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ABSTRACT 

Immunohistochemical analysis of intestinal tissue from infected and 

uninfected neonatal mice was performed to determine immune responsiveness to 

Cryptosporidium parvum at the gut level. Infected mice showed a significant increase 

in T cell (T helperrr cytotoxic/suppressor) populations (p< 0.001), macrophages (p< 

0.001), IL-2R positive cells (p< 0.001 at 16 days PI), and IgA positive cells (p< 0.001 

at 16 days Pi) compared to coniroi (uniniected) animais. No differences between the 

two groups of animals existed for B cell populations of the IgG (p= 0.264) and IgM 

(p= 0.646) isotype. Cellular immunity seems to be primarily responsible for 

clearing cryptosporidial infection from infected animals. Humoral immunity 

mediated by B cells of the IgA isotype could be a secondary (delayed) factor which 

aids in the recovery of the animal. 

Neonatal mice were also infected with C. parvum to describe the susceptibility 

dynamics in this animal model. Percent infectivity of the animals (infected at 

various days of age beginning on day 4 and ending at day 18) began to decrease at 

10 days of age (33% infectivity). Infectivity percentages varied up until 14 days of 

age and older when all of the animals inoculated were refractory to infection. Why 

this refractiveness to infection occurs as the animals age is still unknown. In 

another study neonatal mice infected at 4 days of age continued to be positive for 

parasites up until 25 days of age (21 days PI). Percent infectivity began to vary at 

20 days of age (16 days PI) which meant that only a certain percentage of the mice 
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tested at that time point were positive for C. parvum. Prior to 20 days of age (16 

days PI) 100% of the animals tested were infected. 

Proliferative responses of spleen cells from infected and control mice to C. 

parvum antigen were measured. Spleen cells from infected animals responsed to C. 

parvum antigen in vitro (stimulation index (SI) = 14.52 (infected mouse #1); 14.23 

(infected mouse #2» whereas cells from uninfected mice did not (SI = 1.12 (control 

mouse #i); 1.07 (controi mouse #2». Tne spieen seems to he one organ invoived 

in the immune circuitry responsible for clearance of cryptosporidiosis in neonatal 

mice. 
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INTRODUCTION 

Cryptosporidium, a coccidian protozoan, commonly causes a self-limiting 

gastroenteritis in humans and animals (Nime et aI., 1976; Polenz et al., 1978). 

Among immunocompetent individuals, children seem to develop a more severe illness 

which can become serious due to severe dehydration (Carter and Anzimlt, 1986). 

Tne increasing incidence and severity of infection occurring in mainourisiled ciliidren 

in developing countries is of great concern (Mata, 1986; Perez et aI., 1985). As an 

opportunistic pathogen, Cryptosporidium also causes chronic diarrheal illness in 

patients with Acquired Immunodeficiency Syndrome (AIDS) (MMWR, 1982) and 

other immunodeficiencies. Cryptosporidium is not only confined to the intestinal tract 

since respiratory infections attributed to this parasite have been documented in both 

humans and birds (Brady et al., 1984, Hoerr et aI., 1978). Unfortunately effective 

chemotherapeutic agents for eliminating this parasite from infected humans or 

animals currently do not exist (Tzipori et al., 1988). It appears evident, therefore, 

that other therapeutic modalities, such as immunotherapy, might provide the key to 

curing cryptosporidial infections. Considering the increase in the incidence of 

cryptosporidial infection in humans and the fact that at least 5 million people die 

annually from a variety of gastrointestinal illnesses (Holmgren, 1981), it is 

imperative that further studies be undertaken to better define the host-parasite 

relationship during the course of cryptosporidial infections. 
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Taxonomy 

Cryptosporidium was first described by Tyzzer in the peptic glands of the 

common mouse (Tyzzer, 1907). Coccidia of the genus Cryptosporidium are classified 

in the phylum Apicomplexa and assigned to the family Cryptosporidiidae, suborder 

Eimeriorina, order Eucoccidiorida, subclass Coccidiasina, and class Sporozoasida 

(Levine, 1985). Human infectivity with oocysts from various animal species 

emphasizes the zoonotic potentiai of this organism (Fayer and Ungar, 1986). 

Recent studies have confirmed the existence of six valid species, C. muris and 

C. parvum infecting mammals, C. meleagridis infecting turkeys, C. baileyi infecting 

birds, C. serpentis infecting snakes, and C. nasorum infecting fish (Fayer and Ungar, 

1986; Fayer et al., 1990a). Tzipori, in his latest review, feels that further studies are 

needed to actually validate any of the species and therefore still believes that 

Cryptosporidium is a single-species genus (Tzipori, 1988). Evidence to support at 

least a two species genus comes from field inversion gel electrophoresis analysis of 

the DNA from specific isolates of C. parvum and one isolate of C. baileyi. No 

distinguishable differences were noticed between five C. parvum isolates but there was 

a difference between these isolates and the C. baileyi isolate (Mead et aI., 1988). The 

five isolates of C. parvum were further analyzed for differences that might exist 

within a species using two-dimensional gel electrophoresis. There were noticeable 

differences in the isoelectric points of an individual protein (160 kd) in three out of 

the four isolates. One additional isolate (Mexico) contained a family of 40 kd 
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proteins that was absent from any of the other isolates. This isolate was also 

missing the 160 kd protein evident in the four other isolates (Mead et al., 1990). It 

is evident from this research that intra-species differences do exist on an antigenic 

level which might relate to differences in infection dynamics. Differences do seem 

to exist between the species C. muris and C. parvum in that only the latter colonizes 

the intestinal mucosa and is known to produce severe diarrhea in mammals. C. 

muris on ine oiner nand commoniy iniects tne gastric giands oi mice and the 

abomasum of cows. In addition, the size of the oocysts and sporozoites of C. muris 

are considerably larger than those of C. parvum (Current, 1986). 

Pathophysiology 

Cryptosporidium parasitizes the brush border epithelial cell surface of the 

small intestine. As previously mentioned, respiratory infections in humans and 

animals also have been documented (Brady et al., 1984; Hoerr et aI., 1978). Liebler 

et ai. have also established intrauterine infections in adult BALB/c mice (Liebler et 

al., 1986). 

The location of the parasite is unique because life cycle stages are 

intracellular but extracytoplasmic (Casemore et aI., 1987). Once attached to the 

epithelial cells of the small intestine, a parasitophorous membrane of host cell origin 

envelops the parasite (Perrone et al., 1983; Current and Reese, 1986). After 

formation of the membrane, the parasite plasma membrane produces a series of 
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folds, which ultimately form the "feeder" organelle which the parasite uses to obtain 

nutrients from the host cell (Tzipori, 1983). After formation of the feeder organelle, 

the host cytoplasmic membrane disintegrates. In immunocompetent individuals, the 

jejunum and ileum are most heavily colonized during infections, whereas in 

immunocompromised individuals the parasite can colonize a wide variety of areas 

extending from the pharynx all the way down to the rectum (Casemore, 1985; Ma, 

1987). Regardiess of the patients immunoiogicai status, partiai to moderate viiius 

atrophy occurs along with infiltration of mononuclear cells into the lamina propria 

(Navin and Juranek 1984; Weisburger et al., 1979). An enterotoxin like activity of 

the parasite has been proposed to be responsible for the diarrhea and electrolyte 

secretion which results from infection (Garza et al.,1986). Significant decreases in 

two brush border enzymes, lactase and alkaline phosphatase, have been observed in 

rnu/rnu (athymic) rats (Gardner et al., 1991). 

Life Cycle 

The life cycle of Cryptosporidium begins with the ingestion of oocysts 

containing sporozoites. The oocysts excyst in the gastrointestinal tract releasing 

infective sporozoites which invade enterocytes. These sporozoites, like the other 

stages of the life cycle, become intracellular but remain extracytopiasmic in a 

structure called the parasitophorous vacuole. The life cycle stages of Cryptosporidium 

remain on the surface of the epithelial cells which differentiates this genus from 
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other coccidia. For example, Eimeria spp. and Isospora spp. have comparable life 

cycle stages that actually develop deep within the perinuclear area of the host cell 

(Current and Bick, 1989). Next, the sporozoites develop into trophozoites which are 

ovoid in shape. The trophozoite matures and undergoes merogony (asexual 

multiplication) developing into a type I meront. Through the process of 

ectomerogamy or external budding, the type I meronts produce six to eight type I 

merozoites. Each merozoiie has the abiiiiy to invade surrounding epitheiiai ceiis and 

develop into type II meronts or cycle back and develop into type I meronts. Type II 

meronts produce four merozoites which also invade adjacent epithelial cells and at 

this time undergo a process of sexual multiplication (gamogony) resulting in the 

formation of micro (male) or macro (female) gametocytes. The microgametocyte 

then produces 16 microgametes which are sperm-like structures that fertilize the 

macrogamonts. After fertilization has occurred, a diploid oocyst is formed. The 

ensuing process called sporogony results in the formation of four sporo:loites within 

an oocyst (Fayer and Ungar, 1986; Current, 1984). 

Two types of fully sporulated oocysts, thick and thin walled, are formed within 

the gastrointestinal tract. The former, comprising 80% of the oocyst population, is 

passed in the feces, while the latter excyst in the lumen of the intestine and initiates 

an autoinfective cycle (Current, 1984; Fayer and Ungar, 1986). Oocysts of Eimeria 

spp. and Isospora spp. are different from that of Cryptosporidium due to the fact that 

they must first be released from the host for sporulation to occur. This is facilitated 
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by the presence of oxygen and an ambient outside temperature (Current and Bick, 

1989). 

Transmission 

Transmission of Cryptosporidium is accomplished through the release of thick 

walled oocysts in the environment via the feces of an infected host. Ingested oocysts 

excyst within the intestine of the new host, reieasing infective sporozoites. 

Transmission of this parasite may occur from person to person, human to animal, 

and animal to human (Crawford and Vermund, 1988). Person to person 

transmission has been well documented in day care centers (Pickering et al., 1986; 

Crawford and Vermund, 1987; Heijbel et aI., 1987; Alpert et al., 1984; MMWR, 1984; 

Hjelt et aI., 1987). One incident in a day care center resulted in the infection of 43% 

of the children attending. Fourteen percent of the household contacts of these 

children also became infected (Alpert et aI., 1986). Cases of humans becoming 

infected through contact with animals has also been documented (Anderson et ai., 

1982; Current et al., 1983). Surface waters have been shown to contain 

Cryptosporidium oocysts which could indicate possible transmission from the 

environment to humans and/or animals (Madore et al., 1987). Documented 

waterborne transmission to humans has occurred (D'Antonio and Winn, 1985; Hayes 

et al., 1989). 
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Epidemiology 

Cryptosporidium is known to produce diarrheal infection in many animal 

species including calves (Anderson and Bulgin, 1981), goats (Tzipori et al., 1982), 

pigs (Links, 1982; Moon et aI., 1982), lambs (Angus et al., 1982; Tzipori et al., 1981) 

foals (Gibson and Hill, 1983; Gajadhar et al., 1985) and poultry (Itakura et aI., 

1984). Infections have also been documented in companion and wild animals (Iseki, 

19;9; Sisk ei ai., 1984; Current, 1986). Generally, younger animals (1.3 weeks of 

age) become infected and experience a mild to severe diarrhea resulting in morbidity 

with relatively little mortality (Current, 1984). 

Cryptosporidiosis causing diarrheal illness in animals was first described in 

calves (Panciera et aI., 1971). Infection in calves seems to be highly prevalent, with 

infection occurring in up to 1000/0 of the newborn calves during the first three weeks 

of life (Anderson et al., 1982; Pohlenz et al., 1978). Infected calves show symptoms 

of nonspecific watery diarrhea with clinical illness subsiding in about three weeks 

(Anderson et aI., 1981). Mortality can occur in calves infected with Cryptosporidium 

(Current, 1986). Calves that recover from experimental infection are immune to a 

second challenge (Heine et al., 1984). 

As with other intestinal coccidia, ie. Eimeria spp. (Nash and Speer, 1988), 

rodents have been used as animal models to study cryptosporidial infections. 

Because strain dependent differences in murine susceptibility to coccidia in the genus 

Eimeria has been noted (Klesius and Hinds, 1979), a variety of mouse strains were 
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tested for their susceptibility to Cryptosporidium. Six inbred and two random bred 

strains of mice have been infected, but infectivity was shown to be age related. 

Heavy infection was established in mice 1-4 days of age, but only transient infections 

were established in mice that were 21 days of age (Sherwood et al., 1982). Age 

related susceptibility to Cryptosporidium has been shown to occur in other animals 

(Heine and Boch, 1981). 

Tne first case oi human cryptosporidiosis was reported in a six year oid 

patient with diarrhea (Nime et al., 1976). Relatively few human cases were 

documented after that until 1982 and the appearance of AIDS (Navin et al., 1984). 

Cryptosporidium infection in individuals that have AIDS is of grave concern since it 

usually results in high morbidity and mortality (Current, 1986; Guarda et al., 1983). 

Other individuals that are immunocompromised, such as those with 

hypogammaglobulinemia and patients on immunosuppressive therapy, have also 

developed serious life threatening infections with Cryptosporidium (Lasser et aI., 1979; 

Meisel et al., 1976; Weisburger et aI., 1979). The development of a cholera-like 

illness best describes the characteristics of infection in these patients (Current et al., 

1983). Fluid loss up to 17 liters per day has been reported in some individuals with 

AIDS (Centers for Disease Control, 1982). 

Cryptosporidium infections in immunocompetent individuals, including both 

children and adults, have been well documented (Casemore, 1987; Isaacs et aI., 1985; 

Wolfson et al., 1985). Health care workers, travelers to foreign countries, children 
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in day care centers, and their household contacts are groups of individuals that have 

been diagnosed with cryptosporidiosis (Baxby et aI., 1983; Sterling et aI., 1986; Alpert 

et al., 1986). 

Symptoms in immunocompetent individuals include mild to severe diarrhea 

which can last from several days to more than one month (Koch et al., 1985; Navin 

and Juranek, 1984). Other common symptoms include vomiting, diarrhea, anorexia, 

dehydration, and weight ioss (Tzipori, 19(8). According to the Centers for Disease 

Control, the incubation period for cryptosporidial infections can range from 2 to 10 

days (Crawford and Vermund, 1988). Oocysts usually are shed in the feces for 9·12 

days following infection, but have been detected for up to 8 weeks in children and 

even longer in immunodeficient individuals (Reese et al., 1982; Stehr et aI., 1987; 

Current et al., 1983) .. Cryptosporidium infection is not confined to any geographical 

location. Cryptosporidial infections have been reported in virtually every developed 

and underdeveloped country (Marshall et al., 1987; Mann et al., 1986; Carter and 

Anzimit, 1986; Macfarlane and Horner 1987; Ungar et aI., 1987; Gomez et al., 1956; 

Bogaerts et al., 1984; Roberts et al., 1987). Recent epidemiological studies show that 

the prevalence of infection with Cryptosporidium in individuals showing clinical signs 

of diarrhea ranges from 2.2% in industrialized countries to 8.5% in developing 

countries (Crawford and Vermund, 1988). 
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Diagnosis 

Routine diagnosis of cryptosporidial infection is based on the positive 

identification of oocysts in fecal smears. There are a wide range of techniques used 

to stain oocysts including geimsa, modified acid fast, auramine-rhodamine, DMSO 

(dimethyl sulphoxide), and Kinyouns acid fast stain (Pohienz et al., 1978; Garcia et 

al., 1983; Ma, 1986; Pohjola et al., 1985; Ma and Soave, 1983; Henriksen and 

Pohienz, 1981). Oocysts can also be concentrated in feces using Sheather's sugar 

flotation and subsequent examination by phase contrast microscopy for positive 

identification (Reese et al., 1982). A more sensitive and specific method has been 

developed to identify the small number of cryptosporidial oocysts which may be 

present in a given fecal sample. A monoclonal antibody specific to the 

cryptosporidial oocyst wall has been developed and when conjugated to fluorescein 

isothiocyanate (FITC) proves to be more sensitive than any of the above mentioned 

techniques at directly identifying parasites in laboratory specimens (Sterling and 

Arrowood, 1986; Arrowood and Sterling, 1989). This monoclonal antibody does not 

cross react with other parasites and yeasts which are often comparable in size to the 

Cryptosporidium oocyst (Garcia et aI., 1987). 

