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ABSTRACT 

Cryptosporidium parvum is a zoonotic protozoan parasite belonging to the Phylum 

Apicomplexa and a causative agent of mild to severe watery diarrhea in humans and animals. 

The infection starts with the ingestion of oocysts, often from contaminated water, followed by 

the release of four sporozoites from individual oocysts in the small intestine and the invasion of 

sporozoites into intestinal epithelial cells. A unique, host cell-derived parasitophorous vacuole 

membrane (PVM) will be formed during the parasite invasion to contain the intracellular 

developing parasites. However, the essential molecular interactions between the parasite and host 

cells during infection and the mechanism of PVM formation are poorly understood. 

The study employed two approaches to study the molecular mechanisms of invasion by the 

C. parvum sporozoites. The first approach focused on identifying host cell factors, in which three 

host cell mutants generated with UV-irradiation-based mutagenesis have significantly increased 

resistance to the invasion by C. parvum sporozoites. One of the mutants was significantly 

resistant to the attachment of sporozoites onto host cells, and can be used to identify genes and 

pathways responsible for the parasite attachment by forward genetics. The second approach 

focused on a multifunctional parasite protein, which is discharged to the host cell surface during 

the parasite invasion. There was strong evidence indicating that this parasite protein participated 

in the aggregation of host cell filamentous actin (F-actin) and was associated with the formation 

of PVM. 

This study has not only generated new knowledge towards understanding the mechanisms 

of C. parvum infection, but also identified new directions to further explore the molecular 

pathways in the host cells and the parasites responsible for the parasite invasion. 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

1.1 History of Cryptosporidium spp. and cryptosporidiosis 

More than 110 years ago, Cryptosporidium species were first described in the gastric 

glands of an asymptomatic laboratory mouse by Ernest E. Tyzzer (Tyzzer 1907). The 

morphology of Cryptosporidium muris and Cryptosporidium parvum in different life stages were 

then described in 1910 and 1912 respectively (Tyzzer 1910, Tyzzer 1912). After discovering 

Cryptosporidium, the protozoan was thought to be a benign commensal organism and was 

neglected for more than half a century. It was not until the 1970s that Cryptosporidium infection 

was discovered extensively in the gastrointestinal or respiratory tract of most animal species, 

including mammals, reptiles and birds, causing them watery diarrhea termed as cryptosporidiosis 

(Ramirez et al. 2004, Richter et al. 2011, Nakamura and Meireles 2015).  In April of 1976, using 

light and electron microscopic detection in a rectal biopsy, Cryptosporidium infection in a human 

being was reported: a 3-year-old child with severe acute enterocolitis. The infection caused 

pathological changes in her rectum and severe clinical symptoms, suggesting the pathogenicity 

of the Cryptosporidium infection (Nime et al. 1976).  During June of the same year, another case 

was reported: a 39-year-old man who developed overwhelming diarrhea after taking 

immunosuppressed drugs daily for 5 weeks. Severe mucosal injury and epithelial surface 

infection with tiny organisms found in Jejunal and ileal biopsies. After discontinuation of 

immunosuppressed drugs for 2 weeks, the diarrhea was resolved with the clearance of 

Cryptosporidium infection (Meisel et al. 1976). Thus, cryptosporidiosis is an opportunistic 

infection causing severe watery diarrhea of immunosuppressed patients. Between 1980 and 
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1983, a series of scientific papers published on cross-transmission experiments using 

Cryptosporidium from different animal species and humans suggest that mammalian 

Cryptosporidium lacks host specificity. However, it is only partially true. Cryptosporidium 

hominis, which is specific to the human species, was discovered 20 years later (Morgan-Ryan et 

al. 2002). The transmission experiments were the first in vivo studies of laboratory rodents and 

made the screening of anti-Cryptosporidial drugs possible (Tzipori et al. 1982).  

Cryptosporidiosis was brought to public attention in the early 1980s because of its strong 

association with the death of immunocompromised people, especially HIV/AID patients (Ma and 

Soave 1983, Ma 1984). Cryptosporidiosis is an opportunistic infection causing weight loss, 

severe dehydration and malnutrition in HIV positive patients, which can be fatal. Thanks to the 

discovery and extensive use of anti-retroviral therapy between 1997 and 2007, the rate of 

cryptosporidiosis infection among HIV/AIDS patients has gone down considerably in developed 

countries. However, cryptosporidiosis remains a relevant problem and causes severe dehydration 

and malnutrition today for immunocompromised people, especially HIV/AIDS patients, and 

children under 2 years old in developing countries (Tumwine et al. 2005, Checkley et al. 2015).  

The transmission and outbreaks of cryptosporidiosis due to contaminated water were not 

brought to public attention until several notable outbreaks in the late 1970s and early1980s. In 

1978, a waterborne outbreak of cryptosporidiosis in Carrollton, Georgia, United States of 

America (USA) affected about 13,000 people (Hayes et al. 1989). In 1980, a cryptosporidiosis 

outbreak occurred in Swindon and Oxfordshire in England affecting about 5,000 people. The 

largest cryptosporidiosis outbreak occurred in Milwaukee, Wisconsin, USA in 1993, where 

400,000 people were affected. The magnitude of this outbreak brought to public and government 

attention the fact that drinking contaminated water is a source and major risk factor for a 
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cryptosporidiosis outbreak (Mac Kenzie et al. 1994). In the following decades, a large number of 

experiments were conducted on Cryptosporidium, which expanded our knowledge of these 

parasites extensively. The genome of C. parvum and C. hominis were sequenced in 2004, which 

further advanced our knowledge on these parasites (Abrahamsen et al. 2004, Xu et al. 2004).  

However, despite these advancements, there is only one FDA approved drug, Nitazoxanide 

(NTZ), to treat cryptosporidiosis in immunocompetent people in the United States (Abrahamsen 

et al. 2004, Xu et al. 2004, Rossignol et al. 2001). For immunocompromised people, like 

HIV/AIDS patients and children under 3 years old, no effective drugs are available (Amadi et al. 

2002).  

Based on clinical and epidemiological studies, cryptosporidiosis was responsible for the 

outbreak of neonatal diarrhea in economical important animals including calves and lambs 

(Tzipori et al. 1980, Tzipori et al. 1983). Despite the economic loss caused by cryptosporidiosis 

in farm animals, no approved effective treatment is currently available (Shahiduzzaman and 

Daugschies 2012). There are several published drug therapies of Cryptosporidium infection in 

animals, for example azithromycin, nitazoxanide, and paromomycin. Azithromycin, which is a 

macrolide antibiotic, showed the ability to suppress oocyst shedding in infected calves, but there 

have been no sufficient clinical trials to prove its suitability in treating cryptosporidiosis in 

animals ((Elitok et al. 2005, Shahiduzzaman and Daugschies 2012). Nitazoxanide (NTZ), which 

is a FDA-approved drug to treat human cryptosporidiosis, showed various effects on animals 

(Abubakar et al. 2007, Ollivett et al. 2009, Schnyder et al. 2009). Paromomycin, an 

aminoglycoside antibiotic, showed limited efficacy against cryptosporidiosis in piglets and goats, 

but cannot be used on large ruminants (Marshall and Flanigan 1992, Theodos et al. 1998, 

Johnson et al. 2000, Shahiduzzaman and Daugschies 2012).    
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1.2 Life cycle of Cryptosporidium spp. 

Cryptosporidium parasites have a direct life cycle (Figure 1.1).   As seen in the figure, 

after oocysts excystate in the lumen of host intestines (a), sporozoites (b) attach onto host cells 

and develop into trophozoites (c) within parasitophorous vacuoles membranes (PVM) and are 

confined to the microvillus region of the mucosal epithelium. Trophozoites go through asexual 

division (merogony) (d and e) to form merozoites, which are released from type I meronts. The 

merozoites will invade host cells to again form either type I meronts (e), or to form type II 

meronts (f). Type II meronts form the sexual stages, microgamonts (g) and macrogamonts (h). 

About 80% of zygotes (i) formed from the fertilization of the macrogametes by the 

microgametes develop into thick-walled oocysts and are excreted into environment forming 

sporulated oocysts (j) and contain four sporozoites. Sporulated oocysts transmit the infection 

from one host to another and can survive through chlorine at concentrations used for water 

treatment. About 20% of zygotes form single layer thin-walled oocysts (k) and cause auto-

infection that can maintain the parasite in the host without repeated ingestion of the thick-walled 

oocysts from the environment. Each oocyst (thin and thick-walled) ranges in size from 3.7 to 8.4 

µm in length and 3.2 to 6.3 µm in width, and contains four sporozoites. When oocysts are 

ingested via the fecal-oral route, such as drinking contaminated water, by a human or animal 

host, sporozoites will be released from the oocysts and invade intestinal epithelial cells. During 

the invasion, a sporozoite (zoite) attaches onto the host cell surface, where the host cell 

membrane forms a fold to encircle the apical end of the zoite. The membrane fold/rim gradually 

rises up along the surface of zoite and fuses together to fully cover the zoite (Valigurova et al. 

2008). The host cell derived membrane is termed parasitophorous vacuole (PV) membrane 

(PVM). The sporozoite will undergo a morphological change to become a nearly round 
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trophozoite during the invasion process, starting its intracellular, but extra cytoplasmic 

development. The trophozoite in the PV will first undergo asexual development (aka merogony) 

to form type I meronts containing 8 or 16 merozoites that will be released to infect neighbor host 

cells. After at least two rounds of merogony, the parasite will form type II meronts containing 

four merozoites and invade new host cells, entering sexual development (aka gametogenesis) to 

form microgametes and macrogametes. A macrogamete is fertilized by a microgamete, forming a 

zygote. Zygotes will further develop into oocysts containing four sporozoites. The oocysts 

consist of 80% two-layer thick wall oocysts, which will be excreted into the environment to start 

a new life cycle upon ingestion by a new host, and 20% one-layer thin wall oocysts, which cause 

auto-infection and leads to persistent and chronic infection (Bouzid et al. 2013). 

 

Figure 1.1 Schematic representation of the C. parvum life cycle as an example of 
Cryptosporidium spp. life cycle (not to scale, Adapted from (Bouzid et al. 2013)). 
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 1.3 Poorly understood mechanisms of Cryptosporidium invasion 

1.3.1 Cryptosporidium oocyst excystation 

Excystation is the essential process for a Cryptosporidium oocyst to infect a host cell, but 

the mechanisms regulating it are not yet fully understood. Although both parasite and host cell 

factors participate in the excystation process, little is known about the detailed role of each 

component. It is known that temperature and pH can increase oocyst wall permeability. The 

passage of oocysts through the stomach and intestines in humans can be mimicked by exposing 

the oocysts to acid (PH ~2) and then incubating the oocysts with bile salt, proteases, and 

reducing agent.  This process can improve the oocyst excystation in vitro, but the essential 

factors are unknown since Cryptosporidium could also infect other parts of the body in 

immunocompromised people, for example lungs (Travis et al. 1990, French et al. 1995, Dunand 

et al. 1997). Incubating the oocysts at 37 °C can achieve maximum (91%) excystation rate, with 

the excystation rate dropping with a reduction in temperature (Fayer and Leek 1984, Reduker 

and Speer 1985). Besides pH and temperature, protease, bile salts, reducing agents, and time 

could influence oocyst excystation, but our knowledge about them is limited. After the activation 

of sporozoites in oocysts, sporozoite-derived protease is involved in the excystation. Among 

different proteolytic enzymes, serine and cysteine protease activities peak during the oocyst 

excystation period. However, only serine protease inhibitors prevent oocyst excystation in a dose 

dependent manner at the beginning of excystation (Forney et al. 1996). An arginine 

aminopeptidase (RAP), which cleaves the N-terminal of arginine or alanine, is expressed 

throughout and after excystation and its activity increases during the excystation process in vitro. 

