993). 

Serological examination by ELISA of children for Q. parvum by ELISA was performed. 

Of these 13% of the 803 examined children were less than 5 yrs. old. Seropositivity rates 

were higher in children attending day-care centers and in children with diarrhea. Blacks 

and native Americans had higher seropositivity rates (Kuhls et al., 1994). 

Oocyst survival in the environment may be associated with high prevalence rates 

in certain situations. Common disinfectants have proven ineffective at concentrations used. 

Disinfection of water with chlorine, as commonly practiced, is not effective in killing 

Crvptosporidium. Oocysts placed at different temperatures for 1 or 5 minutes showed that 

oocysts remained infective when exposed to temperatures of 59.7°C for up to 5 minutes 

(Payer, 1994). Water treatment facilities which use sand filtration can effectively remove 



91-99.8% of oocysts (Hayes et al., 1989; Madore et al., 1987). Ozone is considered one 

of the most efficient ways to inactivate Q. parvum oocysts , as confirmed by excystation 

and infection of CD-I neonatal mice (Finch et al., 1993; Korich et al., 1990), but cannot 

be maintained at concentrations required to effect oocyst killing in municipal water 

supplies. Oocysts are resistant to freezing at -22 "C. Contact with lime, ferric sulfate or 

alum had a significant impact on oocysts survival (Robertson et al., 1993). 

Determination of viability of oocysts found in water has been problematic. The 

use of an automated dielectrophoretic electrode apparatus was used to differentiate 

untreated, autoclaved and ozone treated oocysts. Observation of the oocysts and 

enumeration can be then performed (Archer et al., 1993). 

The number of oocysts detected in water following waterbome outbreaks has 

usually been very low. To better understand the significance of these findings, the 

infectivity potential of C. parvum has been tested using animal models such as infant 

mice and guinea pigs. The ID50 in infant Balb/c mice was reported to be between 60 and 

1000 oocysts and 79 in neonatal CD-I mice (Finch et al., 1993; Korich et al., 1990). 

Mice 3 wks or older are thought to be resistant to infection (Novak and Sterling, 1992) but 

this has recently been challenged (Johansen and Sterling, 1994). Experimentally, the 

median infective dose in humans was found to be 132 oocysts (Dupont et al., 1995). In 

addition, the viability of oocysts found in water has not been determined due to the low 

recovery and lack of appropriate techniques for determining oocyst viability. Recovery 

has been highest from water contaminated with sewage and feces and from streams 



adjacent to agricultural areas. In the US, outbreaks were initially detected in individuals 

rather than finding oocysts in their drinldng water, such as in 1984 in San Antonio, Texas 

(D'Antonio et al., 1985). In 1987 in Carrolton, Georgia an estimated 13,000 cases of 

gastroenteritis were reported. Oocysts were identified in 39% of the patients (Hayes et al., 

1989). A highly publicized waterbome outbreak was reported in Milwaukee during March 

and April of 1993. As many as 403,000 people suffered diarrhea, nausea, and cramps; 

4,400 had to be hospitalized; and 750 confirmed cases of cryptosporidiosis were reported 

(Mc Kenzie et al., 1994). 

Direct spread of infection from person to person via the fecal-oral route is likely 

the major mode of transmission. Food and water contaminated with fecal matter has been 

reported in association with large scale disease outbreaks. Person to person transmission 

has been docimiented in day care centers. Nine day care centers reported diarrheal 

outbreaks in the U.S.. No children required hospitalization (Guerrant et al., 1990). 

Risk factors associated with acquiring cryptosporidiosis may include occupational 

exposure, poor sanitary facilities, age, proximity to infected individuals, travel, and 

ingestion of contaminated food or water. Seasonality has been observed and infections are 

more frequent in the months following the rainy season in most areas of the world 

(Guerrant, 1990; Moodley et al., 1991; Wuhib et al., 1994). Infection of people exposed 

to infected animals suggests zoonotic transmission (Pozio et al., 1992). Contact with 

domestic, zoo, farm animals, drinking of untreated surface water, or traveling may 

increase the likelihood of acquiring infection. Persistent severe infection is found in 



individuals with compromised cellular and humoral immunity. 
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Isolate and Host Variation 

Cross transmission studies with infective oocysts to other animal species 

demonstrated that £. parvum has a varied host specificity range. Isolates from humans 

have proven infective to cats, cattle, dog, goats, other hiunan, mice, pig, rats and sheep 

(Payer et al., 1990). Oocyst of Cryptosporidium found in guinea pigs were infectious to 

suckling mice and calves. Cross transmission experiments can be problematic (Chrisp et 

al., 1992). Severity of infection may also vary between isolates (Current and Reese, 1996). 

Western blot, two-D gel electrophoresis, and field inversion gel electrophoresis 

(FIGE) have not shown major isolate differences (Mead et al., 1988, 1990). Isoenzyme 

typing using phosphoglucomutase and hexoldnase showed differences among eighteen Q. 

parvum isolates (Awad-el-Kariem FM et al, 1995). Differences between human and 

bovine isolates were observed when a 556 bp of the 18S rRNA was amplified by PCR 

followed by a restriction endonuclease with Mae I (Awad-el-Kariem FM et al, 1994). 

Others have focused their studies on defining isolate variation and its correlation with 

clinical symptoms and zoonotic potential. Two dimensional gel electrophoresis and 

iodination of surface proteins of the oocyst showed that some protein diJBFerences could be 

detected between isolates. Comparison of a fragment of the 18S rRNA sequence was noted 

to be different from isolates of different geographical locations (Kilani and Wenman, 1994). 
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Diagnosis and Treatment 

Diagnosis is made by finding the oocysts in fecal specimens. Stool examination 

may be performed using an immunofluorescent assay, Ziehl-Nielsen acid fast staining, 

hot safranin, methylene blue. Truants auramine/rhodamine, auramine-carbol-fiichsin and 

acridine orange stain (Baxby end Blundell, 1988; Henrikson and Pholenz, 1981). 

Diagnosis may also be made by microscopic examination of biopsy specimens labeled by 

indirect immunoperoxidase (Bonnin et al., 1990) and PCR (Laxer et al., 1992; Webster 

et al., 1993) in paraffin sections. Stool examination by concentration techniques (Wee et 

al., 1994) and other sensitive methods such as IFA (Arrowood, 1989) and ELISA (Anusz 

et al., 1990; Ungar, 1986; el Shewy et al., 1994) and PCR (Leng et al., 1996) have been 

used for selected epidemiological and clinical studies. For chronic cryptosporidiosis, 

immunofluorescent flow cytometry was reported to be more sensitive (Arrowood et al., 

1995). These techniques are not capable of differentiating Crvptosporidium strains or 

isolates. 

None of the chemotherapeutic agents tested to date have proven to be very 

effective. Clinical improvement was obtained with drugs that augment the cellular 

immime responses such as bovine transfer factor and IL-2 (Louie et al., 1987). 

Amprolium, diloxanide fiiroate, furazolidone, IL-2, quinine and clindamycin have 

provided some relief to immunocompromised patients with cryptosporidiosis (Payer et al., 

1990). Macrolide antibiotics alone or combined with doxycycline, minocycline or 

tetracycline in neonatal Balb/c mice produced a reduction of parasitosis (Payer and Ellis, 



1993). Prednisone inmmnosupressed mice and rats infected with Cryptosporidium had 

a reduction of parasitosis when treated with azythromycin and lasalocid (Kimata et al., 

1991; Rehg, 1993). Sinefiingin in an adult immunosuppressed rat model had contradictory 

results in reducing infection (Brasseur et al., 1993; Leitch and He, 1994). Using the 

immunosuppressed adult rat model, sinefimgin and lasalocid showed some activity in C-

parvum infections. Relapses post treatment were observed (Brasseur et al., 1994). 

Lasalocid and dehydroepiandrosterone seemed effective when tested in an immunodeficient 

mouse model (Leitch and He, 1994). Halofulginone lactate produced a reduction in 

number of oocyst excretion in calves (Peeters et al., 1993; Naciri et al., 1993). Treatment 

of DEX immunosuppresed rats and aged Syrian golden hamsters with 

dehydroepiandrosterone reduced the parasitosis (Rassmussen, 1991; Rassmussen et al., 

1992; Rassmussen and Healey, 1992), suggesting that the immune system is required for 

the recovery of the infection (Rassmussen et al., 1993). Clarithromycin and 14-OH 

Clarithromycin have demonstrated a reduction of cryptosporidial infection in animal 

models but did not resolve infection (Cama et al., 1994).Treatment with paromomycin in 

immunosuppressed rats with acute cryptosporidial infection reduced parasitosis in the 

small intestine but was not effective in the biliary tract or large intestine (Rehg, 1995; 

Verdon et al., 1994). Paromomycin proved to be effective in controlling cryptosporidiosis 

in HIV patients (Hammel et al., 1992; Danziger, 1993; Wallace et al., 1993; Mancassola 

et al., 1995; White et al., 1994; Bissuel et al., 1994; Scaglia et al., 1994; Tzipori et al., 

1995). A recent report described the dramatic reduction in the number of diarrheal 
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episodes in six AIDS patients treated with paromomycin over an interval of two weeks. 

Five of them, however, relapsed after therapy was stopped. Maintenance therapy with 

paromomycin has been tried, but side effects were observed. 

In vitro testing of twenty antimicrobial agents have been accomplished using the 

L929 cell line with an initial 1 % infection rate. Monensin and halofiiginone were the most 

active among the drugs tested (McDonald et al., 1990; Naciri et al., 1993). HCT-8 cells 

were used to test monensin, lasalocid, paromomycin and sulfadimethoxine (Woods et 

al., 1995). Paromomycin treatment resulted in a reduction of more than 85% of 

intracellular parasites present in HT29.74 cells. The initial infection rate in this in vitro 

system was reported to be 20% (Marshall and Flanigan, 1992). 