Crvptosporidial Development in vitro 

Obtaining large numbers of oocysts is important for laboratories working with 

the parasite, and, theoretically, complete development in vitro would accomplish this 
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objective. Current and Haynes were able to show complete development of a human 

isolate of Cryptosporidium in cell culture. Human fetal lung (HFL), primary chicken 

kidney (PCK), and porcine kidney (PK-10) cells supported the growth of 

Cryptosporidium. Oocysts collected from HFL cell culture were also found to be 

infective for suckling mice (Current and Haynes, 1984). Development of human and 

calf isolates of Cryptosporidium in the endodermal cells of the chorioallantoic 

membrane of chicken embryos has also been demonstrated (Current and Long, 

1983). The complete development of Cryptosporidium in human colon cancer cells 

(CAC02) has been obtained. Several chemotherapeutic agents were tested with this 

system to evaluate their effect on cultured Cryptosporidium (Datry et al., 1989). To 

date though, none of these methods have proven useful for generating large numbers 

of oocysts in vitro and in many instances the cultivation techniques could not be 

duplicated elsewhere. 

Immunology 

Many aspects of humoral and cellular immunity occurring in response to 

cryptosporidial infection have not yet been defined. Because Cryptosporidium has 

been implicated in infant morbidity and mortality in many countries and found to 

be a common enteric parasite of AIDS patients (Crawford and Vermund, 1988), it 

has become extremely important to ascertain what role the immune system plays 

during infection. Clinical evidence supports the fact that both an intact humoral 
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and cellular immune response are needed to clear infection in humans. Both T and 

B cell deficient individuals can become chronically infected with Cryptosporidium, as 

seen in AIDS patients and patients with hypogammaglobulinemia (Crawford and 

Vermund, 1988; Lasser et al., 1979). 

Immunology.Serologic Studies 

Both igM and igG antibody nave heen detected in the senmi of 

immunocompetent and immunocompromised individuals using an ELISA technique. 

Patients that were presumably immunocompetent displayed an early elevation and 

fall of IgM with a later rise in IgG. Those patients with AIDS all produced IgG 

antibody but only a few had increased levels of IgM (Ungar et al., 1986). Elevated 

IgE and IgA antibody levels in human sera have also been detected in response to 

Cryptosporidium infection (Casemore, 1987). 

Electrophoretic and western blot studies have shown that antibodies produced 

during cryptosporidial infection in humans react with a 20·23 kDa antigen on the 

surface of sporozoites (Mead et al., 1988; Ungar and Nash, 1986). Human sera 

reacted to this antigen from 10 days up until one year post infection (PI). Sera 

collected from infected calves and horses also were shown to recognize the same 

antigen (Mead et aI., 1988). Anti.cryptosporidial antibodies have also been detected 

in blood samples collected from the umbilical cords of mothers in Peru. This 

establishes the strong possibility of maternal passive transfer of antibody which 
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could aid the newborn in decreasing the severity of possible infection with 

Cryptosporidium (Ungar et al., 1987). More recently, an immunodominant 11 kDa 

antigen was detected using sera from calves infected with C. parvum (Whitmire and 

Harp, 1991). 

Passive transfer of immunoglobulin through colostrum seems to be important 

in protecting infants from cryptosporidial infections (Mata, 1986; Guderian et aI., 

198G). Both IgM and IgG antibodies have been deiecied in ihe breasi raiik of a 

woman recovering from cryptosporidial infection (Hojlyng et at, 1987). These 

maternal antibodies could provide children partial protection from severe infections 

with Cryptosporidium during the first few months after birth (Crawford and Vermund, 

1988). Recent animal studies have shown that colostrum from mice that were 

previously infected with Cryptosporidium failed to protect neonatal mice from 

infection (Arrowood et al., 1989; Moon et al., 1988). 

Immunity-Cell Mediated 

Studies at the ultrastructural level have shown Cryptosporidium within the M 

cells overlaying the Peyer's patches in the small intestines of guinea pigs. M cells 

overlay Peyer's patches and function in the uptake and intracellular transportation 

of antigen from the lumen to lymphocytes below. M cells were found in 

juxtaposition to macrophages that were associated with intact and partially digested 

parasites (Marcial and Madara, 1986). This observation could imply presentation 
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of parasitic antigen by M cells to the underlying lymphoid cells in the Peyer's patch. 

Infection of neonatal (6 day old) nude (nu/nu) BALB/c mice resulted in 

persistent cryptosporidiosis lasting until the end of the study (day 56 PI) or death 

of the animal. Nude mice infected at 42 days of age were considerably more 

resistant to infection. None of the older mice developed diarrhea and only a few 

parasites were associated with the villus epithelium upon histological examination 

(Heine ei ai., 1984). lois study estabiished that ceiiuiar immune responses are 

important in clearing cryptosporidial infections. 

When neonatal BALB/c mice were depleted of their T helper (T h) cells they 

developed chronic infections as long as the anti-T h antibodies were administered. 

Animals resolved infections shortly after the antibody administration ceased. Mice 

continued to secrete oocysts longer (after antibody administration ceased) when both 

anti-Th and anti-T cytotoxic/suppressor (T/fs) antibodies were administered. 

Therefore, T/fs cells could also play an important, yet still unidentified, role in 

Cryptosporidium infected mice. This animal model suggests that an intact T h cell 

population may play an important role in preventing adult BALB/c mice from 

acquiring cryptosporidial infections (Ungar et al., 1990). 

In vitro proliferative studies have been performed using the spleens and 

mesenteric lymph nodes (MLN) of mice infected with Cryptosporidium parvum. The 

only cells that responded significantly to C. parvum antigens were the spleens from 

animals that were infected multi-orally. That no response was seen in the MLN's 
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was peculiar since the cells responding to the infection most likely would be 

trafficking from the Peyer's patch through the MLN and the spleen. Only the T cell 

mitogen Con A was tested, therefore, this would tell little about B cells that might 

be present and responding to antigen. Since anti·Cryptosporidium antibodies have 

been detected in serum (Ungar et al., 1990; Taghi.Kilani et aI., 1990) it would be safe 

to assume that these B cells secreting antibodies could be detected in an in vitro 

proliferative assay. Splceii Cells and 1'.1L!"~ Cells dcmGiistrat~d significant 

blastogenesis to the mitogen Con A, though the response seen in the spleen was 

significantly greater. No difference in response to Con A was seen in the cells from 

infected animals compared to the controls (Whitmire and Harp, 1990). Poliferative 

responses in calves infected with C. parvum also were demonstrated. The 

proliferative response noticed here continued to increase even after oocyst shedding 

had decreased (Whitmire and Harp, 1991). Delayed type hypersensitivity (DTH) 

responses have been detected in rnul + rats up to three months after challenge with 

Cryptosporidium (Gardner et at, 1991). 

Immunity.Humoral 

The humoral immune response to Cryptosporidium is less understood and 

much of the existing information makes it difficult to adequately describe the role 

antibodies play in clearing cryptosporidial infections. Various case reports have 

documented chronic cryptosporidial infections in an individual with 
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hypogammaglobulinemia and in an immunosuppressed renal transplant patient with 

19A deficiency (Lasser et al., 1979; Weisburger et al., 1979). This would indicate that 

humoral immunity might have an important role in resolving cryptosporidial 

infections. Elevated IgM and IgG antibodies in serum are being produced in 

response to Cryptosporidium infection (Ungar et al., 1986). Antibodies are also 

present in acute and convalescent serum of humans and animals that are specific for 

sporozoite antigens (Mead et al., 1988). When neonatal mice were treated with an 

anti-IgM (anti-,,) antibody and challenged with Cryptosporidium no difference was 

seen in the severity or duration of infection when compared to infections in normal 

neonates not receiving the anti-" treatment. A strong serum IgM response was 

noticed, but a significantly lower IgG and 19A response in neonates not treated with 

anti-" (Taghi-Kilani et at, 1990). Though this data might be significant, no one to 

date has described the role of humoral immunity specifically at the gut level of any 

infected host. 

Treatment 

Many studies have been performed to identitY drugs which might be effective 

in controlling or eradicating cryptosporidial infection. To date, more than 80 

therapeutic and preventive modalities have been tested in controlled animal studies 

without effect (Fayer and Ungar, 1986). Promising anti-coccidial drugs tested in 

animals were later proven ineffective in clearing cryptosporidial infections and would 
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be of limited use to humans because of their inherent toxicity (Angus et aI., 1984; 

Moon et al., 1982; Moon et al., 1984). 

Two drugs, spiramycin and somatostatin, have shown promising effects in 

controlling chronic cryptosporidial infection in AIDS patients (Portnoy et al., 1984; 

Collier et aI., 1984; Cook et al., 1988). Treatment with spiramycin resulted in 

symptomatic improvement and parasitological cures in some cases (Portnoy et al., 

1934; MI'nRVi, 19(4). Toe individuai with AIDS treated with somatosiatin did not 

respond to spiramycin treatment and only resulted in symptomatic treatment. 

Continuous administration of octreotide, a somatostatin analog, did improve 

cryptosporidiosis in one patient with hemophilia who was also suffering from AIDS 

(Katz et al., 1988). Recent blinded studies, however, have attributed little if any 

effect to use of these drugs (Wittenberg et al., 1989). Supportive treatment in most 

cases consists of fluid replacement, but when the condition becomes chronic, as in 

the immunocompromised, parenteral nutrition is recommended (Current et al., 1983; 

Modigliani et aI., 1985). 

Other treatments that function in augmenting cellular immune response, such 

as recombinant Interleukin-2, are currently under evaluation (Ma, 1987). Another 

immunotherapeutic agent, bovine transfer factor, was evaluated in a man with 

dysgammaglobulinemia Type I. Though the oocyst count in stool specimens 

decreased, treatment with bovine transfer factor (which late in the treatment also 

included spiramycin) failed to clear the cryptosporidial infection (Chng et al., 1989). 



33 

Marginal success was seen in another study where AIDS patients were treated with 

bovine transfer factor. Only one patient out of eight recovered from 

cryptosporidiosis after oral treatment. No oocysts were present in the stools of one 

additional patient even though the patient continued to have diarrhea (Louie et al., 

1987). 

Secretory antibody found in colostrum has been found to be important in 

protecting infants from Cryptosporidium infedion (Pape ei ai., i987). Tne effect of 

hyperimmunized bovine colostrum on cryptosporidial infections in AIDS patients is 

currently under study. The effect of colostrum of this type has already been tested 

in three immunocompromised patients resulting in clinical recovery in all three and 

parasitologic cure in one (Tzipori et aI., 1987). Conversely, oral administration of 

bovine colostrum containing antibodies to cryptosporidial antigens failed to alter the 

course of infection (Saxon and Weinstein, 1987). The cows used in this study were 

not hyperimmunized with Cryptosporidium. The severity of infection in neonatal 

BALB/c mice was reduced using purified immunoglobulin from colostrum obtained 

from hyperimmunized cows (Fayer et ai., 1990). 

Animal Models 

The search for an adult animal model that mimics the infection seen in adult 

humans has been a perplexing issue concerning Cryptosporidium research. Though 

many animal models have been studied, none have gained total acceptance 
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throughout the scientific community. One animal model which has been used 

extensively to study cryptosporidial infections is the neonatal mouse model (Tzipori 

et al., 1980; Campbell et al., 1982; Riggs and Perryman, 1987; Arrowood and 

Sterling; 1989; Korich et al., 1990; Arrowood et al., 1989; Fayer et al., 1990; Angus 

et al., 1984; Tzipori et al., 1982; Angus et al., 1982; Reese et al., 1982; Sherwood et 

aI., 1982; Ernest et al., 1986; Current and Reese, 1986; Fayer et al., 1989; Taghi

Kiiani et ai., 199u; Ungar et ai., 199u). As sitown oy tite extensive use oi titis moriei 

the neonatal mouse has contributed greatly to our understanding of this organism. 

It has been used to study the efficacy of chemotherapeutic agents and antibodies and 

has also been used to assay the effect of ozone on cryptosporidial oocysts as a 

disinfectant (Angus et al., 1984; Arrowood et aI., 1989; Korich et al., 1990). Infection 

dynamics of C. parvum have been studied to some extent in BALB/c mice. It was 

shown that mice develop patent infections in 4 days and, on an average, shed oocysts 

in the feces for approximately 9.3 days when given inocula of 2 X 104 oocysts (Ernest 

et at, 1986). Results obtained in our laboratory indicate an IDso of 60 oocysts 

(unpublished observations). As stated previously though, many neonatal animals 

become infected, but their adult counterparts do not. Therefore, the scientific 

community is still in search for an adult animal model which becomes infected and 

mimics infection seen in humans. To date, many of the adult animals that have 

been infected with Cryptosporidium are immunocompromised, either naturally, or 

have acquired this status due to manipulation by the researcher. 
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One immunocompromised animal model used is the specific pathogen free 

(SPF) rat that has been treated with cyclophosphamide. Chronic infections develop 

and rats continued to secrete oocysts as long as the cyclophosphamide treatment was 

continued (Rehg et al., 1987). A second model is that of rats that have been treated 

with hydrocortisone acetate and maintained on a low protein diet. These rats 

continued to secrete oocysts more than 38 days post infection (Brasseur et al., 1988). 

Chronic Cryptosporidium infections have also been established in mu/mu (athymic) 

rats (Gardner et al., 1991). 

Adult BALB/c mice fed anti-CD4 (anti-T helper (T h» antibodies and anti·CD4 

and anti-CD8 (anti-cytotoxic/suppressosr (anti-T/fs» antibodies to remove cells 

positive for these markers developed chronic infections and continued to secrete 

oocysts as long as the antibodies were administered. Chronic infections did not 

develop when only anti-CD8 antibodies were administered but infection lasted longer 

(after antibody administration ceased) in the anti-CD4/CD8 treated animals than in 

mice treated only with anti·CD4. Since AIDS patients are also low in CD4 positive 

cells because the HIV virus infects this cell population, this model could be used to 

study anti-cryptosporidial drugs that could be used in humans (Ungar et al., 1990). 

Recently, infant macaques have been infected. The resulting infection mimicked that 

seen in young children (Miller et at 1990). The only limitations of this animal 

model would be the expense, ability to acquire primates to use for biologic study, and 

the numbers of animals that might be available. Young guinea pigs were also 
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successfully infected and remained infected for up to two weeks. This is similar to 

what is seen in neonatal mice given doses of 104 organisms (personal observation). 