Treatment with RAP inhibitor reduces the excystation rate (Okhuysen et al. 1996, Padda et al. 

2002). In summary, the oocysts are ingested through contaminated food or water and are 
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activated upon the rise of the temperature in the stomach, followed by the production of 

proteases in sporozoites. The out layer of the oocysts, which consist of mainly glycoproteins, is 

degraded in the corrosive stomach acid, allowing bile salts to pass through, followed by the 

activation of the sporozoites in the oocysts. The digestive enzymes in the intestine and protease 

produced by sporozoites weaken the suture area in the oocysts wall, leading to a rupture 

(Reduker and Speer 1985). The structure of the oocyst wall is not fully understood, but consists 

of a glycocalyx, a lipid, and a glycoprotein layer, protecting the parasite from chemicals and 

mechanical stress. The inner layer is mainly composed of eight Cryptosporidium oocyst wall 

proteins (COWPs). Besides COWP1 and COWP8, which haven’t been studied much, COWP2-7 

are cysteine-rich proteins, forming disulphide bonds to strengthen the inner layer (Bushkin et al. 

2013, Spano et al. 1997, Templeton et al. 2004).  

1.3.2 Sporozoites attachment and invasion 

After the release of sporozoites from oocysts, sporozoites contact with the mucus layer, 

which has a thickness from 120 µm (small intestine) to 800 µm (colon). How Cryptosporidium 

sporozoites, which only are 3 µm long, go through the barrier is still not fully understood. They 

may penetrate the mucus layer by mechanical force, use secreted protease, or even some other 

mechanisms (Moncada et al. 2003, Lidell et al. 2006, Lendner and Daugschies 2014). As a 

condition to penetrate the mucus layer, it is suggested that sporozoite surface galactose-N-

acetylgalactosamine (Gal/GalNAc) lectins bind to galactose-N-acetylgalactosamine of the mucus 

layer through receptor-ligand interactions. The incubation with Gal/GalNAc or bovine 

submaxillary mucin before infection inhibits the attachment and/or invasion of cells in vitro (Joe 

et al. 1998, Hashim et al. 2006).  
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A 30 kDa Gal/GalNAc lectin (p30) mainly located in the apical region of C. parvum 

sporozoites was discovered, and incubation with p30 in attachment inhibition assays suggest that 

p30 plays an important role in attachment by forming a protein complex with GP40 and GP900, 

two heavily O-glycosylated glycoproteins involved in sporozoites attachment that regulate 

binding (Bhat et al. 2007). GP40 and GP15 are formed by the cleavage of a 60 kDa (GP60) 

precursor (Strong et al. 2000). GP15 binds to the intestine membrane by a 

Glycosylphosphatidylinositol (GPI) anchor. The manner in which GP40 binds to cells is dose-

dependent and is shed in the moving trails of sporozoites. Antibodies against GP40 inhibit the 

parasite infection by about 82% in vitro (O'Connor et al. 2007, Cevallos et al. 2000a). GP900 is 

also a highly glycosylated protein with a putative transmembrane domain and may anchor to the 

cell membrane after being released from the sporozoites micronemes. Competitive inhibition 

studies show that GP900 regulates both sporozoite attachment and invasion (Barnes et al. 1998). 

Another circumsporozoite-like (CSL) glycoprotein binds preferably to epithelial cells, although 

the gene encoding for CSL remains to be identified (Riggs et al. 1994). Additionally, there are a 

number of other parasite surface proteins that could inhibit the parasite invasion at certain levels 

and/or possess immunodominant properties that imply their involvement in parasite-host cell 

interactions, such as C. parvum antigen 2 (CP2), antigen 47 (CP47), CPS-500 and Cpa135 

(Riggs et al. 2002, O'Hara et al. 2004, Nesterenko et al. 1999, Riggs et al. 1999, Bonafonte et al. 

2000, Perryman et al. 1996).  Although more than 20 sporozoite proteins, summarized in Table 

1.1, have been identified, the precise roles of these proteins and the mechanisms involved in and 

regulating the parasite attachment and invasion are poorly understood.  
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Table 1.1 Cryptosporidium receptors and their roles in attachment and invasion adapted from 
references (Lendner and Daugschies 2014, Borowski et al. 2008, Smith et al. 2005) 
Parasite 
receptors  

Location(s) Characteristic(s) Putative function(s) References 

CP12 Oocyst surface and 
apical region of 
sporozoites  

Immunodominant 
protective effect 

Host cell adhere (Yao et al. 2007, 
Tosini et al. 2004) 

CP21   Immunodominant 
protective effect  

 (Yu et al. 2010) 

CP2 Sporozoites; host-
parasite interface; 
PVM of intracellular 
stages and 
cytoplasm of sexual 
stages 

Up-regulated 
expression during 
sexual development 

Host cell invasion (O'Hara et al. 2004) 

CP20  Surface of 
sporozoites and 
oocysts  

DNA vaccine of mice 
cause immune 
response 

Induced a strong 
immune response and 
reduction of oocysts 
shedding  

(Xiao et al. 2011) 

CP47 The apical region of 
sporozoites 

Membrane-associated 
protein; binds to a 57 
kDa receptor on host 
cell surface  

Role in attachment in 
host cells 

(Nesterenko et al. 
1999) 

CPA135  Apical region of 
sporozoite and 
maybe a microneme 
protein 

Co-localized with 
GP900 

Secreted by sporozoites 
during gliding; 
abundant in 
excystation; start the 
parasite invasion 

(Tosini et al. 2004) 

CPS-500 Sporozoite pellicle A polar glycolipid Secreted by sporozoites 
during gliding  

(Riggs et al. 1989, 
Perryman et al. 1990) 

CSL Apical region of 
sporozoites and 
merozoites  

Binds an 85kDa 
protein ligand (CSL-
R) on host cells 

Blocks parasite 
invasion in vitro and 
protects against 
infection in vivo 

(Riggs et al. 1994, 
Langer and Riggs 
1999, Langer et al. 
2001) 

P30 Apical region of 
sporozoites  

A 30kDa 
Gal/GalNAc specific 
lectin; may form a 
protein complex with 
GP900 and GP40/15;  

Binds host cell surface 
Gal/GalNAc; Inhibits 
sporozoites attachment  

(Bhat et al. 2007) 

Gal/GalNAc 
lectins (i.e. 
P30) 

  Parasite attachment to 
intestinal mucin; binds 
host cell Gal/GalNAc  

(Joe et al. 1994) 

GP40 Apical region of 
sporozoites  

Glycoprotein; O-
glycosylated; 
proteolytic fragments 
of the same 60kDa 
precursor protein as 
GP15; soluble  

Shed during sporozoites 
gliding motility; 
parasite attachment 

(Strong et al. 2000, 
Cevallos et al. 2000a, 
Wanyiri et al. 2007b, 
O’Connor et al. 2007a) 
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Table 1.1 Continued 
Parasite 
receptors 

Location(s) Characteristic(s) Putative function(s) References 

GP15 Surface of 
sporozoites and 
merozoites; co-
localized with GP40 

Glycoprotein; O-
glycosylated; GPI 
anchored 

Shed during sporozoites 
gliding motility; 
sporozoites attachment 

(Strong et al. 2000, 
Cevallos et al. 2000a, 
Wanyiri et al. 2007a, 
O’Connor et al. 2007a) 

GP900 Apical region of 
sporozoites; stored 
in micronemes 

Glycoprotein; O-
glycosylated; 
intracellular with 
small extracellular 
portion 

Binding to intestinal 
mucin 

(Barnes et al. 1998, 
Petersen et al. 1992) 

P23 Sporozoites surface  Reduce infection in 
mice by its antibody; 
hyperimmune serum 
against a part of P23 
reduce oocyst 
shedding 

Maybe involved in 
sporozoites gliding 

(Bonafonte et al. 2000, 
Enriquez and Riggs 
1998, Perryman et al. 
1999, Wyatt et al. 
2000, Wyatt and 
Perryman 2000, 
Takashima et al. 2003) 

TRAP-C1 Apical complex in 
sporozoites; 
probably in 
micronemes 

Contained copies of 
type I repeat of 
human platelet 
thrombospondin 
(TSP1) 

Adhesion protein; 
secreted by sporozoites 
during gliding motility; 

(Spano et al. 1998, 
Deng et al. 2002, 
Okhuysen et al. 2004) 

MUC1-7 Apical region of 
sporozoites 

Small mucin 
sequences identified 
on chromomosome 2 

Infection inhibited by 
anti-MUC4 antibody 

(O'Connor et al. 2009) 

CpEF-1α Apical region of 
sporozoites 

Identified by an 
antibody that inhibits 
parasite invasion; 
Identified EF-1α by 
MALDI-TOF-MS 

Sporozoites invasion  (Matsubayashi et al. 
2013, Inomata et al. 
2015) 

CpClec Sporozoites apical 
surface 

Mucin like 
glycoprotein with C-
type lectin domain 
(CTLD) 

(Bhalchandra et al. 
2013) 

Cryptopain-1 Within oocysts and 
meronts 

Papain family 
enzyme 

Possibly involved in 
parasite invasion 

(Na et al. 2009, Ndao 
et al. 2013) 

Cryptostatin Diffuse with oocysts 
and meronts 

Inhibitor of cysteine 
proteases 

(Kang et al. 2012) 

Heparin Binds with C. 
parvum Elongation 
factor 1α (CpEF-1α) 

Parasite invasion (Inomata et al. 2015) 

MEDLE-2 Belongs to 
Cryptosporidium-
specific MEDLE 
family of secreted 
protein 

Distribute on the 
sporozoites and 
development stages  

Potentially involved in 
the C. parvum invasion 

(Li et al. 2017) 
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1.3.3 Host cell response to Cryptosporidium infection 

The morphological changes of the parasites at the infection sites have been extensively studied 

(Amadi et al. 2002, Vetterling et al. 1971, Marcial and Madara 1986, Lumb et al. 1988, 

Umemiya et al. 2005). The apical region of the parasite attaches onto the luminal surface of the 

host intestine among the microvilli, which elongate along the surface of the parasite, followed by 

the parasite attachment. A dense band is formed within the host cell cytoplasm and then both the 

parasite and host cell membrane undergo morphological changes, including the transformation of 

a banana-shaped sporozoite to a nearly round-shaped trophozoite and the formation of host cell 

derived PVM at the infection site. The PVM contains an intracellular parasite and is attached to 

the host cell plasma membrane by a unique electron-dense (ED) structure padded with a layer of 

filamentous network (Figure 1.2). As seen in Figure 1.2, the developing intracellular parasite is 

covered by the host cell and directly connected via an electron dense (ED) structure.  The ED 

structure is typically associated with a feeder organelle (FO) in the parasite and with an F-actin 

rich filamentous network in the host cell. The host cell origin actin filamentous network was 

validated by enhanced expression of the β-actin green fluorescent protein (GFP) of a host cell 

line, which were present at the infection sites and visualized using fluorescence microscopy. The 

same result was observed by employing phalloidin staining of Cryptosporidium-infected cells: a 

circular, plaque-like collection of actin filaments at every infection site and a parasite PVM 

composed of host cells derived actin filaments (Elliott and Clark 2000).  
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Figure 1.2 Diagram of the interactions between Cryptosporidium and host intestine epithelial 
cell.  
 