Hecate-1 proved to be the most effective of various lytic peptides tested against 

sporozoite viability (Arrowood et al., 1991). 

Immunoprophylactic and immunotherapeutic regimens of controlling 

cryptosporidiosis have also been tested. As an alternative strategy, treatment with 

leukocyte extinct appeared to offer no conclusive results (Harp and Whitmire, 1991; Louie 

et al., 1987). Fourteen patients with AIDS and symptomatic cryptosporidiosis were treated 

with a specific bovine dialyzable leukocyte extract (immune DLE, 2,000-10,000 D) 

prepared from the lymph nodes (submandibular, cervical, thoracic, mesenteric, axillary, 

prefemoral, popliteal) and lymphocytes of calves infected with £. parvum. Six of seven 

patients treated with DLE showed weight gain and decreased bowel movement; two 

stopped shedding oocysts (McMecking et al., 1990). Treatment of experimentally infected 
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SCID mice with monoclonal antibodies showed a significant reduction of infection 

(Ferryman etal., 1993; Cho, 1995). 

Hyperimmmie colostrum treatment (high levels of IgA and IgGl) in humans 

(Ungar et al., 1990; Doyle et al., 1993) SCID, nu/nu mice, C57B1/6 and neonatal Balb/c 

mice (Arrowood et al., 1989; Payer et al., 1989; Watzl, et al., 1993; Cho 1993) and sheep 

(Naciri et al., 1994) have proven partially effective in controlling infection. The use of 

hyperimmune yolks from eggs produced by hyperimmunizing chickens has reduced 

parasite loads in Cryptosporidium infected suckling mice (Cama et al., 1991). One 

patient receiving this treatment also recovered (Sterling, per. commun.). 

Treatment of nu/nu Balb/c mice infected with Crvptosporidiimi parvum oocysts 

with immime rat bile produced a reduction of the villous atrophy, crypt hyperplasia and 

number of parasites in the small intestine and cecum. This information contributes to the 

idea that humoral immune responses contribute to a resolution of the infection (Aguirre 

et al., 1994; Albert et al., 1994). 

Animal Models 

Animal models have been used as an alternative to in vitro cultivation for the study 

of Crptosporidhmi infection, isolate variation, and drug screening. BALB/c neonatal mice 

are being used as an animal model to study cryptosporidiosis. This animal model has also 

been used to monitor infectivity and to determine the association of mucus with the 

merozoite life stage (Hill et al., 1991). 



A wide variety of adult mouse strains have been tested for susceptibility to 

infection with Cryptosporidium. Adult mast cell-deficient WBB6F1 W/W^ mice(Harp and 

Moon, 1991) and SCID mice have been proven to be susceptible to infection (McDonald 

et al., 1992; Kuhls et al., 1992). Two weeks after inoculation, mice developed parasitosis 

in the ileum and proximal colon. Three months after infection, mice developed intestinal 

and biliary cryptosporidiosis (Kuhls et al., 1992). If immunosuppressive drugs are used 

prior to infection, C57BL/6N mice and Sprague-Dawley rats become more susceptible to 

infection with the parasite (Lemeteil et al., 1993; Yang and Healey, 1993). 

Dexamethasone treated C57BL/6N mice proved to be an effective animal model for 

cryptosporidiosis (Rasmussen and Healey, 1992). If these mice are treated with DHEA, 

there is an up-regulation of the immune system. They have more CD4-i- and CD8+ cells 

(Rasmussen et al., 1995). DEX immunosupressed rats treated with halofuginone resulted 

in a reduction of infection in the small intestine. Prophylaxis causes a reduction of 

parasites in the bile ducts but not in colon (Rehg, 1995). Lewis rats treated with 

methylprednisone acetate and inoculated intratracheally developed an infection in the 

lignin of the airways from the trachea to the bronchiolus (Meulbroek et al., 1991). 

A recent experimental model for studying infection with £. parvum in through a 

system composed of a subcutaneous rabbit fetal intestinal segment transplanted 

subcutaneously to athymic nude mice. Oocysts of £. parvum inoculated into the lumen 

of the graft caused infection. This technique could potentially be used for drug screening 

and in vitro studies of the biology of the parasite (Thulin et al., 1994). 



26 

Immune Response 

The infection and diarrhea is usually self limiting in immunocompetent hosts 

indicating that host responses can control infection. The role and reaction of humoral and 

cellular response has not been fully determined. Controversial information has been 

presented in the literature. Immimocompromised patients with congenital hypo or agamma 

globulinemia or isolated IgA deficiency with apparent normal T cell fimction have difficulty 

resolving Cryptosporidia! infection, suggesting that the humoral response is involved in the 

resolution of the infection. AIDS patients with severe T cell deficiencies develop chronic 

infection (Zu et al., 1992), suggesting that T cell function and humoral response are 

important in the resolution of Cryptosporidia! infection in immunocompetent individuals. 

Immunosuppression as a consequence of chemotherapy permits persistent infection, but 

recovery is observed after discontinuing the therapy. High levels of specific IgA, IgM, IgE, 

IgG and secretory IgA have been observed in immunocompetent patients. The IgG response 

is high and detectable 6 days post infection. IgM may be detected for up to 4 months after 

diagnosing infection in both immunocompetent and immunocompromised individuals. 

Individuals from endemic regions may have persistently high titers, probably as a 

consequence of recurrent infections. These individuals may be asymptomatic 

carriers(Petersen, 1992; Ungaretal., 1986). 

The roles of several antigens in the development of the immune response have been 

examined as potential targets for vaccines. A 32 kD antigen appears to be located on the 

oocyst wall and was recognized by convalescent sera from man and goats. A 23 kD band was 
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recognized by 93% of the infected individuals that wei^ ELISA positive (Mead et al., 1988; 

Petersen et al., 1992). A 23 kD surface antigen of sporozoites and merozoites was 

concentrated in the apical end (Lumb et al., 1989). Rise of antibodies to a 20 kD antigen 

located in the pellicle of sporozoites and merozoites, but not in the oocyst wall, was observed 

3 wks postinfection in both man and animals. Naturally infected lambs reacted early and 

during post infection to 15-17 and 28-30 kD proteins. A later response was elicited to a 

90kD protein at 15-30 days post infection (Ortega-Mora et al., 1994). Anti-sporozoite 

monoclonal antibodies directed to 28 or 55 kD proteins protected suckling BALB/c mice. 

Higher IgA antibody levels have been detected in saliva and serum of HrV+ patients 

with chronic cryptosporidiosis, however, it may not be suflBcient to control infection (Cozon 

et al., 1994). The presence of IgA antibodies to a 15 kD protein at early stages of infection 

was suggested to be a good candidate for vaccination and study of the mucosal immune 

response (Reperant et al., 1992; Tilley et al., 1991; Favenec et al., 1994). 

B cell depleted suckling BALB/c mice react similarly to controls suggesting that 

antibodies do not play an important role in the resolution of the infection (Taghi-Kilani., 

1990). This is supported by the fact that many AIDS patients have high titers of antibodies 

to Cryptosporidium but caimot control the infection. 

The infectivity of £. parvum sporozoites incubated with immune or non immune 

heat inactivated lamb sera and inoculated per rectum into rats was greatly reduced. Specific 

serum components were associated with IgG and the normal serum had a heat stable non 

dialyzable component toxic for the sporozoites (Hill et al., 1993). 
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The sporozoite, upon being released from oocysts, releases a substance which binds 

with antibody, if present, causing a circumsporozoite protein (CSP) reaction similar to that 

described in malaria. This substance reacts with monoclonal antibodies that recognize a 23 

kD protein in sporozoites (Arrowood et al., 1991). Monoclonal antibodies generated to 15 

and 23 kD antigens showed the gliding effect suggesting an association with attachment to 

the cell surface (Tilley and Upton, 1994). The use of hyperimmime colostrum produces an 

effect similar to the circumsporozoite precipitate-like reaction. This had an 

immunotherapeutic effect (Riggs et al.,I994). Shared antigens by various life stages may 

participate in the protection of the host Monoclonal antibodies to a 15kD protein recognize 

antigens of both the merozoite and sporozoite life cycle stages (Tilley and Upton, 1991). 

Monoclonal antibodies generated to sporozoites react to a glycoprotein of 100 kD present 

in micronemes from sporozoites and merozoites and with electron dense granules at the 

periphery of the macrogametocytes (amylopectin granules) (Bonnin et al., 1993). Surfece 

carbohydrates also participate in parasite-cell interaction (Llovo et al., 1993). 

Studies at the ultrastructural level have shown the presence of parasites within M 

cells overlaying Peyers patches in the small intestines of guinea pigs. These M cells were 

found in juxt^sition to macrophages, implying an antigen presentation to lymphoid cells 

within Peyers patches (Marcial and Madara, 1986). Cell populations in the Peyers patches 

of three week old infected mice with parvum have been examined. Jejunal Peyers 

patches showed more CD4+ T lymphocytes. Jejunal and ileal Peyers patches had an 

abundance of monocytes, macrophages and non-lymphoid dendritic cells. The authors 
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suggested that the jejunal Peyers patches were involved in the T cell response as compared 

to ileal Peyers patches which were responsible for the expansion and maturation of B cells 

(Boher et al., 1994). 

The role of mast cells in the infection is again not well defined. Mast cell deficient 

mice, WBB6F1 W/Wv, are more susceptible to infection compared to normal mice (Harp 

and Moon, 1991). Athymic rats and mice and NK cell-deficient beige mice (C57BL/6jbg^g) 

can be infected with Cryptosporidium, suggesting that the control of this infection may be 

dependent on either T cells or NK cells (Moon et al, 1988). However, other investigators 

reported that NK cells may not play a significant role in SCID mice with cryptosporidiosis 

(Rolman et al., 1993). 