The difference between these two animal models is that the guinea pig develops a 

clinical infection which resembles that seen in humans. Adult guinea pigs (16 weeks 

of age) also have been infected with infection lasting one week (Crisp et al., 1990). 
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SIGNIFICANCE 

Gastrointestinal infection caused by viruses, bacteria, and parasites and 

resulting in acute or chronic diarrhea, is a major cause of morbidity and mortality 

in children in developing countries (Tzipori, 1988). A study performed by the World 

Health Organization in 18 developing countries indicates that as many as 20 deaths 

per iOOO children under one year oi age occur due to diarrheai iiiness each year 

(Black, 1985). Cryptosporidium, recently described as a human pathogen, has been 

implicated in causing some of these deaths (Tzipori, 1988). The young are not the 

only ones at risk to infection. Individuals with Acquired Immune Deficiency 

Syndrome (AIDS) also are acquiring chronic cryptosporidial infections which can 

lead to severe dehydration and death. Cryptosporidial infections are expected to 

increase in AIDS patients as the number of AIDS victims rises (Guarda et a}" 

1983). To date, there are no known chemotherapeutic agents available to cure 

cryptosporidial infections. 

immunocompromised. 

This is a severe problem, especially for the 

Research and case reports indicate that an intact cellular and humoral 

immune system is important in clearing cryptosporidial infections. Patients with 

hypogammaglobulinemia become chronically infected with Cryptosporidium indicating 

that humoral responses are very likely involved in clearing infection (Lasser et al., 

1979). T cell responses seem equally important since athymic mice and 
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immunocompromised patients, such as those with AIDS, suffer from a decrease in 

T cells and also experience chronic infections (Heine et al., 1984; Guarda et al., 

1983). To date though, very few studies have described gastrointestinal immune 

responses which may be important in controlling cryptosporidial infection. 

Induction of immunity at the gut level, as elsewhere, requires the cooperation of 

multiple functioning cell types responding to specific antigenic stimulation. 

identification of changes in specific ceil popuiations such as T ceils , macrophages, 

and the various antibody secreting cell populations at different times post infection 

would indicate how the host is responding immunologically at the gastrointestinal 

level. This information could be important in deriving ways to modulate immune 

responses to infection through the use of various interleukins and would indicate 

which arm of the immune response specific vaccine therapy should target. 

Therefore, the first aspect of this research will involve studying the development of 

immunological responsiveness as it might relate to responsiveness in young animals 

and/or humans. Because the neonatal mouse can be infected with Cryptosporidium 

and recovers naturally, they were prime candidates to study in situ immunological 

responses to this parasite. 

A second aspect of this study involves describing the infection dynamics of C. 

parvum in this neonatal mouse model. Since neonatal mice are used extensively in 

Cryptosporidium research, this information could be widely used by researchers. 

Preliminary results indicated that neonatal mice were susceptible to the infection up 
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until nine days of age. Results obtained in this study will be analyzed in relation to 

the immunohistochemical data which should give needed information concerning 

when these mice are actually becoming resistant to Cryptosporidium, when parasites 

are cleared from the gut, and most importantly which immunological cells are 

responsible for this. 

Immunohistochemical analysis at the gut level has been performed on other 

enieric parasiies such as Eimeria spp. and Giardia spp. (Nash and Speer, 1988; 

Carlson et al., 1986; Carlson et al., 1986a). These studies were performed in adult 

mice susceptible to the individual pathogens. Cryptosporidium is unique in the sense 

that the only normal mice (ie. not immunosuppressed) which can be infected are 

neonatal laboratory mice. The presence of increased numbers of cells in the gut of 

infected mice indicates that something is occurring in the tissue. To assess whether 

the response seen in the histochemical work, is proliferative, proliferation assays will 

be performed on spleen cells at days when an increased T cell response is seen with 

the histochemical data. This will support the notion that the response seen in situ 

is a proliferative one. If no proliferative response is seen in the spleen then some 

other immune circuitry could be involved in clearing the infection. In addition, a 

more detailed picture of the immune response to Cryptosporidium occurring in vitro 

could lead to the development of strategies for optimizing this response. 

Since very little is known about immune responsiveness to cyrptosporidiosis, 

it was the goal of this research to further define this responsiveness by looking at 
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specific cell populations at the gastrointestinal level involved in a normal response. 

In addition this immunohistochemical data will be compared to information 

regarding the susceptibility dynamics of the neonatal mouse. This analysis will show 

that responsiveness coincides with clearance of C. parvum from the gut of this 

animal. 

When reviewing the literature for information on the ontogeny of the immune 

response at the gastrointestinal level in mice, it became apparent that very little had 

been documented. Since this work also includes following immune cell populations 

in the gut of normal mice, needed information will be obtained regarding the 

ontogeny of gastrointestinal immunity in the mouse. 
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SPECIFIC OBJECTIVES 

This proposal will address the following specific aims: 

1. To describe the susceptibility dynamics of Cryptosporidium parvum infections in 

neonatal BALB/c mice. 

2. To characterize the gastrointestinal cellular immune responses in neonatal 

BALB/c mice infected with C. parvum using immunohistochemical techniques. 

3. To characterize the gastrointestinal humoral immune response in neonatal 

BALB/c mice infected with C. parvum using immunohistochemical techniques. 

4. To determine if infected BALB/c mice are responding specifically to C. parvum 

antigens with proliferating cell populations by performing lymphocyte proliferation 

assays using spleen cells from mice infected with the parasite. 
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MATERIALS AND METHODS 

1. Susceptibility dynamics of cryptosporidial infection in neonates. 

Mouse InfectivitylPurification of Oocvsts 

Cryptosporidium parvum oocysts used to infect mice were derived in young 

hoisiein caives. Caives were infecieci wiin H,S oocysis ai 2-5 days oi age. Feces irom 

the calves were collected and stored in 5% potassium dichromate (K2Cr207) at 4 D C. 

Feces were then sieved sequentially through stainless steel screens with a final mesh 

size of 63 I'm. 

Following collection, oocysts were purified according to methods described 

previously (Arrowood and Sterling, 1987). Briefly, two discontinuous sucrose 

gradients were prepared from Sheather's solution (320 ml H20, 500 g sucrose and 9 

ml phenol). These were admixed with 0.025 M phosphate buffered saline (PBS) (pH 

7.2) and 1% Tween 80. Ten ml of a 1:4 solution (specific gravity of 1.064) was then 

layered over 10 ml of a 1:2 solution (specific gravity of 1.103) in 50 ml centrifuge 

tubes. A 5 ml sample of the sieved feces was then layered over the 1:4 solution and 

centrifuged. The oocysts recovered from this process were further purified over 

isopycnic Percoll (Pharmacia, Piscataway, NJ) gradients. A Percoll solution of 1.091 

glml was prepared by mixing 9 parts Percoll, 1 part lOX Alsever's, and 9 parts 

distilled water (320 mOsm, pH 7.4). One ml of the above preparation was 
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centrifuged over 9 ml of Percoll at 22,000 g for 30 min. Purified oocysts were 

collected and stored in 2.5% potassium dichromate at 4 D C. 

Prior to infectivity, oocysts were washed three times (4000 rpm) in 0.025 M 

phosphate buffered saline (PBS) to remove the potassium dichromate. After the 

final wash oocysts were resuspended in 1.0 ml of 0.025 M PBS and counted using a 

hemocytometer under phase contrast microscopy. Neonatal mice were given 1 X 105 

oocysts in SO pi PBS by oral intubation using a 1 cc syringe and a 27 gauge needle 

covered with plastic tubing. This inoculum size has become the standard inoculum 

size upon which all comparisons are made in this laboratory. It also produces 100% 

infectivity when given to neonatal mice. 

BALB/c Mice 

Late term pregnant female BALB/c mice were obtained from Harlan Sprague 

Dawley (Indianapolis,IN) and kept in plastic cages on san i-chips with food and water 

ad libitum until pups were born. On the day of infection, mice were transferred to 

an isolation room and infected under a laminar flow hood. After infectivity, pups 

were placed back in with the dams in plastic microisolation cages. 

Infectivity Groups 

Neonatal mice were divided into two separate groups for this study. Group 

1 consisted of neonates that were infected at 4 days of age and sacrificed at day 10 
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through day 23 post infection (PI). Day 10 PI was chosen as the first sacrifice date 

for this experiment because previous results in our laboratory have shown the 

presence of oocysts up until day 14 PI in animals infected at 4 days of age 

(unpublished observations). Group 2 consisted of mice that were infected at 4 

through 18 days of age and sacrificed 5 days PI. During this study no attempt was 

made to describe the clinical status of the neonates since they only develop a sub

ciinicai injection. 

Tissues 

Mice were sacrificed by cervical dislocation, the terminal ileum immediately 

removed and placed in 10% neutral buffered formalin. Tissues were then embedded 

in paraffin, sectioned, and stained with hematoxylin and eosin. Paraffin sections 

were observed under a light microscope for parasite life cycle stages at 400X 

magnification. Sections were rated as being positive or negative for the presence or 

absence of parasites. Parasite load was also determined by counting the numbers of 

parasites present in paraffin sections. This was performed by counting parasites 

present on longitudinally cut villi in two randomly selected high power fields (400X) 

(Arrowood, 1988). 
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2. Preparation of Cryptosporidium parvum oocysts and infection of BALB/c mice for 

immunohistochemistry. 

Production and Purification of Oocysts 

Oocysts were produced in young holstein calves and purified by dicontinuous 

and Percoll gradients as described above. 

Oocyst Preparation for Inoculum 

Oocysts used to infect 4 day old BALB/c mice were washed three times with 

0.025 M PBS by centrifugation at 4000 rpm for 10 min. Oocysts were then 

resuspended after the final wash to a volume of 0.5 ml in 0.025 M PBS and counted 

using a hemocytometer. Neonatal BALB/c mice were infected orally with an 

inoculum of approximately 3-5 1'1 containing 105 C. parvum oocysts. Pups were fed 

using an micropipette with pipette tip and were allowed to swallow the inoculum. 

Infected BALB/c mice were maintained in an isolation room separate from control 

mice. Control mice were inoculated with a similar volume of PBS only. Serologic 

tests for antibody to mouse hepatitis virus, pneumonia virus of mice, reovirus 3, 

sendai virus and Mycoplasma arthritidis were performed periodically on mice from 

the colony by the University of Arizona Animal Care Facility. 
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Infection of Neonatal BALB/c Mice 

Infectivity studies performed on BALB/c mice indicate that neonatal mice are 

much more susceptible to Cryptosporidium than older adult mice (Sherwood et al., 

1982). Four day old BALB/c mice were chosen and infected orally (by feeding as 

described above) with 105 oocysts. Groups of 4 animals were employed at each time 

point for infected and control experiments. Tissues were collected at 4, 6, 8, 10, 12, 

14, 16, IS, 25, and 35 days post infection hy sacrificing mice using cervicai 

dislocation and then removing three pieces of the terminal ileum for freezing. 

Staining Schedule 

Tissues at 4,6,8, 10, 12, 14, 16, 18,25, and 35 days PI were labelled with the 

markers Lyt-1, Lyt-2, and Mac-2. Tissues at 4, 8, 12, 16, 25, and 35 days PI were 

labelled with the markers L3T4, IgM, IgG, and IgA. Tissues at 8 and 16 days PI 

were labelled with the IL-2R marker. The last marker was chosen to detect cells that 

are in a state of proliferation or differentiation. Only two time points were chosen 

to either prove or disprove that these cells are actually in an activated state and 

therefore specific for Cryptosporidium. 

3. Culturing of hybridoma cell lines. 

For immunohistochemical use, hybridoma cell lines were purchased from 

American Type Culture Collection (Rockville, MD) for the in vitro production of 
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monoclonal antibodies to surface markers present on lymphocytes and macrophages. 

Hybridomas obtained were those secreting monoclonal antibodies recognizing the 

following cells and/or determinants: 

Lvt-l- Present on the surface of all T cells and some B cell subsets (Ledbetter 

and Herzenberg, 1979). ATCC clone 53-7.313. 

Lvt-2- Present on T cell subsets, specifically T suppressor and T cytotoxic 

iympnocies (Ledbeiier and nerzenberg, 19;9). ATCC done 53-6.72. 

L3T4- Present on T helper/inducer lymphocytes (Dialynas et al., 1983). 

ATCC clone GKl.5. 

Mac-2- Present on thioglycollate induced macrophages. Present on 

macrophages only in response to specific ditTerentitive signals (Ho and 

Springer, 1982). ATCC clone M3/38.1.2.8 HL 2. 

Some antibodies to T cell or macrophage markers were obtained directly from 

companies. These are listed below: 

IL-2R- Interleukin-2 receptor. Present on the surface of activated T cells 

and activated B cells (Ortega R. et al., 1984). This antibody was obtained 

from Boeringer Manheim (Indianapolis, IN). 

Ia + - Ia (Class II) molecule. Present on the surface of B ceils, macrophages 

and other antigen presenting cells (i.e. dendritic cells) (Roitt, 1985). This 

antibody was obtained from Boeringer Manheim. 

Hybridomas were grown in the suggested media as follows; Oone 53-7.313-
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Dulbecco's Modified Eagles Medium (Cellgro, Mediatech, Washington D.C.) with 

10% fetal calf serum (FCS)(Cell Culture Laboratories, Cleveland, Ohio). In addition 

to the suggested. media cells were also grown in RPMI 1640 medium (Gibco, Grand 

Island, NY) with 10% FCS (Cell Culture Laboratories) and ImM hepes butTer 

(Whittaker, MA Bioproducts, Walkersville MD). Clone 53-6.72- RPMI 1640 medium 

(Gibco) with ImM hepes butTer (MA Bioproducts) and 10% FCS (Cell Culture 

Laooratories). Done GKl.5- Duibecco's Modified Eagies Medium (Ceiigro) with 

20% FCS (Cell Culture Laboratories). Clone MJ/38.1.2.8 HL 2- RPMI 1640 medium 

(Gibco) with 20% FCS (Cell Culture Laboratories). All media preparations were 

supplemented with L-glutamine (MA Bioproducts) and sodium pyruvate (Cellgro 

Laboratories). 

Cells were grown in suggested media in 24 well culture plates and 15 ml 

flasks. Supernatants were collected from flasks with a cell population that was 

approximately 90% viable. Supernatants were centrifuged at 1000 rpm for 10 min 

to remove cells and debris. A 0.01% solution of thimerosal (Sigma, St. Louis, 

Missouri) was added to the supernatants immediately after collection to inhibit 

bacterial growth. Supernatants were stored at -20 0 C and selected cells were frozen 

in liquid nitrogen for long term storage. 
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4. Preparation of tissues for immunohistochemistry. 

Gelatin Coated Slides 

Gelatin coated slides were used to promote adhesion of frozen intestinal 

sections that were to be labelled with antibodies. Briefly, 1.5 g gelatin (BBL, 

Cockeysville, MD) was dissolved in 500 ml of distilled water by heating to 60 a C. 

Next, 3.5 g chmmhnn polassium suifaie (CrK(S04h-12 H20) was dissolved in the 

gelatin solution. Several thymol crystals were then added and a portion of the 

mixture filtered into a staining dish (Luna, 1968) using a Whatman #1 filter 

(Whatman International, Ltd., Maidstone, England). Alcohol cleaned slides were 

dipped in the gelatin solution, blotted dry, and placed in a 60 a C drying oven for 

approximately one hour. Slides were removed and stored at room temperature (RT) 

until use. 