Actin is known to interact with cell plasma membranes and plays a critical role in 

remodeling membranes and in maintaining cell shape and polarity (Nelson 2009). Several 

researchers have suggested the active role of host cell actin in parasite invasion, and early 

infection studies using host cells pretreated with pharmacological inhibitors showed that 

phosphatidylinositol-3-kinase (PI3K) was involved in Cryptosporidium early invasion (Elliott 

and Clark 2000, Forney et al. 1999). C. parvum employs actin branching and Arp2/3 complex 

nucleation machinery to induce actin polymerization (Mullins et al. 1998, Elliott et al. 2001). 

Further studies show that several host cell factors and signaling pathways are involved in 

modeling actin reorganization during Cryptosporidium infection including c-Src-dependent 

tyrosine phosphorylation for the accumulation of cortactin and phosphatidylinositol-3-kinase 

(PI3K), as well as frabin-mediated activation of CDC42 for the recruitment of Neural Wiskott-

Alrich syndrome protein (N-WASP) (Chen et al. 2003, Chen et al. 2004b, Chen et al. 2004a). For 

CDC42 activation, it was reported that N-WASP was activated by a phosphorylation cascade, 
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followed by recruitment/activation of Arp2/3 (Chen et al. 2004a). Another study showed that 

host cell integrin α2 (ITGA2) was upregulated during the parasite infection and a reduction of 

infection was observed in HCT-8 cell lines with stable knockdown of ITGA2 gene, indicating its 

involvement in interacting with Cryptosporidium during infection (Zhang et al. 2012a). The host 

factors and pathways discussed above may be directly or indirectly associated with the regulation 

and/or remodeling of F-actin, but the information is highly fragmented. The exact molecular 

pathways regulating the actin remodeling in host cells remain largely unresolved. 

1.4 The many roles of eukaryotic elongation factor 1α  

The canonical role of eukaryotic elongation factor 1α (eEF1α) is the elongation of 

polypeptide chains. eEF1α is also a central regulator for many other cellular activities, including 

heat shock regulation, actin bundling, nuclear export, protein degradation, and apoptosis. 

1.4.1 The classic role of eEF1α 

Eukaryotic elongation factor 1α (eEF1α) is an isoform of the α-subunit of the EF1 

complex and is a GTP binding protein. After it binds GTP, the complex delivers the aminoacyl-

tRNAs to A site in the ribosome for codon-anticodon recognition, followed by GTP hydrolyzed 

to GDP and the release of eEF1α from the ribosome. Free eEF1α then binds with nuclear 

exchange factor to exchange GDP for GTP causing protein reaction and the start of the next 

cycle (Li et al. 2013).  

1.4.2 eEF1α is involved in heat shock response  

Several studies show that eEF1α plays a role in heat shock response to deal with 

environmental stresses including starvation and elevated high temperature (Shamovsky et al. 

2006, Kugel and Goodrich 2006, Vera et al. 2014). In mammalian cells, eEF1α interacts with 
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heat shock factor 1 (HSF1), which regulates the heat shock response by binding the promoter 

region of unregulated genes related heat shock elements (Kugel and Goodrich 2006). The 

interaction between eEF1α and HSF1 is enhanced upon stress (Vera et al. 2014). However, 

without stress, eEF1α binds the promoter region of heat shock proteins repressing gene 

translation (Vera et al. 2014).  

1.4.3 eEF1α and actin bundling  

Evidence has been produced from several laboratories that protein translation function is 

linked with the cell cytoskeleton (Kim and Coulombe 2010, Gross and Kinzy 2007, Stapulionis 

et al. 1997). Several translational proteins are associated with the cell cytoskeleton and efficient 

translation in mammalian cells depends on intact actin filaments (Kim and Coulombe 2010, 

Gross and Kinzy 2007). The cytoskeleton also ensures the efficiency of translational machines 

by spatially separating them in a reasonable concentration (Martin and Ephrussi 2009).  

The first report that eEF1α was an actin-binding protein was from slime mold (Yang et 

al. 1990). eEF1α exists in two forms: monomeric and dimeric. Researchers discovered through 

electron microscopy and cosedimentation assays that only dimeric eEF1α could bundle actin 

filaments, dimeric eEF1α is regulated by Ca2+ /Calmodulin, and low concentrations of Ca2+ 

/Calmodulin promoted the formation of eEF1α dimers and actin filament bundling (Liu et al. 

1996, Bunai et al. 2006).   

1.4.4 eEF1α and the nuclear export process 

Research demonstrated that the reduced expression of eEF1α or mutations in eEF1α 

domain II in mutant yeast displayed defects in nuclear export of aa-tRNA (Grosshans et al. 

2000). Further study showed that eEF1α participated in nucleus export depending on the 

transcription of proteins from the nucleus, which is distinct from protein synthesis (Khacho et al. 



 

 15 

2008). Researchers also found that eEF1α could be detected in the nucleus of budding yeast with 

mutations in the nucleus transporter, indicating that eEF1α could access the nucleus (Murthi et 

al. 2010).  

1.4.5 eEF1α and apoptosis 

Apoptosis is programmed cell death and is a highly regulated set of events to eliminate 

damaged, unhealthy, or unnecessary cells. Experiments have shown that the expression level of 

eEF1α in mouse fibroblasts is associated with the rate of apoptosis: the higher the concentration 

of eEF1α, the higher the cell death rate (Duttaroy et al. 1998). In another experiment, eEF1α was 

isolated as a factor, which promotes cell survival after the withdrawal of the growth factor in a 

pro-B cell line (Talapatra et al. 2002). Further research showed that the contradictory 

observations may be due to the two differentially expressed isoforms of eEF1 in vertebrates: 

eEF1α1 expression was involved in differentiation and prevented cells from apoptosis in cultured 

myoblasts, while eEF1α2 expression promoted apoptosis (Khalyfa et al. 2001, Lee et al. 1992, 

Ruest et al. 2002). 

1.4.6 eEF1α and viral propagation  

Viruses rely on host cells to replicate and propagate. Many viruses have evolved to use 

eEF1α in different ways. In the yellow mosaic virus, eEF1α binds an aa-tRNA-like element in 

the virus genome (Matsuda et al. 2004). In the West Nile and tobacco mosaic viruses, eEF1α 

interacts with the virus RNA and RdRP protein (Blackwell and Brinton 1997, Davis et al. 2007). 

By mutating the eEF1α-binding site in the West Nile virus genome, researchers found a decrease 

in virus minus strand synthesis, causing a reduction in viral propagation (Davis et al. 2007). 

Defective viral replication was found in brew yeast Saccharomyces cerevisiae expressing a 

mutated eEF1α (Yamaji et al. 2010).  
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1.4.7 eEF1α and protein degradation 

It seems counterintuitive that eEF1α plays a role in protein degradation. However, the 

high concentration of eEF1α in cells may indicate a potential role for protein quality control and 

co-translational degradation. Researchers found that eEF1α was a required factor for the 

degradation of specific protein families (Gonen et al. 1994). eEF1α was also found to suppress 

growth defects caused by gene deletion in proteolytic pathways, and regulate protein degradation 

by connecting unfolded proteins with proteasome (Chuang et al. 2005).  

1.5 Potential role of C. parvum elongation factor 1α (CpEF1α) in regulating the F-actin 

remodeling in host cells 

Currently, for C. parvum infection, only a few host cell factors are thought to possibly 

regulate and/or participate in the remodeling of F-actin at the infection site, such as the Arp2/3 

complex actin nucleator, N-WASP, and the vasodilator-stimulated phosphoprotein (VASP) 

(Forney et al. 1999, Mullins et al. 1998, Elliott et al. 2001, Chen et al. 2003, Chen et al. 2004b, 

Chen et al. 2004a).  eEF1α can both bind and bundle actin filaments in vitro, and this activity has 

been evolutionarily conserved (Yang et al. 1990, Liu et al. 1996, Bunai et al. 2006, Demma et al. 

1990). For example, C. parvum EF1α (CpEF1α) (GenBank accession number: XP_001388344; 

GeneID: cgd6_3990) shares 72% amino acid identity with human EF1α (HsEF1α), implying that 

CpEF1α may be able to interact with human actin (Figure 1.3). As shown in Figure 1.3, 

positions containing identical amino acids in all species are shaded and marked by asterisks (*), 

and positions containing high similarities are indicated by carets (^). The GenBank accession 

number for each species tested are as follows: Cryptosporidium parvum, XP_001388344; 

Toxoplasma gondii, XP_002369268; Plasmodium falciparum, XP_001350281; Candida 

albicans, XP_711899; Saccharomyces cerevisiae, NP_009676; Zea mays, NP_001288465; 
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Homo sapien, NP_001949; Drosophila melanogaster, NP_477375; Giardia lamblia, 

XP_001704529; and Leishmania major, XP_001682258. As mentioned early, host cell actin 

reorganization plays an active role in the parasite invasion process (Elliott and Clark 2000). Thus 

it is possible that CpEF1α is involved in the C. parvum invasion process by interacting with 

human actin filaments. 

Figure 1.3 Multiple amino acid sequence alignment of eEF1α from selected eukaryotic species 

including apicomplexans, other protozoa, fungi, plants, and animals. 
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Cryptosporidium infects both humans and animals to cause cryptosporidiosis. The 

pathogenesis and the molecular interactions between the parasite and host cells remain poorly 

understood; how the parasites invade host epithelial cells and establish infection, and the proteins 

and pathways involved in the invasion remain to be explored. In this study, we obtained and 

characterized the host cell mutants that are partially resistant to the parasite infection. These host 

cell mutants will allow us to use transcriptomics and proteomics approaches to identify host cell 

candidate genes critical to the establishment of the Cryptosporidium infection. The role of 

CpEF1α in regulating the reorganization of F-actin proteins in humans during the invasion 

process was also characterized. The data generated in this study will have great potential to 

expand our understanding on the molecular mechanisms underlying the parasite infection. 

1.6 Summary 
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CHAPTER II  

CHARACTERIZATION OF HOST CELL MUTANTS SIGNIFICANTLY RESISTANT 

TO Cryptosporidium parvum INFECTION*

2.1 Introduction 

Cryptosporidium is a genus of enteric protozoan parasites that infect both humans and 

animals (Bonafonte et al. 1997, Ajjampur et al. 2010, Fletcher et al. 2012). Humans are mainly 

infected by Cryptosporidium parvum (zoonotic) and C. hominis (human-specific), in which 

children, elderly, and individuals with weakened immune systems are at a higher risk of severe 

to deadly infections (Checkley et al. 2015, Leitch and He 2012, Ajjampur et al. 2010). Currently, 

only nitazoxanide (NTZ) has been approved by the Food and Drug Administration (FDA) in the 

United States to treat cryptosporidiosis in immunocompetent people, whereas no drugs are 

approved for use on immunocompromised patients or on animals (Ollivett et al. 2009, Checkley 

et al. 2015, Lal et al. 2015).  