The roles of CD4+ and CD8+ cells, natural killer cells and cytokines during £. 

parvum infection are controversial. Animal models using mice have shown that CD4+ cells 

and gamma interferon are required to prevent initiation of infection. CD4+cells limit the 

duration of the infection and gamma interferon controls the severity of the infection. CD8+ 

cells do not seem to be required for the recovery. Studies using SCID mice demonstrated that 

when inoculated with CD4+ lymphocytes, the mice had a profound recovery from infection 

(Perrryman et al., 1994). 

If infected SCID mice are reconstituted with BALB/c thymocytes or spleen and bone 

marrow cells from immunocompetent mice, infection resolved 17 days post reconstitution. 

If these mice were treated with monoclonal antibodies to CD4 cells or y-IFN, mice could not 

resolve the infection (Mead et al., 1991). Mice treated with antibodies to CD8 or a-sialo 
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GMl developed a hvimoral response to Cryptosporidium (Chen et al, 1993). MHC class II 

deficient mice lack functional CD4+ T cells and are significantly more susceptible to 

infection compared to MHC class I deficient mice lacking fimctional CD8+ cells (Aguirre 

et al., 1994). 

Spleen Thl helper cells proliferate following in vitro stimulation with parvum 

antigen (Harp et al., 1994). In vitro proliferative responses using calf mesenteric and 

prescapular lymph nodes were observed. The CD8+ cells were higher in non T non B 

lymphocytes in all infected tissues compared with controls. There were also fewer CD4+ 

cells in infected animals. This suggests that null and CD8+ lymphocytes may be important 

in the expression and regulation of bovine responsiveness (Harp and Gofif, 1995). The 

proliferative response of spleen and lymph node lymphocytes was higher when using water 

soluble antigen as compared to water insoluble antigen (Moss and Lammie, 1993). 

Controversial results were obtained when determining the role of gamma interferon. 

Using SCID mice, injections with y-IFN provides resistance to infection whereas tumor 

necrosis factor appears to not play a significant role (Chen et al., 1993; Gomez et al., 1995). 

Other investigators found that the susceptibility or severity of infection was not reversed 

when neonatal SCID mice were treated with y-EFN during the course of infection. Deficient 

Y-IFN production by neonatal lymphocytes does not appear to be responsible for the 

increased severity of the infection observed in neonatal animals suggesting that y-IFNmay 

not be useful in treating human infections (Mc Donald et al., 1992; Kuhls et al., 1994). 

The CD4+ count of HTV patients is considered to be the best marker to determine the 
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response towards the infection. Patients with greater than 180 CD4 cell/mm^ usxoally have 

a self limiting Crvptosporidinm infection. High levels of local IgA may correlate with 

recovery to infection with a possible neutralizing activity (Flanigan, 1994). 

Infection was observed if adult Balb/c mice were treated with monoclonal antibodies 

to IL-5 or IL-4/IL-5 before or after cryptosporidial infection. This was not true for mice 

treated with antibodies to IL-2 (Enriquez and Sterling, 1993), suggesting that TH2 

dependent mechanisms any be involved in controlling cryptosporidiosis. 

Antibodies in feces and serum have been determined by ELISA in infected calves. 

Levels of coproantibodies dropped quickly, but IgM rose 5 days PI and IgM peaked at day 

14. IgA peaked at day 7 and decreased at day 14. Fecal IgG rose during maximal oocyst 

excretion and disappeared 3 wks. PI, whereas serum IgG remained detectable for at least 

16 wks PI (Peeters et al., 1992; Peeters et al., 1993). 

Non specific immunomodulators such as age (Novak and Sterling, 1991), 

thymodulin and hydrocortisone can alter the course and location of the infection in neonatal 

BALB/c mice. Thymodulin resulted in an earlier peak and resolution of the infection. Use 

of hydrocortisone resulted in a persistent infection. The immunosuppressed animals had an 

infection that went up to the anterior and middle jejunimi as compared to control mice in 

which the infection is persistent in the ileum (Koudela and Hermanek, 1993). 

Other factors in which the immune system does not participate have also been 

suggested as participants of the resistance to infection. The presence of microflora in severe 

combine immunodeficient mice seems to prevent infection (Harp et al., 1992). Arginine 
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aminopeptidase is present in sporozoite membranes (Okhuysen et ai., 1994) and treatment 

of athymic nude mice with L-arginine reduced oocysts shedding due to production of nitric 

oxide which is toxic for parasites (Leitch and He, 1994). 

Lyophilized oocysts have been tested as a vaccine in newborn calves. A reduction in 

days with diarrhea and oocysts shedding was observed following vaccination (Harp and 

Gofif, 1995). 

Cryptosporidia! Multiplication in vitro 

Hinnan and calf isolates have been shown to grow in the chorioallantoic of chicken 

embryos. Sporozoites or oocysts can infect and reproduce in endoderm cells of the 

chorioallantoic membrane (Current et al., 1983; Resales et al., 1992), The complete life cycle 

has been described using in vitro culture technique but has not been reliably reproduced. 

Limited in vitro growth of £. parvum has been achieved in human embryonic cell line 407 

(Kuhls et al., 1991), mouse fibroblasts L929, Marin Darby canine kidney cells (MDCK), 

human endometrial carcinoma cell line RL95-2, Caco-2 and HT29.74 cell lines (Flanigan et 

al, 1991; Rassmussen et al., 1993; Rosales et al., 1993). Asexual stages have been observed 

in the Caco-2 and HT29.74 cell lines (Aji et al., 1991) and sexual stages have been described 

in Caco-2 at 5 days P.I. (Datry et al., 1989; Buraud et al., 1991) and MCDK (Gut et al., 

1991) cell lines. Immature oocysts were present but no mature oocysts were observed at 72-

96 hrs. Oocyst production also has been reported fi:om in vitro cultures using Caco-2 and the 

human endometrial carcinoma cell line RL95-2 (Rassmussen et al., 1993). Of eleven 

different cell lines tested, the ileocecal adenocarcinoma (HCT-8) was reported to be able to 
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sustain twice the number of parasites that MDCK cells do. Reproducibility of the in vitro 

infectivity was obtained by pretreating oocysts with sodium hypochlorite (Upton et al., 

1994). Unsensitized mouse peritoneal macrophages were also considered to be infected by 

sporozoites and oocysts (Martinez et al., 1992). 

Sporozoite inhibition of hemagglutination by lectins was produced by bovine 

submaxillary mucin, hog gastric mucin and orosomucoid, but not by simple sugars 

including sialic acid. These results suggest that sugars may be involved in the cell to cell 

interaction with eukaryotic targets (Thea et al., 1992; Joe et al., 1994). The role of 

carbohydrates in the process of invasion has been examined. The addition of N-acetyl D-

glucosamine, chitobiose and chitotriose inhibited parvum infection. Wheat germ 

agglutinin reduced penetration and concavalin A favored formation of schizonts in the 

intestinal cell line 407 (Kuhls et al., 1991). The addition of vitamins promoted high infection 

rates (Upton et al., 1995). 

Colchicine and vinblastine, microtubule inhibitors, were found to interfere with 

HT29.74 cell line infectivity (Wiest et al., 1993). Infectivity rates in the cell culture models 

varied from 6-12% in HT29.74 to 1-3% in Caco-2 cell line. In spite of the low infectivity 

rates obtained using these in vitro cultivation systems, many drugs have been screened for 

anticryptosporidial activity using such systems (McDonald et al., 1990). 

Phospholipid examination of parvum and MDCK cells showed that phosphatidyl 

choline is the most predominant (65% of total phospholipids), suggesting that the parasite 

may be capable of sequestering specific complex membrane lipids at concentrations higher 
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than those in the host cell (Mitschler et al., 1994). Antigen of fibrilloiis material present in 

the parasitophorous vacuole of the developing macrogamete is also found at the wall of 

single and double layer wall of sporulating oocysts (Bonin et al., 1991). 

In vitro cultivation systems have been used to determine the macromolecular flow 

in monolayers of mature polarized colonic epithelial cells infected with parvum. 

Peroxidase flux demonstrated a substantial increase in permeability of the monolayer and a 

moderate cellular injury. Disruption of the epithelial barrier and opening of transcellular 

chaimels for ion flow may be responsible for the effects observed (Adams et al., 1994). 

In vitro infection of Caco-2 or MDBK cells with £. parvxmi. showed an increase of 

transmonolayer permeability, inducing an apical cellular and monolayer defect causing cell 

death (Griffiths et al., 1994). 

Sporozoite attachment was determined to be temperature and pH dependent (pH 7.2-

7.6) as determined by exposing them to paraformaldehyde fixed MDCK cells (Hammer et 

al., 1994). 

Molecular Biology 

Orthogonal field alteration gel electrophoresis (OFAGE) demonstrated five bands 

of less than 1600 kB in parvum isolates. The intensity of the bands suggested the 

presence of as many as 9 chromosomes (Petersen, 1992). Field inversion gel electrophoresis 

(FIGE) also demonstrated 5 distinctive chromosomes in six isolates fi-om different hosts 

and geographical areas (Mead et al., 1988). 

Molecular biology research has been directed to better defining the basic genomic 
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structure of parvum. Analysis of the srRNA of parvum places it phylogenetically close 

to Tetrahvmena and Plasmodium (Johnson et al., 1990). Sequences of the 18S rRNA and 

an internal transcribed spacer of parvum and muris showed >99% sequence identity 

(Cai et al., 1992). The 5S rRNA gene was identified and mapped. By PGR amplification, 

three copies of this gene were foimd in the genomic DNA and they differed in the flanking 

regions. They are A-T rich and the termination signal for polymerase in these copies is of 5 

thymidine residues at the 3" end (Taghi-Kilani et al., 1994). 

A repetitive protein expressed in the oocyst wall has been produced in an expression 

library. The sequence is 2359 bp and consists of a low G-C content and has repetitive regions 

with high cysteine residues (Lally et al., 1992). 