Snap Freezing Procedure 

Tissues were oriented longitudinally in cryomolds (Miles Scientific, Elkhart, 

Indiana) containing OCT embedding compound (Miles Scientific). Tissues were 

then immediately snap frozen by placing cryomolds in a beaker of ·150 a C 2· 

methylbutane (Kodak, Rochester, New York) that was submerged in a dewar of 

liquid nitrogen (personal communication, Dr. Tom Grogan). Frozen blocks were 

stored at ·70 a C until sectioning. 
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Sectioning of Small Intestine 

Frozen tissues were cut using a Tissue Tek cryostat (Miles Scientific) with a 

microtome containing disposable blades (Miles Scientific) at temperatures ranging 

from -15°C to -20°C. Tissue sections were fixed in 4°C acetone for 10 min and air 

dried under a hood. Sections were then stored at -20 ° C until use. Tissues to be 

labelled with the anti-L3T4 and anti-IL-2R antibodies were air dried thoroughly 

UYi:might, riAed in 4 e C aCetone fOt' 23 min, and air dIied under a hood. Thi:Se 

tissues were then stored at -20 ° C until staining. 

5. Immunohistochemical staining and quantitation of positively stained cells in 

mouse ileal sections. 

Immunohistochemical Staining of Small Intestine 

Prior to staining, tissues were removed from the -20 ° C freezer and quickly 

dipped in RT acetone. Slides to be labelled with anti-L3T4 and anti-IL-2 antibodies 

were removed from the freezer, air dried, and fixed again for 10 min in RT acetone. 

Slides were then air dried under a hood and circled with a PAP pen (Kiyota 

International, Arlington Heights, IL) which aided in holding liquid reagents on the 

slides during the staining procedure. 

After drying, the tissues were treated with 0.228% periodic acid (Sigma) in 

distilled water for 36 seconds to inhibit endogenous peroxidase present in the 
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intestinal tissue (Kelly et al.,1987). The incubation time in this procedure was a 

modification of that previously described (Kelly et al., 1987). Another method to 

block for endogenous peroxidase was used for tissues labelled with anti·L3T4 and 

anti·IL-2R. After slides were air dried they were placed in a 0.05 M solution of 

NaN3 (in HM.PBS) with 0.04% H20 2 (30%) for 10 min at RT. This was a 

modification of a method previously described (Malorny et al.,1988). A high 

moiariiy phosphate buffered saiine (tiM.PBS) was used during the 

immunohistochemical staining procedure. The concentration and molarity of the 

salts for HM·PBS is described as follows: Stock solution·25X: 180 gil NaCI (0.12 

M), 33 gil NaH2PO 4 (0.01 M), 188 gil K2HPO 4 (0.04 M), 0.5 gil thimerosal (0.49 

I'M) (Wood and Warnke, 1982). After NaN3 incubation, slides were gently rinsed in 

HM·PBS and placed in a jar containing HM·PBS prior to the application of nonnal 

rabbit serum (NRS) (Gibco). Next, slides were covered with NRS (Gibco) diluted 

1:20 in HM·PBS for 30 min. NRS was heat inactivated at 56 0 C for 30 min just 

prior to use. 

Next, NRS was blotted ofT of the sections and the primary antibodies (rat 

anti·mouse) from the hybridoma culture supernatants added directly to the tissues. 

Primary antibodies consisted of anti-Lyt·l, ·Lyt·2, ·Mac.2, ·L3T4 (American Type 

Culture Collection), ·IL-2R, and ·Ia (Boeringer Manheim). Each primary antibody 

was diluted in 2% bovine serum albumin (BSA) in HM·PBS. Tissues were incubated 

at RT for one hour with the primary antibodies. Slides were then washed copiously 
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with HM-PBS and incubated in the secondary antibody for 45 min. The secondary 

antibody (dilution 1:100) used for this group of primary antibodies was a mouse 

adsorbed, biotinylated rabbit anti-rat antibody which was affinity purified and 

specific for the isotype of the primary antibodies (Vector Laboratories, Burlingame, 

CAl. Slides were then washed again with HM-PBS and the ABC Elite reagent 

(Vector Laboratories) was added for 30 min. This is an avidin-biotin-horseradish 

peroxidase conjugated reagent, hence the acronym ABC. 

The second group of primary antibodies consisted of biotinylated goat/rabbit 

anti-mouse monoclonal antibodies to mouse immunoglobulins of the classes IgM 

(rabbit/Zymed Laboratories, San Francisco, CAl, IgG (goat/Jackson laboratOries) 

and IgA (goat/Zymed Laboratories). Sections to be labelled with anti

immunoglobulin reagents were first incubated in normal rabbit (Gibeo) or goat 

serum (Cappel, Organon Teknika, Durham, NC) for 90 min. After blotting, the 

primary biotinylated antibodies were added for 45 min and incubated at RT. As 

described above, the final reagent added to the tissues was the ABC Elite reagent 

(Vector Laboratories). Appropriate dilutions were determined individually for each 

primary antibody lot by performing checkerboard titrations using adult mouse 

spleen and/or mouse intestine with Peyer's patch. Dilution ofthe secondary antibody 

was determined at the same time. 

Dilutions of the primary antibodies were as follows: 

Lyt-1: 1:8 - 1:150 (Varying antibody lots used) 
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Lyt-2: 1:2 - 1:32 (Varying antibody lots used) 

Mac-2: 1:2 - 1:40 (Varying antibody lots used) 

L3T4: 1:200 

IL-2: 1:3 

Ia: 1:1,000 

IgM: 1:1000 

IgG: 

IgA: 1:6,500 

Slides were washed again in HM-PBS and placed in a wheaton jar containing BM-

PBS. 

Peroxidase Stain 

Slides were incubated in a Wheaton jar containing a 0.3% solution (in HM-

PBS) of diaminobenzidine tetrahydrochloride (DAB) (Sigma) containing 300 pi 

(0.01 %) of substrate (82°2' 30%) for 5 min in the dark. Slides were washed 3 times 

in HM-PBS, 2 times in distilled water, and incubated in a 0.5% solution of copper 

sulfate in normal saline (Hsu and Soban, 1982) for 5 min. The copper sulfate 

deposits on the oxidized DAB which then darkens and enhances the contrast of the 

brown color on the tissue section. After copper sulfate incubation, slides were 

washed 2 times in distilled water, counterstained in 1% methylene blue (Sigma) in 

distilled water (4 min), washed in distilled water, and air dried under a hood. When 
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the slides were completely dry they were immersed in 2 changes of xylene and 

covers lipped using Poly-Mount mounting media (Polysciences, Inc., Warrington, PA). 

The above immunohistochemical procedure is a modified procedure (Warnke 

et aI., 1980; Dr. Tom Grogan, personal communication). 

Oocysts of C. parvum were also stained using the above procedure with a 

biotinylated murine monoclonal antibody (OW3, 1:50 dilution in 2% BSA) derived 

to the oocyst waH oi the pamsite. lois antihody was obtained and deveioped by Dr. 

Michael Arrowood at the University of Arizona (Sterling and Arrowood, 1986). 

Quantitation of Stained Cells in Mouse Ileum 

To determine what is occurring immunologically in the neonatal mouse intes

tine, positively stained cells were counted according to a method developed by Nash 

and Speer (Nash and Speer, 1988). While Peyer's patch areas usually show the most 

pronounced staining, the cells in this area were not counted. Cells staining positively 

with DAB in the lamina propria and intraepithelial areas of the terminal ileum were 

counted in ten randomly selected contiguous high power fields. This was performed 

twice and the counts described as total numbers of stained cells per 10 high power 

fields. This data was analyzed using a repeated measures multivariate analysis of 

variance (MANOVA) with multiple comparison of treatment group means (by day) 

using the SPSS-X statistical program package (SPSS Inc., Chicago, IL) on a vax 

computer (Digital Equipment Corp., Maynard, Massachusetts). This was done to 
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determine if there were differences in the cell populations tested in infected animals 

versus that of controls. The null hypothesis was tested by the F value or the 

significance of f. One standard deviation was determined using individual cell 

counts for each time point. Negative control slides run during each staining 

procedure consisted of a slide without primary antibody and a slide without primary 

and secondary antibody. Positive controls, using sections of spleens or Peyer's 

patches, were run with the staining procedure when there was no reyer's patch 

present in any of the tissues being tested. 

6. In vitro proliferation of mouse lymphoid cells. 

Infectivity of BALB/c Mice 

Neonatal BALB/c mice were infected at 4 days of age with 105 C. parvum 

oocysts or 0.025 M sterile PBS using a micropipette and pipette tip as previously 

described. 

Lymphoproliferation of Mouse Cells 

Spleens were removed from infected and uninfected control mice. Two mice 

were sacrificed at 12 days PI and at 12 days control (16 days of age). This time 

point was chosen because it coincides with large numbers of T cells present in the 

intestinal sections that were labelled with monoclonal antibodies as previously 
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described. Mice were sacrificed by cervical dislocation and the abdomen moistened 

with 70% alcohol. Spleens were removed from the mice and placed in a petri dish 

containing 5.0 ml of Hanks Balanced Salt Solution (HBSS). Organs were then 

transferred to a sterile hood and pushed through a sterile wire screen using sterile 

instruments. Cells were transferred to sterile 15 ml centrifuge tubes and the large 

debris allowed to settle. Supernatants were removed and transferred to another 

steriie centrifuge tube and peHeted for 5 min at 4°C and 1000 rpm. Tne ceii peiiei 

was resuspended in 6.0 ml of ACK lysing buffer (NH4Cl, KHC03, EDTA and dH20) 

for 6 min at room temperature. Cells were centrifuged at 1000 rpm (4°C) for 5 min 

and washed twice with HBSS. Cells were finally resuspended to a volume of 5 X 

106/ml in RPMI 1640 media (Sigma) supplemented with 1% penicillin-streptomycin 

(1000 units) (Whittaker), 1% L-glutamine (2 mM) (Whittaker), 100 #,1 2-

mercaptoethanol (Sigma), and 5% FCS (Sigma). 

Antigen Preparation 

Percoll cleaned C. parvum oocysts were washed three times in sterile 0.025 M 

PBS 4000 rpm for 10 min. Oocysts were resuspended in a volume of approximately 

5.0 ml and sonicated on a Branson sonifier (Branson Sonic Power Co., Danbury, CT) 

under a laminar flow hood. The output control setting was set at 4 and the duty 

cycle was constant. Oocysts were sonicated using a microtip at 30 second intervals 

until the oocysts were disrupted. The preparation was centrifuged at 3000 rpm for 
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10 min and the supernatant collected. The protein concentration of the sonicated 

oocyst preparation was determined to be 450 I'g/ml using the microtiter BCA protein 

assay (Pierce, Rockford, IL). Aliquots were frozen and stored at -20 D C until use. 

Antigen and Mitogen Proliferation 

The antigen preparation (sonicated oocyst preparation) was tested for its 

abiiity to induce antigen-specific mitogenesis in spieen ceiis irom animais that had 

been infected with Cryptosporidium parvum and in naive (uninfected) animals. 

Mitogens were also run to determine if cells had the ability to respond to the 

appropriate mitogens. One hundred 1'1 of mitogen (Con A/LPS/PHA) or antigen 

were added to the appropriate wells of a 96 well microtiter plate at the following 

dilutions: 

Con A- 1 I'g/ml; 2 I'g/ml; 5 I'g/ml 

PHA- 2 "g/ml; 5 I'g/ml; 10I'g/ml 

LPS- 2 I'g/ml; 5 I'g/ml; 10 I'g/ml 

c. parvum- 2 I'g/ml; 5 I'g/ml; 10 I'g/ml 

100 ILl of cells (5 X 105 cells per well) were added after the mitogens and/or antigen 

had been added. For each cell population two control wells were run which 

contained cells without mitogen/antigen. One control was placed at the beginning 

and at the end of the series of antigen/mitogen. Plates were incubated at 37 D C (5% 

CO2) for 3 days (mitogen/antigen) and 4 days (antigen). 
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After incubation, 1 I'Ci3 -thymidine (NEN Research Products, Wilmington, 

DE) with a specific activity of 6.7 Ci/mmol was added to each well and the plate 

incubated for 4 hours at 37 0 C. Cells were then harvested on a PHD cell harvester 

(Cambridge Technologies, Cambridge, Mass.) and discs containing harvested cells 

were placed in scintillation vials. Scintillation fluid was the added to the vials and 

the incorporated tritiated thymidine was measured on a scintillation counter 

(Beckman, Palo Alto, CA). 
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RESULTS 

1. Susceptibility dynamics of neonatal mice infected with C. parvum. 

Animals Infected at 4 Days of Age 

Resistance to C. parvum in older laboratory mice has been documented 

(Sherwood et ai., 1982). In tbis study BALB/c mice were infected as neonates to 

determine at what time point, post infection, parasites are cleared from the intestine. 

When animals were infected with 105 C. parvum oocysts at 4 days of age, parasites 

were detected in the terminal ileum from 14 days of age (10 days post infection (PI» 

until 25 days of age, i.e., until 21 days PI (Figure 1). The percentage of animals with 

detectable parasites was 100% up until day 19 of age (15 days PI) but decreased 

immediately thereafter until no parasites were detected at day 26 of age (22 days PI) 

(Figure 1). Parasitic load also decreased in these animals from 184.7 parasites per 

high power field in 14 day old animals (10 days PI) to 0.22 at 25 days of age (21 

days PI) (Figure 2). As the animals increased in age, detectable parasites were often 

associated with the crypts of Leiberkuhn instead of with villar surfaces (Figure 4). 

Intestinal surfaces heavily colonized with C. parvum (Figure 3) show parasite life 

cycle stages covering longitudinal cut villi. At 20 - 25 days of age (day 24 through 

29 PI), even though parasites were present, they were not always easy to find (Figure 

4). When parasites were located, they were usually present in isolated areas and not 
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Figure 1. Percentage of mice positive for C. parvum after being infected at 4 days of 
age and sacrificed at various days post infection (PI). Day of sacrifice refers to the 
age of the mouse in days at time of sacrifice. 
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Figure 2. Parasite numbers (mean for each day) in ileal sections from mice infected 
with C. parvum. Mice infected at 4 days of age and sacrificed at various days PI. 
(Day of sacrifice refers to the age of mice in days at time of sacrifice.) 
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Figure 3. Hematoxylin and eosin stained ileal section from mouse infected at 4 days 
of age and sacrificed 10 days later (14 days of age). XlOO. Parasitic life cycle stages 
are present on the surface of the villus epithelium. 
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Figure 4. Hematoxylin and eosin stained ileal sections from a mouse infected at 4 
days of age and sacrificed 20 days later (24 days of age). X400. Two fields of view 
are shown of the same tissue. Arrows show presence of parasites in the crypts of 
Leiberkuhn. 
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distributed throughout the intestine as observed in animals that are more heavily 

colonized. Therefore, animals infected at 4 days of age with 105 C. parvum oocysts 

probably begin clearing the infection prior to 14 days of age (10 days PI), since the 

parasite number is low at that time point (approximately 184.7 parasites per high 

power field). This number is low when comparing it to additional data collected in 

which animals infected at 4 days of age and sacrificed at 9 days of age (5 days PI) 

have cOfisidetahiy iaeger numbers of parasites present in tile gut (234.58 per high 

power field). There was no mortality associated with C. parvum infection in neonatal 

mice. In this study, no attempt was made to describe the clinical status of the 

neonates since infectivity only results in a sub-clinical infection. In addition, since 

pups are kept with the dams, they are groomed constantly by the mother, therefore, 

it would be difficult to asses any clinical changes in the neonates. Appendix A lists 

mean parasite counts from longitudinal sections of mouse ileum from mice infected 

at 4 days of age. 