Cryptosporidium parasites have a direct life cycle and are transmitted by oocysts from the 

environment via the fecal-oral route. When oocysts are ingested by humans or animals, the four 

sporozoites contained in each oocyst will be released in the gastrointestinal track to invade 

gastric (e.g., C. muris) or intestinal (e.g., C. parvum and C. hominis) epithelial cells (Prystajecky 

et al. 2014). The morphological changes of the parasites at the infection sites have been 

extensively studied, but the mechanisms involved in regulating the parasite attachment and 

invasion are poorly understood. In the host cells, it is known that parasite protein CSL binds to 

∗ This research was reprinted from Yu, X., Zhang, H. & Zhu, G. 2017, Characterization of Host Cell Mutants 
Significantly Resistant to Cryptosporidium parvum Infection. J Eukaryot Microbiol, 64:843-849, with premission 
from John Wiley and Sons. 
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an 85-kDa host cell membrane protein (designated as CSL-R), but the identity of CSL-R is 

unclear. Several other host cell factors and pathways have been shown to possibly be involved in 

the parasite invasion, including c-Src-dependent tyrosine phosphorylation for the accumulation 

of cortactin and phosphatidylinositol-3-kinase (PI3K) and frabin-mediated activation of CDC42 

for the recruitment of Neural Wiskott-Alrich syndrome protein (N-WASP) (Chen et al. 2003, 

Chen et al. 2004b, Chen et al. 2004a). A fairly recent study also showed that host cell integrin α2 

(ITGA2) might be involved in interacting with Cryptosporidium during infection (Zhang et al. 

2012a). These studies provide important clues on the host cell pathways involved in the parasite 

infection, but the “key” host cell proteins that directly interact with the parasite during the 

invasion and development still remain undefined. 

In the present study, we have produced 43 mutated host cell lines derived from parent 

HCT-8 cells by UV irradiation and identified three cell mutants showing significant resistance to 

the infection by C. parvum (i.e. A05, B08 and B12 cell lines with up to ~50% reduction of 

parasite infection). The three cell mutants exhibit different mechanisms of resistance to the 

parasite infection, mainly impairing the parasite attachment and invasion (A05), or mainly 

affecting the parasite intracellular development (B08 and B12). These host cell mutants may 

serve as important reagents for discovering genes and proteins critical to the cryptosporidial 

infection by forward genetic approaches such as transcriptomic and proteomic analyses.  

2.2 Materials and Methods 

2.2.1 Parasite, host cells, and general in vitro culture method 

The IOWA-1 strain of C. parvum was used in all experiments. Fresh parasite oocysts 

were purchased from Bunch Grass Farm (Deary, Idaho, USA) and stored in phosphate-buffered 

saline (PBS, pH = 7.4) at 4 °C. Before use, oocysts were suspended in water and treated with 



 

 21 

10% Clorox (~0.5% sodium hypochlorite) for 5 min on ice, followed by ≥5 washes with water 

by centrifugation (2,000 x g, 10 min each). After the final wash, oocysts were suspended in PBS, 

counted using a hemocytometer, and stored at 4 °C until use. All experiments used oocysts that 

were ≤3-month old. Oocysts were used directly to infect host cells cultured in vitro as described 

below, or induced to release free sporozoites by an in vitro excystation procedure. Excystation 

was prepared by incubating oocysts in PBS containing 0.25% trypsin and 0.5% taurodeoxycholic 

acid at 37°C for 1 h, quenched by an equal volume of 10% bovine serum albumin (BSA) in PBS, 

followed by ≥3 washes with PBS. 

HCT-8 cells derived from ileocecal colorectal adenocarcinoma (ATCC # CCL-224) were 

used to host the cultivation of C. parvum in vitro in RPMI-1640 medium supplied with penicillin 

and streptomycin (100 U/mL each), 3 g/L sodium bicarbonate, 1 g/L glucose, and 10% fetal 

bovine serum.  In a typical in vitro assay, HCT-8 cells were seeded in 24- or 96-well plates with 

culture medium, and incubated at 37°C under 5% CO2 atmosphere. After cultivation overnight 

and when cells reached to ~90% confluence, C. parvum oocysts, or free sporozoites at a 

specified parasite to host cell ratio, were added into plates to infect cells for 3 h (oocysts) or 2 h 

(sporozoites), followed by a medium exchange to remove parasites which failed to invade host 

cells. Invaded parasites were allowed to grow for various times before proceeding to subsequent 

experiments as specified.  

2.2.2 UV irradiation of HCT-8 cells and cell cloning 

HCT-8 cells were seeded into a 24-well plate (5×104 cells/well) and allowed to grow 

overnight and reach ~80% confluence. On the following day, cells were detached and subjected 

to UV-B irradiation at an ID20 dose, i.e., 8 J/m2 based on Busch et al (Busch et al. 1980). After 

UV irradiation, cells were diluted with culture medium (200 µL per cell) for cultivation in 96-



 

 22 

well plates (200 µL/well). Cultured cells were observed daily to identify wells that contained 

single cell colonies, and allowed to grow for two weeks until they reached full confluence. 

Culture medium was changed every three days. Cloned cell mutants were propagated in 24-well 

plates or 25 cm2 cell culture flasks, cryopreserved, and/or used as host cells to grow C. parvum in 

vitro.  

2.2.3 Phenotypic screening of cell lines by 18 h in vitro infection assay 

Individual mutant cell lines derived from parent HCT-8 cells (wild-type, WT) were 

screened for their susceptibility to the C. parvum infection by an 18 h in vitro infection assay in 

comparison with that of the wild-type (WT) parent HCT-8 cells. Cells were detached from 

flasks, seeded into 48-well plates (7 × 104 cells/well), and incubated overnight at 37°C until 

~90% confluence. Host cells were then inoculated with 1×104 oocysts per well (oocysts to host 

cell ratio = ~1:10). Parasites were allowed to undergo excystation and invasion into host cells for 

3 h at 37°C, followed by a medium exchange to remove free parasites and oocysts walls. 

Parasite-infected cells were then incubated at 37°C for additional 15 h (total 18 h infection time). 

The number of seeded cells per well was determined based on their growth rates to ensure that 

all cell lines reached a similar confluence by the time of inoculation with C. parvum oocysts. The 

oocyst to host cell ratio (i.e., 1:10) was also much lower than that used in a typical drug efficacy 

assay (i.e., 1:2; e.g., see (Fritzler and Zhu 2012, Zhang et al. 2015) to further minimize the host 

cell density effects on the parasite infection as described in more details later. 

At 18 h post-infection time, cell lysates were prepared as described (Zhang and Zhu 

2015). Culture plates were centrifuged for 5 min at 1,000 RPM in a plate centrifuge to ensure 

that all cells and potential free merozoites in the medium were firmly settled down on the bottom 

of the plates. Medium was removed and washed with PBS twice, with plates being centrifuged 
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after each wash. Cells were then lysed by adding 200 µL of ice-cold Bio-Rad iScript qRT-PCR 

sample preparation reagent (iScript lysis buffer) (Bio-Rad laboratories, Hercules, CA). Plates 

were sealed with plastic films and vortexed for 20 min using multi-tube Vortexer at speed 7 

(VX-2500, VWR International, Radnor, PA), followed by incubation at 80°C for 15 min. After 

incubation, plates were centrifuged for 5 min at 1,000 RPM to settle down cell debris. 

Supernatants were subjected to 1:10 dilution with RNase/DNase-free water for use as templates 

in qRT-PCR or stored at -80°C until use.  

The parasite loads were evaluated by detecting the levels of 18S rRNA transcripts from 

C. parvum (Cp18S) by real-time quantitative RT-PCR (qRT-PCR) using a Bio-Rad CFX96 

Touch Real-Time PCR Detection System using a protocol similar to the one described earlier 

(Zhang and Zhu 2015). Each reaction (15 µL final volume) contained 4.5 µL diluted cell lysate, 

7.5 µL One Step SYBR Green master mix (Quanta Biosciences, Gaithersburg, MD), 0.15 µL of 

RT-master mix, 2.35 µL water, and 0.5 µL of primer containing a mixture of Cp18S-1011F (5’-

TTGTTC CTT ACT CCT TCA GCA C-3’) and Cp18S-1185R (5’-TCC TTC CTA TGT CTG 

GAC CTG-3’) (each at 100 µM). The thermal cycles started with the synthesis of cDNA at 50°C 

for 20 min, followed by the inactivation of reverse transcriptase at 95°C for 5 min, and 40 cycles 

of PCR amplification at 95°C for 10 s and 58°C for 30 s. At least two technical replicates were 

included for each sample. Melting curves were analyzed at the end of PCR amplification to 

assess the quality and specificity of the reactions. 

The relative parasite loads based on the cycle threshold (CT) values of Cp18S were 

computed similarly as previously described (Zhang and Zhu 2015), but the levels of human 18S 

rRNA transcripts were not included in the analysis to avoid errors caused by variations of growth 

rates of individual cell lines. Briefly, ΔCT values between individual samples (mean of CT values 
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from technical replicates) and WT cells (mean of CT values from technical and biological 

replicates) were first determined (i.e., ΔCT = CT[mutant] − CT[WT]). Standard curves were generated 

by plotting ΔCT values against the common logarithm of the oocyst numbers used to infect cells 

for 18 h (i.e., 2,500, 5,000, 10,000 and 20,000 oocysts/well), and linear regression was 

performed to obtain the slope value for computing PCR efficiency. The relative parasite loads 

were calculated using the following equation (Zhang and Zhu 2015, Cai et al. 2005): 

Relative Growth (%) = (10(1/slope)*ΔCT))*100   (1) 

Growth Reduction (%) = (1 − 10(1/slope)*ΔCT))*100  (2) 

2.2.4 Detailed phenotypic analysis of selected cell mutants  

After several mutant cell lines with significantly decreased or increased infection rates 

were identified by screening, we further evaluated their susceptibility to the C. parvum infection 

by the qRT-PCR as described above. Cell lysates were prepared after 3 h inoculation of C. 

parvum oocysts for assessing parasite invasion or after a total of 18 h infection (3 h invasion, 

followed by removal of free parasites and incubation for additional 15 h) for assessing early 

stage of intracellular development. 

The parasite invasion is a two-step process, including the attachment of sporozoites onto 

the host cell surface and the entry of attached sporozoites into host cells. The effects of cell 

mutations on these two steps were investigated through immunofluorescence microscopy using a 

previously described but slightly modified protocol (Chen and LaRusso 2000). Briefly, WT and 

selected mutants were seeded into a 24-well plate containing poly-L-lysine-coated glass 

coverslips and grown to ~90% confluence. At this point, cell monolayers were fixed with 4% 

paraformaldehyde in PBS for 20 min at 4°C for the attachment assays or kept live (unfixed) for 

the invasion assay. After three washes with PBS, host cells were incubated with excystated 
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sporozoites (2 ×105/well) for 2 h, followed by fixation with 4% paraformaldehyde for 20 min at 

4°C. Fixed cells were washed three times with PBS, followed by 5 min treatment of 1.0% Triton-

X100 and a final wash by PBS. The monolayers were mounted with Fluoroshield with 4’,6-

diamidino-2-phenylindole (DAPI) histology mounting medium (F6057 Sigma). The sporozoites 

that attached onto or invaded into host cells were counted under an Olympus BX51 research 

microscope with appropriate filter sets and expressed as the number of sporozoites per field 

under a 40× objective lens. The experiments were repeated at least three times, each containing 

at least three biological replicates. For each biological replicate, 15 randomly selected 

microscopic fields were counted and averaged for subsequent statistical analysis by Student’s t-

test for significance between individual mutants and WT cell lines. 

We also examined the general morphological features of selected cell lines. Cells were 

grown on coverslips in 24-well plates for various times and fixed with 4% paraformaldehyde. 

After three washes with PBS, cells were washed and permeabilized with 0.1% Triton X-100 in 

PBS for 5 min, followed by three washes with PBS. Samples were then incubated with 

rhodamine phalloidin (1:300 dilution; Cytoskeleton Inc.) for 1 h. After three more washes with 

PBS, samples were mounted onto glass slides with SlowFade mounting medium containing 

DAPI (Molecular probe, Invitrogen). All incubation and wash steps were performed at room 

temperature. Samples were then examined using a Zeiss Axioplan 2 microscope with appropriate 

filter sets (i.e., λex/λem = 535 ± 20 nm/585 ± 20 nm for rhodamine, and λex/λem = 355 ± 20 nm/460 

± 20 nm for DAPI). Images were captured with an Axiocam HR CCD Digital Camera. 