Research has also been directed to the search of different molecular targets for 

treatment or potential vaccine development. Initial identification and characterization of five 

genes of C parvum antigens present at the apical complex and pellicle protein antigens has 

been accomplished. These antigens with potential role as protective antigens have molecular 

weight masses of 500, 68/95, 45, 23 and 15/35 kD (Petersen et al., 1992). Genes for 

thymydilate synthase-dyhydrofolate reductase and ATP dependent topoisomerase have been 

developed and the genome seems to be A-T rich (Dykstra et al., 1991; Gooze et al., 1991; 

Christopher and Dykstra, 1996). Genes for tubulin and actin have also been cloned with the 

interest to direct specific therapies to control disease (Nelson et al., 1991; Petersen, 1993). 

The sequence of an actin gene of parvum has been deduced from a single open reading 

frame. It was 85% identical to £. falciparum actin and human gamma actin proteins. This 
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gene is located at a chromosome of 1200 kB(Kim et al., 1992). A protein of 15/60 kD of £. 

parvum was also isolated from a cDNA library. This antigen is recognized by hyperimmune 

colostrum (JeiJdns et al., 1993). A glycoprotein of900,000 with a polypeptide backbone of 

190,000 was studied and is also recognized by hyperimmune bovine colostrum. It is a single 

copy gene located on the largest chromosome of C. parvum (Petersen et al., 1992). 
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SIGNIFICANCE OF CURRENT WORK 

Isolate variation 

Isolate variation may help understand and elucidate the significance of varying host 

responses, mechanisms of pathogenesis and strategies for therapy. Minor protein variations 

have been observed in geographically different isolates (Mead et al., 1990). However, there 

were no common characteristics among the groups of different origin. Variability in severity 

of disease and excretion rates of Crvptosporidium oocysts isolated from humans and 

inoculated into calves has been observed. A £. parvum isolate obtained from an HTV patient 

having severe cryptosporidiosis was used to infect calves and they developed severe diarrhea 

accompanied by high oocyst output, whereas two other Q. parvum isolates from HIV 

patients acted differently in calves producing only a mild diarrhea and a low oocyst output. 

The antigenic composition of oocysts obtained from AIDS patients using monoclonal as well 

as hyperimmune serum presented a common profile in hiunan isolates, but was different 

from a human isolate obtained from another location. Monoclonal antibodies to sporozoites 

reacted with different molecular weight antigens (Nina et al., 1992), but with neutralizing 

mouse monoclonal antibodies the reactivity was similar to specific epitopes in the different 

isolates. These results confirmed that these epitopes were conserved on geographically 

diverse isolates (Uhl et al., 1992). 

Defining differences among isolates may help determine if animal and human isolates 

share a common origin and may help determine if the mechanisms of pathogenesis in 

different mammalian species are the same. The variability in the efficacy of the treatment 
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may be related to isolate di£ferences and the immune status of the host. In addition it may 

help to trace the source of outbreaks, especially from environmental samples. 

In vitro cultivation 

The mechanisms by which Q. parvum produces disease are not fully understood. 

Knowledge of the biology of the parasite is limited due to the lack of reproducible methods 

of in vitro cultivation. Studies on Cryptosporidium related to mechanisms of pathogenesis 

and to finding new therapeutic agents which might show efficacy have been performed using 

animal models (Angus et al., 1984; Copperstock et al., 1992; Lemeteil et al., 1993; 

Rohlman, 1993) and through compassionate and experimental trials involving 

immunocompromised individuals. Drug testing in vitro has been attempted, but in systems 

where variable infectivity rates occurred (McDonald, 1990). Data on the efficacy of certain 

drugs have been inconsistent (Cooperstock et al., 1992; Hammel et al., 1992; Lemeteil et al., 

1993). The development of a dependable in vitro cultivation system for Crvptosporidium 

would greatly facilitate drug screening and evaluation before testing these drugs in animal 

models. Immunotherapy appears to be an alternate approach to controlling cryptosporidiosis. 

This approach relies on antibody neutralization of specific parasite antigens which are 

responsible for initiating infection (Marshall and Flanigan 1992; McDonald et al., 1990). 

Neutralization could be accomplished through the blocking of appropriate receptors which 

might prevent attachment to intestinal cells or by affecting parasite motility. 

The sporozoite stage initiates infection while merozoites are responsible for 
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continued asexual multiplication and the generation of large parasite numbers. If the 

mechanisms of invasion can be defined, drugs or immunotherapy can be directed toward 

specific events in the life cycle and proliferation can hopefully be controlled. Merozoite 

production for invasion and proliferation studies has proven to be a very difficult task 

(Regan et al., 1991). The relative success of merozoite purification from infected animals 

has in part depended on the individual characteristics of the infected animal, mostly 

influenced by mucous secretion (Hill et al., 1991). If large numbers of merozoites could 

be produced in vitro, the process of purification would be tremendously simplified and 

smdies aimed toward interruption of invasion and parasite proliferation would be greatly 

facilitated. 
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This dissertation will address the following aims: 

Isolate variation 

Detennine molecular and biological differences between Crvptosporidiuni parvum 

isolated from different hosts and different geographical locations. 

In vitro cultivation 

Improve the in vitro cultivation of Cryptosporidium and examine this model to test 

different drugs and immunotherapeutic approaches. 

Purify merozoites from in vitro and in vivo systems useful for determining biological 

differences between isolates in this life cycle stage. 
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MATERIAL AND METHODS 

ISOLATE COMPARISONS 

Parasite production and purification 

Six Crvptosporiditim parvum isolates (three of human origin and three of bovine 

origin) were used for this study: Iowa (bovine), Florida (bovine). New York (bovine), 

Mexico (human), Brazil (human), and Peru (human). The Iowa isolate was obtained from 

a heavily infected calf (courtesy of Dr. Harley Moon, NADC, Ames, Iowa). The Peru isolate 

was obtained from a cohort study of children living in a Peruvian pueblo joven (courtesy of 

Dr. Robert Oilman, Johns Hopkins University and Universidad Peruana Cayetano Heredia). 

The Mexico isolate was obtained from a traveler returning from Mexico with severe 

symptoms that required hospitalization. The Brazil isolate was obtained from a child with 

severe diarrhea (courtesy of Dr. Neuza Alcantara). The Florida and New York bovine 

isolates were courtesy of Dr. Michael Riggs. None of the isolates were from AIDS patients. 

Two to five day old calves were infected orally with 10* oocysts of each isolate. 

Oocysts were obtained from the feces of these experimentally infected calves. Feces were 

sieved sequentially through stainless steel screens to 63 ^m pore size and purified by 

discontinuous sucrose and isopycnic Percoll gradient techniques (Arrowood and Sterling, 

1987). Two different 1% Tween 80-Sheathefs sugar solution were prepared. The solution 

of 1.103 g/1 density was layered over a 1.064 g/1 solution. The sieved fecal preparation was 

placed on top of the upper layer and centrifuged at 1500 g for 20 min. The interphase 

containing the oocysts was pipetted off and then washed with 0.025M phosphate buffered 
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saline solution. This procedure was repeated twice and the semipurified oocysts were 

purified using an isopycnic Percoll gradient The oocyst suspension was placed in top of the 

Percoll/ Alsevers solution (final density of 1.091 g/1) and centrifiiged at 22,000 g for 30 min 

Purified oocysts were stored in 2.5% potassium dichromate at 4°C (Arrowood and Sterling, 

1987). 

Immunofluorescence assay (IFA) 

Ten well slides were pretreated with poly L-lysine (30ug/ml) and purified oocysts 

were added at a concentration of lOV well. Similarly, other ten well poly L-lysine treated 

slides were prepared using Percoll purified sporozoites. The slides were then heat fixed. 

Different monoclonal antibodies were used to check for cross reactivity. A 1/100 secondary 

antibody, goat anti-mouse to IgG, IgA and IgM labeled with fluorescein isothiocyanate was 

used (Kirkergaard & Perry Laboratories, Inc). The following monoclonal antibodies specific 

to sporozoites: C6B4, C6B6, C3C3, C6C1, C4A1, C2A1,C3B4, C3C5, C1D3, C2A3 

and specific to oocysts: 0W3 and OW50 were tested. The monoclonal antibodies were 

produced in Dr. Sterling's laboratory. Briefly, P3X63 or Sp2/0 myeloma cells were fiised 

to spleen cells of adult BALB/c mice hyperimmunized with Q. parvum sporozoites as 

antigen. The resulting hybridomas were grown in RPMI complete media supplemented with 

hypoxanthine, aminoptherine and thymidine (HAT). Supematants were screened for specific 

monoclonal antibodies using IF A. Cells were cloned by limiting dilution and then isotyped 

(Arrowood etal., 1989). 
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Polyacrylamide gel electrophoresis and western blot 

Purified oocysts were sonicated and solubilized in sample bu£fer (containing Tris 

HCl, glycerol, SDS, 2-ME and bromophenol blue) and run using a 10% polyacrylamide gel 

(Laemlii, 1970). Also, a gradient gel electrophoresis (4-20% acrylamide) was used to 

determine the protein banding between the isolates. Prestained low and high molecular 

weight markers were used in each electrophoretic run (Amersham International, PLC). 

Minigels were run at 30 mAmp and the gels were Silver stained (BioRad Laboratories). 

For western blot analysis the samples were run using SDS-PAGE and then 

transferred to a nitrocellulose membrane and probed with either acute human serum or 

hyperimmunized chicken serum. The acute human serum was obtained from an infected 

individual (Mexico isolate). A secondary antibody to human IgG, IgM, IgA labeled with 

horseradish peroxidase (Kirkergaard & Perry Laboratories, Inc) was added. 