Animals Infected at Different Ages 

In a second study, mice were infected with 105 C. parvum oocysts at different 

days of age to describe the susceptibility dynamics of C. parvum in this animal 

model. Some of the infected neonatal mice became resistant to C. parvum infection 

at 10 days of age (15 days of age at sacrifice) (Figure 5). The susceptibility to C. 

parvum decreased in mice until day 14 of age (19 days of age at sacrifice) when no 
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Figure 5. Susceptibility (% infectivity) of mice infected with C. parvum. Mice 
infected 5 days prior to day of sacrifice. 
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Figure 6. Parasite numbers (mean for each day) in ileal sections from mice infected 
with C. parvum at different days of age. Mice were infected at 5 days prior to day of 
sacrifice. (Day of sacrifice refers to the age of mice in days at time of sacrifice.) 
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parasites could be detected in the gut (Figure 5). Parasite numbers also decreased 

in infected mice from 235.6 parasites per high power field (9 days of age at sacrifice) 

to 0.25 parasites per high power field (18 days of age at sacrifice) (Figure 6). At 

days 16 through 18 of age (days 11 through 13 PI) the detectable parasites were 

concentrated in the crypts as described previously. Therefore, when a neonatal 

mouse is infected at 14 days of age or greater and sacrificed 5 days later (19 days of 

age) parasites could not be detected in the gut and the animal was assiimed to be 

uninfected. Three additional groups of 17 day old neonates were also infected with 

different doses of C. parvum oocysts and sacrificed 5 days later to see if an increased 

inoculum size would have any noticeable affect on infectivity. The results were as 

follows: 

Oocyst Inoculum 

106 

107 

108 

# of Mice 

4 

4 

5 

# Mice + for Oocysts 

1/4 

2/4 

1/5 

Only a few of the older mice that were unable to be infected with 10S C. parvum 

oocysts were positive for parasites in the intestine when the inoculum size was 

increased. There were very few parasites present, so infectivity was extremely low. 

Appendix B lists the mean parasite counts from sections of mouse ileum from mice 
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infected at various days of age. 

2. Cellular immune response in neonatal mice infected with C. parvum. 

Lyt-1 Positive Cells 

To determine immune responsiveness to C. parvum in the neonatal mouse 

modei a varieiy oi antibodies were chosen that recognize ceii sunace determinants 

present on specific populations of cell. Only the cells in the lamina propria and 

intraepithelial areas outside the Peyer's patch, were quantitated. The presence of 

Lyt-1 positive cells in the intestines of infected animals would indicate a T cell 

response. Intestinal sections from infected and uninfected neonatal BALB/c mice 

were stained for the Lyt-1 marker. There was a significant increase in cells 

possessing this marker in infected animals (Figure 7). The increase in positive cells 

in infected animals begins at approximately 8 days PI (12 days of age). Therefore, 

at 4 days PI (8 days of age) and 6 days PI (10 days of age), infected mice have not 

yet responded to the infection at the gastrointestinal level. The increase in this 

population of cells in the infected animals at 8 days PI was 9.98 times greater than 

that of the control (uninfected) animals of the same age. Cell numbers remain high 

and significantly greater in the infected animals up until 18 days PI (22 days of age) 

(7.5 times greater). At 25 days PI (29 days of age) cell numbers in infected and 

control mice increased slightly compared to 18 days PI. The cell numbers in control 
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Figure 7. Lyt-l positive cell means (+/- standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 4, 6, 8, 10, 12, 14, 16, 18, 25, and 35 days PI. 
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mice at 35 days PI were increased over those seen in control mice at 25 days PI. 

Cell numbers decreased again at 35 days PI (39 days of age) in infected mice and the 

difference between the controls was less significant (1.9 times greater). 

Figure 8 shows positively stained Lyt.l cells in the villi and Peyer's patch of 

an infected animal at 12 days PI (16 days of age). Figure 9, a section from a control 

animal (12 days PI), shows very few Lyt·l positive cells present. Lyt.l positive cells 

were distributed eveniy throughout the apicai and basai portions of tbe vim in 

infected animals. When Peyer's patches were present in ileal sections, the Lyt. 1 

positive cells were present predominantly in the intrafollicular area of the patch. 

This is consistent with immunohistochemical analysis of T cells in the Peyer's 

patches of mice and rats (Ennak and Owen, 1986; Sminia et al., 1983). Appendix 

C lists the cell means +/. one standard deviation for each day PI. 

Lyt.2 Positive Cells 

To detennine the specific T cell populations responding to infection, Lyt·2 

positive cells were stained in ileal sections. This marker is specific for T cytotoxic/ 

suppressor cells (TJTs) but does not differentiate the two. Cells expressing the Lyt.2 

marker did not increase in numbers (compared to the controls) until 8 days PI (12 

days of age) in the infected animals (Figure 10). At 8 days PI Lyt.2 positive cells 

were 21.5 times greater in infected animals compared to uninfected (control) animals 

of the same age. Cell numbers remained significantly greater compared to control 
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Figure 8. A. Immunoperoxidase stain (brown) of Lyt-l positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with C. parvum. Mouse 
sacrificed at 12 days PI (16 days of age). Methylene blue counterstain. XI00. B. 
X400. 
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Figure 9. Immunoperoxidase stain of Lyt.1 positive cells (arrow) in an ileal section 
from control mouse given PBS. Mouse sacrificed at 12 days PI (16 days of age). 
X400. 
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Figure 10. Lyt.2 positive cell means (+/. standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 4, 6, 8, 10, 12, 14, 16, 18, 25, and 35 days PI. 
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mice up until 18 days PI (12.4 times greater). At 25 days PI cell numbers increased 

over those seen in infected animals at 18 days PI, but this population also increased 

in control animals, as seen with Lyt-l cells. Cell numbers decreased at 35 days PI 

in infected animals and were only 1.6 times greater than that seen in control 

animals. Lyt-2 positive cells continued to increase in number in control mice from 

25 days PI to 35 days PI. Figure 11 shows positively stained cells in an ileal section 

irom a mouse at 12 days Pi. Figure 12 shows an iieai section from a controi mouse 

sacrificed at 12 days PI. Appendix D lists the cell means +/- one standard deviation 

for each day PI. 

Mac-2 Positive Cells 

Increases in populations of antigen presenting cells were also determined by 

labelling cells possessing the Mac-2 marker. A similar pattern was seen with Mac-2 

as seen with Lyt-l, Lyt-2, and L3T4 positive cells. At 8 days PI cell numbers 

possessing this marker increased significantly (37.7 times) compared to control 

animals (Figure 13). Cell numbers continued to remain significantly higher up until 

18 days PI (9.2 times) compared to control mice. Mac-2 positive cells in both 

infected and uninfected animals increased at 25 days PI compared to 18 days PI. 

At 35 days PI cell numbers continued to increase in the uninfected animals but 

decreased again in the infected animals. At 35 days PI cell numbers in infected 

animals were 1.7 times greater than that seen in controls. Figure 14 shows positively 
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Figure 11. A. Immunoperoxidase stain (brown) of Lyt.2 positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with c. parvum. Mouse 
sacrificed at 12 days PI (16 days of age). Methylene blue counterstain. XI00. B. 
X400. 
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Figure 12. Immunoperoxidase stain of Lyt-2 positive cells (arrow) in an ileal section 
from control mouse given PBS. Mouse sacrificed at 12 days PI (16 days of age). 
X400. 



77 

~ -l 450 r 
w 
u: 
ffi 360 

~ (p< 0.001) 
a. 
ili 270 

I 
o 
T"" 

<n 
-l 
-l 
W 
U 
• N 
I 
u 
«l 
~ 

180 

90 

O~~--~--L-~C-~--~~~-L--~--~~--~~~~--~--

o 246 8 

- 'il- II\FECTED 

10 12 14 i6 18 20 22 24 25 26" .. 35 36 
DAYS POST IN=ECTION 

- 0- UNINFECTED 

Figure 13. Mac-2 positive cell means (+/- standard deviation) in mouse ileal 
sections from infected (n=4) and control (n=4) mice. Mice were given oocysts or 
PBS at 4 days of age and sacrificed at 4, 6, 8, 10, 12, 14, 16, 18, 25, and 35 days PI. 
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Figure 14. A. Immunoperoxidase stain (brown) of Mac-2 positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with C. parvum. Mouse 
sacrificed at 12 days PI (16 days of age). Methylene blue counterstain. XI00. B. 
X400. 
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Figure IS. Immunoperoxidase stain of Mac-2 positive cells (arrow) in an ileal 
section from control mouse given PBS. Mouse sacrificed at 12 days PI (16 days of 
age). X400. 
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stained macrophages in ileal sections from an infected animal sacrificed at 16 days 

of age (12 days PI). Figure 15 is an ileal section from a control animal sacrificed 

at 16 days of age (12 days PI). Notice the decrease in the numbers of positive cells 

in the ilea of control mice (Figure 15) compared to the infected animals (Figure 14). 

Appendix E lists the cell means +/- one standard deviation for each day PI. 

L3T4 Fositive Ceiis 

In addition to evaluating the T/fs responses, cells of the Th phenotype were 

labelled with an anti-L3T4 antibody. At 8 days PI cell numbers possessing this 

marker increased significantly (7.6 times) compared to control animals (Figure 16). 

Cell numbers remained significantly higher up until 35 days PI (1.9 times) in the 

infected animals compared to the controls. Positively stained Th cells are shown in 

figures 17 and 18 from infected and uninfected mice. The numbers of T h cells 

remained fairly constant in control mice until 25 days PI (Figure 16) when they 

began to increase. This increase continued until 35 days PI which was the 

termination of the experiment. T h cell numbers are comparable to those obtained 

with T /f s cells though a sharp increase in cell numbers was not seen at 25 days PI 

in the Th cell population (Figures 10 and 16). Appendix F lists the cell mean +/

one standard deviation for each day PI. 
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Figure 16. L3T4 positive cell means (+/- standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 4, 8, 12, 16, 25, and 35 days PI. 
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Figure 17. A. Immunoperoxidase stain (brown) of L3T4 positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with C. parvum. Mouse 
sacrificed at 12 days PI (16 days of age). Methylene blue counterstain. XIOO. B. 
X400. 
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Figure 18. Immunoperoxidase stain ofL3T4 positive cells (arrow) in an ileal section 
from control mouse given PBS. Mouse sacrificed at 12 days PI (16 days of age). 
X400. 
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Figure 19. IL-2R positive cell means (+/- standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 8 and 16 days PI. 
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Figure 20. Immunoperoxidase stain (brown) of IL-2R positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with C. parvum. Mouse 
sacrificed at 8 days PI (12 days of age). Methylene blue counterstain. XIOO. B. 
X400. 
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Figure 21. Immunoperoxidase stain of an IL-2R positive cell (arrow) in a control 
mouse given PBS. Mouse sacrificed at 8 days PI (12 days of age). X400. 
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IL-2R Positive Cells 

To determine the proliferative status of cells responding to C. parvum 

infection, intestinal sections were stained for interleukin-2 receptors (IL-2R). At 8 

days PI there was a significant increase in IL-2R positive cells in infected animals 

(3.4 times) compared to controls (Figure 19). At 16 days PI there was no difference 

in the numbers of IL-2R positive cells in either group of animals. Figure 20 shows 

IL-2R positive cells in intestinal sections from mice sacriticed at 8 days PI (12 days 

of age). Figure 21 is a section from a control (uninfected) animal of the same age. 

Staining with the Boeringer Manheim anti-IL-2R antibody produced a weak signal 

even at a dilution of 1:3. Staining was judged to be weak in comparison to the other 

antibodies used in the study. 

Ia Positive Cells 

An anti-Ia antibody from Boeringer Manheim was used to stain for the 

presence of cells that expressed the Ia molecule (Class TI). A brown background 

color that covered a majority of the tissue was so intense that these Ia positive cells 

could not be evaluated using this staining protocol. 
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3. MANOVA results/immunohistochemical analysis of T lymphocyte and macro-

phage cell populations. 

Lyt-1 Positive Cells 

A repeated measures multivariate analysis of variance (MANOVA) was 

performed on two treatment groups consisting of infected and uninfected animals 

using the SFSS-X statisticai package (SPSS inc.). The sources of variation for this 

analysis are listed in Table 1 for the Lyt-1 cell type which is similar for all other cell 

types. Explanation of the sources of variation are as follows: interaction by days 

(interaction between the two treatment groups by day), days (between days), treat 

(between two treatment groups/infected and uninfected), and within cells (within 

individual cell counts in both groups). The p value for the interaction by days was 

reported as p<O.OOl (Table 1). There is interaction because of the lag that occurs 

before the host, in this case neonatal mice, can actually begin responding to an 

infection or foreign agent. This interaction is seen at 4 and 6 days PI where infected 

and uninfected cell numbers are essentially equal (Figure 7). Difference between 

days was significant at p<O.OOl indicating that significant difference exists in the 

number of cells between the treatment days. After 4 and 6 days PI the differences 

between the infected and control treatment groups is great. This is reflected in the 

low p value under the source of variation labelled treat (p<O.001). Therefore the 

null hypothesis that there is no difference between the numbers of cells in the mice 
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Table 1. Repeated measures multivariate analysis of variance (MANOVA) 
comparing Lyt.l positive cell numbers in C. parvum infected and uninfected neonatal 
BALB/c mice. 

Tests of Between.Subject Effects 
Tests of Significance for Tl using UNIQUE sums of squares 

Source of 
Variation SS DF MS F Sig of F 

WITHIN 160105.12 60 2668.42 
CELLS 

TREAT 1616643.06 1 1616643.1 605.84 .000 

DAYS 430444.13 9 47827.13 17.92 .000 

TREAT BY 498888.13 9 55432.01 20.77 .000 
DAYS 
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Table 2. Repeated measures multivariate analysis of variance (MAN OVA) 
comparing Lyt-2 positive cell numbers in C. parvum infected and uninfected neonatal 
BALB/c mice. 

Tests of Between-Subject Effects 
Tests of Significance for Tl using UNIQUE sums of squares 

Source of 
Variation 

WITHIN 
CELLS 

TREAT 

DAYS 

TREAT BY 
DAYS 

SS 

316563.38 

1156510.06 

486963.63 

283316.63 

DF MS F 

60 6276.06 

1 1156510.1 184.27 

9 54107.07 8062 

9 31479.63 5.02 

Sig ofF 

.000 

.000 

.000 
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Table 3. Repeated measures multivariate analysis of variance (MANOVA) 
comparing Mac-2 positive cell numbers in C. parvum infected and uninfected 
neonatal BALB/c mice. 

Tests of Between-Subject Effects 
Test of Significance for Tl using UNIQUE sums of squares 

Source of 
Variation SS DF MS F Sig ofF 

WITHIN 313378.63 60 5222.98 
CELLS 

TREAT 1002830.56 1 1002830.6 192.00 .000 

DAYS 494472.38 9 54941.38 10.52 .000 

TREAT BY 255950.63 9 28438.96 5.44 .000 
DAYS 

•. #>. 
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Table 4. Repeated measures multivariate analysis of variance (MANOVA) 
comparing L3T4 positive cell numbers in C. parvum infected and uninfected neonatal 
BALB/c mice. 