Size measurements were conducted using ImageJ program (v1.51k with JAVA 1.6.0_65) 

(https://imagej.nih.gov/ij/index.html) on adherent cells grown on coverslips (~30% confluence) 

and stained with rhodamine and DAPI. The image contrast was adjusted to allow edge selection 
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on individual cells and nuclei.  The area of cell plasma was calculated as the difference between 

the measured areas of the entire cell minus the measured area of the cell nucleus. Minimums of 

85 cells were measured for each cell line. Statistical significance between individual mutants and 

WT cells was determined by two-tailed Student’s t-test. 

2.3 Results and Discussion 

After UV irradiation of HCT-8 cells, we obtained 43 cloned cell lines (mutants) that were 

propagated in vitro and cryopreserved at various passages. These cell mutants were evaluated 

using a qRT-PCR assay for their susceptibilities to the infection by C. parvum in vitro. In this 

assay, individual cell mutants and parent HCT-8 cells were allowed to grow in 48-well plates to 

~90% confluence and inoculated with C. parvum oocysts at a parasite to host cell ratio at 1:10. 

The purpose of starting with more host cells than a typical drug assay (i.e., ~90% vs. ~80% in 

confluence of cells) and a smaller number of parasites (i.e., 1:10 vs. 1:2 oocysts to host cell ratio) 

was to minimize the potential effect of host cell density variations on the parasite infection as 

individual mutants might grow at slightly different rates. The number of seeded host cells were 

also adjusted based on their growth rates to ensure they reached to nearly full confluence at the 

time of inoculation of C. parvum oocysts. For the same reason, parasites were allowed to grow 

for a total of 18 h, rather than 44 h (i.e., from inoculation to the preparation of cell lysates for 

qRT-PCR assay) to prevent host cells from growing overly disproportional between individual 

cell lines. After 18 h of infection in vitro, C. parvum would typically grow into the late stage of 

first generation of merogony or early stage of second generation of merogony (i.e., first or 

second parasite cell cycle), which was sufficient for phenotypic screening of host cells on their 

susceptibilities to the parasite invasion and early stage of intracellular growth. 

Primary screening revealed that most of the 43 mutant cell lines retained similar levels of 
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susceptibility to the parasite infection in comparison to the WT HCT-8 cells (Figure 2.1). 

However, three cell lines displayed significantly reduced susceptibility (i.e., A05, B08 and B12 

with relative growth rates at 58.3%, 54.5% and 71.2%, respectively; p-values <0.001 by two-

tailed Student’s t-test), while one cell mutant displayed an increased susceptibility (i.e., D10 at 

155.1%; p-values <0.001) (Figure 2.1). A secondary screening was performed on these four 

mutants, together with the WT cells and one mutant showing no significant change in 

susceptibility (i.e., A19 at 96.1%) as controls. In the secondary screening, the mutants A05, B08 

and B12 showed similar levels of resistance to infection as observed in the primary screening 

(Figure 2.1, open circles). However, although mutant D10 retained a higher level of 

susceptibility, it was not at the same level as shown in the primary screening (Figure 2.1). 

Subsequent analysis indicated that the phenotypic features of the five mutants were stable and 

capable of maintaining similar levels of susceptibilities to the C. parvum infection after more 

than 6 months of propagations in vitro (i.e., the relative parasite growth rates in A05, B08, B12, 

D10, and A19 cells were mostly at ~50-60%, ~60-70%, ~75-80%, ~110-125%, and 95-105%, 

respectively). 
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Figure 2.1 Screening of the 43 cell lines (mutants) derived from the wild-type (WT) HCT-8 cells 
by UV-irradiation for their susceptibility to the infection by Cryptosporidium parvum in vitro 
using an 18-h infection assay.  

 

After determining that A05, B08 and B12 cell lines were significantly resistant to the C. 

parvum infection by the 18-h infection assay, we investigated whether the C. parvum-resistant 

phenotype in the three cell lines was attributed to the resistance of cells to the parasite invasion 

using a 3 h invasion assay by qRT-PCR, together with the 18 h infection assay for comparison. 

The 3 h invasion assay revealed that A05 cells were highly resistant to the parasite invasion (i.e., 

the relative parasite invasion rate = 68.2%, p <0.001 vs. WT cells), whereas B08 and B12 cells 

displayed no statistically significant differences in the invasion rates (i.e., B08: 91.2%, p = 0.21; 

and B12: 110.5%, p = 0.16) (Figure 2.2A). In the meantime, the 18 h infection assay 

reconfirmed the statistically significant resistance to the parasite infection in cell lines A05 

(57.2%; p <0.001), B08 (66.8%; p <0.001) and B12 (80.6%; p <0.05). Additionally, the 
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reference cell lines A19 and D10 displayed no significant differences in both 3 h invasion and 18 

h infection assays although slight increases in invasion and growth were observed in cell line 

D10 (Figure 2.2A).  

Assays were also performed to determine whether the invasion-resistance in A05 cells 

was a result of the blockage of parasite attachment onto or the entry into the host cells. A05 cells 

and other cell monolayers were either fixed with paraformaldehyde prior to the inoculation of 

free sporozoites to allow the attachment, but not the entry of the parasites into host cells 

(attachment assay), or kept live (unfixed) to allow both attachment and entry (invasion assay).  

The relative rates of invasion of C. parvum sporozoites into live host cells or their relative rates 

of attachment onto fixed host cells were measured at 2 h post-inoculation time.  In these assays, 

A05 cells displayed significant reductions in both the attachment and the invasion by C. parvum 

sporozoites (i.e., relative levels at 71.6% and 73.4%, respectively; p <0.001 in both assays), 

while all other mutant cell lines showed no significant changes in both attachment and invasion 

rates (Figure 2.2B). Overall, the parasite invasion rates determined by microscopy (Figure 2.2B) 

and by qRT-PCR (Figure 2.2A) were comparable, although there were statistically insignificant 

variations on the invasion rates for A05, B08 and B12 cell lines between the microscopically 

counting and qRT-PCR assays. 
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Figure 2.2 Relative rates of invasion or attachment of the Cryptosporidium parvum on the wild-
type (WT) HCT-8 cells and five mutant cell lines.  
 

Immunofluorescence microscopic analysis revealed that the two cell lines with “normal” 

unaltered susceptibility to C. parvum (i.e., D10 and A19) shared similar morphology with the 

parent HCT-8 cells (Figure 2.3; left panel), although D10 cells were significantly stretched out 

than other cell lines as indicated by the cell sizes (Figure 2.4A). The morphology of the three C. 

parvum-resistant cell lines (i.e., A05, B08 and B12) altered significantly from the parent HCT-8, 

D10, and A19 cells, as the cell clusters were generally less stretched out on the surface of the 

plates and had smaller cytoplasmic areas than the other three cell lines (i.e., smaller cytoplasm to 

cell ratio) (Figure 2.4B). More significantly, the cell-to-cell connections were generally loose, 
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leaving apparent gaps between neighboring cells (Figure 2.3). It is also noticeable that B08 and 

B12 cells were moderately to highly defective in cell edge extension, leading to the formation of 

numerous small curled actin-rich membrane nodes in B08 and relatively large membrane folds in 

B12 cells (Figure 2.3). These observations imply that the three parasite-resistant cell lines have 

certain levels of membrane proteins deficiency that affect the cell connection, edge growth, 

and/or adhesion. Identification of mutated gene encoding of membrane proteins in these cell 

mutants, particularly in the A05 mutant, will provide us a set of candidate genes for individual 

testing of their direct roles in the attachment/invasion of Cryptosporidium parasites. 

 

Figure 2.3 Immunofluorescence microscopy of wild-type (WT) HCT-8 cells and the five mutant 
cell lines.  
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Figure 2.4 Size measurements of the cultured adherent cells from the six cell lines.  
(** = p <0.01; *** = p <0.001). 
 

2.4 Conclusions 

We have produced 43 mutated cell lines from the parent HCT-8 cells by UV-based 

mutagenesis, from which three mutants are significantly resistant to the C. parvum infection (i.e., 

A05, B08 and B12). Cell line A05 was found to be significantly resistant to the parasite 

attachment, while cell lines B08 and B12 were mainly resistant during C. parvum intracellular 

development. The three cell mutants may serve as valuable reagents to further study the 

mechanism of invasion and intracellular development by C. parvum by identifying the gene 

mutations associated with the phenotypic changes in the parasite attachment (i.e., A05) and 

intracellular development (i.e., B08 and B12). 
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CHAPTER III  

INVOLVEMENT OF Cryptosporidium parvum ELONGATION FACTOR 1Α (CPEF1Α) IN 

THE HOST CELL F-ACTIN REORGANIZATION AND THE FORMATION OF 

PARASITOPHOROUS VACUOLE MEMBRANE (PVM) 

3.1 Introduction 

Cryptosporidium parvum is a globally distributed zoonotic apicomplexan parasite, and 

one of the major causative agents for cryptosporidiosis in humans and animals. In 

immunocompetent individuals, cryptosporidiosis causes mild to severe watery diarrhea, 

abdominal pain, vomiting, fever and weight loss (Bouzid et al. 2013). Children and individuals 

with a weakened or compromised immune system are at higher risk of severe infection. Studies 

have shown that cryptosporidiosis in children can lead to not only malnutrition, but also growth 

defects (Checkley et al. 2015, Chen et al. 2002). 

Cryptosporidium parvum is transmitted by oocysts via the fecal-oral route, such as by 

drinking contaminated municipal or recreational waters (Prystajecky et al. 2014). When a human 

or animal host ingests oocysts, sporozoites are released from oocysts and invade intestinal 

epithelial cells. During the invasion, a sporozoite attaches onto the host cell surface, where the 

host cell membrane forms a fold to encircle the apical end of the zoite. The membrane fold/rim 

gradually rises up along the zoite and fuses together to fully cover the zoite (Valigurova et al. 

2008). The process differs from other groups of apicomplexans that enter into the host cell 

cytosol (e.g., Plasmodium, Toxoplasma and Eimeria). In the meantime, the sporozoite undergoes 

a morphological change to become a round trophozoite during the invasion process, starting its 

intracellular, but extracytoplasmic development. The host cell-derived membrane containing the 

parasite is termed parasitophorous vacuole membrane (PVM), and is attached to the host cell by 
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a unique electron-dense (ED) structure layer padded by another F-actin-rich structure layer on 

the side of host cell. The remodeling of host cell F-actin is crucial for the formation of the actin 

filamentous network and PVM at an infection site (Elliott and Clark 2000).  

The morphological changes of the parasites at the infection sites have been extensively 

studied, but the mechanisms involved in regulating the parasite attachment and invasion are 

poorly understood. A number of sporozoite surface proteins have been studied for their potential 

roles in attachment and invasion. These include parasite lectin-like proteins (e.g., p30 specific to 

Gal/GalNAc), mucin-like glycoproteins (e.g., gp40, gp45/15 and gp900), and thrombospondin-

related adhesive proteins (TRAPs) (Hashim et al. 2006, Naitza et al. 1998, Petersen et al. 1992, 

Cevallos et al. 2000a, Cevallos et al. 2000b, Strong et al. 2000, Wanyiri et al. 2007b, O'Connor 

et al. 2007). Treatment by these proteins and/or their antibodies could reduce the parasite 

invasion and/or infection, implying their involvement in attachment and/or infection (Riggs et al. 