Hyperimmune chicken serum was obtained by immunizing chicken with antigen 

prepared with a Crvptosporidiimi bovine isolate (Iowa). Chickens were immunized with 

7.5 ng of antigen and Complete Freunds Adjuvant. Second and third immimizations were 

performed using Incomplete Freunds Adjuvant and 7.5 pig of antigen. Nitrocellulose 

membranes were also probed with chicken hyperimmune serum and a secondary antibody 

to chicken IgY labeled with horseradish peroxidase (Kirkergaard & Perry Laboratories, Inc) 

was added. 

The banding pattern, using both sera, was visualized by using a DAB membrane 

peroxidase substrate (50 mg of 3-3-DAB 4 HCl 2H2O in 100 ml phosphate buffer pH 7.2 
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and 10 nl of H2O2). 

Two-dimensional gel electrophoresis 

The first-dimension separation, isoelectric focusing, was performed using an aqueous 

solution of 4% acrylamide, 0.25 % bisacrylamide, 2% Triton X-100,1.6% Biolyte 5/7,0.4% 

Biolyte 3/10, 0.01% ammonium persulfate, 0.1% Temed and 9.9 M Urea. Tubes were 

equilibrated at 200V for 10 min, 300 V for 15 min, 400V for 15 min and run at 400 V for 6 

hrs. After isoelectrofocusing the gels were released from the tubes and loaded onto a slab 

for a second dimension SDS-PAGE (10%) gel. Gels were run at 300V for 1 hr and then 

Silver stained (Bio-Rad). 

Restriction fragment length polymorphism (RFLP) 

Genomic DNA from 10' purified oocysts was obtained by rupturing oocysts with 

liquid nitrogen and a mortar and pestle. The oocysts were incubated in digestion buffer (100 

mM NaCl, 10 mM Tris HCI pH 8.0,25 mM EDTA pH 8.0,0.5% SDS, 0.5 mg/ml proteinase 

K) overnight at 50°C. A phenolrchloroform method (Longmire et al., 1990) was used to 

extract the DNA followed by precipitation with ethanol. Eight hundred ng of purified 

genomic DNA was digested with Eco RI, Sac I, Hind III or Bgl II (Promega Corporation), 

electrophoresed in 0.7 % agarose gels and transferred to a GeneScreenPlus nylon membrane 

(NEN Research Products). 

Southern hybridization of the isolates was accomplished using the probe pv47-2. The 

probe pV47-2 is a 4-kb fragment containing 15-bp tandem repeats present in the protein III 
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gene of the bacteriophj^e Ml 3 . It is a multilocus DNA fingerprinting probe that has been 

used to determine DNA relatedness in humans, domestic animals and wildlife species. The 

consensus sequence of the repeats is GAGGGTGGXGGXTCT. The probe pv 47-2 was 

labeled with ^^-dCTP by random primer extension. Prehybridization and hybridi2ation were 

performed as described (Longmire et al, 1990) but with the addition of 0.25% dry skim milk. 

After 24 or 48 hr. of exposure to X-OMAT film (Kodak) the autoradiographs were 

developed and analyzed. In order to determine the reproducibility of the band patterns, DNA 

from the Iowa isolate was extracted from two passages of oocysts in different calves. 

Random Amplified Poiymorphic DNA (RAPD) 

Genomic DNA at a concentration of 0.5 ng was incubated with a PGR mixture 

containing I mM of MgClz, 10 pmol of ten- base oligonucleotide primers (Operon 

Technologies, Alameda, Ca), dCTP, dATP, dGTP, dTTP and Taq DNA polymerase (Perkin 

Elmer Cetus). Twenty three random primers were examined, OPA-1 to 20 and VBS 208-

210. Amplification was performed using a Perkin Elmer TC-1 thermocycler with various 

cycles. The initial denaturation was obtained at 94®C for 2 min followed by 45 cycles of 

denaturation (94°C for 1 minutes), annealing (36°C for 1 min) and extension (72°C for 2 

min). The reaction ended with a single cycle of 62°C for 6 min . Reaction products were 

analyzed by electrophoresis in 1.0% agarose gels and 100 Volts and visualized by ethidium 

bromide staining. A 1 kB ladder standard was used (Perkin Elmer). 
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IMPROVEMENTS TO IN VITRO CULTIVATION OF C. PARVUM 

Cell culture 

Caco-2 cells were grown in Eagle's minimal essential medium (E-MEM) with 20% 

fetal bovine serun (FBS) at ST'C and 10% CO2. The cells were trypsinized (0.25% 

trypsin in HBSS) once a week or when slides had to be prepared. To determine infection 

rates, 12 mm circular glass coverslips were placed in disposable borosilicate tubes and 

autoclaved for sterilization. Cells were grown on these coverslips and infected with 

purified sporozoites. 

Sporozoite purification 

Oocysts were excysted using two different procedures. Trypsin/taurocholate 

(0.75% sodium taurocholate and 0.25% trypsin in Eagle's MEM base medium) and 

taurocholate (0.75% sodium taurocholate in Eagle's MEM base medium) excystations 

were evaluated for the best excystation and infectivity. Sporozoites were purified by using 

a modification of DE-52 ion exchange chromatography (Riggs, 1987). Briefly, the 

diethylaminoethyl cellulose DE-52 matrix was rehydrated and equilibrated in tissue 

culture phosphate buffer saline solution (T-PBS). A column with 400 nl of the rehydrated 

matrix was prepared and after addition of the excysted preparation, T-PBS was used to 

elute the sporozoites. The first fractions (which contain purified sporozoites) were used 

to infect Caco-2 cells. 
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Standardization 

Different concentrations of sporozoites (10^, 5 x 10^, 10*, 5 x lO"*, 10^, 5 x 10^, 10®, 

5 X 10®, ID') were tested to obtain optimal infections. Coverslips were collected at 48 hrs. 

and Giemsa stained. 

After determination of the optimal number of sporozoites, the cultures were 

monitored for 8 days P.I. to determine the time range required to obtain specific life cycle 

stages. Experiments were performed in triplicate. The number of parasites and life cycle 

stages in 1000 cells was counted. The mean and standard deviation were determined. Results 

were examined by a paired T-student test. 

Some coverslips were processed for transmission electron microscopy (TEM) and 

scanning electron microscopy (SEM) to confirm life cycle stages present. For TEM, the 

monolayers were fixed in 4% formaldehyde and 1% gluteraldehyde in Phosphate buffer and 

then washed three times with O.IM phosphate buffer. Specimens were postfixed with 2% 

osmium tetraoxide. The cells were then scraped firom the coverslip, dehydrated and 

embedded in Spurr's resin. The block was mounted on a Sorval MT-2B ultramicrotome, cut 

with glass knives and sections were stained with uranyl acetate and lead citrate and examined 

in a TE microscope; JEOL lOOC-X at SOkVolt. 

Samples for SEM were fixed in 4% formalin and 1% glutaraldehyde, postfixed in 2% 

osmium tetroxide, dehydrated and critical point dried by substitution with fireon. The samples 

were sputter coated with gold and examined under a SE microscope; ISI-DS 130 at 10 kVolts 

(Reduker et al., 1985). 
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USE OF IN VITRO CULTIVATION FOR NEUTRALIZATION ASSAY 

Hyperimmune colostrum and hyperimmunized chicken egg yolks were tested in 

vitro. Chicken egg yolks were produced in Dr. Sterling's laboratory, using hens immunized 

subcutaneously with 7.5 ^g of sonicated oocysts emulsified with Freund's complete adjuvant 

(FCA), followed by a booster dose 5 weeks later. Yolk IgY was purified by using 

polyethylene glycol purification (Poison et al., 1985). 

Various dilutions of hyperimmune colostrum, colostrum fi-om non-immunized cows, 

and hyperimmunized yolks (1:20, 1:200) were added to the cultures at 0 and 24 hrs post 

infection. Each variable was tested in triplicate. Coverslips were collected at 72 hrs and the 

number of parasites per 1000 cells was used to determine the mean and standard deviations. 

Differences between the control and treatment groups were determined by usmg the analysis 

of variance and the Student's T test. 

USE OF IN VITRO CULTIVATION FOR DRUG TESTING 

Three drugs at different dilutions were tested. Paromomycin (SIGMA), 

clarithromycin and 14-OH-clarithromycin (ABBOTT) were reconstituted as described by the 

manufacturer and different dilutions made using E-MEM base medium. Diluents were used 

as controls in some of the experiments. The drugs were not added imtil 48 hrs post infection 

to insure that infection had occim«d. Paromomycin was tested at concentrations of 50 mg/ml 

to 2.5 ng/ml. Clarithromycin as well as 14-OH clarithromycin were tested at dilutions of 10 

fig/ml to 78 ng/ml. The coverslips were collected 120 hrs, post infection and stained with 
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Giemsa. A total of 1000 cells/coverslip were counted and compared to controls. A paired t-

Student test analysis was then performed. Combinations of clarithromycin or 14-OH-

clarithromycin were also examined. Paromomycin at 2.5 mg/ml was combined with 6.25, 

1.56 or 0.78 ng/ml of clarithromycin or 14-OH-clarithromycin. 

MEROZOITE PRODUCTION 

In vitro production 

Caco-2 cells were grown on the inner surface of a collagen impregnated Dacron 

knitted vascular graft (Meadox Medicals, Inc..). The tubing had a 4 mm internal diameter. 

The tubing was placed in a petri plate incubated at 37°C and 10% COj. The cells were fed 

with 10% FBS-MEM complete medium. Confluency was determined by slicing a piece of 

the mbing and examining the internal surface by scanning electron microscopy. Both ends 

of the tubing were then attached to a 2-way stop-cock and the cells were infected with 

chromatography-purified sporozoites by injecting them inside the tubing using a syringe. 

Forty eight hrs P.I. the merozoites were collected and purified by using a DE-52 

chromatography column. The identity of the merozoites was confirmed by electron 

microscopy. 