Tests of Between.Subject Effects 
Tests of Significance for T1 using UNIQUE sums of squares 

Source of 
Variation SS DF MS F Sig of F 

WITHIN 88124.88 36 2447.91 
CELLS 

TREAT 529996.76 1 529996.76 216.51 .000 

DAYS 255573.59 5 51114.72 20.88 .000 

TREAT BY 170858.93 5 34171.79 13.96 .000 
DAYS 
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Table 5. Repeated measures multivariate analysis of variance (MANOVA) 
comparing IL-2R positive cell numbers in C. parvum infected and uninfected 
neonatal BALB/c mice. 

Tests of Between.Subject Effects 
Tests of Significance for T1 using UNIQUE sums of squares 

Source of 
Variation SS DF MS F Sig of F 

WITHIN 8423.75 12 701.98 
,..,'r,"T T C" 
'L..c.LL~ 

TREAT 21012.50 1 21012.50 29.93 .000 

DAYS 6160.50 1 6160.50 8.78 .012 

TREAT BY 13366.13 1 13366.13 19.04 .001 
DAYS 
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infected with C. parvum versus the controls was rejected. 

Lyt-2. Mac-2. L3T4 Positive Cells 

A repeated measures MANOVA was performed on treatment groups for Lyt-2, 

Mac-2, and L3T4 positive cells. Results were similar to those obtained for Lyt-l 

positive cells and are shown in Tables 2,3, and 4 respectively. The null hypothesis 

that there is no rlifference in the numbers of ceiis in the infected animais versus the 

controls was rejected at the 0.01% significance level with p values < 0.001 for all 

three cell types. 

IL-2R Positive Cells 

A repeated measures MANOVA was performed on IL-2R data obtained for 

8 and 16 days PI in infected and uninfected animals (Table 5). Interaction between 

treatment groups by days was also significant here, as previously described for other 

cell types, with a p value of < 0.001. This is because there is significant interaction 

at 16 days PI between the two treatment groups. At 8 days PI there is a significant 

interaction between treatment groups (treat) at 8 days PI (p<O.OOI). 
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Figure 22. IgM positive cell means (+/- standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 4, 8, 12, 16, 25, and 35 days PI. 
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Figure 23. A. Immunoperoxidase stain (brown) of IgM positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with C. parvum. Mouse 
sacrificed at 12 days PI (16 days of age). Methylene blue counterstain. XIOO. B. 
X400. 
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Figure 24. Immunoperoxidase stain of IgM positive cells (arrow) in an ileal section 
from control mouse given PBS. Mouse sacrificed at 12 days PI (16 days of age). 
X400. 
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Figure 25. IgG positive cell means (+/- standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 4, 8, 12, 16, 25, and 35 days PI. 
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4. Humoral immune response in BALB/c mice infected with C. parvum. 

IgM Positive B Cells 

Humoral immune responsiveness at the gastrointestinal level was also 

described in C. parvum infected neonatal BALB/c mice. Once again only the cells in 

the lamina propria or intraepithelial areas, outside the Peyer's patch, were 

quantitated. Figure 22 is a graph oi the number oi igM positive B ceiis in ine iieai 

sections of control and infected mice at 4, 8, 12, 16, 25, and 35 days PI. There is no 

significant difference in the numbers of B cells in the infected mice compared to the 

controls. In fact, the neonatal mouse ileum contained relatively few IgM positive B 

cells in the lamina propria or intraepithelial area (Figures 23 and 24). It is evident 

that very few B cells are dispersed throughout the intestine in areas other than the 

Peyer's patch during ontogeny. Conversely, there are many IgM positive B cells in 

the Peyer's patches of the infected mice (Figure 23A) and uninfected mice (figure not 

shown). Adult mouse Peyer's patches (used as positive control slides) contained 

many IgM positive B cells (figure not shown). Cell means +/- one standard 

deviation are listed in Appendix H. 

IgG Positive B Cells 

Figure 25 is a graph of the number of IgG positive B cells in the intestines 

of control and infected neonatal mice. No IgG positive B cell were detected in the 
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Figure 26. A. TIeal section with Peyer's patch (PP) from mouse infected with C. 
parvum. Tissue was stained with anti-IgG biotinylated antibody. Note the absence 
of cells in this serial section compared to sections stained with other antibodies (i.e. 
anti-IgM). Mouse sacrificed at 12 days PI (16 days of age). Methylene blue 
counterstain. XIOO. B. X400. 
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Figure 27. Immunoperoxidase stain of an IgG positive cell (arrow) in an ileal 
section from infected mouse sacrificed at 2S days PI (29 days of age). X400. 
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Figure 28. IgA positive cell means (+/- standard deviation) in mouse ileal sections 
from infected (n=4) and control (n=4) mice. Mice were given oocysts or PBS at 4 
days of age and sacrificed at 4, 8, 12, 16, 25, and 35 days PI. 
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intestines of the infected mice until day 16 PI (20 days of age). No positive cells 

expressing this immunoglobulin isotype were found in the control (uninfected) 

animals until day 2S PI (29 days of age) with the exception of one positive cell found 

at 4 days PI. Since no data was taken during the time frame from 17 days PI to 24 

days PI it is possible that positive cells could be present in the tissue during these 

days in the control animals. There is no statistically significant difference between 

the numi>ers of igG positive is ceiis in the intestines of infected mice versus that of 

the controls. Even at 12 days PI (Figure 26) no IgG positive B cells were found in 

the Peyer's patches. Figure 27 shows IgG positive cells in an ileal section from an 

infected mouse sacrificed at 2S days PI. At times, there was a considerable 

interstitial background signal noticed on the section when using the primary anti

IgG antibody. Interstitial staining with this immunoglobulin, described as immune 

complexes, has been documented elsewhere in rats. These immune complexes are 

concentrated heaviest in the germinal center of the Peyer's patches (Sminia and 

Plesch, 1982). Even in a ileal section with a Peyer's patch from a normal adult 

mouse, very few IgG positive B cells were present and they were almost always 

located directly beneath the dome epithelium (figure not shown). Cell means +/. one 

standard deviation are listed in Appendix I. 

19A Positive B Cells 

Figure 28 is a graph of the number of IgA positive B cells in the intestines of 
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Figure 29. A. Immunoperoxidase stain (brown) of IgA positive cells in an ileal 
section with Peyer's patch (PP) from mouse infected with C. parvum. Mouse 
sacrificed at 12 days PI (16 days of age). Methylene blue counterstain. XIOO. B. 
X400. 
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Figure 30. Deal section from mouse infected with C. parvum. Immunoperoxidase 
stain of cryptosporidial oocysts using the OW3 monoclonal antibody. X400. 
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infected and uninfected mice. Early during the infection very few IgA positive B cells 

were found in the lamina propria/intraepithelial areas of either group of mice. The 

IgA B cell populations began to rise in each group at day 8 PI. At day 16 PI there 

was a statistically significant difference in the number of IgA positive B cells in the 

intestines of the infected animals compared to the controls. The difference was 

approximately 4.6 times greater in infected animals. Numbers of positive cells 

continue to rise at 25 days and 35 days PI in inieci.ed mice as weii as in conirois. 

Even though there was a significant difference in the numbers of IgA positive B cells 

in the intestines of infected animals at 16 days PI, numbers were no where near as 

high as that seen in the T cell and macrophage responses. IgA positive B cells were 

located in the Peyer's patch of neonatal (Figure 29) and adult mice (figure not 

shown) in the area just beneath the dome epithelium. There were more IgA positive 

cells present in this area than IgG positive cells. Cell means +/- one standard 

deviation are listed in Appendix J. 

5. Immunoperoxidase staining of C. parvum oocysts. 

Figure 30 shows positively stained C. parvum oocysts in an ileal section taken 

from an infected animal. No attempt was made to quantitate the numbers of oocysts 

in the sections. Oocysts were detectable in frozen sections from 4 days PI to 14 days 

PI. 
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Table 6. Repeated measures multivariate analysis of variance (MANOVA) 
comparing IgM positive cell numbers in C. parvum infected and uninfected neonatal 
BALB/c mice. 

Tests of Between.Subject Effects 
Tests of Significance for T1 using UNIQUE sums of squares 

Source of 
Variation SS DF MS F Sig of F 

WITHIN 1182.50 36 32.85 
CELLS 

TREAT 7.04 1 7.04 .21 .646 

DAYS 672.25 5 134.45 4.09 .005 

TREAT BY 509.21 5 101.84 3.10 .020 
DAYS 
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Table 7. Repeated measures multivariate analysis of variance (MANOVA) 
comparing IgG positive cell numbers in C. parvum infected and uninfected neonatal 
BALB/c mice. 

Tests of Between-Subject Effects 
Tests of Significance for T1 using UNIQUE sums of squares 

Source of 
Variation SS DF MS F Sig ofF 

WITHIN 57.00 36 1.58 
CELLS 

TREAT 20.4 1 20.4 1.29 .264 

DAYS 273.71 5 54.74 34.57 .000 

TREAT BY 8.08 5 1.62 1.02 .420 
DAYS 
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6. MANOVA results/immunohistochemical analysis of B lymphocyte cell popula-

tions. 

IgM Positive Cells 

Data for IgM positive cells was also treated as the previous data. A repeated 

measures MANOVA was performed for 4, 8, 12, 16, 25, and 35 days PI (Table 6). 

Tahie 6 shows ihai ihere is significant interaction (p=O.02) (i.e. p<.(5) between 

treatment groups by days. This is shown to occur throughout the individual time 

points (Figure 22). With this data set the null hypothesis that there is no significant 

difference between treatment groups cannot be rejected (as it was with the T 

cell/macrophage data). Therefore, there is no difference in the numbers of IgM 

positive cells in the infected mice compared to that of the controls. This is shown 

by the high p value obtained when comparing treatment groups (treat) (p=.646) 

(i.e.p>.05) (Table 6). 

IgG Positive Cells 

Repeated measures MANOV A results for IgG positive cells are located in 

Table 7. A repeated measures MANOVA was performed for 4,8,12, 16,25, and 35 

days PI. For this cell population there is no significant interaction between 

treatment group by days (treat by days / p=.420). Similarly the difference between 

treatment groups (treat) is not significant either (p=.264) (Table 7). Again the null 
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Table 8. Repeated measures multivariate analysis of variance (MANOVA) 
comparing IgA positive cell numbers in C. parvum infected and uninfected neonatal 
BALB/c mice. 

Tests of Between.Subject Effects 
Tests of Significance for Tl using UNIQUE sums of squares 

Source of 
variation SS DF MS F Sig of F 

WITHIN 7794.00 36 216.50 
CELLS 

TREAT 5046.00 1 5046.00 23.31 .000 

DAYS 57452.08 5 11490.42 53.07 .000 

TREAT BY 3165.88 5 633.18 2.92 .026 
DAYS 
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Figure 31. Lymphoproliferative responses (SI = Stimulation Index) of spleen cells 
from C. parvum infected and uninfected mice to the mitogens Con A (Concanavalin 
A), LPS (Lipopolysaccharide), and PHA (Phytohemaglutinin). 
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hypothesis cannot be rejected and there is no difference between the two groups in 

the numbers of IgG positive B cells present in the ileal sections. 

19A Positive Cells, 

The IgA data set was analyzed by a repeated measures MANOVA as described 

above. Interaction between treatment by days was significant (p=.026) (Table 8) 

which is also shown in figure 28. This is again due to the fact that the host is 

responding to the parasite and there is an interaction early on in the infection where 

both groups have similar numbers of cells present. When comparing the individual 

treatment groups to one another (treat) the p level is low (p<.OOI), but this is only 

significant at days analyzed later on in the infection (i.e. 12 and 16 days PI) (Figure 

28, Table 8). Therefore, in this case the null hypothesis can be rejected and there 

is a difference in the numbers of IgA positive cells present in the ilea of infected 

animals compared to controls. 

7. Lymphoproliferation of mouse spleen cells from animals infected with C. parvum. 

Response to Mitogens 

Figure 31 represents preliminary lymphoproliferative assays of spleen cells 

from C. parvum infected and control (uninfected) neonatal mice to various mitogens 

Con A (Concanavalin A), LPS (lipopolysaccharide), and PHA (Phytohemagglutinin). 
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Animals were infected at 4 days of age with either 105 C. parvum oocysts or PBS and 

sacrificed at 12 days PI (16 days of age). Results indicate that all mice (infected and 

controls) responded to the mitogens tested. No apparent differences exist between 

responses obtained from infected and control mice in response to each of the mitog

ens tested. Both infected mouse #2 and control mouse #2 responded higher to Con 

A while infected mouse #1 and control mouse #1 responded lower (Figure 31). 

Responses to LPS ami PHA were simiiar in aii mice tested. For eacil of tile 

mitogens tested one mouse responded better at a different concentration than the 

other three mice. Infected mouse #2 was not tested at 10 "giml PHA due to the low 

number of cells obtained from this mouse during the experiment. Responses are 

given as the stimulation index (SI) which is described on the next page: 

Mean counts/min (antigen/mitogen) 

SI = 
Mean counts/min unstimulated (control) cultures 

All responses (Con A, LPS, and PHA) were depressed in all neonatal mice compared 

to responses seen in adult BALB/c mice (data not shown). 
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Response to C. parvum Antigen 

Spleens from infected and control mice were also evaluated for proliferative 

responses to C. parvum antigen. Preliminary results show that cells from infected. 

mice at 12 days PI exhibited a higher response to C. parvum antigen in vitro 

compared to control mice (Figure 32). The highest response to antigen varied with 

each of the infected mice tested. Mouse #1 responded best at an antigen con centra-

tiOii of 5 j.Lg/ml, mouse #2 cesponderl Dest at 10 I'g/mi. Boin coniroi mice nan a 

higher stimulation index when exposed to 2 I'g/ml of C. parvum antigen. 
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Figure 32. Lymphoproliferative responses (SI = Stimulation Index) of spleen cells 
from C. parvum infected and uninfected mice to sonicated C. parvum antigen. 
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DISCUSSION 

The ultimate goal of this research was to describe the susceptibility dynamics 

of neonatal mice to Cryptosporidium parvum and the development of immunocompe

tence to cryptosporidial infection in the intestine of neonatal BALB/c mice. Since 

neonatal mice become infected with Cryptosporidium and recover naturally, they were 

the prime candidates to accomplish these goals. Both humoral and cellular 

mechanisms were studied oy ooserving the dynamics of ceii popuiation changes 

within the lamina propria in response to infection with Cryptosporidium. Because 

neonatal mice are not fully immunologically mature, there is a possibility that the 

events described which relate to the clearance of infection are just maturational 

events. The data obtained provided needed insight not only into the infection 

dynamics and immunobiology of cryptosporidial infections but also into the ontogeny 

of immune responsiveness at the gut level in normal mice. Though many 

investigators have used mice in immunological studies, little concerning the ontogeny 

of immunity in the gut or any other organ system of this animal has been 

documented. 

The susceptibility dynamics of C. parvum infections has not been fully 

described in the neonatal mouse system. Laboratory mice are different from 

humans because they are essentially immune to Cryptosporidium infection as adults. 

Two individual experiments were conducted to determine: 1) the length of time 

parasites remain in the gut of infected neonates (after being infected at 4 days of 
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age) and 2) at what day of age neonates become refractory to infection. These results 

were then compared to the immunological data to see if immunity could be a 

possible factor in clearing the infection from these animals. 