2002). The circumsporozoite-like (CSL) protein is another glycoprotein that binds preferentially 

to epithelial cells, although the gene encoding CSL remains to be identified (Langer et al. 2001). 

Additionally, there are a number of other parasite surface proteins that could inhibit the parasite 

invasion at certain levels and/or possess immunodominant properties that imply their 

involvement in parasite-host cell interactions, such as C. parvum antigen 2 (CP2), antigen 47 

(CP47), CPS-500, and Cpa135 (O'Hara et al. 2004, Nesterenko et al. 1999, Riggs et al. 1999, 

Riggs et al. 2002, Bonafonte et al. 2000, Perryman et al. 1996). Eukaryotic elongation Factor 1α 

(EF1α), the counterpart to the prokaryotic EF-Tu, is a family of highly conservative proteins that 

catalyze the binding of aminoacyl-tRNA to the ribosome (Lee et al. 1992, Li et al. 2013). In 

addition to the involvement in translational elongation, EF-Tu and EF1α are also known to 

participate in the modulation of cytoskeleton by interacting with the actin-like MreB protein in 



 

 35 

prokaryotes and F-actin in eukaryotes (Defeu Soufo et al. 2010). We previously observed that the 

CpEF1α gene was highly expressed in the oocysts of C. parvum (i.e., top 5.5% among the 1924 

expressed protein-encoding genes by microarray analysis) (Zhang et al. 2012b), followed by the 

confirmation of its high level of expression in sporozoites by qRT-PCR and by data-mining the 

proteomics datasets. The high abundance of CpEF1α in sporozoites prompted us to investigate 

its potential role as a structure protein in C. parvum and its involvement in the formation of the 

PVM and accumulation of host cell F-actin filaments during the parasite invasion and infection.  

In the present study, we investigated the dynamic distribution of CpEF1α during parasite 

invasion and intracellular development, as well as the effect of CpEF1α, F-actin, and G-actin on 

the parasite invasion. The gene expression level of the CpEF1 family was also studied for 

different life stages of C. parvum. It is concluded that CpEF1α is involved in host cell actin 

filament reorganization and the formation of PVM during the parasite invasion.  

3.2 Materials and Methods 

3.2.1 Parasite material and in vitro cultivation 

The oocysts of C. parvum (Iowa strain) were purchased from Bunch Grass Farm (Deary, 

ID) and stored in PBS containing penicillin (20 IU/mL) and streptomycin (20 µg/mL) at 4 °C. 

Before use, oocysts were purified by a Percoll gradient centrifugation, followed by treatment 

with 10% Clorox (~0.5% sodium hypochlorite) for 5 min on ice and 5-7 washes in phosphate-

buffered saline (PBS; pH 7.4) by centrifugation (2,000 x g, 10 min each (Zhang et al. 2012b, Yu 

et al. 2017). After the final wash, oocysts were suspended in PBS, counted using a 

hemocytometer, and used immediately or stored at 4 °C. Free sporozoites were prepared by an in 

vitro excystation protocol, in which oocysts were incubated in PBS containing 0.25% trypsin and 

0.5% taurodeoxycholic acid at 37 °C for 1 h, followed by 3-5 washes with PBS. 
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In vitro cultivation of C. parvum was hosted in a human ileocecal colorectal 

adenocarcinoma cell line (HCT-8; ATCC # CCL-224) as described (Arrowood 2002, Yu et al. 

2017). Briefly, HCT-8 cells were seeded in 48-well cell culture plates or 24-well plates 

containing round glass coverslips in RPMI-1640 medium containing 10% fetal bovine serum 

(FBS) in an incubator with 5% CO2 at 37 °C until they reached ~80% confluence or as specified. 

Oocysts or freshly prepared sporozoites were used to infect host cells for various times as 

specified in later sections. Oocysts less than 3 months old were used in all experiments. The 

viability of oocysts was also routinely examined by the in vitro excystation protocol to ensure 

that oocysts used in cultivation retained >80% excystation rate. 

3.2.2 Cloning of CpEF1α gene and expression of recombinant protein 

The C. parvum genome encodes a single copy of CpEF1α gene (GenBank: 

XM_001388307; CryptoDB gene ID: cgd6_3990). Because CpEF1α is an intronless gene, its 

open-reading frame (ORF) was amplified by PCR from the genomic DNA of C. parvum (IOWA 

strain from Bunch Grass Farm) using a high-fidelity Pfu DNA polymerase (Agilent 

Technologies, Inc. Santa Clara, CA) and a pair of primers CpEF1α-F-EcoRI (5′–

tgaattcATGGGTAAGGAAAAGACTC–3′) and CpEF1α -R-PstI (5′–

tctgcagCTTCTTCTTGGAAGTGGC–3′) (Note: Lower cases indicate added restriction linker 

sequences). The PCR product was cloned into a pCR4Blunt-TOPO vector (Invitrogen/Thermo 

Fisher Scientific, Grand Island, NY), followed by sequencing of plasmids to confirm the identity 

of inserts.  

The CpEF1α ORF was then subcloned into a pMAL-c2E-TEV-His vector for expression 

as a maltose-binding protein (MBP) fusion protein. The expression vector was modified from 

pMAL-c2E vector (New England Biolabs) by adding a tobacco etch virus (TEV) protease 
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cleavage site between the MBP-tag and fused protein and a C-terminal His-tag (Wu et al. 2009). 

The resulting pMAL-CpEF1α plasmid was further verified by sequencing. The expression of 

recombinant MBP-CpEF1α protein was carried out in a Rossetta strain of Escherichia coli 

(Novagen). The expression and purification of CpEF1α using amylose resin-based affinity 

chromatography followed manufacturers’ standard protocols as described previously (Guo and 

Zhu 2012, Zhang et al. 2015). 

3.2.3 Expression of CpEF1α gene in various developmental stages of C. parvum 

The relative levels of transcripts of CpEF1α and several elongation factor-related genes 

(i.e., CpEF1β, CpEF1γ and CpERF3) were evaluated by real-time quantitative RT-PCR (qRT-

PCR) using a QIAGEN one-step RT-PCR QuantiTect SYBR green RT-PCR kit. The C. parvum 

lactate dehydrogenase (CpLDH) gene was also included as a reference (Zhang et al. 2015), and 

the parasite 18S rRNA (Cp18S) levels were used for normalization. Total RNA was isolated 

from C. parvum oocysts, free sporozoites, and intracellular stages using an RNeasy Mini kit 

(Qiagen, Inc., Valencia, CA). qRT-PCR reactions were performed in a CFX Connect real-time 

PCR detection system (Bio-Rad Laboratories, Hercules, CA), in which each reaction (10 µL) 

contained 0.6 ng of total RNA from oocysts or sporozoites, or 10 ng of total RNA from 

intracellular stages, 500 nM of primer for each specified gene (Table 3.1). 

 

 

 

 

 

 

 



 

 38 

Table 3.1 List of primers used in this study 

Gene Name Sequence (5’ – 3’) 

CpLDH (cgd7_480) Forward AAGCAAGGTCTTATCACCCAG 

 
Reverse GCAAAGTAGGCAGTTCCTGTC 

CpEF1α (cgd6_3990) Forward CTTCCGAAATGGGTAAGGG 

 
Reverse TGGGGCATCAATGACAGTG 

CpEF1 subunit α (cgd2_2070) Forward CTTGCGGATTAGTAGACCAGC 

 
Reverse CCTCCCCACTTCCACAGTC 

CpEF1β1 (cgd2_3950) Forward GCTATGGAAGCAAAGAAGAAGG 

 
Reverse GCCACAGCATCTAAGTCAACATC 

CpEF1γ (cgd7_4450) Forward CACGATTCTTGCTCAACCTTC 

 
Reverse ATCCAGATTGGGGCTTAGC 

 To compare the relative levels of gene transcripts, we calculated the fluorescent units at 

cycle zero (F0) for each gene transcript, including Cp18S, by a four-parametric sigmoidal curve 

fitting of the plots between the fluorescence readings (i.e., relative fluorescent unit; RFU) and 

thermal cycles using the following equation (Feng et al. 2008, Swillens et al. 2008, Rutledge 

2004): 

𝐹! =
!!"#

!!!(!!/!!!)/!
  + 𝐹!   (1) 

where C was the cycle number, Fc was the RFU at cycle C, Fmax was the maximum RFU, C1/2 is 

the cycle when RFU reached to half of Fmax, k was the slope of the sigmoid curve, and Fb was the 

background RFU. The Matlab code for calculating the F0 values is deposited at GitHub 

(https://github.com/XueMaryYu/qRT-PCR-F0-calculation).  

Because F0 values were exact reflections of the initial target quantities expressed in fluorescence 

units, they could be directly used to compare the levels between different gene transcripts 

without prior knowledge of PCR amplification efficiencies (Rutledge 2004). In this study, the F0 

values of all gene transcripts were first normalized with those of Cp18S in individual samples. 
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The relative level of gene transcripts were then compared to the median value derived from the 

summation of genes in all samples. 

3.2.4 Anti-CpEF1α antibody preparation and western blot analysis  

Polyclonal anti-CpEF1α antibodies were prepared against a synthetic peptide specific to 

CpEF1α (156CEYKQSRFDEIFNEVDGYLKK176) in two specific pathogen-free (SPF) rabbits by 

a commercial custom antibody production service (Alpha Diagnostics International, San 

Antonio, TX). Antibodies were affinity-purified using agarose-resin conjugated with the 

synthetic peptide by Alpha Diagnostics International. The specificity of the polyclonal antibody 

was evaluated by Western blot analysis, in which C. parvum sporozoites prepared as described 

above were directly lyzed in a Laemmli sample buffer by 5 freeze-thaw cycles, followed by 

heating at 95 °C for 5 min, and finally centrifugation (10,000 × g, 5 min). Supernatants 

(representing ~1x107 sporozoites/lane) were subjected to 10% SDS-PAGE and transferred onto 

nitrocellulose membranes.  

The nitrocellulose membranes were blocked by 5% nonfat milk in TBST buffer (Tris-

buffered saline with 0.05% Tween-20, containing 150 mM NaCl, 50 mM Tris-HCl; pH 7.5) for 1 

h. The blots were then incubated with affinity-purified rabbit anti-CpEF1α polyclonal antibody 

(1:500 dilution: ~0.8ng/mL) in 5% nonfat milk-TBST for 1 h, followed by 3 washes with TBST. 

Pre-immune rabbit serum (1:500 dilution) and the anti-CpEF1α antibody neutralized by pre-

soaking it with recombinant CpEF1α protein (~0.5 µg/mL) were also used as controls. Next, the 

blots were treated with a horseradish peroxidase-conjugated goat anti-rabbit antibody in 5% 

nonfat milk-TBST for 1 h, followed by 3 washes with TBST. The blots were then visualized 

using enhanced chemiluminescence (ECL) on a HRP substrate (Sigma-Aldrich). All 

experimental procedures for Western blot analysis were conducted at room temperature. 
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3.2.5 Distributions of CpEF1α in sporozoites and in parasites during invasion and intracellular 

development, and co-localization with host cell F-actin 

Various life cycle stages of C. parvum, including free sporozoites and intracellular 

parasites developed at various times, were prepared as described above. Free sporozoites after 

excystation were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature, 

washed 3 times with PBS, suspended in water, and applied onto glass coverslips coated with 

poly-L-lysine. The coverslips were allowed to set for up to 1 h to permit sporozoites to settle 

onto the surface of the coverslips and for drying of the samples, followed by gentle washes with 

PBS.  