In vivo production 

Five day old mice were orally inoculated with 10^ oocysts. Sixty five hrs. post 

infection mice were sacrificed and small intestines collected in microcentrifuge tubes 
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containing E-MEM base media. Tubes were homogenized and the liquid was collected. The 

intestines were homogenized with additional E-MEM media. The process was repeated two 

more times and the intestines were discarded. 

The media recovered from the intestines was centrifuged at 2000 g for 1 min (low 

speed) and the supernatant collected. The pellets were reconstituted with base media and 

centrifuged at low speed. All the supernatant collected was then centrifuged at 14,000 g for 

1 min (high speed). Pellets were examined, and if necessary, centrifuged again either by 

low or high speed. 
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RESULTS 

Isolate comparisons: 

Protein analysis of the six £. parvum isolates was performed by using 

immunofluorescence assays, SDS-polyacrylamide gel electrophoresis, isoelectrofocusing, 

western blot, restriction fragment length polymorphism and random amplified polymorphic 

DNA. 

Immunofluorescence assay 

Six isolates were tested by IFA using ten mouse monoclonal antibodies derived from 

Q. parvum sporozoites (Sp) and two derived to oocysts (Oo). No differences among isolates 

were observed as demonstrated in table 1. 

TABLE 1. Comparison of isolates by IFA using various monoclonal antibodies. Reactivity 

of monoclonal antibodies to sporozoites or oocyst wall was similar with all the six isolates. 

BRAZIL FLORIDA IOWA MEXICO NEW 
YORK 

PERU 

MAb to Sp* + + + + + + 

MAbto Oo** + + + + + + 

*C6B6, C6B4, C3C3, C6C1, C4A1, C2A1, C3B4, C3C5, C1D3, C2A3 

** 0W3, OW50 
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Polyacrylamide gel electrophoresis 

Five isolates were examined by Coomassie 10% SDS-PAGE and silver stained 4-

20% gradient gel electrophoresis gels. Numerous bands were observed in all isolates. The 

protein pattern in both types of gels were similar but no differences were observed between 

isolates (Fig 1,2). 

FIGURE 1. Ten percent SDS-PAGE of the isolates. Gels were Silver stained. lo-Iowa, 

B=Brazil, M=Mexico, P=Peru, F=Florida. 
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14.3 

FIGURE 2. Silver stained 4-20% gradient SDS-PAGE of five Cryptosporidium parvum 

isolates. Io=Iowa, B=Brazil, M=Mexico, P=Peru, F=Florida. 

2-D Gel Electrophoresis 

The protein pattern in 2-D gel electrophoresis was similar in all isolates except in 

Peru which had an additional noticeable protein. The differences did not allow the grouping 

of isolates by origin or geographical location. Presented are the Peru (human) and Florida 

(bovine) isolate. 

FIGURE 3. Two dimensional gel electrophoresis. P=Peru and F=Florida. 
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Western Blot analysis 

Five isolates were run by electrophoresis, transfered and then exposed to 

hyperimmune sera. Western blot analysis using acute human and chicken hyperimmune sera 

reacted with numerous bands (> 200 kD to < 14.6 kD). No noticeable differences among 

isolates were observed using a 4-20 % SDS -PAGE gradient. This procedure also proved not 

to be sensitive in determining isolate variation. 

FIGURE 4. Western blot using A)acute human serum and B) hyperimmune chicken serum. 

Sera were examined at 1/200 dilution. Isolates: Io=Iowa, B=Brazil, M=Mexico, P=Peru, 

F=Florida. 



55 

Restriction fragment length polymorphism analysis (RFLP) 

Differences were observed when isolated DNA was digested using Eco RI. Eighteen 

bands were found in the bovine isolates, while the human isolates had an additional 4.3 kb. 

In addition, three unique bands were present in the human Brazilian isolate and a 14 kb band 

in the human Mexican isolate. None of these bands were present in the human Peruvian 

isolate. The banding patterns were identical after the isolates were passed serially through 

calves (Fig 5). 

FIGURE 5. Restriction fragment length polymorphism (RFLP) using the Eco RI enzyme. 

Isolates were labeled as: Ioa=Iowa, Iob=Iowa second passage, P=Peru, M=Mexico, NY=New 

York, B=Brazil, F=Florida. (Reproduced with permission, from Ortega et al., 1991) 
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Variability was also observed when Sac I, Hind HI and Bgl 11 was used to digest the 

DNA. The polymorphism was not conserved among the human or animal isolates. 

Sac I Hind HI Bgl n 

IB IB IB 

mm 
vr mm 

I 
ii 

FIGURE 6. RFLP using Sac I, Hind III and Bgl II. The isolates we..^ Io=Iowa and 

M=Mexico. (Reproduced with permission, from Ortega et al., 1991) 
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Random amplified polymorphic DNA 

Optimization of tlie PGR was performed by using 0.1 ng of genomic DNA of the 

Peru or Florida isolates. One, 2 or 3 mM MgCU and 10 or 2 pmol concentrations of 0PA2 

primer were examined. 

JE. 
A "a ' '  (I) 

FIGURE 7. RAPD of the Peru and Florida isolates with the primer 0PA2. MgCU 

concentration is shown at the bottom with the primer 0PA2 at 10 or 20 pmol. 

Amplification was performed using an initial denaturation at 94°C for 2 min followed 

by 45 cycles (94°C x 1 min, 35°C x 1 min and 72°C x 2 min) and a final reaction at 72°C for 

6 min. 

The following primers were tested: 

OPF1. ACGGATCCTG 0PF2. GAGGATCCCT 

0PF4. GGTGATC AGG OP AI. C AGGCCCTTC 

0PA2. TGCCGAGCTG 0PA3. AGTCAGCCAC 

0PA4. AATCGGGCTG 0PA5. AGGGGTCTTG 
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0PA6. GGTCCCTGAC 0PA7.GAAACGGGTG 

0PA8.GTGACGTAGG 0PA9. GGGTAACGCC 

OPAIO. GTGATCGCAG OPAll.CAATCGCCGT 

0PA12. TCGGCGATAG 0PA13. CAGCACCCAC 

0PA14. TCTGTGCTGG 0PA15. TTCCGAACCC 

0PA16. AGCCAGCGAA 0PA17. GACCGCTTGT 

0PA18. AGGTGACCGT 0PA19. CAAACGTCGG 

0PA19. GTTGCGATCC VBC 208 

VBC 209 VBC 210 

Of the 26 primers examined 13 showed consistent polymorphism. 

208 

FIGURE 8. Random amplified polymorphic DNA. Primers used were OP A-10, OPA-13, 

VBC-208. Isolates were labeled as: Io=Iowa, P=Peni, M=Mexico, B=Bra2il, F=Florida. 
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Improvements to in vitro cultivation 

Standardization 

Glass coverslips were seeded with Caco-2 cells and grown until reaching confluency. 

Caco-2 cells were then infected with purified sporozoites (Fig 9). Coverslips were collected 

at different times post infection and the cells were Giemsa stained and examined. An 

infection rate of 128% (278 parasites/217 cells) to 178% 134 parasites/75 cells) was 

obtained 48 hrs P.I. Distribution of the parasites was not homogeneous. Clustering was 

observed, suggesting that the merozoites released into the culture probably reinvaded cells 

at or near the point of their release. Scanning electron microscopy showed the density 

dependent distribution of the parasites (Fig 16). Infectivity and parasite distribution was also 

monitored using Giemsa staining. Fully developed meronts were observed at 24 hrs P.I. (Fig 

11) and multiple infections were observed at 120 hrs P.I. (Fig 12). Uninfected cells were 

used as negative control (Fig 10). 

Only immature and undifferentiated meronts were observed prior to 24 hrs and from 

24 hrs to 43 hrs fully developed type I and n meronts were observed. By 48 hrs, young 

meronts had released merozoites which immediately invaded areas adjacent to the initial 

infection. 
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FIGURE 9. Phase contrast microscopy of sporozoites purified by a DE-52 ion exchange 

chromatography. Bar=50 um. 



FIGURE 10. Methylene blue stain of uninfected Caco-2 cells. 

FIGURE 11. Methylene blue stain of iminfected Caco-2 cells with Cryptosporidium parvum 

oocysts after washing with phosphate buffer saline. 
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FIGURE 12. Control uninfected Caco-2 cells. Bar=50 um, 

FIGURE 13. Twenty four hrs P.I. Giemsa stained Caco-2 cells infected with C parvum 

meronts. Bar=50 um. 
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iS'.'lfi,. 

FIGURE 14. Caco-2 cells stained with Giemsa. 120 hrs post infection. Meront (M); 

trophozoite (T). Bar=50 um. 

FIGURE 15. Transmission electron micrograph of Caco-2 cells infected with C. parvum. 

Immature meront. Feeding organelle (FO). Bar=l um. 
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FIGURE 16. Transmission electron micrograph of Caco-2 cells infected with C parvum. 

Mature Meront. Twenty Four Hr. P.I. Merozoite (Me). Bar=l um. 

FIGURE 17. Transmission electron micrograph of Caco-2 cells infected with C. parvum. 

Gametocyte. Bar=l um. 
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FIGURE 18. Scanning electron micrograph of Caco-2 cells infected with C. parvum. Forty 

eight hours post infection. Bar=10 um. 

Neutralization assay 

Hyperimmunized egg yolk as well as hyperimmunized bovine colostrum were 

evaluated in C parvum neutralization assays at dilution of 1/20 and 1/200 with PBS 0.1M, 

pH 7.2 as the diluent. Confluent Caco-2 cells were infected with purified sporozoites. 