The data presented indicates that after 15 days PI (19 days of age) the 

percentage of animals with Cryptosporidium parvum life cycle stages present in the 

ileum starts to decrease until days 22-24 PI at which time no parasitic stages could 

be iound in any of the animals tested. Some animals therefore are recovering from 

infection earlier than others. At 10 days PI (14 days of age) and older, parasite 

numbers are actually decreasing, which could signify recovery. The data obtained 

from immunohistochemical analysis of cell populations in the gut indicates that 

animals are responding significantly with T cell and macrophage populations as early 

as 8 days PI. The heightened immune response could account for the decrease in the 

number of infected animals and parasite load since the two events are occurring 

simultaneously. 

As animals increase in age, they become refractory to infection with C. 

parvum. Some mice become resistant to infection earlier than others since % 

infectivity begins to decrease at 10 days of age. Even though the animals are inbred, 

there is some variation as far as susceptibility to this intestinal protozoan is 

concerned. The reason older mice become refractory to infection is a perplexing 

issue. Since mice are responding immunologically, these events could be responsible 

for the decreasing susceptibility seen in older animals. The immune response 
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activated when animals are infected as adults could be strong enough not to permit 

colonization of the parasite or completion of the life cycle. It is interesting to note 

that the same lack of susceptibility as adults is not seen in humans. Alternatively, 

the lack of susceptibility in older animals could be due to changes in the normal 

flora of the intestine as the animals age, thus affecting the colonization and 

attachment of C. parvum. This change in normai flora could increase competition 

for and/or mask certain receptor sites needed for C. parvum to attach to the epithelial 

cell surface. In this study the time point at which these mice become refractive to 

infection has been ascertained. By further exploring events related to receptor 

mediated attachment/invasion it may be possible to devise ways to prevent parasite 

colonization in humans. Antibodies, for example, could be made to these receptors 

and used to alter the course of infection. If immune responsiveness is important in 

decreasing the susceptibility of mice, then it might be possible to augment these 

specific immune responses in humans to treat cryptosporidial infections. 

An immunohistochemical approach was used to analyze immune responsive

ness occurring within intestinal tissue of infected mice. The immunoperoxidase 

staining procedure, which is the immunohistochemical technique of choice, had to 

be modified to reduce background due to endogenous peroxidase. The method 

chosen initially was a modification of a procedure which consisted of blocking with 

0.228% periodic acid in dH20 for 36 seconds (Kelly et al., 1987). Unfortunately this 

was found to be an unacceptable method when the primary antibodies anti-L3T4 and 
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anti-IL-2R were used in the staining procedure. The periodic acid inhibited the 

binding of the antibodies to their respective antigen sites; L3T4 and IL-2 receptor 

molecules. This phenomenon subsequently was described in another study with anti

Lyt-l and anti-Lyt-2 (Malorny et al., 1988). Up until this point no undesirable effect 

in the present study was noticed when periodic acid was used as the blocking agent 

(with antibodies anti-Lyt-l and -Lyt-2). To be sure that a decrease in staining was 

not occurring, slides were prepared using the anti-Lyt-l, anti-Lyt-2, and anti-Mac-2 

antibodies with and without periodic acid. These experiments showed that no 

inhibition of staining was occurring with these three antibodies using the modified 

36 second incubation time. Periodic acid, therefore, remained the method of choice 

for blocking endogenous peroxidase with Lyt-l, Lyt-2, and Mac-2 antisera. Many 

researchers performing immunoperoxidase histochemistry have not bothered to block 

for endogenous peroxidase because it was felt that no effective method for its 

removal existed (T. Ermak, personal communication; Falini, 1986; Tabibzadeh, 

1986). This was unacceptable considering cells were to be quantitated and any 

background staining might interfere with that process. An alternative method for 

blocking endogenous peroxidase has been described (Malorny et al., 1988; Li et ai, 

1987). Upon modification of these methods, a 0.05 M solution of sodium azide 

(NaN3) containing 0.04% H202 (30%) wasarsed to block peroxidase in tissues that 

were to be labelled with the L3T4 and IL-2R antisera. The exact concentratiGns and 

extended incubations used by the authors just mentioned were too severe for the 
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neonatal intestinal tissue since cellular morphology was unfortunately destroyed. 

Whenever a new antibody was to be used in the staining procedure, experiments were 

run to make sure periodic acid treatment did not interfere with the binding of the 

antibody to the molecule or epitope on the surface of the cell. Other methods for 

blocking endogenous peroxidase were employed, but methods such as phenylhydra

zine still left evidence of the enzyme in the tissue. This was noticed in splenic 

sections from adult BALB/c mice. 

Lyt-l was chosen as the Pan T cell marker in these studies instead of Thy 1.2. 

Though Thy 1.2 is the accepted Pan T cell marker it has been shown that this 

marker is not present on all T lymphocytes and that these Thy 1.2 negative T cells 

are especially prevalent in the Peyer's patches of mice (Harriman et al., 1990). In 

this study a significant increase in Lyt-l (CDS in the human) positive T or B cells 

occurred in the lamina propria and/or intraepithelial area of the villi in the small 

intestine. Animals infected with C. parvum oocysts responded with a dramatic 

increase in cells possessing this marker compared to control mice. In 1975 the 

consensus was that only T cells of the helper phenotype expressed the Lyt-l marker 

(Cantor and Boyse, 1975). In 1980 it was discovered that all T cells express Lyt-l, 

but the density of the antigen was greater on T helper cells than on T suppres

sor/cytotoxic cells (Ledbetter et al., 1980). This could account for the variation in 

the intensity of staining seen in the histological sections of this study. In 1981 this 

Lyt-l antigen (often now referred to as Ly 1) was found on some B cell tumors in 
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mice. In normal animals these Ly 1 (Lyt-1) B cells seem to show patterns of 

localization different from that of the conventional B cell. These cells have been 

found in high frequency in the peritoneal cavity, but are rarely seen in the spleen and 

apparently undetectable in the lymph nodes (Lanier et al., 1981a, 1981b; Manohar 

et aI., 1982; Hayakawa et al., 1983). It could possibly be assumed that since these 

cells are not present in the lymph nodes that they might not be present in the 

Peyer's patch either. It has been suggested that this marker on B cells may 

represent a functionally distinct B cell and may have some importance in autoimmu

nity in the mouse. These cells might also function in the production of autoantibod

ies and/or anti-idiotypic antibodies in the mouse (Hayawaka, 1983). Because of the 

information cited, it would be safe to assume that the large numbers of Lyt-1 

positive cells seen in the neonatal mouse intestine are probably T cells. This 

statement is reinforced by the data presented on the immunoarchitecture of the 

Peyer's patch of these infected mice. Results show cells staining with the Lyt-1 

marker in the Peyer's patch located in the intrafollicular area, the common place for 

T cells. Little can be deduced about which subclass of cells are actually important 

in this infection, however, by observing only Lyt-1 cells. The data presented, however, 

does show similarities with results obtained from infecting T cell deficient nude mice 

(Heine et aI., 1984). Nude mice have been shown to develop chronic cryptosporidial 

infections. It is evident, therefore, that the T cell arm of the immune response is 

probably important in clearing infection in neonatal mice. The lamina propria and 
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villi of infected mice show Lyt-1 cells in the basal and apical portions of the villi and 

throughout the lamina propria. Cells in the apical portion of the villi could possibly 

be responding to parasites at the site of colonization. 

In the infected animals there is a significant increase in cells expressing the 

Lyt-2 marker beginning at 8 days PI (12 days of age) compared to control animals. 

Only T cells of the suppressor/cytotoxic pbenotype ar.c known tn express Lyt-2 (this 

corresponds to CD8 in humans). Since this marker does not differentiate between 

cytotoxic and suppressor cells three possible events could be occurring. One 

possibility is that all of the cells could all be cytotoxic T cells. Cytotoxic T cells 

could be responding by directly killing parasites at the epithelial surface or could be 

activated to kill cells parasitized with the organism. Killing of intracellular parasites 

by cytotoxic T cells has been demonstrated in Theileria parvum and Trypanosoma cruzi 

infections (Roitt, 1985). This method of killing could be important in Cryptospor

idium infections. Unfortunately, an antibody does not yet exist to reliably 

differentiate T cytotoxic cells from T suppressor cells in mice. Another possibility 

could be that all of these cells express the suppressor phenotype. A possible role for 

suppressor cells in this infection might be manifested in the continuous regulation 

of the immune response. Suppressor cells and their factors can have a profound 

influence on immune responsiveness. They can affect other T cells such as helper 

cells and can also release specific factors that can suppress the response of 

macropbages and B cells. Since there is a tremendous increase in activated 
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macro phages in infected mice, a high proportion of suppressor cells might have been 

called to the sight of infection to regulate this response. Available evidence suggests 

an unlikely role for humoral immunity in clearing cryptosporidosis from infected 

mice. Suppressor cells, therefore, might be acting on either T cells or macrophages. 

A third possibility which exists is that there is a mixture of T cytotoxic and 

T suppressor cells both responding to cryptosporidial infection. This would be 

important to delineate since the importance of T cytotoxic cells in clearing parasitic 

infections still remains unanswered. The importance of CDS cells in cryptosporidial 

infections has recently been demonstrated (Ungar et al., 1990). One group of 

animals given anti-CD4 and anti-CDS antibodies continued to shed oocysts longer 

than the groups given just anti-CD4 antibodies alone. Mice given anti-CDS alone 

did not shed oocysts for as long as mice given anti-CD4 (Ungar et al., 1990). It is 

important to note that the length of shedding was determined after the specific 

antibody treatment had been stopped. From this work, the T h cells seem to be more 

important than the T Jf s cells in providing immunity to cryptosporidiosis, but the 

latter cell population could playa secondary role in clearing infection or regulating 

immune responsiveness. 

The presence of increased macrophage numbers in this infection would 

indicate that antigen presenting cells are engulfing cryptosporidial life cycle stages, 

processing antigen, and presenting this antigen to the T helper cell. Helper cells 

could activate other helper cells, T cytotoxic! suppressor cells, B cells, and additional 
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macrophages to respond to the infection. The anti-Mac-2 antibody was chosen as 

opposed to Mac-I and Mac-3 since in the mouse this is the only antibody that 

currently exists that does not cross react with granulocytes or NK cells (Do and 

Springer, 1982). This antigen was originally found to be present on thioglycollate 

elicited macrophages in the peritoneum of mice. These thioglycollate induce 

macrophages were described as being highly vacuolated, large, and extremely 

phagocytic containing elevated levels of elastase, plasminogen activator, and alkaline 

phosphodiesterase I (Bianco and Edelson, 1978). This marker appears to be induced 

by strong inflammatory stimuli and appears distinct for a mononuclear population 

that might be going through a distinct stage of differentiation (Do and Springer, 

1982). This marker is present on only 1% of cells in the normal mouse spleen. The 

increased population seen in these neonatal mice, therefore, represents a pure 

population of macrophages. This would seem to indicate that the Cryptosporidium 

antigens which the mice are responding to are T dependent antigens and need to be 

processed by macrophages or other antigen presenting cells in order for the T cells 

to elicit the proper responses needed to clear the infection. This is also supported 

by the fact that nude mice also develop chronic infections and would indicate that 

the T cell arm of the immune response is very important and that humoral 

immunity and T independent antigens do not play a major part in clearing 

cryptosporidial infections. Cryptosporidium has also been identified inside M cells 

in the guinea pig (Marcial et aI., 1986). This would support the importance of cells 
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that are in an antigen presenting mode in clearing cryptosporidial infections. 

The T helper subset population is also increased in infected mice beginning 

at 8 days PI (12 days of age). The definitive T helper antigen in mice is designated 

as L3T4 (which corresponds to CD4 in humans). Increases in this cell population 

indicate the mice are possibly responding to T dependent antigens. This again 

parallels what is seen in BALB/c mice which given anti-CD4 shed oocysts for a 

greater period of time compared to untreated controls (Ungar et al., 1990). T h cells 

were localized in the intrafollicular areas of the Peyer's patches in ileal sections 

analyzed. This is consistent with that seen in adult mice (KagnofT, 1987). Helper 

cell population increases parallel numbers seen with the Lyt-2 + cells. The staining 

intensity seen in sections varied from cell to cell which could account for a variation 

in the density of the L3T4 marker. 

As indicated by the results, a dramatic increase has occun--ed in both of the 

T cell subsets, but whether these cell populations are in fact "activated" cells and 

responding specifically to this infection has not been answered. To assess T cell 

activation, serial sections of the same mice were stained with an anti-IL-2 receptor 

(IL-2R) antibody. T cells that have been activated are known to express increased 

numbers of these receptors on their surfaces. It is also known that B cells can 

express IL-2 receptors (Ortega et al., 1984; Zubler et al., 1984). The original IL-2R 

antibody to be used in this experiment was in supernatant form derived from the 

hybridoma PC 61 5.3 obtained from A TIC. The hybridoma was grown up in the 
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required media (see material and methods) and the supernatant collected. This 

antibody, including the affinity purified product obtained from Boeringer Manheim, 

was not a very strong antibody when staining IL-2R positive cells in the gut or 

Peyer's patch, though staining was excellent in the adult mouse thymus. Decreasing 

the dilution would have been extremely costly for analysis of these cells in the 

sections though more positively stained cells might have been identified. Either the 

density of the IL-2 receptors was very low in response to this intection or many IL-

2R molecules were present but were actually masked in situ by the IL-2 molecule 

itself. This is possible due to the fact that the antibody binds to the epitope that is 

exactly the same site for the IL-2 molecule. Because of this, it was difficult to assess 

the proliferative status of the cells present with this antibody. One alternative 

method would be to stain for the IL-2R with other anti-sera that recognize another 

site other than the IL-2 molecule binding site. Two additional antibodies are 

available although their staining patterns were no more intense in adult Peyer's 

patch tissue that the antibody from Boeringer Manheim. Results do indicate a 

significant increase in IL-2R positive cells at 8 days PI (12 days of age) in infected 

mice compared to the controls. Therefore, the infected mice have an increased 

population of proliferating cells present in ileal sections. This increase was not 

detected at day 16 PI (20 days of age). Again, this could be due to the fact that the 

IL-2R is bound by IL-2, or the proliferating cell population might be decreasing at 

this later day post infection. 
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A strong gastrointestinal T cell response seen in the neonatal mouse to C. 

parvum is consistent with immune responsiveness, not necessarily at the gastrointes

tinal level, seen in rodents infected with other coccidia and/or intestinal protozoa. 

Athymic mice infected with the coccidian Eimeria falceformis var. pragensis shed 

oocysts for a longer period of time than their normal littermates. In addition, 

athymic mice did not develop protective immunity to the parasite as did other 

normallittermates (Mesfin and Bellamy, 1979). This was also seen in athymic nude 

rats (Rose and Hesketh, 1979). T cells are also important in immunity to Giardia 

infections. Prolonged infections with this parasite have also been documented in 

athymic mice (Thompson and Mitchell, 1978). Clearance of Giardia muris infection 

in mice is T h (helper) cell mediated (Heyworth et al., 1987). 