For the preparation of sporozoites during the invasion, fresh free sporozoites (1×106/well) 

were incubated with HCT-8 cells grown on glass coverslips in 24-well plates for 35 min at 37 

°C, followed by fixation with 4% paraformaldehyde in PBS for 20 min. Intracellular parasites 

developed after the invasion were prepared from oocysts incubated with HCT-8 cells cultured on 

coverslips for 3 h at 37 °C, followed by an exchange of culture medium to remove free parasites, 

and continued incubation. After continuous cultivation at 37 °C for a total 6 h, 10 h and 18 h, cell 

monolayers containing intracellular parasites were fixed with 4% paraformaldehyde in PBS for 

20 min. 

After fixation, all samples were washed with PBS and permeabilized with 0.1% Triton X-

100 in PBS for 5 min. Samples were incubated with rhodamine-conjugated phalloidin (Thermo 

Fisher scientific; 1:500 dilution) for 45 min to stain host cell F-actin, followed by 3 washes with 

PBS. Slides were then incubated with affinity-purified anti-CpEF1α antibody or pre-immune 

serum at room temperature for 2 h, followed by incubation with a goat anti-rabbit IgG secondary 

antibody conjugated with fluorescein isothiocyanate (FITC). Coverslips were washed 3 times 
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with PBS after incubations with primary and secondary antibodies. Samples were mounted onto 

glass slides with Prolong Gold Antifade reagent containing 4', 6-diamidino-2-phenylindole 

(DAPI) to counter-stain nuclei (Molecular Probes/Invitrogen). Slides were examined with an 

Olympus BX51 research microscope equipped with a 100X/1.3 oil objective lens and appropriate 

filter sets for FITC and rhodamine, and/or with a Zeiss LSM 780 NLO multiphoton microscope 

equipped with a Plan-Apo 63X/1.46 oil objective lens. Fluorescent images were captured with a 

Retiga SRV CCD Digital Camera (QImaging, Olympus BX51) or a GaAsP NDD Detector for 

the Axio Examiner. All images were uniformly manipulated with Adobe Photoshop CS6 or CC 

for signal contrast and intensity. 3D images were generated with ZEN-2012 using images taken 

from a multiphoton microscope. 

To illustrate the parasites and parasitophorous vacuole membranes (PVM) slides were 

stained with a rabbit polyclonal antibody against C. parvum total membrane proteins (CpTMPs), 

followed by incubation with the anti-CpTMP antibody at 1:400 dilution and goat anti-rabbit IgG 

antibody conjugated with tetramethylrhodamine isothiocyanate (TRITC) at concentrations 

recommended by manufacturers (Zhang and Zhu 2015, Chen et al. 2003, Zeng and Zhu 2006). 

3.2.6 Evaluation of the effect of CpEF1α and related proteins on the parasite invasion  

After observing the involvement of CpEF1α in the formation of the parasitophorous 

vacuole membrane (PVM) during invasion, we examined the effects of CpEF1α, F-actin, and G-

actin on the parasite invasion and early stage of infection.  

For the invasion assay, CpEF1α (100, 75, 50, 25 and 12.5 µg/mL), G-actin (50 µg/mL), 

F-actin (50 µg/mL), MBP (50 µg/mL), or combinations of CpEF1α with rabbit skeletal muscle 

G-actin or F-actin (50 µg/mL for each protein; Cytoskeleton, Inc.) were mixed with oocysts in 

serum-free culture medium containing BSA (50 µg/mL). BSA only (50 µg/mL) and MBP only 
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(50 µg/mL) were used as negative controls. After pre-incubation for 10 min, oocysts/protein 

suspensions were added to host cells cultured in 48-well plates at ~90% confluence at a rate of 5 

× 104 oocysts/well. After incubation at 37 °C for 3 h to allow parasite excystation and invasion, 

uninfected parasites were removed by a medium exchange without proteins, followed by 

incubation for an additional 15 h at the same concentration (total 18 h infection time).  

The cell culture plates were centrifuged for 5 min at 1,000 x g in a plate centrifuge 

(Heraeus Megafuge 16; Thermo Scientific, Waltham, MA) to ensure that all cells and potential 

free parasites in the medium were firmly attached to the bottom of the plates. The medium was 

removed and cells were gently rinsed with PBS twice, followed by centrifugation to remove 

residual PBS. Cells in each well were lysed using 200 µL of ice-cold Bio-Rad iScript qRT-PCR 

sample preparation reagent (iScript lysis buffer, Bio-Rad laboratories, Hercules, CA) after final 

centrifuging. Plates were shaken for 20 min using multi-tube verotexer at speed 7 (VX-2500, 

VWR International, Radnor, PA), followed by incubation at 80 °C for 15 min and centrifugation 

for 5 min at 1,000 x g. Supernatants were immediately used as RNA templates after dilution for 

qRT-PCR analysis or stored at -80 °C until use. 

Parasite loads were evaluated by detecting the level of 18S rRNA transcripts from C. 

parvum (Cp18S) by qRT-PCR as described (Zhang and Zhu 2015). Briefly, cell lysates were 

diluted 40 fold using RNase/DNase-free water. Real-time qRT-PCR was performed using a 

CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). Each 

well contained 4.5 µL of diluted cell lysate, 7.5 µL of One Step SYBR Green master mix, 0.15 

µL of RT-master mix, 2.35 µL water, and 0.5 µL primer mix of Cp18S-1011F (5′-TTGTTC CTT 

ACT CCT TCA GCA C-3′) and Cp18S-1185R (5′-TCC TTC CTA TGT CTG GAC CTG-3′) 

(0.5 µM each) for Cp18S and Hs18S-1F (5’ GGC GCC CCC TCG ATG CTC TTA 3’) and 
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Hs18S-1R (5’ CCC CCG GCC GTC CCT CTT A 3’) for host cell 18S rRNA (Hs18S)		(final 

volume 15 µL/well). The thermal cycles started with the synthesis of cDNA at 50 °C for 20 min, 

inactivation of reverse transcriptase at 95 °C for 5 min, and 40 cycles of PCR amplification, each 

at 95 °C for 10 sec and 58 °C for 30 sec. At least two technical replicates were performed for 

each sample using real-time qRT-PCR. Melting curves were analyzed between 65 °C and 95 °C 

at the end of PCR amplification. Amplification curves and melting peaks were examined to 

assess the quality and specificity of the reactions. 

The computation of parasite loads based on the cycle threshold (CT) values of Cp18S and 

Hs18S were similar as previously described (Zhang and Zhu 2015). In sum, the mean CT value 

from technical replicates of each biological replicate were used to calculate CT, the mean ΔCT 

value between Cp18S and Hs18S were calculated by the equation (ΔCT = CT[Cp18S]-CT[Hs18S]), the 

mean ΔΔCT value between each experimental sample and control were calculated by the 

equation (ΔΔCT = ΔCT[sample]- ΔCT[control]), and finally the relative level of gene expression was 

calculated using the empirical formula 2-ΔΔCT. The results were transformed to percentage 

(100*2-ΔΔCT)%, and the statistical significance on the relative level of parasite 18S rRNA was 

evaluated by Student’s t-test.  

To further validate the effect of CpEF1α on parasite invasion, we counted the number of 

invaded parasites after 3 h post infection under microscope. HCT-8 cells were cultured on glass 

coverslips in 24-well plates to ~90% confluence. Recombinant CpEF1α (MBP-tag or bovine 

serum albumin (BSA), each at 50 µg/mL) was pre-incubated with oocysts at 37 °C for 10 min, 

and the oocyst/protein suspensions were then added into individual wells (1×105 oocysts/well). 

After incubation at 37 °C for 3 h, wells were gently washed 3 times with PBS (10 min each) and 

fixed with 4% paraformaldehyde, followed by 3 washes with PBS (10 min each). Slides were 
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mounted with prolong gold anti-fade reagent with DAPI (Invitrogen), and the number of 

sporozoites counted with an Olympus BX51 research microscope under a 100X/1.3 oil objective 

lens. The experiments were repeated three times, each containing three biological replicates. For 

each biological replicate, 15 randomly selected microscopic fields were counted. The data was 

subjected to statistical analysis by a Student’s t-test for significance between experiment and 

control groups (Yu et al. 2017). 

3.3 Results 

3.3.1 CpEF1α was one of the most highly expressed genes in oocysts and sporozoites of C. 

parvum and up-regulated during the parasite infection 

In an earlier microarray-based transcriptomics analysis (Zhang et al. 2012b), we had 

noticed that CpEF1α was one of the most highly expressed genes in oocysts (i.e., # 106, or top 

5.5%, among 1924 protein-coding genes (Figure 3.1A). We also datamined the published 

proteomics data available at the CryptoDB (http://cryptodb.org/cryptodb/) (Puiu et al. 2004), and 

observed that CpEF1α was ranked # 23 (top 2.1%) of the most abundant proteins in sporozoites 

(Figure 3.1A). For comparison, cgd2_2070 gene that encoded an EF1-related eukaryotic peptide 

chain release factor eRF3 (CpeRF3) was only ranked # 836 (top 43.6%) in oocyst 

transcriptomics and # 391 (34.9%) in sporozoite proteomics (Figure 3.1A). Note: cgd2_2070 

was annotated as “translation elongation factor EF-1, subunit alpha, putative” by the CryptoDB 

because of the presence of the highly conserved EF1_alpha domain (cd01883 at the NCBI’s 

Conserved Domain Database). 

The high-level of expression of CpEF1α in oocysts and sporozoites was supported by 

qRT-PCR analysis, in which the CpEF1α transcript level in oocysts and sporozoites was 5 to 13-

fold and 15 to 83-fold higher, respectively, than those of CpEF1β, CpEF1γ and CpeRF3 (Figure 
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3.1B). The CpEF1α transcript levels were also much higher than those of CpEF1β, CpEF1γ and 

CpeRF3 during intracellular developmental stages (i.e., 51 to 546-fold higher). While all EF1-

related genes generally increased their expression levels during the development from oocysts to 

free sporozoites, and various intracellular stages, the evaluation of expression was much higher 

for CpEF1α than its related genes. CpEF1α showed a 60-fold increase when oocysts developed 

to sporozites, and a 133-fold increase when oocysts developed to intracellular stage at 6 h post 

infection time (vs. 16 to 47-fold for CpEF1β, 19 to 7-fold for CpEF1γ and 3.5 to 1.5-fold for 

CpeRF3, respectively) (Figure 3.1B). 

 

Figure 3.1 Comparison of CpEF1α gene expression and three other selected genes in the CpEF1 
gene family at different post-infection times. 

 

As a reference, the expression profile of CpLDH gene differed from CpEF1α and other 

EF1-related genes, as CpLDH gene had it’s highest expression in oocysts and sporozoites, which 
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agreed with previously reported data (Zhang et al. 2012b, Zhang et al. 2015), and confirmed the 

reliability of the expression profile data for CpEF1α and other EF1-related genes. Our 

observations were also supported by the transcriptomics data from Mauzy and colleagues 

(Mauzy et al. 2012), in which the expressions of CpEF1α and other EF1-related genes followed 

similar patterns (data not shown, but available at the CryptoDB). 

3.3.2 CpEF1α protein distributed in the cytosol of sporozoites, trophozoites, and meronts 

A rabbit polyclonal antibody against a CpEF1α-specific peptide was produced to 

investigate the distribution of CpEF1α protein in the parasite. Western blot analysis using this 

antibody detected single bands at ~47 kDa from whole proteins from sporozoites and ~90 kDa 

from recombinant CpEF1α with MBP-tag (Figure 3.2A). No immunoreactive bands were 

observed in the pre-immune serum or in the anti-CpEF1α antibody neutralized with CpEF1α 

protein. The broad band from recombinant CpEF1α was most likely signals derived from 

incompletely translated recombinant proteins. The sizes of the detected proteins agreed with the 

theoretical masses of native (~47 kDa) and the recombinant CpEF1α (~90 kDa) (Figure 3.2B), 

confirming the specificity of the antibody. 
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Figure 3.2 Western blot detection and protein expression of CpEF1α. 
 