Twenty four hrs. PI the yolks or colostrum were added at different dilutions using phosphate 

buffer saline as a control. 48 hrs post treatment the cells were fixed, stained and parasites 

counted per 100 cells. No toxic effects to the cells by the yolk or the colostrum were 

observed at the tested dilutions. 
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At dilutions of 1/200, high titer hyperimmunized yolk (HY) had a greater reduction 

of parasites (infection rate 24.23%) followed by high titer hyperimmunized colostrum (HC) 

with a 51.06% infection rate. There was no reduction of parasites by normal colostrum (LC) 

and low antibody titer yolk (LY) which had a 48.98% infection rate. At dilutions of 1/20, 

HY had an infection rate of 10.88%, HC had a 13.51% infection rate. Also at dilutions of 

1/20, LY and LC had 36% and 41% infection rates respectively. 

These results suggest that high titer egg yoUc, at a dilution of 1/20, has a more potent 

neutralizing effect than high titer colostrum and that for egg yolks, the effect is even found 

at dilutions of 1:200. 

NO-T HY LY HC LC 

B 1/200 J 1/20 

FIGURE 19. Neutralization effect of low and high titer colostrum and yolk at different 

dilutions. Infected but not treated cells were used as control (NO-T). 
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Drug Testing 

In order to determine the maximal drug concentrations that could be used to test 

against Q. parvum infections, the drug levels at >A^ch cytotoxicity to Caco-2 cells occurred 

was determined. Cytotoxicity was assessed at 24 and 48 hrs by microscopic assessment of 

cell detachment and cell death. 

The cytotoxicity of paromomycin was evaluated at various concentrations as 

described in Table 4. 

TABLE 2. Determination of paromomycin concentration optimal for cell culture. Cell 

damage was scored (3+ cell death to - no cell damage). 

ug/ml 50 10 5 2.5 0.5 0.25 0.05 0.025 0.005 

24 hrs. 3+ 1+ 1+ - - - - - -

48 hrs. 3+ 1+ 1+ - - - - - -

Similarly, the cytotoxicity of clarithromycin (C) and 14-OH clarithromycin (14-OH) 

was determined. Stock solutions of clarithromycin and 14-OH clarithromycin at a 

concentration of 2 mg/ml were prepared in absolute methanol (M) and then final dilutions 

were made using O.IM PBS, pH 7.2. Twenty four well cell cultures were exposed to the 

drugs, methanol fixed, and examined 48 hrs post treatment. 
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TABLE 3. Detennination of cytotoxicity of clarithromycin and 14-OH clarithromycin. 

ng/m 

1 

1000 2500 625 156 78 39 19.5 9.7 4.8 2.4 

24 hr 

Me 3+ 2+ 

24 hr C 3+ 2+ 24 hr 
14-C 4+ 2+ 

48 hr 

Me 4+ 3+ 1+-

48 hr C 4+ 3+ 1+ 48 hr 

14-C 4+ 3+ 1+ - - - - - - -

In view of these results, paromomycin was used at concentrations up to 2.5 ug/ml and 

clarithromycin and 14-OH clarithromycin were tested up to concentrations of 625 ng/ml. 

To test the effect of these drugs against Q. parvum. Caco-2 cells were infected with 

£. parvum sporozoites. Forty eight hours post infection, the cells were treated with different 

dilutions and combinations of the drug. Paromomycin was tested at 2.5, 0.5 or 0.25 mg/ml, 

clarithromycin and 14-OH clarithromycin were tested at 6.25, 1.56 or 0.78 ng/ml. 

Combinations of paromomycin at 2.5 mg/ml and clarithromycin or 14-OH C at 6.25,1.56 

or 0.78 ^ig/ml were also tested. At 72 hrs post treatment the cells were fixed and Giemsa 

stained. 
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NO-TP1 P2 P3 C1 C2 C3 H1 H2 H3 

FIGURE 20. Neutralization assay. Infected cells were treated with different dilutions of A: 

paromomycin (P), clarithromycin (C), and 14-OH clarithromycin (H). B; Paromomycin in 

combination with clarithromycin (C) or 14-OH clarithromycin (H). Non treated cells were 

used as controls (NO-T). 

A significant reduction of parasite infections, compared to controls, were observed 

in all groups treated with paromomycin, clarithromycin and 124-OH clarithromycin. From 

the cells receiving 14-OH clarithromycin or clarithromycin alone, those receiving 6.25 ug/ml 

showed significant parasite reductions. Cells treated with combinations of P(2.5 mg/ml) + 

14-OH (6.25 |i.g/ml) were significantly less infected (P=0.058) than any of the other groups. 
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The second least infected group was the one treated with P(2.5mg/ml) + C(6.25 |ig/ml) 

(P=0.025). 

MEROZOITE PRODUCTION 

In vitro production 

The cultivation of Cryptosporidium in mass quantities presented several difBculties. 

Ineffective methods tested included: Growing parasites in flasks containing Caco-2 cell 

monolayers; however it was difficult to recover the liberated sporozoites. Attempts at using 

a Bioreactor presented various limitations; chief among them included the amount of media 

(3.5 It.) and the amount of serum (350 ml). Limitations were also noted in the infection 

strategies: volume of inoculum containing sporozoites and collection of merozoites in a fast 

and efficient way. A Celligen bioreactor using Cytodex 3 beads was used in this setting. 

Successfiil merozoite production: A collagen knitted Dacron tube proved to be most 

appropriate. The high internal surface area and small amoimt of media required (10-50 ml) 

were considered. Cells could be grown in this system for longer periods of time since the 

cells could feed from the media outside the tubing. Cells in the tubing could be grown in a 

regular 10% CO2 incubator and permitted easy access to recover the content of the tubing. 

The inside of the tube was inoculated with Caco-2 cells. Scanning electron microscopy was 

performed to examine the inner surface of the tubing (fig 18). Cell growth was observed after 

20 days post inoculation (fig 19) and confluency was achieved 30 days post infection (fig 

20). DE-52 purified sporozoites were used to infect the Caco-2 cell monolayer. 



FIGURE 21. Diagram of Dacron tube for in vitro cultivation. 

FIGURE 22. Scanning electron microscopy of the internal surface of the Dacron graft. 



FIGURE 23. Scanning electron microscopy of the internal surface of the collagen coated 

Dacron graft 20 days post inoculation with Caco-2 cells. 

FIGURE 24. Scanning electron microscopy of the internal surface of the collagen coated 

Dacron graft in which confluency of Caco-2 cells was accomplished. 
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FIGURE 25. Merozoite recovery from in vitro cultivation. 

16 21 25 29 33 37 41 45 49 

• XLOOO 

In vivo production 

Infected mice were sacrificed 45 hrs. P.I., intestines removed and merozoites 

extracted. The recovery rate was at best 10 x more than the inoculum and the purity of the 

recovered merozoites was not always the same but acceptable levels were achieved. 

FIGURE 26. Section of the small intestine from an infected mouse. 
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FIGURE 11. Transmission electron micrograph of a small intestine from an infected mouse. 

t 

Ifim 

FIGURE 28. Purified merozoites collected 45 brs. PI from infected mice. N=nucleus, 

A=apical complex, DG=dense granules. 
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Production and collection of merozoites from infected mice was achieved, but the 

variability in the procedure presented significant problems. One of the biggest difficulties 

noted was if high levels of mucus was present; the purification procedure would be longer 

and the number of collected merozoites smaller. Attempts at treating the preparations with 

mucolytic agents were also evaluated, but they proved to be highly toxic to the merozoites. 

An additional modification to the process was achieved by using E-MEM instead of HBSS 

buffer. The first media was not adverse to merozoites and once purified the merozoites could 

be directly used for inoculation into cell cultures without the need to wash and change 

buffers. 

The use of a small system, by using microcentrifuge tubes,permitted for a faster 

purification process by reducing the time of centrifugation. This translated into healthier 

purified merozoites. The quality and quantity of this procedure was confirmed by phase 

contrast and transmission electron microscopy. 
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DISCUSSION 

Isolate variation 

The issue of isolate variation in panmm has been questioned by investigators for 

the past several years. Whether differences between isolates may be associated with host 

conditions or to parasite preference for specific hosts is not know. Indeed, zoonotic 

epidemics have contributed to isolate variation. In addition, there is the question of the 

association of geographical isolates with disease and if isolate differences are large enough 

then is it reasonable to consider such isolates as potentially new species?. 

Studies evaluating the severity of infection, chromosome size and number, 2-D gel 

electrophoresis, antigen recognition by infected individuals, PGR and isoenzyme analysis 

have been used to address this problem. Individual researchers have examined a few 

isolates, usually expanded in their own laboratories, but no complete follow up of any single 

isolate has been made, making it difficult to associate specific characteristics with strains or 

isolates of this coccidia. 

In this study an attempt was made to fully characterize five and in some cases six 

different Crvptosporidiimi isolates. Differences in surface antigens expressed on the surface 

of oocysts as well as sporozoites were not observed when all six isolates were evaluated 

with various monoclonal antibodies generated to the Iowa isolate. Protein analysis by SDS-

PAGE showed uniformity between the six isolates. This infonnation corroborates the 

findings from other investigators (Uhl et al, 1992). Two dimensional gel electrophoresis 

presented some minor differences, but they could not be correlated to host differences (Mead 
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et al., 1988,1990). Western blot analysis using acute human or hyperimmune chicken sera 

did not show marked differences between the isolates. The recognition of the same proteins 

in all isolates does not necessarily imply that they have the same mechanisms of 

pathogenesis. For example, toxins may be present but not active in all isolates. Isolation and 

characterization of specific enzymes and proteins involved in cell invasion may be 

important in defining differences between them (Awad-el-Kariem et al., 1994). 

Proteins involved in the basic structure of the parasite may be also important in 

resolution of infection. Passage of molecules through the double membrane of the parasitic 

vacuole will be important for the protection of the parasite against drugs or lysosomal 

products of the host cell. The feeding organelle may also play an important role in 

discriminating the type and kind of elements going inside the parasitic vacuoles. None of 

these factors have been evaluated, and if these make some isolates more resistant than others 

to survive in the host. 