There were very few IgM positive B cells present in the gut during the acute 

and convalescent stages of the infection in neonates and there was no significant 

difference in the numbers of this isotype B cell found in the intestine of control 

animals. This is consistent with another study in which neonatal BALB/c mice were 

depleted of their B lymphocytes by administration of anti-I" antibodies. Results 

showed that the length and the severity of cryptosporidial infection in these mice did 

not increase or change due to the depletion of the B cell population (Taghi-Kilani 

et aI., 1990). Even though there were few IgM positive cells responding to the 

infection, there were many IgM positive B cells in the Peyer's patches of the infected 

mice and control mice (data not shown). This is consistent with the fact that an 
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adult mouse Peyer's patch contains a lymphocyte population of between 40-80% B 

cell (KagnofT, 1987). B cells are known to migrate directly from the Peyer's patch 

in response to infection, therefore, it could be assumed that the c. paTVum infection 

does not elicit an isotype specific IgM response at the gut level. Similarly there were 

no significant changes in the IgG positive B cell population in the ileum of infected 

neonatal mice compared to control mice. In fact very few IgG positive B cells were 

detected in mouse ileal sections until day 16 PI (20 days of age) when the numbers 

began to increase. One positive cell was identified in a mouse that was 8 days old 

(4 days PI). IgG positive cell numbers in the ileum of infected and control mice did 

increase with the age of the animal. Therefore, even though IgG is elevated in the 

sera of humans and animals with cryptosporidial infections (Taghi-Kilani et al., 

1990; Ungar et aI., 1986;), in this study IgG does not seem to be responsible for 

clearing the parasite from the gut of neonatal mice. Additional studies tested 

antibody response to cryptosporidiosis and data showed very low titre responses to 

IgG antibodies. It was suggested that the low sensitivity of the technique could 

account for the low titres (Casemore, 1987). 

Increases in 19A positive B cells were detected in infected mice compared to 

the control animals. This increase was only significant at 16 days PI (20 days of 

age). Cell numbers were in no way comparable to the elevated numbers of T cells 

and macrophages. Since the increase in 19A positive B cells was seen later on in the 

infection this isotype could play a secondary role in clearing the cryptosporidial 
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infection. The lack of IgG positive B cells prior to the increase in 19A positive cells 

in the gut could be explained by the fact that in vitro studies have shown that T cells 

isolated from rat Peyer's patches have a selective role in switching B cells from IgM 

to 19A commitment. This results in antigen specific 19A producing B cells (Kagnoff, 

1987). The increase in 19A positive B cells in the gut of these infected animals is 

consistent with increases in serum 19A seen in humans with cryptosporidial 

infections (Casemore, 1987). It is also known that the 19A isotype response is 

delayed in ontogeny in humans and in animals compared to other isotypes. This 

could be why the increase in 19A positive B cells in infected neonates does not occur 

until later on during the infection (Kiyono et al.;1984). C. parvum specific 19A B 

cells in the gut of adult animals could play a predominant role in response to the 

parasite. It is important to note that B cells are the predominant lymphocyte in the 

adult Peyer's patch, while in newborn mice 65-85% of the lymphocytes are of thymic 

origin (Kagnoff, 1987). 

When staining sections for anti-IgM and -lgA an alternative reagent was used 

in the place of gelatin to coat the slides before the frozen sections were attached. 

The reagent used was Vectabond (Vector Laboratories) which significantly decreased 

the background in some of the tissue sections stained. The background was often 

a problem when using the anti-immunoglobulin reagents and many of the slides 

could not be evaluated when gelatin was used as the adhesive. At times, certain 

tissues still retained a certain amount of non-specific background staining which did 
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not interfere with evaluation of the tissue. Vectabond actually increased the 

background staining when using the anti-IgG antibody, therefore, gelatin was still 

used to coat those slides. 

This lack of humoral responsiveness, except for the increase p.n IgA positive 

cells at 16 days PI, is consistent with results seen with Eimeria spp. infections in B 

deficient animals. Bursectomized birds in these experiments are essentially immune 

to infection with Eimeria spp. (Rose and Hesketh, 1979). The role humoral 

immunity plays in Gillrdill lamblill infections is still a matter of controversy. Mice 

depleted of IgM antibodies developed chronic giardiasis. This would indicated an 

important role for humoral immunity at the gut level (Underdown et al., 1988). In 

addition, in humans with hypogammaglobulinemia an increased incidence of Gillrdill 

lamblill infection has been reported (delHollander et al., 1988). Increased levels of 

IgG and IgM are found in the serum of humans infected with Gillrdill lamblill (Goka 

et al., 1986). IgA and IgG antibodies obtained from the sera of mice infected with 

Gillrdia increase the phagocytosis of trophozoites by macrophages in vitro (Kaplan 

and Altmanshofer, 1985). It is important to note that events occurring in vitro might 

not reflect what is seen at the local (gut) level. 

Increases in Tc/s (Lyt-1/Lyt-2), macrophages (Mac-2), and IgG positive cells 

at 25 days PI and increases in Th (Lyt-1/L3T4) and IgA positiv~ (ells at 35 days PI 

in infected mice could reflect important time points in the maturation of the 

immune response in the gut of neonatal mice. These increases could indicate the 
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presence of other antigens to which the animals are responding. 

Preliminary lymphoproliferation analysis of spleen cells was performed on 

cells obtained from infected and uninfected mice to show that a proliferative 

response, measured other than with quantitating IL-2R positive cells, was occurring 

in mice infected with C. parvum. Proliferative responses in spleen cells did occur in 

the infected mice (12 days PI) compared to the controls. The assay was run at 12 

days PI which corresponds to a day post infection in which the animals are 

responding with T cells, macrophages and beginning to respond with increases in IgA 

positive B cells in the gut. Since proliferative responses are seen in the spleen 

during infection this could infer that cells are trafficking from the Peyer's patch via 

some immune circuitry that involves the spleen. In addition, it is apparent that the 

sonicated preparation of antigen used in the assay contains specific antigens that 

were responsible for proliferation in vitro. Further analysis needs to be done to 

determine what these antigens are and if, in fact, they play any role in inducing 

protection. Another recent study tested the proliferative responses in spleens from 

C. parvum infected mice at one week of age. Results in infected mice were not 

significant compared to the control mice. In this study mice were not sacrificed 

until 2 weeks after infectivity which could account for the decreased proliferative 

response (Whitmire and Harp, 1990). This study did show greater proliferative 

responses in multi-orally infected mice compared to the controls. In addition 

mesenteric lymph nodes (MLN) were also tested for proliferative responses to C. 



132 

parvum antigen. None of the infected animals tested showed any blastogenic 

response in the MLN cultures. Again this could be due to the length of time between 

infection and sacrifice or could indicate a type of immune circuitry not involving the 

MLN. Since Peyer's patch lymphocytes leave and travel to the MLN it was odd not 

to see a proliferative response in the above mentioned study. It is evident that many 

questions still remain regarding immune circuitry in cryptosporidial infections. 

After initiation of this study it became apparent that the control mice used 

to compare to the infected animals would provide needed information concerning the 

ontogeny of the immune response at the intestinal level. Animals that were 8 days 

of age had T cells of all phenotypes and macrophages present in the Peyer's patches 

(intrafollicular areas), lamina propria, and intraepithelial areas. The cell numbers 

began to increase at some point between 22 (18 days PI) and 29 (25 days PI) days 

of age. This could be an important time point in the maturation of the neonatal 

mice when increased numbers of T cells and macrophages are infiltrating into the 

lamina propria and intraepithelial areas of the intestine. What specific changes, 

besides an increase in age, were occurring at this time point to cause the increase in 

cell numbers could not be determined. B cells of the isotypes IgM, G, and A were 

all present in the intestines of neonatal mice beginning at 8 days of age. Peyer's 

patches identified in sections at 8 days of age were positive only for IgM. IgM 

positive B cells were present in 8 day old mice with the majority concentrated in the 

Peyer's patch. Cell numbers did not increase in the lamina propria or intraepithelial 



133 

area even as the mouse aged (39 days old). Only one IgG positive cell was detected 

in any of the ileal sections at 8 days of age. All other sections were negative for this 

isotype of B cell until 29 days of age, except those containing Peyer's patches in 

which a few IgG positive cells could be identified. Since no data was taken for days 

20-29 of age the IgG cell population could be increasing in the areas mentioned 

above. IgA positive B cells were present in the areas described above at 8 days of 

age. As mentioned previously 19A develops late in ontogeny. This delayed IgA 

response is occurring in the controi mice with increases evident at approximately 20 

days of age. In control mice, numbers of 19A positive cells present outside the 

Peyer's patch exceed that of the IgM and IgG positive cells. A greater number of 

IgA + isotype B cells could reflect the importance of this antibody at the intestinal 

(mucosal) level. This increase also coincides with the time when the neonates are 

weaned from their mothers. Responsiveness could be occurring to food antigens or 

a change in the normal flora during the weaning period. 

Immunohistochemical analysis of cell populations present in the gut of mice 

infected with C. parvum has provided a detailed analysis of the immunological 

mechanisms responsible for recovery. Due to the fact that no chemotherapeutic 

treatment has been identified to cure cryptosporidiosis, immunotherapeutic 

modalities could be important avenues to explore for the control and/or cure of this 

infection. To date, few immunotherapeutic agents have been tested, but evidence 

here indicates that at the gut level, at least in neonatal mice, a strong T cell (all 
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phenotypes), macrophage, and IgA response is occurring which could be targeted and 

augmented in some type of immunotherapeutic regime. Lymphokines that augment 

the T cell arm of the immune response could be important agents in testing their 

efficacy against cryptosporidiosis. IL-4 and IL-S can increase IgA secretion by 

Peyer's patch B cells of mice in the presence of autoreactive T cell clones in vitro 

(Lebman and Coffman, 1988). These interleukins could be important since IgA 

positive cells, in this study, increased in response to cryptosporidial infection. 

Gamma interferon, which has a regulatory function for T cells, could also be a 

potential immunotherapeutic agent. Even though the use of immunotherapy has 

been used primarily to treat patients with cancer and immunodeficiencies, it could 

have far reaching benefits in the treatment of cryptosporidiosis and/or other 

currently untreatable parasitic infections. 
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APPENDIX A: Mean parasite counts (per high power field) from longitudinal 
sections of mouse ilto.m from mice infected at 4 days of age and sacrificed at various 
days post infection (PI). 

Days PI Day of age at time of sacrifice Mean parasite #/# animals 

10 14 184.65/10 

11 15 132.0/10 

12 16 60.67/9 

13 17 25.31/8 

14 18 49.22/9 

15 19 30.2/10 

16 20 11.94/8 

17 21 27.67/6 

18 22 3.85/10 

19 23 4.13/12 

20 24 1.35/10 

21 25 0.22/8 

22 26 0/11 

23 27 0/7 
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APPENDIX B: Mean parasite counts (per high power field) from longitudinal 
sections of mouse ileum from mice infected at various days of age and sacrificed 5 
days post infection (PI). 

Infected (days) Age (days) at sacrifice Mean parasite #/# animals 

4 9 235.58/6 

5 10 278.19/8 

6 11 258.31/9 

7 12 232.69/8 

8 13 198.83/9 

9 14 91.72/9 

10 15 7.83/9 

11 16 2.75/8 

12 17 3.85/13 

13 18 0.25/17 

14 19 0/11 

15 20 0/12 

16 21 0/11 

17 22 0/7 

18 23 0/12 
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APPENDIX C: Cell means +/- one standard deviation (SD) for Lyt-l positive cells 
for infected and uninfected neonatal BALB/c mice at various days post infection (PI). 

Day PI Mean/lnfected SD Mean/Uninfected SD 

4 48.44 17.48 34.38 10.49 

6 56.25 13.21 46.5 5.88 

8 335.5 46.86 33.63 19.57 

10 349.25 35.31 34.88 8.79 

12 320.0 69.80 15.25 4.20 

14 285.0 41.30 19.75 9.65 

16 312.25 53.01 26.75 8.33 

18 242.25 60.74 32.25 9.10 

25 280.78 79.34 87.13 20.68 

35 230.75 37.52 120.13 21.18 
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APPENDIX D: Cell means +/- one standard deviation (SD) for Lyt-2 positive cells 
for infected and uninfected neonatal BALB/c mice at various days post infection (PI). 

Day PI Mean/Infected SD Mean/Uninfected SD 

4 36.5 11.88 15.88 5.82 

6 44.13 12.45 17.88 9.95 

8 233.38 40.91 10.88 6.51 

10 244.88 33.96 11.75 3.77 

12 250.38 76.40 7.25 4.23 

14 225.63 82.65 9.00 4.50 

16 240.0 130.96 15.13 6.66 

18 197.5 78.56 15.88 6.66 

25 328.25 109.69 87.63 26.69 

35 241.63 53.17 147.63 35.53 
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APPENDIX E: Cell means +/- one standard deviation (SD) for Mac-2 positive cells 
for infected and uninfected neonatal BALB/c mice at various days post infection (PI). 

Day PI Mean/Infected SD Mean/Uninfected SD 

4 22.38 9.13 16.25 10.75 

6 36.75 15.42 12.75 5.75 

8 235.5 20.36 6.25 3.20 

10 214.5 21.26 15.5 10.50 

12 238.75 73.03 10.13 7.28 

14 212.13 96.40 8.13 4.70 

16 224.38 110.84 14.63 5.24 

18 169.63 72.56 18.38 3.02 

25 300.5 119.22 80.88 14.73 

35 253.63 27.28 146.88 30.06 
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APPENDIX F: Cell means +/- one standard deviation (SD) for L3T4 positive cells 
for infected and uninfected neonatal BALB/c mice at various days PI. 

Days PI Mean/lnfected SD Mean/Uninfected SD 

4 22.25 11.03 37.63 14.03 

8 185.38 34.15 24.25 14.26 

12 265.25 67.35 32.50 22.42 

16 263.00 52.86 26.63 17.20 

25 239.25 48.09 82.50 24.02 

35 251.63 43.59 131.63 29.81 
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APPENDIX G: Cell means +/- one stalldard deviation (SD) for IL-2R positive cells 
for infected and uninfected neonatal BALB/c mice at various days PI. 

Days PI Mean/lnfected SD Mean/Uninfected SD 

8 96.75 30.87 4.63 4.81 

16 28.13 12.92 17.75 13.21 
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APPENDIX H: Cell means +/~ one standard deviation (SD) for IgM positive cells 
for infected and uninfected neonatal BALB/c mice at various days PI. 

Day PI Mean/lnfected SD Mean/Uninfected SD 

4 1.88 1.96 8.00 3.96 

8 5.13 3.44 6.50 2.39 

.. " 12.75 6.56 t!' ,..t!' 2.38 .1..'" ;:!.I ;:! 

16 6.88 4.85 2.75 2.19 

25 9.50 5.78 13.00 7.63 

35 8.75 3.73 12.13 5.38 
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APPENDIX I: Cell means +/- one standard deviation (SD) for IgG positive cells for 
infected and uninfected neonatal BALB/c mice at various days PI. 

Day PI Mean/lnfected SD Mean/U ninfected SD 

4 0 0 0.13 0.35 

8 0 0 0 0 

12 (; (; (; (; 

16 0.75 0.71 0 0 

25 4.00 2.20 2.63 2.07 

35 3.88 1.64 4.13 1.36 
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APPENDIX J: Cell means +/- one standard deviation (SD) for T~ positive cells for 
infected and uninfected neonatal BALB/c mice at various days PI. 

Day PI Mean/lnfected SD Mean/Uninfected SD 

4 0.05 0.53 0 0 

8 3.38 2.50 0.63 0.74 

12 16.25 12.65 3.38 1.68 

16 38.88 12.94 8.38 3.20 

25 36.13 17.76 24.13 11.48 

35 86.25 21.0~ 57.88 21.90 
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