Immunofluorescence microscopy using this antibody revealed that CpEF1α was mostly 

distributed in the cytosol of free sporozoites, trophozoites with one nucleus, and meronts with 2 

or more nuclei (Figure 3.3). No fluorescence signals were observed using rabbit pre-immune 

serum. The images of each column in Figure 3.3 are: (1) Differential interference microscopy 

(DIC); (2) nuclei counterstained with DAPI; (3) parasite CpEF1α labeled with FITC; (4) host F-

actin stained with Rhodamine; (5) superimposed images of (2) – (4).  
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Figure 3.3 Detection of CpEF1α and host actin filaments intracellular stages by 
Immunofluorescence microscope.  
 

There was evidence that some CpEF1α might be associated with the plasma membrane in 

the sporozoites (Figure 3.4). As seen in Figure 3.4, panel A1 is the DIC of normal sporozoites, 

panel A2 is the superimposed images of sporozoite CpEF1α and nucleus stain (CpEF1α/Nucl), 

panels B1and C1 are the DIC of damaged sporozoites, and panels B2 and C2 is the superimposed 

images of damaged sporozoite CpEF1α and nucleus stain, showing that some CpEF1α protein is 

associated with the plasma membrane.  No or very weak signals were observed in the parasites 

and host cells incubated with pre-immune serum (Data not shown). By co-staining with 

phalloidin, we observed the accumulation of host cell F-actin at the infection site where the PVM 

started to form, which agreed with the observations by other investigators (Elliott and Clark 

2000).  
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Figure 3.4 Detection of CpEF1α in normal sporozoites and damaged sporozoites by 
Immunofluorescence microscope.  
 

3.3.3 CpEF1α was associated with the aggregation and extension of host cell F-actin during 

parasite invasion and PVM formation 

The invasion of C. parvum sporozoites takes place in minutes, along with the engulfment 

of sporozoites by host cell plasma membrane to form PVM (Umemiya et al. 2005). The invasion 

is also accompanied by the shortening and transformation of sporozoites from a banana-like or 

rod-like shape to round-shaped trophozoites fully covered by the PVM (Figure 3.5). The 

movement of the host cell plasma membrane is generally driven by the rearrangements of actin 

filaments (Mogilner and Oster 1996, Lee and Dominguez 2010).  We were motivated to test the 

potential role of CpEF1α in the formation of PVM during the parasite invasion due to the fact 
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that CpEF1α is highly abundant in sporozoites and that EF1α is capable of crosslinking actin 

filaments. 

Immunofluorescence and multiphoton microscopic analyses revealed that, although 

abundant CpEF1α protein remained in sporozoites, a significant amount of CpEF1α protein was 

discharged onto the host cell plasma membrane at the infection site upon attachment of 

sporozoites onto host cells (Figure 3.5; Figure 3.6). The discharged CpEF1α formed a saucer or 

crescent shaped dense patch corresponding to the round dimple formed on the host cell surface at 

the invasion site. The stain of discharged CpEF1α maintained a saucer like shape throughout 

most of the the parasite invasion, but became weakened or dissolved after the PVM formation 

and transformation of sporozoites to trophozoites were complete, suggesting that discharged 

CpEF1α only coated the host cell membrane dimple, rather than penetrating into the host cell 

cytosol. 

Intriguingly, the discharge of CpEF1α was clearly associated with the aggregation of host 

cell F-actin that formed a bulbous structure (i.e., Ø = ~0.5 µm globule) that was connected to, or 

partially overlapping with, the saucer shaped CpEF1α stain (Figure 3.5; Figure 3.6). During the 

process of sporozoite invasion, host cell actin filaments started to extend from the F-actin 

globule to surround sporozoites. In the meantime, the invading sporozoites underwent 

morphogenesis to form trophozoites, and became fully surrounded by host cell F-actin after 

trophozoites were fully formed, indicating the formation of intact PVM. These observations 

strongly suggested that, as an F-actin bundling protein, the discharged CpEF1α was involved in 

interacting with host cell F-actin to initiate the formation of the F-actin globule and the extension 

of actin filaments during the formation of PVM.  
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Figure 3.5 Detection of CpEF1α and F-actin distribution during parasite invasion by 
immunofluorescence microscope. 
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Bar	=	5	µm	
 

Figure 3.6 Detection of CpEF1α and F-actin distribution during parasite invasion multiphoton 
microscope. 
 

3.3.4 Recombinant CpEF1α protein interfered with the invasion of C. parvum sporozoites 

We further investigated the effects of CpEF1α and actin (50 µg/mL) on the C. parvum 

invasion, in which we observed that treatment with recombinant CpEF1α alone or in 

combination with G- or F-actin (each at 50 µM), but not G- or F-actin (50 µM) alone, could 

inhibit the parasite growth in an 18-h infection assay (e.g., by ~50% reduction of parasite load by 

qRT-PCR assay) (Figure 3.7A). In fact, the inhibition of parasite growth by recombinant 

CpEF1α was found to be dose-dependent, ranging from ~20 % inhibition at 12.5 µM to ~70 % 

inhibition at 100 µM (Figure 3.7B). We then confirmed that the inhibition of the parasite growth 

by CpEF1α was attributed to the reduction of invasion of sporozoites in a 3-h invasion assay 

(i.e., 59.5% reduction of invasion by microscopic counting the invaded sporozoites) (Figure 

3.8).  
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The differential inhibitory effect of recombinant CpEF1α and G- or F-actin on the 

parasite invasion was likely due to the fact that CpEF1α is a highly charged protein (i.e., pI = 

9.68).  The charge of CpEF1α will make it easier for the protein adhere to the host cell surface, 

thus interfering with the subsequent action of CpEF1α discharged by sporozoites.  On the other 

hand, actins are less charged (e.g., pI = ~6.0 for mammalian actins), so less actin proteins were 

present on the host cell surface to interfere with the action of discharged CpEF1α. 

 

Figure 3.7 Effects of treatment by CpEF1α, F-actin, G-actin and their combinations on the 
invasion of C. parvum in HCT-8 cells. 

**	P	<	0.01		***P	<	0.001	
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Figure 3.8 Effects of treatment by CpEF1α on the invasion of C. parvum in HCT-8 cells by 
microscopic counting. 
 

3.4 Discussion 

In the present study, we have confirmed that CpEF1α gene is expressed at much higher 

levels than other EF1-related genes at all developmental stages of in C. parvum. While CpEF1α 

is a cytosolic protein with some association to the plasma membrane in sporozoites, a significant 

amount of CpEF1α protein is discharged onto the host cell surface to form a saucer-shaped disc. 

We also observed the aggregation of host cell F-actin at the site of the discharged CpEF1α, from 

which F-actin extends to surround the invading sporozoites, corresponding to the formation of 

the PVM. Our data strongly indicates the involvement of CpEF1α with the host cell F-actin 

reorganization and the formation of the PVM during the parasite invasion. However, more direct 

evidence on the interaction of CpEF1α with host cell F-actin is needed to make firm conclusions, 

such as experiments to confirm the ability of CpEF1α to initiate the nucleation and aggregation 

of host cell actin filaments.  

*	P	<	0.05	by	unpaired	t-test	



 

 55 

We have attempted multiple times to determine the subcellular locations of discharged 

CpEF1α and the F-actin globule by immuno-colloidal gold electron microscopy; however, we 

have failed each time when using the rabbit anti-CpEF1α polyclonal antibody for unknown 

reasons. We are currently generating new anti-CpEF1α antibodies and will undertake new 

experiments on protein subcellular localization. 

The present study used phalloidin to label host cell F-actin. It is known that 

apicomplexan actin proteins might not be labeled by phalloidin, likely because actin protein is 

mostly present in globular form, or short filaments (Skillman et al. 2011, Skillman et al. 2013). 

We also confirmed that rhodamine-phalloidin staining was unable to produce any significant 

signals in C. parvum sporozoites (Figure 3.9), which confirms that rhodamine-phalloidin-stained 

actin filaments are truly derived from host cells; however, we could not rule out that parasite 

actin filaments might also be co-participated in the formation of PVM. It is also likely that C. 

parvum F-actin might interact with CpEF1α in the parasite. These notions can only be tested 

after the generation of new anti-C. parvum actin antibodies which is currently ongoing in our 

laboratory. 

Nonetheless, our current data strongly implies the involvement of CpEF1α in the host cell 

F-actin reorganization and the formation of the PVM, which provides not only new knowledge 

on the functional role of CpEF1α in the parasite invasion into host cells, but also new insight into 

the poorly understood mechanism of the PVM formation. 
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Figure 3.9 Rhodamine-phalloidin staining of the sporozoites actin. 
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CHAPTER IV  

SUMMARY AND CONCLUSION 

 

Cryptosporidium parvum is globally recognized as an important zoonotic pathogen 

causing mild to severe, or deadly, diarrheal diseases in humans and animals (Checkley et al. 

2015, Ajjampur et al. 2010, Fletcher et al. 2012). This parasite infects intestinal epithelial cells in 

mammals to start its life cycle, for which the underlying molecular mechanisms are poorly 

understood. In the present study, we hypothesized that interactions between molecules from host 

cells and the parasite are critical to the establishment of C. parvum infection, and tested the 

hypothesis by focusing on the identification of host cell molecules associated with the parasite 

infection. A forward genetic approach was used to obtain host cell mutants by UV-irradiation of 

HCT-8 cells, cloning of irradiated host cells, and evaluation of cloned cells for their 

susceptibilities to infection by C. parvum in vitro. We produced 43 mutated cell lines from the 

parent HCT-8 cells, from which three mutant cell lines (A05, B08 and B12) were significantly 

resistant to C. parvum infection and displayed decreased parasite load of approximately 50%, 

30% and 20%, respectively. Cell line A05 was found to be significantly resistant to the C. 

parvum attachment, while cell lines B08 and B12 were mainly resistant during parasite 

intracellular development. Those three mutant cell lines can be used in subsequent analyses to 

identify genes and pathways associated with the phenotypic changes in the parasite attachment 

(i.e., A05) and intracellular development (i.e., B08 and B12). 

In our preliminary studies, we observed that CpEF1α gene is highly expressed in the C. 

parvum sporozoites. We hypothesized that CpEF1α was involved in regulating the 

reorganization of host cell F-actin during invasion due to the fact that EF1α is also known as an 
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actin-binding protein, and that F-actin reorganization exists in the host cell at the C. parvum 

infection site.  A set of experiments was performed to test this hypothesis. It was discovered 

through the use of immunofluorescence microscopy that CpEF1α protein was expressed 

throughout the parasite life cycle and was co-localized with host cell F-actin at the early stages of 

invasion.  Incubation of CpEF1α protein (50 µg /mL) with oocysts for 3 h was found to reduce 

the parasite invasion by about 50% at 3 h and 18 h post infection times, indicating that CpEF1α 

was involved in the invasion process. The gene expression level of CpEF1α was much higher 

than the other genes in the CpEF1 family, suggesting its importance for C. parvum. These 

observations indicate that CpEF1α plays an important role in C. parvum attachment and invasion 

process and may initiate host cell F-actin reorganization to start the parasite invasion process and 

participate in the parasite parasitophorous vacuole membrane (PVM) formation. 
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