Discrete and noticeable genetic differences were noted between human isolates from 

different origins and different geographical locations when examined by restriction 

fragment length polymorphism analysis. A limitation of this procedure is the need for large 

numbers of purified oocysts, which in some cases, will not be feasible to coUect. Random 

amplified polymorphic DNA was also attempted. Differences were also observed between 

isolates, but could not be separated by host or geographical location. The use of RAPDs 

may be beneficial, but since the primers are generic, purified oocysts are still required to 

avoid amplification of contaminants. 
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Most of the studies relevant to parasite pathogenesis, antigenic composition and 

molecular biology have been restricted to specific isolates. There have been limited efforts 

to reproduce or define the presence of specific genes or proteins in most isolates, or to 

determine if there are virulence factors that may be expressed by some isolates. 

In conclusion, noticeable and discrete differences were noted between human and 

animal Crvptosporidiimi isolates. It remains to be determined if isolate variation is a factor 

which could influence the severity of disease in humans and animals. The specificity of a 

diagnostic tool is extremely important especially when it comes to diagnosing envirormiental 

samples. Future investigations based on the use of specific primers for PGR and RFLP may 

permit the epidemiological tracking of Cryptosporidium parvum infections. The use of in 

vitro cultivation may provide information about the infectious dose of Cryptosporidium 

without the host variability and if there is in fact isolate variation. 

In vitro cultivation 

Cryptosporidium parvum has proven difScult to study because of the effort and time 

required to amplify the infection in an experimental animal host and the labor intensive effort 

required to purify the oocysts collected (arrowood and Sterling, 1981). Cryptosporidium. 

like most coccidians, requires an animal host in which to replicate. This is achieved by a 

massive asexual multiplication followed by the formation of sexual stages which through 

fertili2ation produce infective oocysts. The maintenance of the isolates used in this study 

required animal isolation to prevent cross contamination between isolates and a large scale 
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purification process. 

Some of the limitations referred to above, which would permit a better 

understanding of the pathogenic characteristics among different isolates, may be studied 

using in vitro cultivation techniques. This permits use of a controlled environment to 

evaluate specific and individual characteristics of the parasite, and at the same time reduces 

host variability. 

The Iowa isolate was used in this study to enhance parasite growth in vitro. Several 

cells lines have been used previously to attempt to cultivate Crvptosporidum in vitro (Khuls 

et al, 1991; Flanningan et al., 1991; Rassmussen et al., 1993; Rosales et al., 1993; Aji et al., 

1991; Datry et al., 1989; Buraud et al., 1991; Gut et al., 1991; Upton et al., 1994; Wiest et 

al., 1993 ). The Caco-2 cell line originated firom a primary human colon carcinoma. Caco-2 

cells differentiate expontaneously with time, polarize, and develop microvilli on the cell 

surface as observed in intestinal tissue. In addition, the concentration of several enzymes 

change during differentiation, resembling those of the small intestine (Pinto et al., 1983). 

Caco-2 cells are easy to maintain and after differentiation occurs can be maintained on the 

same growing surface for prolonged periods of time. In vitro cultivation accompanied by 

high infection rates in Caco-2 cells was achieved in the present study. The optimal cell 

culture infection dose was 1 x 10^ chromatography purified sporozoites. Optimization of 

infectivity was achieved by using freshly excysted sporozoites. Trypsin was not used to 

enhance excystation as recommended by some since it might affect the cell surface of the 

parasite and the initial process of Caco-2 cell invasion. No differences in excystation levels 
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were observed \^dien using excystation media with sodium taurocholate and with or without 

trypsin, Sporozoites were chosen to infect cells because when oocysts were added to the cell 

monolayers some would attach to the cells giving the false impression that they were 

parasitic vacuoles when observed by light microscopy. In addition, when oocysts were used 

as an infective inoculum they could not be completely removed from the cell monolayer. 

As with many other coccidia, Cryptosporidium does not seem to be able to complete 

the sexual cycle in vitro. Whether this is related to the lack of specific factors and nutrients 

required or whether it is a physical problem is xmknown. We have observed clustering of 

infection in cell cultures. If low numbers of microgametocytes are produced and are not 

being transported further as it would happen in vivo by peristaltic movement, the chances 

of finding a macrogametocyte and fertilization are poor. 

Because of the high infectivity rates achieved, two goals were pursued: mass 

production of merozoites and evaluation of select anti-Crvptosporidium therapeutic agents. 

The in vitro method for evaluation of conventional drugs or alternative immunotherapy 

proved efficient. The determination of parasite reduction could easily be compared using 

non treated cells. The aminoglycoside paromomycin, clarithromycin and 14-OH 

clarithromycin were evaluated alone or in combination. 14-OH clarithromycin is a 

derivative of clarithromycin produced in humans but not murine animal models when 

clarithromycin is ingested. A reduction of infection, as confirmed in animal, was seen using 

clarithromycin and 14-OH-clarithromycin models (Cama et al, 1994). It should be kept in 

mind that drugs can be processed in the host and the active compounds may not necessarily 
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be the same as the origmal drug. The derivatives are the ones that should be evaluated in the 

in vitro system since the cell culture per se will not generate these by-products and it will 

not occur in some animal species. 

Non conventional therapeutic methods also were evaluated. Hyperimmune colostrum 

and hyperimmune yolks as immunotherapeutic modalities of treatment and/or prophylaxis 

were successfully evaluated using the in vitro cultivation system. A reduction of parasite 

load in infected cells after treatment suggested that hyperimmune colostrum reduces 

reinfection of cells and that hyperimmune yolk proved to be even more effective than 

colostrum at higher dilutions. This information coincides to parasitosis reduction in animal 

models (Ungar et al., 1990; Doyle et al., 1993; Arrowood et al., 1989; Payer et al., 1989; 

Waltz et al., 1993; Naciri et al., 1994). Monoclonal antibodies have also been evaluated 

using this in vitro system (data not presented). Some monoclonal antibodies demonstrated 

neutralizing activities. Whether monoclonal antibodies will remain active after exposure of 

low pH of the stomach carmot be determined in the in vitro system. On the other hand, 

hyperimmune colostrum and hyperimmune yolk have been demonstrated to tolerate 

stringent conditions and remain active after passage through the gut of adult hosts. 

These experiments qualify in vitro cultivation as a technique that could be used for 

dmg testing before going to animal trials. In vitro cultivation also could be used to study the 

biology of Cryptosporidium since the development of the gametocyte stage can be achieved. 

The mechanisms of cellular invasion also can be analyzed. By using this technique, it will 

also be possible to define potential drug resistance problems which may arise. 



82 

The merozoite stage plays a crucial role in the life cycle of this parasite since it is the 

asexual stage that multiplies extensively and is responsible for maintaining the infection, 

particularly in AIDS patients. This life stage, therefore, is a logical target for dislodgment 

of the infection. Very little is known about the biology and biochemical characteristics of 

this stage, largely because of the difficvilty in purifying them and the necessity of using an 

animal model for their isolation. The variability of different animal hosts made it extremely 

difficult to consistently produce highly purified merozoites from animal sources (Regan et 

al., 1991; Hill et al., 1991). In addition, because of the nature of the merozoite, they do not 

tolerate mucolytic agents. This translated into increased time and sample manipulation 

during purification. By using an in vitro model for merozoite production, the animal host 

variable disappears. The study of shared as well as stage specific antigens can be facilitated 

by the mass production of merozoites and possibly other life cycle st^es. The use of vessels 

and micro carrier beads was not effective because of the large amount of media and fetal 

bovine serum required. A goal for the future is try to cultivate the complete the life cycle in 

vitro. This will permit the study of other life cycle stages responsible for the continuation of 

the life cycle. If obtained, different isolates could be maintained in the laboratory, thus 

potentially reducing the need for the large number of animals which currently are required 

for most Q. parvum studies. Experience in cultivating £» parvum. will assist us in attempting 

to cultivate other coccidian parasites. 

The Dacron vascular tubing procedure, as used in this study, does not have 

limitations with regarding to media, but because of the tubing composition it is difficult to 
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observe cell confluency before attempted infections. Because of the system's permeability, 

cells can grow to confluency without metabolite toxicity. The use of the tubing system 

mimics a piece of intestine and the internal diameter permits parasites to multiply and 

disseminate easily rather than focally as observed in coverslip cultures. The process of 

adjacent cell infection is assisted by the flow of medium through the tubing. In addition, the 

cells are strongly attached to the collagen matrix and because of the disposition of the 

Dacron fibers, the cells tolerate media flow without cell loss, making merozoite collection 

easier. In addition, if cultures are kept for longer periods of time, there may be higher 

probability of obtaining oocysts from in vitro cultivation, by permitting the translocation of 

microgametocytes to find macrogametocytes to fertilize. This hypothesis could be evaluated 

using this tubing system. 

Colostrum as well as hyperimmune yolk target parasites that are exposed and out of 

the parasitic vacuole. This is especially important with the merozoites of various isolates and 

if they share the relevant epitopes on the surface of the parasites to neutralize infection or 

block cell receptors for invasion. Little is known about the sexual stages. Some antigens are 

shared between all the life cycle stages, but the relevance of breaking the asexual cycle vs 

the sexual cycle is unknown. 

In conclusion, discrete and noticeable variations were noted between isolates. It still 

remains to be determined if Cryptosporidium parvum isolates are all the same or if there 

are basis to classify them in different species or groups. In addition, Crvptosporidium 

parvum can be grown in vitro in large numbers (70-100% infection rates). This system can 
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be used to study the biology of the parasite, such as the asexual cycle, as well as attempting 

the production of the sexual cycle of the parasite in vitro. The mechanisms of pathogenesis 

of Cryptosporidium could be evaluated in this system as well as to evaluate potential drugs 

and derivatives s^ainst the parasite. Mass production of different life cycle stages will help 

better understand this parasite, will hopefuUy permit studies aimed at finding alternatives 

for treatment. 
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